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A B S T R A C T   

Exhaust gas recirculation (EGR) systems have been successfully employed to reduce the NOx emissions in diesel 
engines. However, the fouling problem in EGR coolers challenges their capability to comply with stringent 
environmental regulations. A few numerical simulations have considered the fouling growth in EGR coolers. 
Those studies modeled the evolving fouling layer to be a solid medium, therefore, fluid flow and convection heat 
transfer within the fouling layer, which is well-documented to be a porous medium permeable to gas flow, have 
not been considered yet. As such, the present study investigates the simultaneous effects of the formation of the 
evolving porous fouling layer (EPFL) at the walls of an EGR cooler and fluid flow and convection heat transfer 
simulation within this EPFL to determine its coupled effects on the thermal performance of the EGR cooler. This 
study also investigates the possibility of formation of a steady fouling layer (SFL) because of the opposing effects 
of the fouling layer growth and deposition rate. The effects of two pertinent dimensionless parameters, namely 
Darcy number (10− 4 ≤ Da ≤ 5 × 10− 3) and Reynolds number (100 ≤ Re ≤ 400) on the time history of the 
fouling layer growth, deterioration of the thermal performance of the duct, and average Nusselt number ratio 
(Nuav/Nuav(t = 0)) are studied. The results show that the thermal performance of the duct decreases as the EPFL 
grows, which agrees well with the available experimental data. It is shown that the steady fouling layer is ob
tained due to a decrease in thermophoretic force and deposition rate, as a result of the EPFL formation. Finally, a 
correlation is proposed in terms of Reynolds and Darcy numbers for the time at which the SFL occurs.   

1. Introduction 

Exhaust gas recirculation (EGR) systems are developed to reduce 
NOx emissions in diesel engines. This reduction in NOx emissions is 
accomplished by lowering the combustion temperature through cooling 
down a portion of exhaust gas in an EGR cooler and recirculating it into 
the engine manifold [1,2]. However, the fouling problem in EGR coolers 
has been an engineering challenge ever since those systems have been 
introduced. It has been shown that the fouling in EGR coolers reduces 
their thermo-hydraulic performance over time [3–6]. Numerous studies 
have been devoted to investigating this problem during the previous two 
decades. The majority of the research has been conducted either 
experimentally or numerically. 

Many experimental studies have been done to shed some light on the 
fouling mechanism in EGR coolers. It was shown that the fouling in EGR 

coolers is developed mainly due to the deposition of soot particles and 
condensation of soluble organic fractions (SOF) [7]. However, Hong 
et al. [8] experimentally showed that for a coolant temperature of 353 K, 
which is common in EGR coolers, the effect of SOF condensation on the 
fouling was negligible. They explained that for this coolant temperature, 
a very small amount of SOF condensed on the cooler wall, therefore its 
effect on the fouling was negligible. Therefore, according to the avail
able research, fouling in EGR coolers is mainly caused by the deposition 
of soot particles [9]. Bika et al. [10] measured the soot particle size and 
concentration upstream and downstream of a heat exchanger to eval
uate the particulate matter deposition rate. Their findings revealed that 
the hydrocarbon condensation had a negligible effect on particle depo
sition. Although different mechanisms such as thermophoretic force, 
diffusion, inertial impact, and gravitational settling are shown to be 
involved in EGR coolers fouling, many studies reported that this phe
nomenon is mostly caused by the thermophoretic force exerted on nano- 
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sized particles due to temperature gradients [11–13]. Malayeri et al. 
[13] experimentally investigated the effect of thermophoretic force by 
varying the temperature gradient between hot particles and the cold 
surface of an EGR cooler. Their findings indicated that the fouling rates 
increased for higher temperature gradients. 

Numerous studies experimentally investigated the effects of different 
parameters on the effectiveness of EGR coolers [14–17]. Hoard et al. 
[14] experimentally investigated the effect of the Reynolds number on 
effectiveness of an EGR cooler. They reported that the effectiveness was 
dropped when Reynolds number was increased. Jang et al. [15] per
formed a series of experiments to measure the time history of the 
effectiveness of wave fin-type EGR coolers for different wave and fin 
pitches to find the best geometry in terms of cooler effectiveness. Park 
et al. [17] experimentally investigated the thermal efficiency drop in 
low-flow EGR coolers with varying coolant temperatures. They observed 
that a decrease in the coolant temperature led the deposition layer to 
grow more, which in turn caused a higher drop in thermal efficiency. 
Experimental studies showed that the fouling layer thickness finally 
reaches a steady state condition called the asymptotic behavior of 
fouling layer, after which the effectiveness of the EGR cooler does not 
vary with time [6,11,13,16]. Many authors attributed this phenomenon 
to opposing effects of fouling layer growth and deposition in combina
tion with the removal mechanism. Ebd-Elhadi and Malayeri [6] 
explained that when the fouling layer thickness increases during the 

initial stage of deposition, the thermal resistance that this layer offers 
increases, which in turn decreases the particle deposition rate. On other 
hand, an increase in the fouling layer thickness increases the flow ve
locity due to a decrease in the duct cross-section, which consequently 
increases the removal rate of the deposit. They concluded that the 
asymptotic behavior of the fouling layer occurs due to a balance be
tween decreasing deposition rate and increasing removal rate. 

Numerical studies in addition to experimental research have been 
done for a better understanding of the fouling phenomenon and its effect 
on the thermo-hydraulic performance of the EGR coolers. A few nu
merical studies have investigated the fouling layer growth by simulating 
the particle deposition. Generally, two approaches have been followed 
to model the fouling layer growth in EGR coolers. In the first approach, 
fluid cells are converted into solid ones after a predefined condition is 
met, which can be the maximum number of particles allowed to deposit 
in a cell. The second approach, on other hand, recreates the fouling 
growth using the dynamic mesh, where the position of the nodes on the 
fluid-fouling interface is updated at each time. It should be emphasized 
that in the second approach the growing fouling layer is also considered 
to be a solid medium [18]. Paz et al. [19] employed the first approach to 
study the evolution of solid fouling layer thickness in an EGR cooler with 
reasonable agreement obtained compared to available experimental 
data. Abarham et al. [20] suggested a 2-D axisymmetric model based on 
the second approach in which the thickness of the solid deposit was 

Nomenclature 

C lattice velocity 
Cs speed of sound 
Da Darcy number,K/(2H)

2 

dp particle diameter 
EPFL evolving porous fouling layer 
FPL fixed porous layer 
e dimensionless porous layer thickness,e = 2δ/H 
ei discrete velocity 
F total resistant force (N) 
FD drag force 
fi density distribution function 
f eq
i equilibrium density distribution function 

fneq
i non-equilibrium density distribution function 

FSL Saffman lift force 
Fth thermophoresis force 
Fε geometrical function 
gi temperature distribution function 
geq

i equilibrium temperature distribution function 
H width of the duct (m) 
K permeability of the porous layer (m2) 
kf fluid thermal conductivity 
Kn Knudsen number 
kp particle thermal conductivity 
L length of the duct (m) 
lg length of the grid (m) 
mp particle mass (kg) 
nin number of injected particles every time step 
ncr critical number of deposited particles 
Nufd fully developed Nusselt number 
Nuav average Nusselt number 
NuL local Nusselt number 
Nur Nusselt number ratio 
Pr Prandtl number,vf/αf 

Re Reynolds number,ρUin(2H)/νf 

Sin the cross-sectional area of the inlet (m2) 

SFL steady fouling layer 
t elapsed time (s) 
tSFL steady fouling layer time (s) 
T temperature (K) 
Tb bulk temperature (K) 
Tb,out bulk temperature at the outlet (K) 
Teq equilibrium temperature (K) 
Tin inlet temperature (K) 
Tout outlet temperature (K) 
Tw wall temperature (K) 
u fluid horizontal velocity (ms− 1) 
up particle velocity (ms− 1) 
Uin average inlet fluid velocity (ms− 1) 
V temporal velocity vector (ms− 1) 
x longitudinal coordinate (m) 
X dimensionless longitudinal coordinate (x/H) 
y vertical coordinate (m) 
Y dimensionless vertical coordinate (y/H) 

Greek symbols 
αe effective thermal diffusivity (m2s− 1) 
αf fluid thermal diffusivity (m2s− 1) 
Δtr real time step (s) 
δ FPL thickness (m) 
δx lattice spacing (m) 
δt time step (s) 
ε porosity 
η Talbot coefficient 
νe effective kinematic viscosity (m2s− 1) 
νf fluid kinematic viscosity (m2s− 1) 
ρ fluid density (m3kg− 1) 
ρp particle density (m3kg− 1) 
μf fluid viscosity 
τt dimensionless temperature relaxation time 
τv dimensionless velocity relaxation time 
ωi weighting coefficients  
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adjusted by changing the fouling-fluid interface. They estimated the 
evolution of the solid fouling layer at each time step of the simulation. 
Tong et al. [21] followed the second approach to investigate the real- 
time simulation of the solid fouling layer growth in a heat recovery 
boiler. They magnified the simulation time step to be able to achieve 
higher operation times for the fouling process, which can be hours or 
even days. Their findings demonstrated a constant fouling growth rate 
without addressing the removal process. After the removal condition 
was added to their work, the fouling layer reached a steady state 
thickness called asymptotic behavior of the fouling layer or steady 
fouling layer (SFL) here. Tang et al. [22] used the second approach to 
study the morphology prediction of heat exchangers with a real-time 
simulation of the solid fouling layer growth with Ansys Fluent. They 
also followed the same procedure as Ref. [21] to magnify the simulation 
time. However, according to experimental data, the fouling in EGR 
coolers is reported to be a porous layer with a porosity of 0.98 and 
thermal conductivity of 0.041W/mK [23], which is permeable to the 
EGR flow. The effect of fluid flow and convection heat transfer within 
the porous fouling layer has not been considered yet. 

The numerical modeling of fluid flow and heat transport in porous 
media has received much attention [24–25] due to the broad engi
neering applications of the problem. The lattice Boltzmann method 
(LBM) has been used for simulating heat transfer and fluid flow in 
porous media for the past two decades due to some inherent features 
such as high compatibility with complex geometries and easy paralle
lization of the code, to name a few [26–27]. The effect of partial porous 
layers on the hydrodynamic and thermal characteristics of a duct car
rying a fluid has been investigated using the LBM. Shokouhmand et al. 
[28–29] used the LBM to study the effect of fixed porous layers (FPL) on 
the forced convection heat transfer from a parallel-plate duct. They 
considered two configurations of the porous layers; one at the walls and 
the other at the core of the duct. In their study, the results showed good 
agreement with the available experimental data. Khoshnood et al. [30] 
numerically investigated the effect of evolving porous layers in a parallel 
plate duct on the thermal convection of the duct. They employed the 
LBM to simulate the fluid flow and heat transfer in a duct with evolving 
porous layers at the walls. They demonstrated that the porous layers did 
not significantly affect the thermal performance of the duct before a 
certain time, which they called it the evolution time. 

To the best of the authors’ knowledge, in studies that considered the 
numerical simulation of the fouling growth of EGR coolers, the fouling 
layer was considered to be impermeable. Therefore, the effects of fluid 
flow and convection heat transfer within the fouling layer were 
neglected. However, as mentioned in the above literature survey, in real 
applications, the EGR fouling is shown to be a porous medium that is 
permeable to EGR flow. Thus, the effect of fluid flow and convection 
heat transfer within this porous layer needs to be investigated on the 
fouling layer growth and thermal performance of the EGR cooler. This 
study aims at investigating the thermo-hydraulic effect of the evolving 
porous fouling layer (EPFL) on the possibility of developing SFL (i.e., the 
asymptotic behavior of the fouling layer) in an EGR cooler without 
considering the removal mechanism. As such, the numerical simulation 
of the particle-laden flow with transient forced convection heat transfer 
in a parallel-plate duct, which resembles one passage of an EGR cooler, is 
considered, where the deposition of the soot particles occurs at the walls 
mainly due to the thermophoretic force thereby building up an evolving 
porous fouling layer (EPFL). In this study, the effects of Reynolds 
number and dimensionless permeability (i.e., Darcy number) of the 
EPFL on the time-histories of the fouling layer profile and deterioration 
of the thermal performance are studied. The LBM is used based on some 
inherent features such as easy coding and easy parallelization of the 
algorithm, which is vital for numerical simulation of the fouling growth 
in real-world EGR coolers due to the high computational costs of such 
problems. 

2. The mathematical model 

2.1. Geometry and problem description 

Fig. 1 schematically shows the geometry of the problem and the 
particle-laden flow with an EPFL forming at the wall of the duct of an 
EGR cooler. The following assumptions are made in modeling the 
problem described in Fig. 1. 

I. A hydrodynamically fully developed flow with uniform tempera
ture enters the cooler duct. 

II. The flow regime is considered to be laminar, which is for the case 
of low-flow EGR. This assumption is justified based on the available 
experimental works [10,14]. 

III. Due to the large heat capacity of coolant compared to that of EGR 
flow, the walls are considered to be at a constant temperature Tw [31]. 

IV. The exhaust gas is assumed to contain only soot particles and 
condensation of SOF is neglected which is justifiable for large wall 
temperatures [8]. 

V. The removal mechanism is ignored because of the low-flow EGR 
considered [4,11]. 

VI. The thermophoresis is considered as the dominant mechanism for 
deposition of nano-sized soot particles [11–13]. 

VII. The one-way interaction between the fluid flow and particles is 
considered due to the small size and low concentration of particles in 
EGR coolers [32,33]. 

2.2. Governing equations 

The problem described in Fig. 1 includes transient fluid flow and 
convection heat transfer in a parallel-pate duct partially being filled by 
an EPFL due to the deposition of particles at the wall. For modeling the 
fluid flow and convection heat transfer within the EPFL, in this paper, 
the LBM proposed by Wang et al. [34] is employed based on the intrinsic 
phase averaging of the Brinkman-Forchheimer extended Darcy equa
tion. Moreover, following the one-domain approach, the LBM governing 
equations for the fluid flow and convection heat transfer within the EPFL 
are used for the homogeneous fluid medium as well. The only modifi
cation is that the porosity and permeability of the porous medium are, 
respectively, chosen to be equal to one and a sufficiently large value, to 
resemble the homogeneous fluid medium. The problem also includes 
modeling the particle motion, deposition, and EPFL formation. In what 
follows, the LBM for fluid flow and convection heat transfer in the 
partial porous geometry described in Fig. 1, as well as modeling particle 
motion, deposition, and EPFL formation are presented. 

Fig. 1. The schematic of the problem.  

A. Khoshnood et al.                                                                                                                                                                                                                            



Applied Thermal Engineering 229 (2023) 120629

4

2.2.1. LBM for fluid flow modeling in a partially porous media 
Lattice Boltzmann method for fluid flow modeling in porous media 

uses the following evolution equation for density distribution function 
[34]: 

fi(r+ eiδt, t+ δt) − fi(r, t) =
f eq
i (r, t) − fi(r, t)

τv
+ δtFi , (i = 0 − 8)(1)

where fi is the density distribution function, t is time, δt is the time 
step, i denotes the discrete microscopic velocity directions, ei is the 
discrete microscopic velocity vector, Fi is the discrete body force, and τv 

is the dimensionless hydrodynamic relaxation time. For the D2Q9 lattice 
model (i.e., two-dimensional with nine microscopic velocities) used in 
the present study (see Fig. 2), ei is defined as follows [34]: 

ei =

⎧
⎨

⎩

0; i = 0
cos[(i − 1)π/4)], sin[(i − 1)π/4)]C; i = 1 − 4̅̅̅
2

√
cos[(i − 1)π/4)], sin[(i − 1)π/4)]C; i = 5 − 8

(2) 

where C = δx/δt is the lattice streaming speed, which is equal to 1 in 
the present study. 

the equilibrium distribution function that appeared in equation (1) is 
defined as follows [34]: 

f eq
i = ωiρ

[

1+
ei • u

C2
s

+
(ei • u)2

2C4
s

−
u • u
C2

s

]

, (i = 0,⋯, 8) (3) 

where ωi are lattice weight coefficients that for the D2Q9 lattice 
model are given as ω0 = 4/9, ω1− 4 = 1/9, and ω5− 8 = 1/36, Cs is the 
lattice sound speed that is equal to 1/

̅̅̅
3

√
for the D2Q9 lattice model, and 

u and ρ are macroscopic velocity and fluid density, respectively. 
The discrete body force Fi appeared on the right-hand side of equa

tion (1) is defined as follows [34]: 

Fi = ωiρ
(

1 −
1

2τν

)[
ei • F

C2
s

+
uF : eiei

C4
s

−
u • F

C2
s

]

, (i = 0,⋯, 8) (4) 

where F is the macroscopic force that resists the fluid flow through 
porous media, which comprises viscous (i.e., Darcy) and form (i.e., 
Forchheimer) drags, respectively, as follows [34]: 

F = −
ενf

K
u −

ε2Fε
̅̅̅̅
K

√ u|u| (5) 

where ε is the porosity of the porous medium, νf is the fluid kine
matic viscosity, K is the permeability of the porous medium, and Fε is a 
geometrical function given by Ergun’s correlation as Fε =

1.75/
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(150ε3)

√
. 

the macroscopic density and velocity are calculated as follows: 

ρ =
∑8

i=0
fi; ρu =

∑8

i=0
fiei +

δt
2

ρF (6) 

as can be seen in equation (6), u cannot be calculated explicitly 
because F comprises linear and quadratic terms in u (see equation (5)); 
therefore, u is calculated as follows: 

u =
V

C0 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

C2
0 + C1|V|

√ (7) 

where V is a temporal velocity defined as ρV =
∑8

i=0fiei and C0 and 
C1 are two constants calculated as follows, respectively [34]: 

C0 =
1
2

(
1+ ε δt

2
νf

K

)
(8)  

C1 = ε2δt
2

Fε
̅̅̅̅
K

√ (9) 

the Darcy number is defined as follows: 

Da =
K

(2H)
2 (10) 

where H is the width of the duct. 
for small Mach numbers, the Chapman-Enskog analysis recovers the 

following generalized Navier-Stokes equation from equations (1)-(5): 

∇ • u = 0 (11)  

∂u
∂t

+(u • ∇)(u) = −
1
ρ∇(p)+ νe∇

2u+F (12) 

where p is the fluid pressure 
(
p = ρC2

s
)
, νe is the effective kinematic 

viscosity of the porous medium given as νe = C2
s (τν − 0.5)δt considered to 

be equal to the fluid kinematic viscosity νf . 
As seen before in Fig. 1, the EPFL partially fills the duct; thus, the 

geometry of the problem comprises the porous and adjacent homoge
neous fluid media. Therefore, the fluid flow also needs to be simulated in 
the homogeneous fluid medium. As mentioned before, in the present 
study, the one-domain approach is invoked where the homogeneous 
fluid medium is considered to be a porous medium with porosity equal 
to 1 and Darcy number equal to a sufficiently large value of 1020. This 
way, one set of governing equations is needed for both porous and ho
mogeneous fluid media. 

2.2.2. LBM for convection heat transfer modeling in partially porous media 
The following LBM equation describes the evolution of the temper

ature distribution function [28,35]: 

gi(r+ eiδt, t+ δt) − gi(r, t) =
geq

i (r, t) − gi(r, t)
τt

, (i = 0,⋯, 8) (13) 

where gi is the temperature distribution function and τt is dimen
sionless temperature relaxation time given as τt = ((τv − 0.5)/Pr) + 0.5, 
where Pr is the Prandtl number. The temperature equilibrium distribu
tion function is defined as follows [28,35]: 

geq
i = ωiT

[

1+
ei • u

C2
s

]

(14) 

where T is the macroscopic temperature defined as T =
∑

igi. 

Fig. 2. The schematic of the D2Q9 lattice model.  
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Similar to the fluid flow simulation, here also, the one-domain 
approach is used to simulate the convection heat transfer in the 
parallel-plate duct with EPFL created at the wall by particle deposition. 
In the one-domain approach, the homogeneous fluid adjacent to the 
porous medium is considered to be a fictitious porous medium with 
porosity equal to 1 and the Darcy number equal to a sufficiently large 
value of 1020. This way, a single energy equation can be considered for 
simulating heat convection in both porous and homogeneous fluid 
media. The local thermal equilibrium model (LTE) is assumed since the 
thermal conductivity of fluid is significantly close to the porous fouling 
layer in EGR cooler systems [36]. So, the volume-averaged macroscopic 
energy equation with LTE assumption is recovered from equations (13)- 
(14) as follows: 

∂T
∂t

+u • ∇T = ∇ • (αe∇T) (15) 

where αe = C2
s (τt − 0.5)δt is the effective thermal diffusivity of the 

porous medium assumed to be equal to that of fluid denoted by αf in the 
present study. 

2.2.3. Boundary conditions 
The macroscopic hydrodynamic and thermal boundary conditions 

shown in Fig. 1 must be translated into the mesoscopic framework of 
LBM. The current study uses the Zuo-He method to convert the fully 
developed inlet and outlet velocities into the LBM framework [37]. The 
non-equilibrium extrapolation approach proposed by Guo et al. [38] is 
used to enforce the no-slip condition at the lower wall of the duct. The 
counter-slip approach proposed by D’Orazio et al. [39] is used to apply 
the constant temperature boundary condition at the inlet and lower wall 
and the zero-temperature gradient at the outlet. At the upper wall of the 
duct, symmetry conditions are applied. More explanations of the 
mentioned conditions are given in our previous study [30]. 

2.2.4. Particle motion and deposition 
In this section, the forces affecting the deposition of particles and the 

formation of EPFL are introduced. The motion of each particle is 
described by Newton’s second law as follows [40,41]: 

mp
dup

dtp
= FD +FSL +FTh (16) 

where mp is the mass of each particle, up = dxp/dtp is the particle 
velocity, dtp is the time step of the particle motion, FD and FSL are the 
drag and lift that develop due to the velocity slip between each particle 
and fluid flow, respectively, and FTh is the thermophoresis force that 

Fig. 3. The flowchart of the fouling growth simulation.  
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arises due to the temperature gradient within the fluid medium. 
The drag force is defined as [40]: 

FD = (
3mp

4
CDCcun

(
u − up

)⃒
⃒u − up

⃒
⃒)/dp (17) 

where CD = (24/Rep)(1 + 0.15Re0.687
p ) is the drag coefficient, Rep =

ρ(
⃒
⃒u − up

⃒
⃒)dp/μ is the particle Reynolds number, u and up are fluid and 

particle velocities, Ccun = 1+Kn(1.257 + 0.4e− 1.1/Kn) is the Cunningham 
coefficient, dp is the particle diameter, and Kn is the Knudsen number 
defined as [41]: 

Kn =
2λ
dp

(18) 

where λ is the mean free path of the fluid molecules. 
The Saffman lift is taken as follows [40,41]: 

FSL = 1.61 ×

(

(μf ρ)
1/2d2

p

(
u − up

)
⃒
⃒
⃒
⃒
∂u
∂y

⃒
⃒
⃒
⃒

1/2
)

(19) 

where μf is the fluid dynamic viscosity, ρ is the fluid density, u is the 
horizontal component of the fluid velocity. 

As the high gradient temperature exists in EGR coolers, thermo
phoresis force plays an essential role in particle motion in such systems 
[12,41] described mathematically as follows: 

FTh = − η∇lnT (20) 

where η is the Talbot coefficient defined as follows [41]: 

η =
2C′

s

(
kf
kp
+ CtKn

)
C′

(1 + 3CmKn)
(

1 +
2kf
kp
+ 2CtKn

) (21) 

where kf and kp are fluid and particle thermal conductivity, respec
tively, and Cm,C

′

s,C′,Ct are constant coefficients obtained from experi
ments [41]. 

2.2.5. Fouling growth model 
Since the time step of fluid flow simulation is too small due to sta

bility issues, it is nearly impossible to simulate the whole fouling time 
duration, which can be hours or even days, with reasonable computa
tional costs. Thus, the simulation time step is magnified in the present 
study as follows [42]: 

Δtr =
lgninφρpδcr

CrncrUinSin
(22) 

where Δtr is the magnified time step, lg is the length of the grid, 
which is equal to the lattice spacing δx, nin is the number of particles that 
enter the domain every time step, which is taken equal to 1 in the pre
sent study, φ = 1 − ε, ε is the porosity of the fouling layer, ncr is the 
number of particles that need to deposit in a cell based on the given 
porosity, and δcr is equal to the height of the grid (lattice spacing), Cr is 
the real mass concentration of particles, Uin is the average inlet velocity, 
and Sin is the cross-sectional area of the inlet. The flowchart of the 
fouling growth model is shown in Fig. 3. The particles are injected into 
the domain randomly from the inlet where they can deposit on the wall 
of the duct. If the number of deposited particles in one cell reaches the 
critical number ncr, the fluid cell changes to the porous cell, which act as 
a porous medium for the fluid and an impermeable block for upcoming 
particles such that particles can only deposit on the faces of this cell, 
building up more porous cells. 

2.2.6. Nusselt number 
In the present study, the Nusselt number is calculated to study the 

time history of the thermal performance of the duct and investigate the 
EPFL growth as well as the time at which the EPFL thickness reaches its 
steady value. The local Nusselt number is defined as follows [43]: 

NuL(x, t) = − 2H
(

∂T(x, y, t)
∂y

)

x,y=0
/(TW − Tb(x)) (23) 

where Tb(x) is the computed bulk temperature at each longitudinal 
position x of the duct. The local Nusselt number is averaged over the 
duct length to obtain the average Nusselt number, which is then used to 
analyze the overall heat transfer performance of the duct with EPFL 
generated from particle deposition, taking both thermal entry and fully 
developed regions into account: 

Nuav(t) =
1
L

∫ L

0
NuL(x, t)dx (24)  

3. Numerical simulation 

The lattice Boltzmann method is used to simulate the fouling layer 
formation due to the particle deposition in a parallel-plate duct (see 
Fig. 1). This phenomenon occurs in EGR coolers, developed to reduce 
the NOx emission generated by diesel engines. Table.1 shows the 
simulation parameters, including Reynolds number, Prandtl number, 
inlet temperature, wall temperature, porosity, Darcy number, duct 
width, and duct length (Re, Pr, Tin, Tw, ε, Da, H, and L, respectively) 
[12,14]. The distribution of the particles in the exhaust of a diesel engine 
shows that the majority of soot particles have dp = 200nm [44] with soot 
density of ∼ 2000 kg/m3 [45]. Moreover, the particle simulation pa
rameters, including the diameter of the particle, particle mass concen
tration, particle density, and Knudsen number (dp, Cr, ρp, Kn,
respectively), are presented in Table 2. 

The porous fouling layer (EPFL) grows by changing fluid cells to 
porous ones after the deposited particles reach the priorly known critical 
number in each cell, ncr, which is checked at every time step. After that, 
the EPFL geometry is updated, and the hydrodynamic and thermal ef
fects of these generated porous layers are taken into account by simu
lating the fluid flow and convection heat transfer within the updated 
EPFL (see Fig. 3). 

3.1. Grid study 

To perform the grid study, the LBM simulation of the steady forced 
convection heat transfer in a parallel-plate duct with two FPLs at the 
walls is considered for Da = 5× 10− 3, Re = 400, and dimensionless 
porous layer thickness e = 0.3. The problem is simulated using four 
grids, namely 26× 251, 51× 501, 101× 1001, and 201× 2001. As 

Table 1 
Simulation parameters.  

Parameters Value 

Re = ρUin(2H)/νf 100,200,400 
Pr = νf/αf 0.74 
Tin 673(K)

Tw 353(K)

ε 0.98 
Da = K/(2H)

2 10− 4,5 × 10− 4,10− 3,5 × 10− 3 

H 0.001m 
L 5H  

Table 2 
Particle simulation parameters.  

Parameters Value 

dp 200(nm) 
Cr 2× 10− 6(kg/m3) 
ρp 2000(kg/m3) 
Kn 0.02  
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shown in Fig. 4, the results of the local Nusselt number for grids 101 ×

1001 and 201 × 2001 are almost indistinguishable. Therefore, grid 
101 × 1001 is chosen for all the simulations in the present study. 

3.2. Validation 

Two case studies are designed to validate the LBM FORTRAN code 
developed in this study. The first one is designed for verifying the code 
for fluid flow and convection heat transfer simulations in partially 
porous ducts and the second one for verifying the fouling growth 
modeling. The first case study considers the steady convection heat 
transfer in a parallel-plate duct with two FPLs at the walls for Re = 200 
and different values of the FPL dimensionless thickness. In Fig. 5, the 
results of the dimensionless axial velocity profile (UD = uH/νf ) for 
different dimensionless FPL thicknesses at X = 2 are compared with 

those of Alkam et al. [46] and good agreement is observed. Moreover, in 
Fig. 6, the fully developed Nusselt number, Nufd versus dimensionless 
FPL thickness is compared with that of Shokouhmand et al. [29] for 
different Darcy numbers and good agreement is observed between the 
two. The second case study considers the particle-laden flow with 
transient convection heat transfer, where the fouling layer (EPFL) grows 
at the wall of the duct due to deposition of the particles. Fig. 7 shows the 
thermal efficiency drop of the duct with particle deposition compared 
with the experimental research of park et al. [17] on the real EGR cooler 
with Re = 580 that was operated for 40 min. As. 

seen in Fig. 7, the results of the present study agree well with the 
experimental results of park et al. [17]. The thermal effectiveness of the 
duct is defined as follows: 

εt =
Tin − Tb,out

Tin − Tw 

where εt is thermal effectiveness, Tb,out is the outlet bulk temperature, 

Fig. 4. The results of the local Nusselt number for Da = 5 × 10− 3, Re = 400, 
and e = 0.3.

Fig. 5. Validation of dimensionless axial velocity profile against dimensionless 
vertical coordinate for various FPL thicknesses at X = 2. 

Fig. 6. Validation of the fully developed Nusselt number versus dimensionless 
FPL thickness for different Darcy numbers. 

Fig. 7. Validation of the thermal effectiveness reduction over time with that of 
a real EGR duct. 
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and Tw is the wall temperature. 

4. Result and discussion 

In the present study, the lattice Boltzmann simulation of the particle- 
laden flow with laminar transient forced convection heat transfer in a 
parallel-plate duct, where deposition of particles and formation of the 
EPFL occurs, is investigated as shown in Fig. 1. In this paper, as the 
porous fouling layer builds up, the fluid flow and heat transfer within 
this EPFL is also simulated, which in turn affects the deposition behavior 
of particles due to a change that occurs in flow and temperature fields 
and consequently in the force experienced by the particles. In what 
follows, the effect of Darcy and Reynolds numbers on the time evolution 
of the fouling layer profile, flow field, Nusselt number ratio, and the time 
at which the steady fouling layer is achieved are presented. 

4.1. Time evolution of the fouling layer profile, streamlines, and local 
Nusselt number 

Fig. 8 presents the EPFL profile at different times for Da = 10− 4 and 
Re = 100. As seen in Fig. 8, the fouling layer grows with time in both 
longitudinal and transverse directions. It is obvious that at early times, 
the fouling layer mostly forms at the entrance region of the duct. This is 
due to the higher temperature gradient and, consequently, the higher 
thermophoresis force in that region, which pushes the particles towards 
the cold wall where they deposit and form the EPFL. This result has also 
been reported by other studies before [31,47]. As time goes by and EPFL 
becomes thicker, the thermal resistance against the convection heat 
transfer to the cold wall also increases, which reduces the temperature 
gradient, thereby reducing the thermophoresis force. This effect reduces 
the number of particles that deposit on the wall, and finally, the steady 
fouling layer (SFL) thickness is reached. An explanation for this phe
nomenon could be given based on the fact that two opposing effects are 
in play in the fouling phenomenon, one is the deposition of particles due 
to the thermophoresis force, and the other is reducing the 

Fluid

Porous

Real time=0 Real time=125 min
min

Real time=360 min
min

Real time=630 min
min

Real time=870 min
min

Real time=1060 min
min min

Real time=1270 min
min min

Real time=1280 min
min min

Fig. 8. EPFL generation in duct over the time for Da = 10− 4 and Re = 100.
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thermophoresis force as a result of deposition and forming EPFL, which 
increases the thermal resistance, thereby reducing the temperature 
gradient as the driving force of the thermophoresis. From the hydro
dynamic point of view, the formation of EPFL at the wall reduces the 
amount of flow that passes through this porous layer, which in turn 
increases the mass flow rate and velocity of the fluid in the core region. 
This increase in the velocity of the fluid enhances the drag force expe
rienced by the particles (see equation (24)), which works against the 
thermophoresis force and elongates the path of the flying particles, 
thereby preventing them from being deposited throughout the duct. 

Fig. 9 shows the effect of EPFL on the streamlines and velocity field at 
different times. It is seen from Fig. 9 that due to the formation of EPFL, 
the resistance to fluid flow within this porous layer increases, and the 

flow prefers to pass through the core region, which increases the velocity 
in that region. 

Fig. 10 shows the local Nusselt for Da = 10− 4 and Re = 100 at 
different times. As shown in Fig. 10, the local Nusselt number declines 
along the duct length until it becomes nearly constant, where the ther
mal fully-developed condition is achieved. As time passes and the EPFL 
grows, the local Nusselt number shows slight fluctuations due to the 
fouling layer appearance. As shown in Fig. 10, the local Nusselt number 
drops more when the thickness of EPFL grows. 

u ( ):

Real time=1060 min
min min

Real time=125 minReal time=0 min
min

Real time=360 min Real time=630 min

Real time=870 min
minv

Real time=1270 min
min min

Real time=1280 min
min min

Fig. 9. Velocity contours and streamlines at different times for Da = 10− 4 and Re = 100.
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4.2. Effect of Darcy and Reynolds numbers on the average Nusselt 
number ratio 

In Fig. 11a, 11b, and 11c, the time variations of the average Nusselt 
number ratio, which is defined as the ratio of the average Nusselt 
number to the average Nusselt number of the clean duct (Nur = Nuav/

Nuav(t = 0)) at each time is plotted for various Darcy and Reynolds 
numbers. As shown in Fig. 11a, 11b, and 11c, the EPFL with a smaller 
Darcy number has a higher reduction rate and causes a higher overall 

reduction in the Nur. For instance, at Da = 10− 4 and Re = 100 the 
relative overall reduction in Nur is calculated to be about 8% compared 
to a 6.5 % overall reduction which occurs for the case with Da =

5 × 10− 3 and Re = 100. As seen in Fig. 11, the reduction in Nur stops at a 
certain time at which the fouling layer profile reaches a steady form 
called the SFL profile. The amount of this particular time, called the SFL 
time here, significantly depends on the Reynolds and Darcy numbers, as 
seen in Fig. 11. As discussed before, the opposing effects of particle 
deposition and reduction in thermophoresis due to the deposition of the 
particles and formation of the EPFL, can be thought as the reason behind 
this phenomenon of SFL formation. Moreover, it is seen from Fig. 11 that 
it takes more time for the case with a lower Darcy number to reach the 
SFL profile. In other words, the EPFL thickness is thicker when the Darcy 
number is lower. This phenomenon occurs due to the increase in tem
perature gradient for the EPFL with a lower Darcy number at the 
interface of the EPFL and clear fluid. This rise of temperature gradient 
causes the thermophoresis force to become higher for a lower Darcy 
number at the interface, so the particle deposition due to the thermo
phoresis lasts for longer times, which in turn increases the SFL time. 

Fig. 12a and 12b show the average Nusselt number ratio for different 
Reynolds numbers at Da = 10− 4 and Da = 5 × 10− 3. As shown in 
Fig. 12, the lower Reynolds number causes the highest overall reduction 
in Nur even though the rate of reduction is slower compared to higher 
Reynolds numbers. This is because, for the lower Reynolds numbers, the 
SFL time is higher, which compensates for the low reduction rates. This 
explanation is more obvious for the case with Da = 10− 4 where the 
overall reduction in Nur is higher compared to the case with Da =

5 × 10− 3 for all Reynolds numbers examined here. 

4.3. Effect of Darcy and Reynolds numbers on the thermal efficiency of 
the duct 

Fig. 13a, 13b, and 13c illustrate the thermal efficiency (defined in 
equation (5)) reduction over time for the EGR duct. As seen in Fig. 13, 
the variation of the thermal efficiency with time shows the same 
behavior as Nur for different Reynolds and Darcy numbers. That is, the 
efficiency drop is higher for the lower Reynolds and Darcy numbers. The 
same goes for the SFL time, such that the lower the Reynolds and Darcy 
numbers are, the higher is the SFL time, where the fouling layer profile 
reaches its steady form. For example, less than 0.1% thermal efficiency 
drop in 900 mins is observed for Re = 100, Da = 5× 10− 3, whereas 
about 3.5% thermal efficiency drop in 1280 mins is observed for Re =

100, Da = 10− 4.

Fig. 14a and 14b show the effect of Reynolds number on the time 
variation of the thermal efficiency of the duct for Da = 10− 4 and Da =

5 × 10− 3. As seen in Fig. 14, the Reynolds number has the same effect on 
the time variation of the thermal efficiency of the duct as Darcy number 
does. That is, the lower the Reynolds number, the higher is the overall 
reduction in thermal efficiency and the SFL time. It is also seen that the 
rate of reduction of thermal efficiency is lower for the lower Reynolds 
number. However, because the SFL time is higher for lower Reynolds 
numbers, the fouling layer has more time to develop, which causes a 
higher overall reduction in thermal efficiency. It also should be noted 
that before SFL time corresponding to the case with Re = 400, the 
higher Reynolds number offers more drop in thermal efficiency because 
of the higher reduction rate. For example, the amount of thermal effi
ciency reduction after 125mins is about 0.2% and 0.5%, respectively, for 
the cases with Da = 5 × 10− 3, Re = 100 and Da = 10− 4, Re = 400. 

4.4. The effect of Reynolds and Darcy numbers on the thermophoresis 
force 

To shed some light on the reason behind the formation of the SFL and 
analyze the effect of Darcy and Reynolds numbers on the SFL time, 
Figs. 15-17 are plotted. Fig. 15 shows the y-distribution of the 

Fig. 10. Local Nusselt number for Da = 10− 4 and Re = 100.

a b

c

Fig. 11. The variations of the average Nusselt number ratio for different Darcy 
numbers and (a) Re = 100, (b) Re = 200, and (c) Re = 400.
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a b

Fig. 12. The variations of the average Nusselt number ratio for different Reynolds numbers and (a) Da = 10− 4 and (b) Da = 5× 10− 3.

ba

c

Fig. 13. The thermal efficiency reduction of the duct for various Darcy numbers and (a) Re = 100, (b) Re = 200, and (c) Re = 400.
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thermophoresis acceleration toward the wall at t = 500 min (the SFL 
time for the case with Re = 100 and Da = 10− 3) at three dimensionless 
locations along the duct, X = 0.2, 2.5, and 4.5 for Da = 10− 3 and 10− 4. 
As seen in Fig. 15, the amount of thermophoresis acceleration reduces in 
both longitudinal and transverse directions. This explains the formation 
of a thicker fouling layer at the entrance region of the duct, as seen in 
Fig. 8. Because thermophoresis is the dominant deposition force in EGR 
systems [12], at the entrance of the duct, the particles are more likely to 
deposit due to the high temperature gradient which results in a high 
thermophoresis force. As shown by Fig. 15, the effect of Darcy number 
on thermophoresis is more dominant in the vicinity of the wall where the 
EPFL is formed. This result is more obvious at X = 0.2 near the entrance 
of the duct. 

Fig. 16 demonstrates the different fouling layer profiles for Da =

10− 4 and Re = 100, 200, and 400. As seen in Fig. 16, increasing the 
Reynolds number decreases the SFL thickness, especially in the entrance 
region of the duct. The SFL time also decreases when the Reynolds 

number increases. That is, the SFL time is about 151 min for Da = 10− 4, 
Re = 400 compared to 538 min for the case with Da = 10− 4 and Re =

200. 
Fig. 17 shows the thermophoresis acceleration toward the wall for 

Da = 10− 4 and Re = 100, 200, and 400 at the SFL time. It is seen from 
Fig. 17 that the effect of the Reynolds number on the thermophoresis 
acceleration shows two opposing behaviors near the wall and in the core 
region. As shown in Fig. 17, near the wall, which is the EPFL region, the 
thermophoresis acceleration increases with increasing the Reynolds 
number, whereas far from the wall, which is the core or clear fluid re
gion, this behavior reverses. 

4.5. A correlation for the SFL time 

The EGR coolers are designed to reduce the exhaust gas temperature 
before being recirculated into the engine. The fouling layer in such 
systems finally reaches a steady fouling layer (SFL) thickness during the 
operation period because of decreasing the thermophoresis force expe
rienced by soot particles. So, in this section, a correlation is given for the 
SFL times in terms of Reynolds and Darcy numbers. Table 3 shows 
different SFL times for different Darcy numbers (5 × 10− 3 ≤ Da ≤ 10− 4)

and Reynolds numbers (100 ≤ Re ≤ 400). It is seen from Table 3 that the 
SFL time decreases by increasing the Reynolds number, as discussed in 
previous sections. Also, changing the Darcy number causes the SFL time 
and deposition profile to change. Therefore, the following correlation in 
Table 3 is presented, which describes the SFL time (tSFL) in terms of 
Reynolds and Darcy numbers: 

5. Conclusion 

Exhaust gas recirculation (EGR) coolers are developed to reduce the 
NOx emission in diesel engines by recirculating and cooling down the 
exhaust gas in such engines. However, the fouling in EGR coolers, which 
mainly occurs due to the thermophoretic force, has been shown to 
reduce their thermo-hydraulic performance over time. In the present 
study, the particle-laden flow with laminar transient forced convection 
heat transfer within an EGR cooler duct, where deposition of the parti
cles occurs that results in the formation of an evolving porous fouling 
layer (EPFL) at the wall, is investigated by the lattice Boltzmann method. 
The results show that the coupled thermo-hydraulic effects of the EPFL 
and thermophoretic force eventually forms a steady fouling layer (SFL), 
similar to the well-documented asymptotic fouling behavior, even 
without considering the removal mechanism. Also, the following lists 

Fig. 14. The thermal efficiency reduction of the duct for various Reynolds numbers and (a) Da = 10− 4 (b) Da = 5× 10− 3.

Fig. 15. The thermophoresis acceleration in different sections of the duct at 
X = 0.2, X = 2.5, and X = 4.5.
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the main results and conclusions extracted from this study:  

1- The EPFL thickness increases by decreasing the Darcy and Reynolds 
numbers. Decreasing the Darcy number increases the EPFL thickness 
by increasing the thermophoresis force at the interface of the EPFL 
and homogeneous fluid medium.  

2- The Nusselt number ratio (Nur) drops more for the lower Reynolds 
and Darcy numbers.  

3- The thermal efficiency (εt) declines more by decreasing Reynolds and 
Darcy numbers.  

4- The steady fouling layer (SFL) is finally reached due to decreasing 
the thermophoresis force as a result of forming the EPFL.  

5- A correlation is proposed for the SFL time as tSFL = (5.2Da− 0.1Re− 1.5)

×105 in terms of Reynolds and Darcy numbers, which can be useful 
in designing such systems. 

For the future work, the same research group is going to extend the 
current work to more realistic conditions, where turbulent flow regime 
is considered with taking into account the condensation of soluble 
organic materials (SOF) as well as the removal mechanism. 
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Fluid

Porous

Re=400 Re=200
min

Re=100

SFL time=151 min SFL time=538 min

SFL time=1280 min

Fig. 16. The SFL profile and SFL time for Da = 10− 4 and different Reynolds numbers.  

Fig. 17. The y-distribution of the thermophoresis acceleration at X = 1 for 
different Reynolds numbers. 

Table 3 
A correlation for the SFL time in terms of Re and Da.

Da Correlation formula R2  

10− 4 5×

10− 4 
10− 3 5×

10− 3   

Re tSFL(min)    tSFL = (5.2Da− 0.1Re− 1.5)

× 105  
0.98 

100 1280 1110 890 950   
200 538 421 415 336   
400 151 145 110 108    
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