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a  b  s  t  r  a  c  t

The  failure  of  shell  and  tube  heat  exchangers  caused  by solid  particle  erosion  has  been  a  major  problem
in  the  oil  and gas  and  other  industries.  Predicting  erosion  is  still a developing  art,  an  accurate  simulation
method  is  then  significant  to analyze  the  erosion  characteristics  in such  complex  geometry  and  determine
erosion  rate  of  metal  surface.  In this  work  a physical  model  was  proposed  to simulate  the  erosion  of  two-
pass  shell  and  tube  heat  exchangers  with  computational  fluid  dynamics.  The  simulation  was  performed
for  different  feed  fluid  rates  and  a range  of sand  particle  sizes  from  0.1  to  1000  �m.  The  erosion  rates  of
tube  sheet,  tube  ends  in  the inlet  plenum  and  the  inner  wall  of tubes  were  monitored  and  the  influences  of
flow pattern,  particle  size  and particle  behaviors  on erosion  were  studied.  The  predictions  are  compared
with  the  earlier  studies  and  a good  agreement  was found.  The  particles  can  be classified  into  three  groups
based  on  the  dependence  of  erosion  rates  of  tube  sheet  and  tubes  on the  particle  size.  The large  particles
(>200  �m)  exhibited  a near-linear  influence  on  the erosion  rates.  The  small  particles  (about  50–200  �m)

produced  approximate  size-independence  facet-average  erosion  rate  of  tubes,  but  the  maximum  local
erosion  rates  of  the  tubes  and  tube  sheet  sharply  increased  with  the decrease  of particle  size. The  fine
particles  (<about  50 �m)  resulted  in  low  facet-average  erosion  rates  but  very  high local  erosion  rate.  The
erosion  at  the  tube  sheet,  tube  end  and  tube  surface  also  show  different  aspects  of  relation  with  particle
size.

©  2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Shell and tube heat exchangers are widely used for cooling and
eat recovery in oil and gas production and other chemical pro-
esses. Erosion is one of major problems of the heat exchangers,
hen either fluid flowing through tubes or fluid passing through

he shells contains solid particles, for instance, seawater is uti-
ized for cooling, and runs at a velocity that likely causes the metal

ear from the tube surfaces at its operating temperature (Kuźnicka,
009; Lai and Bremhorst, 1979). The impingement of solid particles
ost often occurs on the inside surface of the tubes and near the

ube entrances for shell and tube heat exchangers and also along

he U bend for U-tube heat exchangers. Severe metal loss in some
ocal areas of a heat exchanger not only requires frequent mainte-
ance but also results in the failure of the heat exchanger, leading to

∗ Corresponding author at: School of Metallurgy and Energy, North China Univer-
ity of science and Technology, Tangshan, 063009, China.

E-mail addresses: weimin.gao@deakin.edu.au (W.  Gao),
iyungang59322@163.com (Y. Li).

ttp://dx.doi.org/10.1016/j.compchemeng.2016.10.005
098-1354/© 2016 Elsevier Ltd. All rights reserved.
very costly planned and unplanned maintenance, production loss
and potentially environmental disasters.

Erosion process has been investigated extensively since decades
with respect to the mechanism (Research and Markets, 2011) and
the relationship between the amount of erosion and the variables
dominating the erosion, including the materials of targets (Laguna-
Camacho et al., 2013), fluid properties and velocity (Kesana et al.,
2013a,b), properties and velocity of the solid particles (Kesana
et al., 2013a,b), and temperature (Naz et al., 2015). Despite these
fundamental studies and recent advances in computational fluid
dynamics the erosion process has yet to be fully predicted with
reasonable accuracy even for fairly dilute suspension of solid par-
ticles. Most prediction studies mainly concern the erosions on
simple geometries, such as straight and sudden contraction tubes
(Badr et al., 2005; Duwig et al., 2008; Habib et al., 2007, 2008),
elbows (Chen et al., 2004; Mazumder et al., 2008; Njobuenwu
and Fairweather, 2012; Safaei et al., 2014; H. Zhang et al., 2012),

tees (Chen et al., 2004), U bends, orifices (Nemitallah et al., 2014),
pipe and wall cavities (Lin et al., 2014; Wong and Solnordal, 2012;
Wong et al., 2013a,b) and flat plates (Wong et al., 2012). Predict-
ing the erosion process in shell and tube heat exchanger is more

dx.doi.org/10.1016/j.compchemeng.2016.10.005
http://www.sciencedirect.com/science/journal/00981354
http://www.elsevier.com/locate/compchemeng
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Fig. 1. The main dimensions of the model for a shell and tube heat exchange

hallenging because of the complexity of flow field in the regions
ikely to be worn, i.e., the inlet head and the downstream regions
rom the tube entrances. A single fluid stream expands into a large
rea and then divides into multiple smaller streams; turbulence
eads to a very high velocity in some local regions. The flow field

uch depends on the geometry of the heat exchanger and the
roperties and velocity of the fluid.

The tube entrance of shell and tube heat exchanger is the most
ritical region with respect to erosion failure. The rate of erosion
reatly relates to the flow characteristics in this region. It has been
ound that a cross flow pattern near some tube inlets consider-
bly contributed to the erosion of the tubes (Bremhorst and Lai,
979). Low velocity caused accumulation of deposits, reduction of
ube diameter and sometimes complete blockage of tubes (Ranjbar,
010). The effects of flow velocity and sand particle size on the rate
f erosion in a shell and tube heat exchanger were investigated
umerically (Habib et al., 2006, 2005), where k-ε turbulence model
as used for fluid and the Lagrangian approach was employed for

racking particles. The influence of particle motion on the fluid flow
eld was neglected. Half of the heat exchanger having 38 tubes
ere considered based on the assumption of symmetrical flow.
owever, both experimental and numerical studies of a sudden

ymmetric expansion flow (Bremhorst and Lai, 1979; Duwig et al.,
008; Sugawara et al., 2005; Ternik, 2009; Velasco et al., 2008) have
hown that the flow field is asymmetry, which is attributed to the
ompeting effects of shear thinning and inertia on the size of the
orner vortex (Mishra and Jayaraman, 2002). The asymmetric flow
n the head of shell and tube heat exchanger is similar in nature
o asymmetries noticed in plane expansion flow. A full geometry
as used in the modelling of flow field in the symmetrical head of
 shell and tube heat exchanger (Bremhorst and Brennan, 2011). In
he modelling, the Reynolds-Averaged Navier–Stokes (RANS) equa-
ions for continuity and momentum equations and the SST-k-ω
the tube sheet indicating the arrangement of tubes (dimensions are in mm).

turbulence model were used. The prediction of erosion/corrosion of
the tube inlets was  based on the characteristics of flow field as solid
particles were not included in the modelling. Accurate prediction
of erosion rate depends on the determination of the particle impact
velocity, impingement angle and the frequency of impacts on con-
cerned surfaces. These particle variables can be derived from their
trajectories. The Lagrangian approach has been demonstrated in
modelling particle motion in various geometries for dilute systems
(Badr et al., 2006; Parsi et al., 2014; Wong et al., 2013a,b).

Although erosion of tube sheet, tubes and tube ends is a common
problem that influences the performance of shell and tube heat
exchangers, there is no research published in the literature that
deals with the effect of various parameters on the erosion of these
targets. The present work aims to study the erosion at the entrance
region and tubes of the heat exchanger and the effect of particle
behaviors and fluid flow on the rate of erosion. A physical model is
proposed based on initial computational fluid dynamics simulation
of fluid flow in a shell and tube heat exchanger, which provides
the flow characteristics in the heat exchanger and the dependence
of results on the momentum and turbulence models adopted. The
simulation is performed for different feed fluid rates and particle
sizes in a range of 0.1–1000 �m.

2. Model description

2.1. Physical model

The simulations were performed for the inlet head inside and
the flow development regions in tubes close to the tube sheet of a

typical shell and tube heat exchanger with two-pass construction.
Fig. 1 shows the geometry of the physical model. Fluid enters from
the side entry into the head and then is distributed into 230 tubes
at the tube sheet. The liquid through each tube first experiences a
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ig. 2. The uniformity of fluid flow through tubes. The coefficient of variation is the
atio of the standard deviation of flow rate through tubes to the mean. The abscissa
s  the flow rate of feed fluid.

00 mm pipe flow and then a 200 mm porous flow. In another word,
rst 400 mm from the tube sheet of each tube is a pipe and the

ast 200 mm is defined as a porous media zone, where the porous
arameters were adjusted to produce the same pressure drop as
he full length tube of the first pass. The fluid from the tube bundle
uns into the rear head and finally flows out from the porous plate
one, which was designed to give a similar pressure drop to the
econd pass.

The approach of a short tube with a porous plug at the tube end
reatly reduced the number of computational elements (nodes).
he porous parameters of viscous resistance and inertia resis-
ance factors were determined from the pressure drop of full
ength tubes at various velocities, so that the modelling results
an well represent the heat exchanger with the entire tube bun-
le. Another important merit of this approach is its capability in
roperly simulating the flow field in the tube entrances and in the
ow development section of every tube, where severe tube wear is

ikely to occur at. There are a few other porous media approaches
hat have been used to simply the simulation of large scale tubular
eat exchanger (Bhutta et al., 2012; Bremhorst and Brennan, 2011;
hi et al., 2010). It has been demonstrated that extending porous
edia (at one side or at both sides of media zone) with a short tube

redicted more accurate flow distribution than the conventional
orous media approach (Bremhorst and Brennan, 2011; Shi et al.,
010).

The flow rate through each tube depends on the total feed rate
nd the position of the tube entrance in the head. In general, the
ifference in flow rate between different tubes is small and ignored,
hen the exchanger runs at high feed rates and the tubes are long

nough to produce a high flow resistance that can lead to a uni-
orm pressure over the tube sheet in the head. Initially the flow in
he entire heat exchanger was simulated with a model containing
wo sets of porous media (with tubes) zone, the outlet head and
he rear head. The two sets of porous media zone represent the
wo tube bundles (the first pass and the second pass), respectively.
he flow rate through each tube, q, was calculated. It was  found
hat the flow rate difference among the first pass tubes was up to
0% ((qmax-qmin)/qmean) for tubes of 5 m in length at feed liquid
ate of 180 m3/hr, as shown in Fig. 2. Pressure deviation was also
ound between tube outlets in the rear head, indicating the effect of

ackpressure in the rear head on the distribution of fluid through
he tube bundle. So that in the present work the rear head and a
ear semi-circle plate porous media were included into the physi-
al model. The parameters of the plate porous media was  adjusted
 Engineering 96 (2017) 115–127 117

to produce a pressure drop as the same as that of the entire second
pass tube bundle.

2.2. Liquid flow modelling

In the head of the heat exchanger, partial separating flow and
adverse pressure gradients may  occur reality, due to the rapid
expansion from inlet pipe to the head plenum and the large vari-
ation in flow direction at the tube entrances. In the present work,
the Reynolds Averaged Navier–Stokes (RANS) equations, Eqs. (1)
and (2), and SST-k-ω turbulence model, Eqs. (3) and (4), were then
used for the continuum. Initially steady flow equations were solved
for the domain. Due to the relatively high value and fluctuation of
residuals of k and ω, the simulation was then switched to solve the
transient equations. The simulation approach will be discussed in
details in the simulation details.
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∂xi

= 0 (1)

∂ui

∂t
+ uj

∂ui

∂xj

= − 1
�

∂p

∂ui

+ ∂
∂xj

(
2 (� + �T ) Sji

)
+ gi (2)

∂k

∂t
+ uj

∂k

∂xj

= −u
′
i
u

′
j

∂ui

∂xj

− ˇ∗kω + ∂
∂xj

[
(v + �k�T )

∂k

∂xj

]
(3)

∂ω

∂t
+ uj

∂ω

∂xj

= −˛
ω

k
u

′
i
u

′
j

∂ui

∂xj

− ˇω2 + ∂

∂xj

[
(v + �w�T )

∂ω

∂xj

]
+ 2 (1 − F1) �ω2

1
ω

∂k

∂xi

∂

∂
(4

where

�T = a1k

max (a1ω, SF2)

F1 = tanh

{{
min

[
max

( √
k

ˇ∗ωy
,

500�

y2ω

)
,

4�ω2k

CDkωy2

]}4
}

CDkω = max

(
2��ω2

1
ω

∂k

∂xi

∂ω

∂xi

, 10−10

)

F2 = tanh

{[
max

(
2
√

k

ˇ∗ωy
,

500�

y2ω

)]2
}

˛1 = 5
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2.3. Particle tracking

When seawater is used as coolant in heat exchanger, the concen-
tration of sand in the fluid is generally less than 1000 mg/kg. This is
a fairly dilute particle concentration. Hence, the Lagrangian particle
tracking approach was  used in the present work to obtain timely
information about particle concentration, velocity and impact
factor by solving a finite number of particle trajectories statisti-
cally representing the particles moving in the fluid domain. The
assumptions in this study include no particle collusion, no energy
interaction between particles, no particle rotation, and rigid spher-
ical particles. The particle equation of motion is then written as

d
→
uP

dt
= FD

(
�u − →

uP

)
+ �g �P − �

�
+ Fpg + Fvm + Fsl (5)
P

Where �u and
→
upare the fluid phase velocity and the particle velocity,

respectively. � and �p are the fluid density and the particle density.
The left term is an additional acceleration (force/unit particle mass),
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he first term at the right hand side is the drag force per unit particle
ass and the second term is buoyancy. FD is

D = 18�

�pd2
p

CDRe

24
(6)

Here, � is the molecular viscosity of the fluid and dp is the par-
icle diameter. Re is the relative Reynolds number, which is defined
s

ep = �dp|up − u|
�

(7)

As the fluid and particle concerned in the present work are water
nd sand, respectively, the virtual mass force, Fvm, and pressure
radient force, Fpg , are considered and they are given by

vm = 0.5
�

�p

(
→
up∇�u − d

→
up

dt

)
(8)

And

pg = �

�p

→
up∇�u (9)

The shear lift force, Fsl , is also included in the force balance
quation, which is expressed by

sl = 2K�1/2�dij

�pdp(dlkdkl)
1/4

(
�u − →

up

)
(10)

here K = 2.595 and dij is the deformation tensor.
The particle position, r, is determined by solving its trajectory

Eq. (11)) by stepwise integration over discrete time steps. Inte-
ration in time of the particle motion equation gives the velocity
ector of the particle at each point along the trajectory.

dr

dt
= uP (11)

The dispersion of the particles due to turbulence velocity fluctu-
tions is determined using a stochastic tracking method (random
alk model) (ANSYS-Fluent, 2014). In the discrete random walk

DRW) model, the fluctuating velocity of particles is assumed to
bey a Gaussian probability distribution and the interaction time
f particles with the fluid phase eddy is determined by the smaller
f eddy lifetime and the eddy crossing time. Numerical simu-
ations have demonstrated that the erosion results predicted by
he method agreed well with experimental data for large parti-
les (Mansouri et al., 2015; Wong et al., 2013a,b) and employing
he low-Re number approach significantly improved the erosion
rediction for small particles (25 �m)  (Mansouri et al., 2015). For
articles with a diameter less than a few microns, the DRW model
ill show a tendency of slow particle velocity and particle con-

entration in near-wall low-turbulence regions, where the velocity
uctuations are not isotropic as in the bulk, especially, when one-
ay fluid-particle coupling approach is used. In the present work,

he DRW model was also applied for particles of less than 10 �m
o identify the difference to large particles. The influence of par-
icle motion on the fluid flow field is included into the modelling,
lthough this will led to about 50% increase in the computation
ime and has seldom been considered in previous studies for dilute
olid-liquid systems (Badr et al., 2006; Parsi et al., 2014; Wong
t al., 2013a,b). In the two-way coupling, the momentum gained
r lost by the particles is incorporated in the subsequent contin-
ous phase calculations (ANSYS-Fluent, 2014). The study on the

ffect of the two-way coupling on the dispersed and carrier phase
urbulence fluctuations in a channel flow based on a direct numer-
cal simulation has shown that, when the particle-fluid two-way
oupling effect was accounted for, the particle normal fluctuating
 Engineering 96 (2017) 115–127

velocity decreased near the wall, causing a decrease in the particle
deposition velocity (Nasr et al., 2009).

2.4. Erosion modelling

There are many factors influence solid particle erosion, includ-
ing the particle characteristics (shape, size, density, hardness and
material), particle dynamics properties (velocity and motion direc-
tion to target surface) and target material properties (hardness
and temperature). A number of experiments and concept analy-
ses (such as cutting, low-cycle fatigue and adiabatic shear) on the
relationship of erosion with these parameters led to a few models
to predict the erosion (Njobuenwu and Fairweather, 2012; Parsi
et al., 2014). Due to the complexity of the erosion process and the
multiplicity of influence factors, the proposed models in a certain
extent depend on the empirical coefficients extracted from various
erosion experiments. There is no a general equation that can be
used for all conditions. Five erosion models were chosen for pre-
dicting a pipe bend erosion by ductile particles (Njobuenwu and
Fairweather, 2012). Although the magnitude of predicted erosion
by the five models was different, they produced the similar ero-
sion tendencies and can be considered in good agreement with the
experimental data.

Erosion rate is an expression of mass loss of materials or thick-
ness reduction of target in a specific period of time. As the linear
dependence of erosion rate on the loaded particle mass in the dilute
particle concentration range, mass (volume or thickness) loss per
unit mass of feed particles (such as kg/kg) is also adopted. The
unit used in this work is the metal loss per unit area in one sec-
ond, mg/m2s. The solid particle erosion model is described by the
following general form

Re =
N∑

p=1

ṁpC
(

dp

)
f (˛) vb(v)

Af
(12)

where C(dp) is a function of particle diameter; � is the local par-
ticle impact angle, which is defined by the angle between particle
motion direction and target wall; f(�) is a function of the particle
impact angle that depends on target material; � is the local velocity
of the impacting particle, b(�) is the impact particle velocity power
law coefficient being a function of velocity of the particle, typically
it varies between 1.8 and 2.3 for ductile materials; Af is the cell face
area at the wall.

In the present work, the impact angle function f(�) for sand par-
ticles on carbon steel proposed by Wang and Shirazi (Y. Zhang et al.,
2007) is used. The function is also used for copper, as the experi-
mental evidence showing that the influence of particle impact angle
on both materials is similar (Bitter, 1963a, 1963b; N. Lin et al., 2015).

f (˛) =
{

K1  ̨ + K2˛2
 ̨ ≤ 	/12

K3 + K4 sin2 (˛) + K5 sin (˛) cos2 (˛)  ̨ > 	/12
(13)

where Ki for i = 1–5 are empirical coefficients (Zhang et al., 2007).
The particle diameter function C(dp) can include the contribu-

tion of the properties of both particles and target materials, in
addition to the particle diameter. Considering the relationship of
erosion rate and particle diameter given by Oka  et al. (Oka et al.,
2005) and Oka and Yoshida (Oka and Yoshida, 2005), the particle
diameter function is written by the following form.

C
(

dp

)
= KB−nFs

(
dp

d∗

)m

(14)

p

Where K is a material dependent constant; n and m are empiri-
cal coefficients; B is the Brinell hardness of wall; Fs is the particle
sharpness factor; dp and d∗

p are the particle diameter and the
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Fig. 3. Dependence of average erosion rates (Re,ave) at the tube sheet, tube end and
tube  surface on particle size at feed flow rate of 210 m3/h and loaded particle ratio
of 856 mg/kg.
W.  Gao et al. / Computers and Ch

eference particle diameter, respectively. The suggested values for
s are 1.0 for sharp (angular), 0.53 for semi-rounded, or 0.2 for fully
ounded sand particles. For SiO2 particles on carbon steel m = 0.19
nd d* = 326 �m were suggested (Oka et al., 2005; Oka and Yoshida,
005). In an erosion model for a single particle, a power-law rela-
ion with an exponent of 0.5 was used for the effect of particle size
n erosion rate (Huang et al., 2008).

.5. Simulation details

The fluid domain was meshed using the tetrahedral grid, the size
f the volume mesh was derived from the face meshes. Fine meshes,

 size of 4 mm,  were applied for the faces of tubes and the tube
heet, considering the small volume in the areas and strong turbu-
ence of fluid in the tube entrances. The tube inside has 5 boundary
ayers with a first layer of 0.6 mm  thickness and a transition ratio of
.2. The head and the inlet pipe were also meshed to have 5 bound-
ry layers. With the meshing scheme, the domain finally consists of
lmost 11.8 × 106 cells. The meshes were then improved by FLUENT
esh smooth function and finally have the maximum orthogonal

kewness of 0.89, maximum aspect ratio of 52.60 and minimum
rthogonal quality of 0.16. The grids were further refined using
he solution-adaptive refinement feature in Fluent. The grid inde-
endence study for the model was performed by examining the
alues of y+ and comparing the flow field in the head. The detail is
iscussed in Appendix A.

The simulations were performed with Ansys FLUENT version
6 (ANSYS-Fluent, 2014) with high order discretization of the
quations. PRESTO was used for pressure, 3rd order Monotonic
pstream-centered Schemes for Conservation Laws (MUSCL) for
ontinuity, momentum, k and ω equations. SIMPLE was used for
he pressure-velocity coupling. As the k-ω has difficulty converging
nd is very sensitive to the initial values, the turbulent flow was  first
olved with steady k-ε model for 1000 iterations to find an initial
ondition for the k-ω solution. Initially the steady RANS and SST k-ω
quations were applied. Due to the high value of RMS which highly
ibrating at 1 × 10−2, the unsteady equations as described before
ere used with a time step 0.1 s and 500 iterations for each step and

t was found that the residuals can reduce to about 1 × 10−5. The
olution converges on identical results after about 20 steps, with
nchanged shear stress on the tube sheet and fluid distribution
hrough tube bundle. After the “steady flow” achieved, particles
ere then uniformly injected from over the inlet pipe boundary

t a specified mass rate. The erosion rate was measured after 6 s
nsteady simulation with the same time-step and convergence
riteria as the simulations without particle injection.

In the present work the erosion caused by different size parti-
les at different feed-water mass rates was simulated. As the short
ength of the inlet pipe, an initial velocity distribution with the
ne-seventh power-law velocity profile was used at the inlet pipe
oundary. The turbulent intensity at the velocity inlet boundary
as set at 5% and the length scale was set to 0.55m. An outflow

oundary condition was applied at the outlet of the porous plate.

. Results

Erosion rates are calculated for tube sheet, the part of copper
ube protruded outside the tube sheet and the surface of the copper
ubes, since the practical evidence shows that these are the critical
ections with respect to erosion. To demonstrate the dependence
f erosion on flow pattern and solid particle behaviors close to the

ikely erosion areas, the impact angle, velocity and concentration
f particles at upstream distance of 5 mm to the tube sheet, at the
ube entrances and at tube inside 30 mm from the tube sheet are
alculated from the particle trajectory. A wide range of particle size,
Fig. 4. Dependence of average erosion rates at the tube sheet and tube surface on
particle size at feed flow rate of 105 m3/h and loaded particle ratio of 856 mg/kg.

from 0.1 to 1000 �m is considered, and the mass ratio of the loaded
particles to the feed water at the inlet boundary of the inlet tube is
from 1 mg/kg to about 850 mg/kg.

3.1. Erosion by different particles at different feed flow rates

Kinetic energy of particles impacting on wall dominates the ero-
sion rate. For a specified particle, the size and impact speed are
then the most important factors that influence erosion magnitude.
In general, larger particles cause more severe erosion due to their
higher kinetic energy, resulting in higher impact force to erode the
surface. However, compared to the motion of particles in simple
flow fields, such as, in straight pipes, elbows and sudden contrac-
tion, the erosion features on the metallic walls of a shell and tube
heat exchanger are more complex as the size and velocity of par-

ticles impacting on a certain area much depend on the fluid flow
field, particle density, shape and particle size itself. Figs. 3–6 show
the erosion rates at tube sheet, tube ends in the inlet plenum and
the inside surfaces of the tubes at different flow rates and different
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article sizes. The average rate is the facet average over the entire
rea of the concerned wall. The maximum rate is for the local area
ith the maximum facet-average erosion rate.

The simulation results show a near-linear dependence of the
verage erosion rate on the size of particles in the range of
00–1000 �m,  an approximately the same erosion rates for the
articles of 50–100 �m,  and rapid decrease in the average ero-
ion rate when the particle size reduces from 50 �m,  as shown in
igs. 3 and 4. The dependence profile is in a good agreement with
revious experiments (Clark, 1991; Desale et al., 2009; Gandhi and
orse, 2002). The linear relationship between erosion and parti-
le size was found for glass beads on copper rod specimens (Clark,
991), for sand on cast iron at 30◦ and 75◦ impact angles and at
uid velocity of 3.62 m/s  and sand concentration of 20 wt% (Gandhi

nd Borse, 2002), and for 20 wt% silica sand on 6063 aluminum
lloy at velocity of 3 m/s  and 30◦ and 90◦ impact angles (Desale
t al., 2009). The experiment on the metal loss caused by angular

ig. 5. Dependence of maximum erosion rates (Re,max) at the tube sheet, tube end
nd tube surface on particle size at feed flow rate of 210 m3/h and loaded particle
atio of 856 mg/kg.

ig. 6. Dependence of maximum erosion rates at the tube sheet and tube surface
n  particle size at feed flow rate of 105 m3/h and loaded particle ratio of 856 mg/kg.
 Engineering 96 (2017) 115–127

SiC at fluid velocity of 20 m/s  (Liebhard and Levy, 1991) indicated
that the erosion ratio is nearly independent of particle size when
the particles are larger than approximately 100 �m (Tilly, 1973).
This relation was also found at a much higher velocity for a much
stronger alloy (Tilly, 1973). Despite few experiments were reported
for particles with the size of less than 50 �m,  all of the above exper-
iments showed a rapid decrease in the erosion rate with the size
of small particles of less than 100 �m,  as the present simulations
predicted (inset in Figs. 3 and 4).

Tube ends in the inlet plenum underwent higher impingement
at high velocity and large particles, compared to the tube sheet and
tubes, as shown in Fig. 3. The erosion rate at the tube sheet is also
higher than that at the tube surface when large particles are loaded
(Figs. 3 and 4). When the particle size is reduced to less than about
100 �m,  the average erosion rates at the tubes, the tube ends and
the tube sheet are approximately the same (insert in Fig. 3). The
erosion rate at the tubes is slightly higher than that at the tube

sheet. This is easy to be understood if considering smaller particles
tend to follow the liquid flow stream and enter into the tubes, while
larger particles impact on the tube sheet and the tube ends.

Fig. 7. Contour of fluid velocity at 5 mm upstream from the tube sheet at feed flow
rate of 210 m3/s.

Fig. 8. Flow angle relative to the plane of tube sheet at 5 mm upstream from the
tube  sheet at feed flow rate of 210 m3/s.
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Fig. 9. Impact angle of tracked particles of (a) 500 �m and (b) 100 �m on tube sheet at feed flow rate of 210 m3/h and particle ratio of 856 mg/kg.
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Fig. 10. The number density of (a) 500 �m and (b) 100 �m particles at 5 mm u

The failure of shell and tube heat exchanger due to the ero-
ion occurs at some local areas. The maximum local erosion rate
as then calculated in the present work. The results are given in

igs. 5 and 6. Surprisingly, it was found that the highest erosion was
roduced by the particles with size of 10–50 �m.  The similar results
ere also found in the simulation of sand particle erosion in a shell

nd tube heat exchanger at inlet flow velocity of 0.64 m/s  (Habib
t al., 2006), the highest erosion rate occurred when using sand
articles of 100 �m diameter. This is because of the more efficient
omentum exchange between fluid and smaller particles, result-

ng in higher particle velocity and larger mass (number) of particles
resenting at some local regions (This will be discussed in the next
ection). The smaller particles in that range are more likely to flow
ith the fluid and gain a higher velocity, while the larger particles

refer to go straight ahead and deviate from the fluid stream due
o their high inertia when the fluid encounters a wall and changes
ts flow direction in the head of the heat exchanger. Compared to
he large particles, the small particles have a higher velocity and
m from the tube at 210 m3/h feed flow rate and 856 mg/kg sand particle ratio.

more likely enter into the tubes with the fluid, causing severe ero-
sions in the tubes (inset in Fig. 5). It is well known that the total
kinetic energy of a group of particles with a specified total mass is
a function of their velocity and size-independent. When small par-
ticles are loaded into the heat exchanger, the total kinetic energy
of the particles is higher because of their higher velocity and larger
amount of particles flowing with the fluid. The kinetic energy of the
particles impacting on the wall dominates the erosion rate as the
aforementioned.

In the present work 858 mg/kg solid particle concentration and
even size distribution were used in the simulations. At such high
particle loading rate, the 10 �m particles produced the maximum
erosion rate of 38 mg/m2s in the tubes at 210 m3/h feed fluid. The
maximum tube end and tube sheet erosion rates are also higher

2
than 20 mg/m s (insert in Fig. 5). When the heat exchanger is run-
ning at a lower feed fluid (105 m3/h) the maximum erosion rate
decreased to 0.72 mg/m2s in the tubes and 0.25 mg/m2s at the tube
sheet, indicating the dependence on the fluid velocity. The high
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Fig. 12. Contour of fluid flow angle relative to tube axis in tubes at 30 mm from the
tube sheet at feed flow rate of 210 m3/s. (flow streamline aligning with the tube axis

F

ig. 11. Contour of fluid velocity in tubes at 30 mm from the tube sheet at feed flow
ate of 210 m3/s.

rosion rates mean some tubes in the shell and tube heat exchanger
ould be damaged in a period of several weeks, fortunately, in prac-

ical the sand content in the feed fluid is not always such high and
he portion of about 10 �m particles is also low.

.2. Dependence on flow pattern and particle characteristics

The erosion much relies on the flow pattern and in some works
nly the flow simulation results are used to study the erosion pro-
ess without modelling particle motion and erosion process itself
Bremhorst and Brennan, 2011). The flow angle and velocity magni-
ude are considered to be the dominant factors causing the particle
rosion. In the present work both the flow pattern and the parti-
le behaviors are analyzed with respect to their influence on the

rosion.

The velocity magnitude and flow direction are presented in
igs. 7 and 8, respectively. The magnitude and direction contours
ndicate the flow kinetic energy and mass distribution across the

ig. 13. The number density of (a) 500 �m and (b) 100 �m particles in the tubes at 30 mm
has  a flow angle of 90◦).

tube sheet. It seems that the areas with high velocity and relatively
low flow angle are likely to be eroded, as the maximum erosion
wear occurs at the impact angle of about 20◦ for sand particles
impacting on carbon steel and copper (Bitter, 1963a, 1963b; Lin
et al., 2015). However, the contour of impact angle of large particles
(500 �m,  Fig. 9a) shows that the particle impact angle is inconsis-
tent with the flow direction. Particles in most regions with high
flow angle have a low impact angle and the particle number den-
sity is high in these regions (Fig. 10a). Whereas a few large particles
were found in the region with high flow velocity and the angle that
can cause high erosion rate. For small particles (100 �m) the impact
angle contour (Fig. 9b) is approximately consistent with the flow
direction (Fig. 8) and more particles move into the top region with
the fluid (Fig. 10b). This indicates the likelihood of separation of

large particles from the fluid streamlines and the failure position of
the heat exchanger depends on the particle size distribution.

 from the tube sheet at 210 m3/h feed flow rate and 856 mg/kg particle ratio.
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Fig. 15. Shear stress at the tube sheet at feed flow rate of 210 m3/s.

Fig. 16. Fluid velocity obtained by LES for 5 mm upstream from the tube sheet at
Fig. 14. Shear stress at the tubes at feed flow rate of 210 m3/s.

The large particles tend to sweep into the corner between the
ube sheet and the semi-circular head wall (Fig. 10 a) and flow into
he 3 bottom-row tubes and the tubes located in the area with
ow direction aligning with the tube axis in the heat exchanger
Fig. 13a). In the flow development section of these tubes the flow
elocity is low (Fig. 11) and the direction of all flow streamlines
cross the tube section is about 90◦ (Fig. 12). It was  found that the
ontour of particle direction was approximately consistent with
he fluid flow, indicating an impact angle of 0◦. The particle motion
haracteristics led to the average erosion rate (Fig. 3) and the max-
mum erosion rate (Fig. 5) are not as high as that could be caused
y the high particle number density in the tubes (Fig. 13a).

The difference in the erosion rate between the tubes and tube
heet, caused by small particles, is not as obvious as that caused
y the large particles at 210 m3/h feed flow rate (Fig. 3). On the
ontrary, the tube erosion caused by the small particles (less than
round 100 �m at 210 m3/h (Fig. 3), less than around 150 �m at
05 m3/h (Fig. 4)) is larger than the tube sheet erosion rate. This is
ttributed to the characteristics of the small particle motion. Figs.
0b and 13b show more small particles entering into the tubes
here the fluid flow produced higher shear stress on the tube sur-

ace (Fig. 14). Moreover, the average shear stress on the tube surface
Fig. 14) is higher than that on the tube sheet (Fig. 15).

.3. Flow-field comparison with large eddy simulations

The SST has proven to give reliable predictions in a wide range
f applications and is therefore commonly used for most engineer-
ng flow problems (Menter et al., 2003; Versteeg and Malalasekera,
007). Nevertheless, concerning the verification and validation of
he solution and the difficulty in experimental observation, large
ddy simulation (LES) was employed to verify the results of the
ANS SST k-ω model. Generally the LES model can yield better
esult than the RANS models for separated flow and recirculating
ow, however it requires much finer meshes and shorter time steps
nd, therefore, significantly high costs in terms of compute power
nd run times. In the present work, LES is conducted on the same
esh as for the RANS simulation, wherein y+ is up to 35 at some

rst cells to the wall of the tubes and it is in the range of 0.5–18
or the wall-adjacent cells of the tube sheet and the head wells.

he mesh is too coarse for LES to resolve the near-wall flow struc-
ure in the viscous sublayer and the buffer layer. Wall Modeled LES
WMLES) (Shur et al., 2008) was therefore used in the present work,
hich can tolerate large y+ values and reduces the grid resolution
feed flow rate of 210 m3/s.

requirements relative to the boundary layer thickness to be largely
Reynolds number-independent for channel and pipe flows. The LES
simulation was  performed for 3 s at a time step of 5 × 10–4 s (the
estimated CFL<0.3), starting from an initial flow field from the RANS
computation.

The flow field in terms of velocity and flow angle in the head
close to the tube sheet was  first examined (Fig. 16 and 17). They
clearly show approximately the same results as the RANS SST k-
ω model (Figs. 7 and 8), albeit the LES predicted slightly higher
velocities in the center of the head than the RANS simulations. The
LES also produced a roughly left-right symmetrical flow field in this
region as shown in Figs. 16 and 17. Far from the tube sheet, high
velocities around the outer wall of the head and flow inclination
to one side were observed as that from RANS (Fig. 18). The flow

volume rate through each tube was also calculated (Fig. 19), which
represents the overall influence of the resulting flow behaviors in
the entire heat exchanger and is most important for assessing the
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Fig. 17. Flow angle relative to the plane of tube sheet at 5 mm upstream from the
tube sheet for LES at feed flow rate of 210 m3/s.

Fig. 18. Comparison of the distribution of fluid velocity (m/s) obtained by (a) LES and (b)

Fig. 19. Distribution of flow rate through th
 Engineering 96 (2017) 115–127

heat exchanger design and the solid particle erosion. It was  found
that the LES and the RANS simulations produced very close results
for all the tubes.

4. Conclusions

The erosion of a two-pass shell and tube heat exchanger was
simulated by modelling the flow and particle motion with a phys-
ical model, where each individual tube was  presented by a short
tube plus a porous plug and a porous plate was used to adjust
the backpressure in the rear head. This approach revealed more
flow aspects affecting the erosion of the head and tubes of the heat
exchanger, compared to the treating not including the modelling of
flow in the rear head and the second pass. The model includes both
the flow field in the development section of each tube and the devi-
ation of flow rates through the tubes into the affecting parameters
on erosion.

The fluid flow was described with RANS and SST-k-ω turbu-
lence models, while the sand particles in the shell and tube heat
exchanger were investigated using the Lagrangian particle track-
ing method. The erosion was  predicted for sand particles of 0.1 to

1000 �m in diameter. It was  found that the erosion caused by large
particles was  inconsistent with the flow pattern due to the separa-
tion of the particles having high inertia from the flow stream, when
the flow direction changes, while the erosion due to small particles

 RANS at 100 mm upstream from the tube sheet at feed flow rate of 210 m3/s.

e tubes at feed flow rate of 210 m3/s.
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Fig. 20. Contour of fluid velocity (m/s) at 5 mm upstream from the tube sheet at
feed flow rate of 210 m3/s (Grid B), comparable to the results of Grid A shown in
Fig. 7.

Fig. 21. Flow angle relative to the plane of tube sheet at 5 mm upstream from the
tube sheet at feed flow rate of 210 m3/s (Grid B), comparable to the results of Grid
W.  Gao et al. / Computers and Ch

f less than 100 �m can be represented by the flow characteristics,
uch as the flow direction and velocity magnitude.

The erosion rates of tube sheet and the tube ends in the inlet
ead have a near-linear relation to the particles of more than
00 �m,  while the tube erosion rate is almost independent on
article size, slightly increasing with the increase in particle size.
he erosion rates are independent on the size of small particles
50–200 �m)  and are approximately the same at tube sheet and
ube surfaces. The predicted relationship of erosion rate and parti-
le size is in a good agreement with experiments. When particles of
ess than 50 �m were loaded into the heat exchanger, the average
rosion rates at tube sheet and tube surfaces rapidly decreased with
he particle size, whereas the fine particles produced very high ero-
ion at some local areas. Based on the dependences of the erosion
ates of tube sheet and tubes on the particle size, the particles can
e classified into three groups, i.e., large particles with diameter of
ore than 200 �m,  small particles in the range of about 50–200 �m

nd fine particles of less than about 50 �m.  This result is significant
or controlling the corresponding size particles loaded into the heat
xchanger to reduce its erosion.

It was found that the maximum local erosion rate at both the
ube sheet and the tubes caused by 10 �m particles was about
0–20 times of that produced by 200 �m particles. The maximum
ube erosion rate reached about 38 mg/m2s at feed fluid rate of
10 m3/s and loading 856 mg  particles per kilogram fluid. Note that
he high erosion rates caused by small particles may  be attributed
o the overprediction of the concentration of the small particles on
he walls, which is an inherent problem of the DRW model due to its
sotropic treatment of the normal to the wall fluctuation, although
he low-Re number approach and two-way coupling were adapted
o ease the problem in the present work. Given the comparison of
he present simulation results with limited previous works and the
bsence of experimental validation, the results are more qualitative
han quantitative.
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ppendix A. : Grid independence study

The grid independence study is mainly to examine the influence
f grid size on the prediction of flow behavior, especially, in the
egions close to the tube sheet and the flow development regions in
he tubes. As there are 230 tubes of 20 mm  in diameter and 600 mm
n length in the heat exchanger model, an efficient mesh is expected
o capture the local turbulent features and provide reliable solution
ithin an acceptable computational time. In the study, the values

f y+ were utilized for examining the mesh quality in the viscous
ayer near the wall, focusing on the layers near the tube sheet and
he tube walls. Meanwhile the flow field was used for surveying the

esh quality in the head of the heat exchanger.
Initially, 0.6 mm and 2 mm were applied for the first layer near

he tube walls and the head walls, respectively. The SST k-ω simu-
ation predicts that y+ at some walls of the tubes is in the log-law
egion. The boundaries were then refined and the values of y+ at the
all-adjacent cells are in the viscous sublayer. It was also found that

 very small cell height (<0.1 mm)  at the flow development region
n some tubes is required to approach y+ = 1 at the walls, due to
he fact of the rapid changes in geometry and the shear layers with

arge strain rates. So that most of y+ are finally controlled in the
iscous sublayer and the low-Re formulation was used to resolve
he sublayer in the simulation. For the wall-adjacent cells of y+ > 5,
all functions were automatically used by the SST k-ω model.
A  shown in Fig. 8.

The grid was  refined by the use of the solution-adaptive mesh
refinement feature of Fluent (ANSYS-Fluent, 2014). The method can
add additional cells where required, which is in this case in the
regions close to the tube sheet and in the tubes and the regions
predicted to have high velocity gradients. In order to assess how
much the flow field depends on the supplementary cells, the sim-
ulations were repeated after the refinement. The results of the last
refined grid (Grid B) were presented in Figs. 20–23 and compared
with these of the grid (Grid A) used in the main section of this paper.
It can be seen that the velocity distribution (Fig. 20) and flow angle
(Fig. 21) 5 mm upstream of the tube sheet predicted by Grad B are

comparable to the results of Grad A (Fig. 7 and Fig. 8). The last refine-
ment did not have a significant effect on the results for the most
important flow regions in this case. Figs. 22 and 23 compare the
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Fig. 22. Turbulent intensity (%) at 5 mm upstream from the tube sheet at feed flow rate of 210 m3/s.
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Fig. 23. Turbulent intensity (%) at 100 mm upstr

urbulence in the head, showing the results for both grids are very
imilar.
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