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Chapter

Numerical Modelling of Fouling
Process in EGR System: A Review

Concepcion Paz, Eduardo Sudrvez, Jesus Vence
and Adridn Cabarcos

Abstract

In order to combat climate change, the new rigorous standards for pollutant
reduction have shone a light on the use of exhaust gas recirculation system in order
to minimize the NOx emissions of vehicles. For this reason, the fouling problem
that appears on the exhaust gas recirculation line, caused by the deposition of soot
particles and hydrocarbons that are part of the exhaust gas, has become particularly
relevant in the last few years. In this field, researches have proposed numerical
models in order to estimate and predict the deposit formation and growth. Using
various numerical techniques, they intend to determine and reproduce the fouling
layer buildup considering the different mechanisms that are involved in the deposit
formation. This chapter provides a detailed and comprehensive account of the
numerical approaches that have been proposed to analyze the fouling phenomenon
that occurs inside the exhaust gas system. The main characteristics of each numer-
ical model, as well as their main strengths and weaknesses, are exposed and
evaluated, and their simulation capabilities are examined in detail.

Keywords: EGR, fouling, soot agglomerates, thermophoresis, hydrocarbon
condensation, erosion, CFD, numerical simulation

1. Introduction

The Sustainable Development Goals (SDG), known as the 2030 Agenda for
Sustainable Development, have been adopted by 193 countries since 2015 [1].
Reducing air pollution, development of sustainable cities, and combating climate
change are some of the main goals of this plan of action, and, within that context,
the reduction of pollutant emissions from vehicles is an important activity to be
faced.

In order to minimize greenhouse gas emissions, vehicle emissions for passenger
cars have been regulated worldwide by means of several standards, such as the Euro
emission standards in Europe or the Tier standards in the USA [2-4]. These succes-
sive standards, which define more stringent acceptable limits for polluting emission
and fuel economy, push car manufacturers to use the best technology available for
vehicle emission control, and this is one of the biggest technical challenges that the
automotive industry faces.

The public concern about diseases derived from air pollution and recent emis-
sions scandals, like dieselgate, have shone a light on vehicle emissions, particularly in
terms of nitrogen oxides (NOx) and particulate matter emissions [5, 6].
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In this context, since 2014, the EURO 6 emission standard set the emissions limit for
nitrogen oxides (NOx) in 60 and 80 mg/km for gasoline and diesel light-duty
vehicles, respectively [7]. This fact has extended the use of techniques like the
exhaust gas recirculation (EGR) system, which have proven to be an effective way
of reducing NOx formation. Nowadays, the EGR system is used together with other
systems, such as diesel oxidation catalyst (DOC), lean NOx trap (LNT), or selective
catalytic reduction (SCR), to fulfill the NOx emissions in internal combustion
engines [8, 9].

The EGR system, whose main components are the EGR pipe, the EGR valve, and
the EGR cooler, is a technique in which a portion of exhaust gas is returned to the
intake manifold, reducing the oxygen content inside the cylinder—oxygen-poor
environment [10]. Since the NOx formation is increased in an exponential function
with a temperature increase, lower oxygen content of the diluted fresh charge leads
to a cooler combustion process that drastically reduces the NOx formation [11]. To
increase its effectiveness, the EGR cooler—a compact heat exchanger that uses
engine coolant—is in charge of reducing the exhaust gas temperature prior to
entering the combustion chamber [12]. The quantity of EGR is regulated by con-
trolling the EGR valve, which manages the EGR rate required under the different
work conditions of the engine.

One of the problems encountered in EGR systems is the fouling of the heat
exchanger walls. The carbonaceous soot particles and condensable hydrocarbons
derived from the combustion process lead to the formation of a highly porous
deposit with low thermal conductivity that can cause the degradation in heat trans-
fer performance in the range of 20-30% [13], as Figure 1 shows. The accumulation
of this unwanted material also causes the increase of the pressure drop along the
heat exchanger, adversely affecting the control of the EGR rate and decreasing the
fuel efficiency due to the increased pumping work [14]. Under significant fouling
conditions, the massive increase of the thickness of the deposit can clog some tubes
of the heat exchanger, as Figure 2 shows, hampering the full normal functioning of
the device [15].

In the last few decades, numerous investigations have been focused on the study
of the fouling process that takes place on the heat exchanger walls of the EGR
system. Numerous attempts in analysis, measurement, and prediction of the deposit
have contributed to increase the knowledge of the deposit formation, and many of
them have pointed out the complexity of the dynamics of this phenomenon. These
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Figure 1.
Thermal efficiency evolution of an EGR cooler [16].
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Figure 2.

Photographs of different fouling layers: (a) and (b) show deposits generated by diesel particulate matter inside
shell-and-tube heat exchangers, (c) depicts the fouling layer generated on a cylindrical probe which is positioned
transverse to the diesel exhaust, and (d) shows the deposit formed by dry soot particles on a tube-and-fin heat
exchanger.

studies fall into two broad categories: one group intends to determine and analyze
the deposit growth using in situ measurements, i.e., employing experimental pro-
cedures to quantify the morphology and characteristics of the fouling layer [17, 18],
whereas the second intends to reproduce and recreate the fouling formation
employing numerical approaches. The studies of this second category encompass
the analysis of the EGR deposit using different numerical models like zero-
dimensional (0-D) models, one-dimensional (1-D) models, or advanced computa-
tional fluid dynamics (CFD) simulations, which have been created to simulate and
reproduce the behavior of the fouling layer that appears inside the EGR technology.

In the following sections, specific features of the different types of numerical
approaches used to study the fouling in the EGR system are presented in detail. The
functions offered by the several numerical models are examined, and their imple-
mentation and results are thoroughly analyzed. In this context, both the composi-
tion and characteristics of the particulate matter and the fouling mechanisms
involved in this process are briefly presented in advance.

2. Particulate matter involved in EGR fouling

The exhaust gas flow emitted from internal combustion engines has been cate-
gorized as dilute flow, where the low concentration of particulate matter (PM)
makes negligible the effect of particles on gas flow [19]. Several factors, such as the
air-fuel ratio, the EGR rate, the engine load, or the cylinder temperature, can alter
the particulate loading in the exhaust flow, and, in the same way, they can influence
the formation, agglomeration, and growth of the particles [20].

According to the size of the particulate matter, the nanoparticles emitted from
internal combustion engines can be classified into three modes: nucleation, accu-
mulation, and coarse. Nucleation mode is formed by particles that are less than
50 nm in diameter, and, according to the number distribution, most of the particles
reside in this mode, as Figure 3 reports. In the accumulation mode, the agglomer-
ates consist of a collection of much smaller particles, and the size of these aggregates
ranges from 50 nm to 1 pm, and particle mass distribution highlights that accumu-
lation mode accounts the largest portion. The biggest particles—diameters between
1 pm and 10 pm—represent only a small fraction of the number of particles, and
they belong to the coarse mode [21-23].
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Figure 3.
Generalized size distribution for typical particles emitted by internal combustion engines.
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Figure 4.
Agglomerate diesel particle.

Analyzing the composition of the PM of the exhaust gas, the particles are a
product of a mix of volatile and nonvolatile species. Volatile faction is composed by
sulfates (SO,*~ + metal sulfate), nitrates (NO;~ + metal nitrate), and organic
elements (—CH, + N, O and S). Nonvolatile fraction is composed by carbonaceous
particles, commonly referred to as soot, and ash, formed by metals (Fe, Cr, Cu, Zn,
Ca) and nonmetals (Si, P, S, Cl) [24]. Several factors, such as fuel and lubricant
characteristics or engine work conditions, can influence the composition and pro-
portion of these species, however, in most cases, elemental carbon accounts for
around 90% of PM mass [25]. The primary particles—sizes typically between 15 and
30 nm—are composed by carbon and traces of metallic ash, and they aggregate
forming complex irregular clusters together with adsorbed and condensed hydro-
carbons (HC) [26, 27]. As Figure 4 shows, the agglomeration of the primary
particles causes the formation of clusters with a complex structure with nonuniform
shape and compactness [28].

When this particulate matter is deposited on the heat exchanger walls, it forms a
fouling layer which coats the heat exchanger surface. The interaction between the
particles and the metal surface during the early stages of the deposit formation, and
the particle-particle interaction during fouling layer growth, leads to the accumula-
tion of amorphous aggregates on the heat exchanger walls, causing a highly porous
deposit (around 98% [18]). This fouling layer, with a complex nanostructure with
multiple pores between the deposited aggregates, functions as an insulator between
the gas flow and the heat transfer surface. According to the experimental measure-
ments of Lance et al. [18], the fouling layer generated from the deposition of diesel
particulate matter has a density around 0.035 g/cm> and a low thermal conductivity
that is around 0.041 W/mK. However, in some cases, different phenomena, such as
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the condensation of hydrocarbons and water or the spallation of the deposit, can
collapse the nanostructure of the fouling layer, slightly modifying its thermal prop-
erties [20, 29-33]. It is no easy task to determine and quantify the deposit’s chemical
and physical characteristics due to the fragile nature of the structure, but it is an
essential step to provide accurate inputs to the numerical models.

3. Fouling mechanisms in the EGR system

The gas-particle multiphase flow and the formation of fouling layer inside the
EGR system are complex phenomena in which several mechanisms are involved.
Thermophoresis, diffusion, inertial impact, hydrocarbon condensation, gravita-
tional settling, removal due to shear force, water vapor condensation, or turbulent
burst are the main mechanisms that engage in the fouling process.

Excluding the thermal effects, other parameters, such as the particle diffusion,
the gravitational settling, the inertial impact of the turbophoresis, play an important
role in the EGR fouling formation. The particle diffusion is the dominant mecha-
nism for the small particles, particles with dimensionless relaxation times (¢, ) less

than 0.1, while the transport of large particles, particles with dimensionless relaxa-
tion times (r; ) more than 0.1, is dominated by inertial and gravitational effects [34].

Inside the EGR cooler, thermophoresis—induced by the temperature gradient—
drives the nanoparticles from the bulk gas flow to the near cool walls, causing the
deposition of the soot particles over the heat exchanger surfaces. It has been
reported by several authors that under non-isothermal conditions, thermophoresis
is the primary mechanism of soot deposition in the particle size typically encoun-
tered in exhaust gas, 10 nm to 1 pm, and some correlations from literature, such as
Brock-Talbot or Cha-McCoy-Wood, have been used to determine the
thermophoretic velocity as a function of the particle diameter [13, 35-38].

The condensation of HC and acids, which are part of the exhaust flow, is
significant on a mass basis compared to soot deposition, and it is an important issue
in the deposit formation [39]. As exhaust gas is diluted and cooled, the condensation
of hydrocarbons is particularly important inside the EGR system. Condensate,
which is mixed with soot particles inside the fouling layer, modifies the micro-
structure of the soot deposit and changes the characteristics of the deposit, leading
to an increase of the density and the thermal conductivity of the fouling layer [40].

The effect of shear force of the gas flow over the deposited particles, the turbu-
lent burst, or the water vapor condensation have been identified as potential mech-
anisms that cause the removal of particles from the fouling layer [41, 42]. When the
drag force over the particle is larger than the adhesion force, removal occurs. In the
same way, the condensed water droplets can interact with the deposited particles,
causing a washout of the dry soot deposit [43].

It has been extensively reported in literature that the formation of the fouling
deposits depends on two simultaneous phenomena: the deposition and the removal
of particles [13, 44-48]. Such categorization usually selects thermophoresis, particle
diffusion, gravitational drift, inertial impact, or hydrocarbon condensation as
deposition mechanisms. On the contrary, water vapor condensation, the shear
force, or the turbulent burst are usually classified as removal mechanisms.

4. Numerical approaches

In the study of the fouling process of the EGR system, both experimental and
numerical investigations have been carried out in order to analyze the effects of the
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Figure 5.
Main numerical models published from 1997 to 2020.

deposit that grows on the heat exchanger walls. Although the amount of experi-
mental studies have been larger and more frequent, the numerical models have
become relevant since 2009, as Figure 5 depicts, due to the increase in NOx emis-
sion regulation requirements.

The numerical approaches intend to reproduce and simulate the formation and
evolution of the deposit inside the EGR system recreating the different mechanisms
involved in the fouling process. Because of their significance in the prediction of the
deposit, the deposition mechanisms have been implemented in 76.9% of the main
numerical models that analyze the deposit formation inside the EGR system. By
contrast, the numerical approaches that recreate removal mechanisms are slightly
lower (50.0%), and only the 30.8% of the models are focused on the study of the
condensation of volatile species. In many cases, several kinds of mechanisms are
implemented and coupled in one single numerical approach, in order to achieve
more complete simulation frameworks.

According to the complexity of the formulation of the models, they can be
divided into three principal categories: the zero-dimensional (0-D), the one-
dimensional (1-D), and the multidimensional models.

The zero-dimensional models are focused on an overall heat and material bal-
ance of the system, and they do not include any analysis of the fluid dynamics.
Following several assumptions and simplifications, they evaluate the overall fouling
effects, and, although these numerical approaches avoid any spatial resolution of
the variables involved in the process, they can give a fair indication about the
fouling phenomenon.

The one-dimensional approach is the next level of complexity. In these models,
only one spatial dimension is considered, dividing the fluid zone in different regions
and analyzing the properties of the system in each region separately. Although this
approach simplifies the number of equations, it can give a detailed evolution of the
spatial changes of the fouling parameters.

The multidimensional models require the spatial discretization of the volume of
the region and can provide a thorough analysis of the variables of the process. In
this field, the use of computational fluid dynamics simulations has been increasing
steadily since the 1990s, due to the availability of high-performance computing
hardware and the development of user-friendly interfaces. The computer-based
simulations make it possible to obtain a detailed solution of the fluid flow, both in
two-dimensional (2-D) and three-dimensional (3-D) domains, and they can repro-
duce the evolution and formation of fouling layers.
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5. 0-D models

Table 1 summarizes the 0-D models that have been proposed to analyze the
fouling layer effect in the EGR system.

Abarham et al. [49] proposed an analytical model for thermophoretic particle
deposition that solves the mass conservation of particles and the energy equation of
the gas flow for a single turbulent pipe flow. This approach considers the submicron
particle deposition due to the thermophoretic effect, neglecting the diffusion and
other deposition mechanisms. The model takes into consideration the pipe diameter
reduction due to the growth of the fouling layer and considers different boundary
conditions, such as the inlet temperature and mass flow rate of the gas, the inlet
particle concentration, or the wall temperature. In this study, the properties of the
soot layer, i.e., density, porosity, and thermal conductivity, have been taken from
the experimental measurements of Lance et al. [18], and the soot particle diameter
has been set at 57 nm, based on the study of Maricq and Harris [51]. This model
computes the total mass deposited on the tube and evaluates the degradation of the
heat transfer effectiveness over time. To verify the results of this numerical
approach, the data were compared with the experimental measurements obtained
by the Oak Ridge National Laboratory, and an acceptable agreement was achieved
between both methods.

Garrido et al. [50] presented a theoretical analysis of the thermodynamics of
exhaust gas condensation. They analyzed the condensation of different species that
are part of the exhaust gas produced by gasoline engines, such as water vapor,
ammonium, and sulfuric, nitrous, nitric, and chloric acids. The examination of the
chemical reactions that takes place along the exhaust line and the analysis of the
vapor-liquid equilibrium of the condensable species under different temperatures
allow the study of their behavior and the calculation of their dew point. The exper-
imental validation of the model showed that, although the collected condensate
amount was slightly lower than the model predicted results, the general tendencies
were verified.

Since the 0-D models do not provide any spatial resolution of the fouling
parameters, their scope is deliberately more concise. Nevertheless, they can be used
as essential tools in guiding the study of the fouling phenomenon.

Authors Mechanisms Main fouling equations Parameters Model— Remarks
modeled analyzed experiment
Abarham Thermophoresis , _ 2C.C. ke/kp+GKy * Deposited In An analytical
th = 143C,, K, 1+2k, [k, +2C,K, .
etal. [49] soot mass reasonable  solution for
e Cooler agreement  thermophoretic
effectiveness depos.mon of
* Pipe diameter subITncron
reduction particles
Garrido o Water vapor 7#ind = #itg(Winitial — Wiena) © Saturation General Theoretical
et al. [50] condensation temperature  tendencies  analysis of the
e Acid e Condensation Validated thermodynamics
condensation flux of gasoline

engine exhaust
condensation

Table 1.
0-D model.
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6. 1-D models

According to the mechanisms considered by the 1-D models, they can be cate-
gorized in five groups, as Table 2 summarizes. The first group covers those models
that only analyze the condensation of water or hydrocarbons. The second group is
formed by those studies that investigate the fouling layer formation solely by
considering the effect of particle deposition mechanisms. The third group, which
combines the characteristic of the two previous groups, contains those models that
take into account both the prediction of the HC condensation and the deposition of
particulate matter. The fourth group includes those models that, in addition to
simulating the particulate matter deposition, also discuss the removal mechanisms.
And the fifth group is composed of those investigations that take into consideration
all of the mechanisms mentioned above: deposition of particulate matter, removal
of particles from the deposit, and condensation of hydrocarbons.

The 1-D models included in the first group are exclusively focused on the
analysis of the condensation mechanisms that occur inside the exhaust system.
When the temperature of the EGR line drops below the dew point of the condens-
able species, the condensate—made up of water, HC, and acids—appears. This
condensate interacts with the soot-deposited particles, modifying the physical
structure of the fouling, and it may corrode the walls of the heat exchanger when
the acid amount is high enough.

On the one hand, when the fuel sulfur content is rather high, the detection of the
sulfuric acid condensation becomes relevant, and, in this field, McKinley et al. [52]
proposed a 1-D model that predicts the condensation of the acid. This numerical
approach allows to compute the sulfuric acid dew point considering the coolant
temperature, the concentration of the acid, and the engine operating point. The acid
condensation rate is calculated assuming that condensate is formed due to direct
condensation on the wall and due to formation in a portion of the boundary layer. In
addition, the model estimates the condensate composition inside the EGR cooler,
taking into account the sulfuric acid and water vapor condensation fluxes. All of
these parameters allow the analysis and detection of the sulfuric acid condensation
inside the EGR cooler, and, although this is an unvalidated model, it represents an
essential step in understanding the effects of the acid condensation on the fouling
process.

On the other hand, during the starting of a cold engine—in the first few hundred
seconds—the water condensation and evaporation can interact with the existing
deposit on the EGR cooler walls and can alter the normal functioning of other
exhaust after-treatment devices, such as the catalyst. Although it is a process that
occurs mainly during the first few seconds of an engine service, it can cause a severe
effect on the deposit evolution. Within this framework, Sharma et al. [53] proposed
a 1-D model that simulates the condensation and evaporation of water inside the
exhaust line. This is a mathematical model that computes the condensation and
evaporation rate of water and that calculates the gas flow temperature considering
the heat transfer due to phase change processes. The model provides more accurate
simulations of the evolution of the temperature of the gas flow than previous
models that do not consider the effect of water condensation and evaporation, and
it was validated with experimental results, achieving a high level of agreement.

The second group is formed by the 1-D models that investigate the fouling layer
formation solely by considering the effect of soot particle deposition mechanisms.
For the sake of simplicity, these numerical approaches intend to compute the
fouling buildup taking into account only the effect of particulate matter deposition
mechanisms, neglecting both the removal mechanisms and the presence of
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Acid condensation
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Prediction of condensation rate and condensate
composition to minimize EGR cooler corrosion

Sharma et al. [53]

Water vapor
condensation

Rcond - kcond J’wam (1 - 6)
Revap = kevap 0

Condensation
evaporation
fluxes

Close agreement
observed

Simulation of temperature profiles inside after-treatment
devices considering water condensation and evaporation

B. Ismail [55]
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Abarham et al. [56]

Thermophoresis

Vy = —Ky %ﬁT

e Tube diameter
reduction

e Soot layer
thickness

* Deposit
interface
temperature

¢ Effectiveness
degradation

* Pressure drop
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observed

Prediction of EGR cooler fouling amount and
distribution across a concentric tube heat exchanger with
a constant wall temperature

Abarham et al. [57]
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Authors Mechanisms Main fouling equations Parameters Model— Remarks
modeled analyzed experiment
Teng and Regner * Thermophoresis 714, = K114, Up,C Cooler Good agreement Prediction of the cooler effectiveness deterioration
[58] * Removal Tityem = Kap, U6, effectiveness observed considering the characteristics of the soot deposit
¢ degradation
Teng and Regner ¢ Thermophoresis 714, = K11,,Up,C Cooler Good agreement Calculation of soot particle accumulation employing
[59] ¢ Removal tityem = Kop, U5y effectiveness observed heat, mass, and momentum transfer theories for the
¢ degradation particle-gas system
Teng [60] e Thermophoresis V= —Ky & VT e Cooler Good agreement Semiempirical model that predicts cooler effectiveness
* Removal Te N effectiveness observed degradation and pressure drop over fouled EGR coolers
Ap =K (50) degradation
P f 2p f
* Pressure drop
Mehravaran and ¢ Thermophoresis ], = —(Dg + D;) % + V,;,C Deposit thickness Good conformity Prediction of soot layer formation based on existing
Brereton [61] ¢ Diffusion Tilyem = b Mgy with literature experimental and numerical observations
¢ Removal bt results
»
Reza Razmavar and ¢ Thermophoresis V= —Ky VT e Fouling Good agreement Analysis of soot particle deposition and three potential
Reza Malayeri [62] ¢ Removal Ts thermal observed removal mechanisms
e Sticking Jrem =K (%) 4 fk Ry resistance
probability * Deposition flux
e Removal flux
e Total mass
deposited
Sul et al. [63] * Thermophoresis Vi = —Ky X VT e Thermal Good Simulation of EGR cooler fouling considering
e Removal T effectiveness  correspondence thermophoretic equation and an empirically derived

tityem = iz f (8, T, AP, AP?)

* Trapped soot
mass

* Deposit
thickness

* Deposit surface
temperature

* Pressure drop

removal function
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Authors Mechanisms Main fouling equations Parameters Model— Remarks
modeled analyzed experiment
Kuan et al. [64] e Thermophoresis V,, = —Ky & VT e Exhaust outlet Close agreement Prediction of the long-term fouling behavior of EGR
e Removal T temperature observed coolers on a medium-duty diesel engine for steady-state
leAP<C0TS+C1 . o
4 0 * Fouling factor conditions
Mhrem 7 * Deposit
Else : thickness
m”m _ e(cz+c3T;+c45+£5AP)
Warey et al. [65] e Thermophoresis V., = —Ky, ;_g VT e Deposit Reasonably good Calculation of soot deposition, soot removal, and
* Diffusion ¢ ) thickness agreement condensation of several HC species in a circular tube with
e Inertial V,=0.057u* (?”:g;‘g’) : e Condensed HC turbulent gas flow at constant wall temperature
. . Peky TC,
impaction N2 mass
e Gravitational Vi =4510"*u* (%) * Deposit surface
drift P temperature
Ve = (1 J f)ng P
¢ Removal » ¢ Total soot mass
e HC I KT‘“% e Cooler
condensation j =K., In (;v,mfm> effectiveness
! &re Yo reduction
* Fouling
thermal
resistance

290£6 uadoyoarur/ /L5 or/8u0"10p xp:d1ry ;[0

Table 2.
1-D models.
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hydrocarbon and water condensates. These simplified models are based on the
assumption that thermophoretic effect is three to four orders of magnitude bigger
than other deposition mechanisms, and during the first stages of the deposit
growth, the removal of particles does not take place [54].

The investigations of B. Ismail [55] and Abarham et al. [56], which proposed 1-D
models that investigate the soot deposit evolution considering only the effect of
particulate matter deposition mechanisms, are included in this category.

Ismail [55] developed a simplified model, based on two-phase gas-particle con-
servation equations, which simulates the heat transfer, pressure drop, and soot
deposition in EGR cooling devices. This model takes into consideration the particle
transport due to the effect of diffusion and thermophoresis and employs a quasi-
steady-state formulation that computes the incremental deposited layer thickness
along the heat exchanger. It allows the prediction of the change in soot layer
thickness, the evolution of the temperature at the outlet of the heat exchanger, and
the increase in pressure drop across the EGR cooling device. The weak point of this
simplified model is that, although it allows the prediction of the main effects of the
soot deposit on the cooler performance, its results were not validated with experi-
mental data.

In the same way, the model presented by Abarham et al. [56] permits to simulate
the cooler effectiveness degradation and pressure drop along the EGR cooler, taking
into account the particulate matter deposition caused by the thermophoretic effect.
This numerical approach allows the calculation of the reduction of the cross sec-
tional area of the tube and estimates the evolution of the temperature of the soot
layer interface. In this case, the results of this 1-D model were verified using the
experimental measurements of a controlled EGR cooler fouling test, and, although
the predicted values for the EGR cooler effectiveness were in agreement with
experimental data, the values expected in pressure drop differed significantly from
the experimental measurements.

The analysis of the performance of the models of the second group shows that
the simulation of the fouling process solely by considering the deposition mecha-
nisms does not bring about the expected results regarding the evolution of the
pressure drop along the EGR cooler. As Abarham et al. [56] detailed, although these
simplified 1-D models reproduce the fouling growth yielding positive results, it
should be expected that the addition of removal mechanisms may improve the
predictive capabilities of these models.

In order to complete the features of the abovementioned numerical approach,
Abraham et al. [57] added to their model the simulation of the HC condensation,
and this new model belongs to the third group, i.e., the category of 1-D models that
take into account both the prediction of the HC condensation and the deposition of
soot particles. This numerical approach incorporates, coupling with the soot particle
deposition equations, the calculation of the dew point and the total mass flux of HC
that condenses and becomes part of the deposit. As their other model, it allows to
compute the cooler efficiency degradation and the pressure drop evolution
neglecting the changes in the physical structure and the chemical reactions that
occur in the fouling layer due to the presence of condensate.

Despite the fact that another mechanism was added to the model, the compari-
son between experimental data and the results of the new model showed a certain
mismatch. Although the predicted cooler effectiveness degradation was in agree-
ment with the experimental measurements, the calculated pressure drop continued
to display certain differences with the experimental data, and no improvements
were seen in this field.

The fourth category comprises the higher number of 1-D numerical approaches,
and it covers those models that, in addition to simulating the particulate matter
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deposition, also discuss the removal mechanisms. Following the assumption of Kern
and Seaton [66], which determined that the net growth of the fouling layer depends
on two opposing simultaneous processes of deposition and removal, the models of
this category recreate the effects of the fouling deposit on the EGR cooler
performance.

The models proposed by Teng and Regner [58, 59], Teng [60], Mehravaran and
Brereton [61], Reza Razmavar and Reza Malayeri [62], Sul et al. [63], and Kuan
et al. [64] belong to this fourth category. These models compute the deterioration of
the heat exchanger effectiveness caused by the fouling layer growth and calculate
the increase in pressure drop along the device.

On the one hand, with regard to the particle deposition process, thermophoresis
is, in the majority of cases, the only referred deposition mechanism. Although some
of these numerical approaches take into consideration the deposition of particulate
matter due both to diffusion and thermophoretic effect, such as the model of
Mehravaran and Brereton [61], the simulation of the deposition phenomenon of the
remaining models is, on an exclusive basis, the calculation of the thermophoretic
coefficient.

On the other hand, the removal of soot particles from the deposit is computed
using different methodologies. One of these is based on the simulation of the
different mechanisms that produce the erosion of the particles, i.e., calculating the
physical phenomena that is potentially responsible for the removal of deposited
particles. This physical approach, as used by Reza Razmavar and Reza Malayeri
[62], simulates removal mechanisms such as the shear force, the effect of incident
particle impact, or the particle rolling, allowing to estimate the gas maximum
critical velocity to compute the particle removal flux. The other removal approach is
quite different, and it is based on empirically derived removal functions that allow
the estimation of the removal trend. In this removal approach, as the one proposed
by Sul et al. [63], the equation that computes the removal rate is a function of
different parameters, such as the deposit thickness, the temperature, or the pressure
drop, and it was derived from the data of experimental tests that cover a wide range
of fouling conditions.

All numerical models of this fourth category were validated with experimental
data. The evolution of the overall parameters of the EGR cooler undergoing a
fouling process was compared with the models’ results, and, in general, they were in
agreement. Although the lack of detailed information prevents a full appraisal of the
performance of each mechanism involved in the process, it may be concluded that
the combination of deposition and removal mechanisms is expected to provide
accurate simulations of the fouling process caused by soot particles.

Finally, the fifth category of 1-D models covers the numerical approaches that
take into consideration the deposition mechanisms, the removal mechanisms, and
the condensation of hydrocarbons. In addition to the features of the models of the
previous group, the approaches of this category include the simulation of the
hydrocarbon condensation, implementing the three phenomena in a comprehensive
model.

It is worth stressing that, following the methodology of the previous models, the
numerical implementations of this category also assume that the deposit, which is
formed by soot particles and condensates, has uniform properties. Although, as has
been mentioned, the presence of condensate can alter the physical structure of the
deposit changing its properties, the density and thermal conductivity of the
modeled fouling layer do not change over time, regardless of the amount of con-
densate expected.

The model proposed by Warey et al. [65] belongs to this fifth category, and it is
able to compute the total mass deposited and the fouling layer resistance over time.

13
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The model predictions were validated, and they were in reasonably good agreement
with experimental data.

7. Multidimensional models

According to the methodology used to study the fouling process, the
multidimensional models can be categorized in five groups, as Table 3 summarizes.
The first category covers those numerical studies that analyze the exhaust gas flow
and its effects on the deposit formation, neglecting the simulation of any fouling
layer inside the heat exchanger. The second group is formed by those models that,
using Eulerian-Lagrangian approach, determine the soot particle deposition on the
walls of the EGR system. The third group contains those models that, using a species
transport modeling approach, compute the condensation of different hydrocarbons.
The fourth category includes those models that intend to reproduce the effects of
the deposit, modifying the heat exchange properties of the EGR cooler surface. And
the fifth group is composed of those investigations that recreate the real growth of
the deposit on the walls of the EGR cooler.

The multidimensional models included in the first category are focused on the
analysis of the exhaust gas flow to assess how changes in heat exchanger shape
characteristics can reduce or minimize the fouling layer formation. Knowing that,
in most cases, the removal process is caused by shear force, these numerical simu-
lations intend on determining which EGR surface structures increase the shear
stress and, thus, lead to an effective deposit suppression. Analyzing different
parameters, such as the wall shear stress, the velocity field, or the temperature
profile along the EGR cooler, these models intend to determine the fouling propen-
sity of several heat exchanger configurations, as Lee and Min [31] and Mohammadi
and Malayeri [67] shown.

Since, in the majority of cases, these models are single-phase numerical simula-
tions, where only the gas flow is taken into consideration, the simplicity of these
models allow a detailed examination of all the gas parameters involved in the
fouling process. Therefore, they provide an exhaustive examination of the gas vari-
ables that can be induced or reduce the fouling layer growth. By contrast, these
numerical approaches do not bring any information about the fouling mechanisms.
They do not provide the estimation of deposited particulate matter, the number of
removed particles, or the amount of condensate that will be generated. For this
reason, although these models give an initial estimation of the fouling phenomenon,
they have a limited scope of application.

The second category is formed by those models that reproduce the soot particle
deposition using an Eulerian-Lagrangian approach. Employing the Lagrangian
framework, these models track the trajectory of each soot particle in order to
determine the regions where they can be deposited. Computing the particle trans-
port equation, which takes into consideration the forces of the gas flow acting on a
single particle, these numerical approaches determine the movement of the
particulate matter inside the EGR cooler. Considering different soot particle
diameters, these models offer an in-depth analysis of the particle deposition and
allow the computing of the deposition efficiency inside different EGR cooler
configurations.

Just like the models of the previous group, which only analyze the gas phase, the
numerical approaches of this category do not provide any information about the
growth and evolution of the fouling deposit, and, although they give relevant data
about the regions where deposition will occur, they do not reproduce the interaction
between the soot deposit and the exhaust gas flow.
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The models proposed by Xu et al. [68] and Nagendra et al. [69] use this tech-
nique in order to compute the submicron particle deposition inside plate-and-fin
heat exchangers. They evaluated the particle deposition under different boundary
conditions and validated their results, achieving a good agreement with the exper-
imental measurements taken from literature.

The third category includes the multidimensional models that use the species
transport modeling approach to compute the condensation of different condensable
species. Considering convection, diffusion, or even the chemical reactions that take
place in the exhaust gas mixture, these numerical approaches compute the partial
pressure of each species to determine their dew temperature. The corresponding
condensation flux is calculated in the presence of non-condensable gases, and the
thin liquid film of condensate that appears on the walls of the heat exchanger is
simulated.

An example that uses this modeling approach is the study proposed by Yang
et al. [70]. In order to estimate the corrosion inside the EGR system of heavy-duty
trucks, they developed a numerical technique that determines the condensation of
nitric and sulfuric acid. The model allows the carrying out of three-dimensional
simulations, computes the heat and mass transfer processes, and calculates the
amount of condensate formed on the heat exchanger walls. Using the Ansys Fluent
CFD code, it computes the condensation flux of water vapor, sulfuric acid, and
nitric acid, providing results under different operating conditions. Results of this
numerical approach were validated, and they were in close agreement with the data
from literature.

These kinds of models are based solely on the study of the condensation of acid
and hydrocarbon species, generating detailed reports about the condensation pro-
cess and neglecting the study of the particulate matter deposition and removal
processes that occur along the EGR system. For this reason, they are suitable means
to find the regions where acid condensation takes place and to detect the zones of
the EGR system where corrosion problems may occur.

The fourth category is formed by the numerical models that reproduce the
effects of the fouling layer, modifying the heat exchange properties of the wall.
Computing the fouling thermal resistance that opposes the cooling of the flow,
these numerical approaches allow the simulation of the evolution of the tempera-
ture of the gas flow inside the EGR cooler. After resolving the exhaust gas flow
inside the EGR cooler, the model calculates the thickness of a virtual fouling layer
and adjusts the thermal resistance of the heat exchanger surface, achieving a steady-
state solution of the temperature field.

Changing the properties of the virtual fouling layer according to the computed
deposit thickness, these models, as the evaluated in the study of Gongalves Guedes
[66], allow the simulation of the evolution of the exhaust gas temperature. How-
ever, their main disadvantage is that they provide poor results in the calculation of
different parameters, such as the pressure drop along the heat exchanger, because
they avoid the simulation of the real growth of the fouling layer inside the tube.
That is why employing these models, the simulation of the changes in the hydrody-
namics of the exhaust gas flow caused by the fouling layer and the local parameters
of the deposit cannot be estimated reliably.

Finally, the models of the fifth category intend to recreate the real growth of the
deposit on the walls of the EGR cooler. To that end, they simulate the movement of
the fouling-gas interface, after computing the nonuniform thickness of the deposit.
Thus, taking into consideration the local-scale effects involved in the fouling phe-
nomenon, these numerical approaches reproduce the real formation of the fouling
deposit on the heat exchanger walls, causing the reduction of the cross-sectional
area of the tube.
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According to the methodology used, the numerical models of this fifth group can
be divided into two subcategories: those that convert fluid cells into solid cells and
those that use the dynamic mesh methodology to recreate the growth of the fouling
layer.

On the one hand, the first subcategory includes those models that, to simulate
the growth of the deposit, transform the fluid cells of the domain into fouling cells,
as Figure 6a illustrates. When the thickness of the fouling layer is larger than the
height of the fluid cell, this is converted into a solid cell, and it becomes part of the
fouling layer domain. These numerical approaches, as the proposed by Paz et al.
[72], couple the gas flow solution and the fouling layer growth and provide a local
final thickness of the deposit considering the hydrodynamics of the flow.

On the other hand, to recreate the fouling layer growth, the models of the second
subcategory employ the dynamic mesh methodology, as the 2-D axisymmetric
model proposed by Abarham et al. [73] or the 3-D model proposed by Paz et al. [74—
76]. After the fouling thickness calculation, these numerical approaches adjust the
thickness of the deposit moving the fouling-fluid interface, as Figure 6b shows. At
every time-step of the simulation, they estimate the position of the nodes of the
mesh and update the fouling layer domain, allowing the possibility to determine the
deposit growth evolution.

As Figure 7 shows, the main advantage of these numerical approaches is that
they simulate the evolution of the fouling layer in a local manner. Considering the
local properties of the exhaust gas flow and taking into account the mechanisms
involved in the fouling process, they provide a comprehensive solution of the
fouling layer and recreate its real growth inside the heat exchanger. In contrast,
these kinds of models have higher computational costs than other multidimensional
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Figure 6.
Scheme of the fouling growth: (a) converting fluid cells into solid cells and (b) using the dynamic mesh
methodology.
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Fouling thickness computed using dynamic mesh methodology.
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models, and, although they provide detailed information about the fouling phe-
nomenon, they demand more computational resources.

8. Concluding remarks

This chapter compiles and analyzes the main numerical approaches that have
been proposed to predict and reproduce the fouling phenomenon that takes place
inside the EGR system. Features of each option, its range of applicability, as well as
their main strengths and weaknesses have been highlighted. The fouling prediction
capabilities of each numerical approach have been analyzed in detail with the aim of
reviewing the most relevant numerical approaches used in the study of the fouling
process that occurs in the EGR system.

The stringent construction requirements of new EGR technologies and the
development of new numerical techniques, and more particularly the use of com-
putational fluid dynamics codes, have contributed to the creation of more sophisti-
cated models that allow the simulation of the fouling phenomenon considering a
large number of parameters and mechanisms. Nevertheless, the simulation of the
deposit formation and evolution involves intricate matters, such as the particle-
fluid interaction, agglomerate formation, or the physicochemical reactions that take
place inside the deposit, which make the fouling process a complex phenomenon
that needs to be addressed coherently across all its parameters.

The information and knowledge about the numerical modeling of the fouling
process in the EGR system collected in this study may help EGR designers and
manufactures to improve and develop new vehicle emissions control techniques,
which contribute to meet the Sustainable Development Goals.
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Nomenclature

0-D zero-dimensional

1-D one-dimensional

2-D two-dimensional

3-D three-dimensional

A surface area

AA Antoine coefficient

BB Antoine coefficient

CcC Antoine coefficient

C soot concentration

Co—5 constant coefficients

CFD computational fluid dynamics
C. Stokes-Cunningham slip correction factor
Cp drag coefficient

Cn thermophoretic constant

C; thermophoretic constant

C; thermophoretic constant

Dg molecular diffusivity
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kcond
kevap

tube diameter

particle diameter

mean effect of velocity and concentration fluctuations
diesel oxidation catalyst

exhaust gas recirculation

Brownian force

drag force

Saffman lift force

thermophoretic force

gravitational acceleration

dimensional thermophoretic parameter
mass transfer coefficient

hydrocarbon

mass flux

mass condensation flux of the ith species
proportionality constant

cooler structure-related parameter
parameter characterizing the dispersion of the soot particles removed
from the deposit

condensation rate constant
evaporation rate constant

overall pressure loss factor

fouling layer thermal conductivity
mass transfer coefficient

gas thermal conductivity

Knudsen number

particulate matter thermal conductivity
thermophoretic coefficient

lean NOx trap

mass

mass flow

molecular weight

nitrogen oxides

pressure of the gas flow

vapor pressure of the ith species
saturation pressure

vapor pressure

particulate matter

condensation rate

evaporation rate

fouling resistance

particles’ Reynolds number

selective catalytic reduction
sustainable development goals

particle sticking probability

gas temperature

surface temperature

mean velocity

critical velocity

friction velocity

isothermal deposition velocity
dimensionless isothermal deposition velocity
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U thermophoretic deposition velocity
u; dimensionless thermophoretic deposition velocity
u',, dimensionless removal velocity

Uy gas velocity

Uy particle velocity

v time average velocity vector

Vi drift velocity due to diffusion

V, gravitational drift velocity

Vi drift velocity due to inertial impaction
Vi thermophoretic drift velocity

Y particle mass fraction

¥, mole fraction of the ith species
Vinterface mole fraction of vapor at interface

¥, mole fraction of vapor in bulk mixture
wj mass fraction of the ith species

Greek

¥ deposit thickness

Sfitm liquid film thickness

Ndep deposition efficiency

0 fractional surface coverage of water
Hg gas dynamic viscosity

Vg gas kinematic viscosity

Vfilm kinematic viscosity of the liquid film
Pf fouling density

Py gas density

T liquid-gas interface shear stress

T particle relaxation time

T, dimensionless particle relaxation time
Tw wall shear stress

Tw normalized wall shear stress

7] surface bonding force

7 strength of deposit
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