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Abstract

Fouling is one of the primary causes of failure in exhaust gas recirculation (EGR)
coolers. Morphology may provide a powerful perspective for understanding the
mechanisms, behaviours, and properties of fouling. However, a systematic review of
fouling morphology is currently lacking. Considering the substantial progress made in
morphology-related studies within the industry in recent years, this work reviews the
findings on EGR cooler fouling morphology from four aspects: characterisation (scale,
object, category, and technique), spatiotemporal nature, variable-morphology
correlation, and morphology-property correlation. Furthermore, the current
challenges and opportunities in this field are discussed. Based on this, we propose a
framework for the morphological characterisation of EGR cooler fouling. It is
demonstrated that morphology plays a crucial role in revealing the spatiotemporal
characteristics of fouling, the formation and removal mechanisms, and the
correlations among system variables, morphology, and properties. Morphology still
holds significant potential in four areas: multi-scale and quantitative characterisation,
nomenclature and taxonomy, and full lifecycle evolution. The findings provide a
morphological perspective for fouling research within the industry and contribute to
advancing the science of fouling morphology.

Keywords: Morphology; Fouling; Characterisation; Spatiotemporal Nature; Exhaust
Gas Recirculation Cooler.
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1. Introduction

Exhaust gas recirculation (EGR) cooling technology has become a key approach
for suppressing nitrogen oxide emissions from internal combustion engines due to its
dilution, thermal, and chemical effects [1, 2]. However, particulate deposition and
vapour condensation in exhaust gases form a complex mixture known as fouling [3, 4];
it is defined as the accumulation of unwanted deposits on surfaces [5]. Numerous
studies have reported that fouling leads to reduced heat transfer efficiency and
increased pressure drop [6, 7]; in severe cases, it may even result in complete blockage
[8, 9]. Therefore, the issue of fouling warrants significant attention.

Researchers in the industry have conducted extensive and in-depth reviews of
EGR cooler fouling. Hoard et al. [10] were the first to review the fundamental aspects
of this topic, including the concept, characteristics, deposition, stabilisation, and
recovery of fouling. Subsequently, Abd-Elhady et al. [11] expanded on this by
addressing additional critical topics, such as the functions of EGR coolers, descriptions
of fouling issues, their fundamental mechanisms, and the role of catalyst addition.
Abarham et al. [12] and Han et al. [13] not only focused on the deposition mechanisms
of fouling but also considered its removal mechanisms. Paz et al. [14] provided a
specialised report on the numerical modelling of fouling processes, while Yao et al. [4]
concentrated on reviewing the pathways of vapour condensation within coolers and
its consequences on fouling. These reviews collectively demonstrate that past studies
have systematically examined EGR cooler fouling from various perspectives, achieving
substantial progress.

It has been observed that no retrospective studies on the morphology of EGR
cooler fouling currently exist. However, morphology plays a crucial role in analysing
fouling issues. At present, the industry commonly uses the thermal fouling resistance
curve to describe the three stages of fouling growth: the initiation phase, the
roughness-controlled phase, and the layer growth phase [15]. The advantage of this
method is that it allows for a rough understanding of fouling growth inside heat
exchangers through external monitoring of thermal resistance. However, this approach
is based on the correlation between fouling and thermal resistance, providing only
indirect evidence and failing to fully characterise the actual fouling growth process.
Morphology can address this limitation by directly observing and unbiasedly recording
the entire fouling growth process. For example, Lgge et al. recently used high-
resolution X-ray micro-computed tomography to visualise the process of crystal
formation [16], revealing the complex process of multi-component mixed
crystallisation, which cannot be achieved by the thermal fouling resistance curve.
Beyond the growth process, morphology also provides valuable insights into other
fouling evolution processes. For instance, Paz et al. observed colour changes during
the ozone treatment of fouling to reflect the depth of the reaction between ozone and
fouling [3]. In summary, morphology offers a direct and clear perspective for
addressing fouling issues.

Given the importance of morphology and the current lack of systematic reviews
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on EGR cooler fouling morphology, this study aims to comprehensively review the
progress in this field. The review covers four key aspects: morphological
characterisation (object, scale, category, and method, with a particular emphasis on
real-time in-situ characterisation), spatiotemporal distribution characteristics of
morphology, variable-morphology correlations, and morphology-property
correlations. Finally, the challenges and opportunities in this field are discussed. This
work not only systematically summarises the key findings in this area but, more
importantly, helps clarify the potential role of morphology in analysing fouling issues,
providing valuable references for future research.

2. Methodology

This work follows the process illustrated in Figure 1, to discuss in detail four sub-
topics of fouling morphology. This process is also divided into literature search,
screening, and summarisation stages. The literature search section provides a detailed
account of the search strings and literature libraries used. The screening phase aims
to filter relevant publications. The summarisation phase synthesises key findings
related to the four sub-topics, namely: the characterisation framework,
spatiotemporal distribution characteristics, system variable-morphology correlations,
and morphology-property correlations.
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Figure 1. Flow of the overview for the EGR cooler fouling morphology
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3. Characterisation of fouling morphology

3.1. A characterisation framework

The meta-information extracted following the process outlined in Figure 1 is
presented in Table S1 of the supplementary document. Further refinement of this data
has yielded a characterisation framework for EGR cooler fouling morphology, as
illustrated in Figure 2. This framework encompasses four key components:
characterisation scale, characterisation object, characterisation category, and
characterisation method.

Regarding the characterisation scale, spanning from centimetre to nanometre
levels, it can be further divided into four tiers: macroscopic, mesoscopic, microscopic,
and nanoscopic. Correspondingly, the four levels of characterisation objects are
distributed as follows: fouling layer, layering/cluster/large particulate, particulate
matter, and primary particle. For each characterisation object, this work has distilled
concise characterisation categories based on morphological descriptions from
previous publications. Taking the fouling layer as an example, comprehensive
characterisation can be conducted from eight categories: size, colour, shape, glossiness,
wetness, compactness, roughness, and fragmentation. More importantly, this
framework ultimately provides characterisation methods applicable to different scale
levels and objects.

It is important to note that there is no strict correspondence between the four
levels of characterisation objects and methods. This is because more advanced
characterisation techniques often have downward compatibility. For instance,
Scanning Electron Microscopy (SEM) can cover part of the working range of Optical
Microscopy (OM), while Transmission Electron Microscopy (TEM) can, under certain
conditions, partially replace SEM. Consequently, for the same characterisation
category of a given object, multiple characterisation techniques may be available. For
example, when the fouling volume is sufficient, qualitative observation of the fouling
layer's roughness can be achieved through visual inspection or OM-based observation.
This principle applies to other characterisation categories as well.

In summary, the proposed characterisation framework comprehensively
addresses the aspects involved in EGR cooler fouling morphology characterisation,
whilst, clearly delineating typical hierarchical levels. This framework serves as a
valuable reference for future practitioners, reducing their exploratory time and
enabling them to more effectively achieve their morphological characterisation
objectives. Additionally, it facilitates more efficient intra-industry communication
among practitioners, enhancing the accuracy of dialogue. Most crucially, this shared
characterisation framework provides a solid foundation for further understanding the
temporal evolution and spatial distribution patterns of fouling, as well as the
correlations between variables, morphology, and properties.
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3.2. In situ and real-time characterisation

Morphological characterisation is typically conducted by mechanically dissecting
fouled coolers to expose the fouling, thereby facilitating the observation of its
morphology, such as described in [17-19]. However, considering that environmental
changes during the spatial relocation involved in sampling and preparing fouling
specimens may damage their morphology and result in the loss of original features, in-
situ characterisation has become a key topic of interest in the field. Similarly, fouling
samples may undergo morphological evolution due to time-sequential events such as
preparation, storage, and transportation following the fouling incident. As a result,
real-time characterisation has also emerged as a prominent subtopic. Although in-situ
and real-time characterisation focuses on spatial and temporal dimensions,
respectively, real-time characterisation generally satisfies the requirements of in-situ
characterisation as well.

The implementation of in-situ and real-time characterisation can be broadly
divided into two strategies. The first involves using traditional experimental platforms
combined with advanced optical techniques for characterisation. The second strategy
upgrades experimental platforms to enhance accessibility while integrating
characterisation technologies. For the first approach, Ismail et al. pioneered the
development of the neutron radiography technique to perform in-situ, non-
destructive measurements of fouling morphology, providing an accurate
representation of fouling thickness and contours [20]. Similarly, Lance et al. employed
neutron tomography to conduct in-situ tests of fouling morphology, achieving three-
dimensional reconstructions of its structure [21]. For the second approach, Abarham
et al. developed a visualised experimental platform combined with a digital
microscope to record, in situ and in real-time, the morphological evolution of fouling
during its formation or removal [22, 23]. Likewise, Salvi et al. utilised a visualised
experimental platform along with optical and infrared testing techniques to achieve
in-situ and real-time characterisation of the three-dimensional morphology of fouling
[24].

4. The spatiotemporal distribution characteristics

4.1. Evolution of the fouling morphology

This section provides a comprehensive review of previous studies that have
elucidated the generation, growth, and evolution processes of fouling in EGR coolers
from a morphological perspective. It also examines how these studies contribute to
our understanding of fouling mechanisms.

Firstly, morphological characterisation techniques effectively reveal the initial
formation of fouling. Tanaka et al. observed protrusions on a stainless steel surface
after 1 minute and 10 seconds, indicating the onset of fouling. The original images
vividly illustrate the initial morphology of fouling formation. Furthermore, they
monitored morphological changes over 16 minutes. Following the formation of hard
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fouling at 1 minute 10 seconds, particles continuously deposited and covered the hard
fouling surface, creating a porous, powder-like deposit that continued to grow,
eventually enveloping the underlying hard fouling completely [25]. This study
meticulously documents the gradual growth process of fouling.

Li et al. provided detailed observations on how fouling growth progresses "from
points to surfaces". Initially, particles with diameters of about tens of micrometres
were scattered across the wall surface. As more particles are deposited, the size of
these wall particles gradually increases. Individual particles began to be enveloped and
started connecting with nearby particles. Eventually, after 1.5 hours, larger "dune-like"
structures (approximately 50 um or larger in length) were formed [26].

In addition to early-stage fouling observations, researchers have also investigated
fouling morphology over longer time scales. Tanaka et al. used scanning electron
microscopy to observe changes in fouling thickness over 24 hours period. They found
that the thickness of both types of fouling increased linearly with time [25]. Li et al.
compared fouling morphology at 22.5 hours and 31.5 hours. The authors noted that
from around 22 hours into the experiment, the dune-like structures on the fouling
surface began to disappear, and the surface morphology became smoother [26].

To quantify the degree of surface roughness in fouling, Li et al. introduced a
parameter called the area ratio, defined as the ratio of the actual surface area to the
corresponding projected area. They observed a decrease in the area ratio from 115%
to 100% at 6.5 h, and 37 h, respectively, further corroborating the gradual smoothing
of the surface morphology [26]. In a subsequent study by the same team, they
employed a similar parameter, the SA ratio, defined as the ratio of the surface area of
the deposit to the surface area of a comparable flat plate. Contrary to their earlier
findings, they discovered that the SA ratio increased over time, possibly due to partial
fouling agglomeration or the presence of large particles [27]. The introduction of these
qguantifiable parameters has undoubtedly enhanced the characterisation of fouling
morphology, moving beyond mere qualitative descriptions.

Contradictory results regarding the temporal evolution of fouling morphology
have also emerged in two other studies. Prabhakar and Boehman examined fouling
morphology at different time intervals using low and high magnification, as shown in
Figure 3. They observed that at 1.5 h, particles were randomly deposited on the tube
surface. As time progressed, more particles accumulated on the existing layer,
resulting in a completely covered and smooth, dense surface at 7.5 h [28]. In contrast,
a recent quantitative study by Paz et al. measured surface roughness in three cases at
1.5 h, 3 h, 6 h, and 9 h. They found that roughness increased over time in all areas,
particularly near the exhaust outlet, where roughness at 9 h was 2-3 times higher than
at 6 h [29]. Broadly speaking, these findings suggest that fouling roughness can either
decrease or increase over time, highlighting the complexity of this phenomenon.
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No image available

Figure 3. Variation of fouling microstructure as a function of time. (a) low
magnification, (b) high magnification [28]

It is noteworthy that in the study by Prabhakar and Boehman, they established a
correlation between morphological visual evidence and the heat exchange efficiency
of coolers. They posited that once fouling completely covers the tube walls, the
cooler's heat exchange efficiency begins to approach a certain value and remains
stable [28]. This method of establishing connections further corroborates that,
compared to indirectly reflecting fouling growth through parameters such as total
thermal resistance or thermal efficiency, the morphological perspective not only
provides a more intuitive approach but also offers a more fundamental interpretation
for indirect methods.

In addition to the aforementioned morphological studies focusing on fouling
formation and growth processes, several investigations have specifically examined the
morphological changes during fouling removal [22, 23, 30]. For instance, in Furuhata
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etal.'s study, at 5 h, water vapour penetrated through the loose surface layer of fouling,
condensing within the fouling layer. This caused the fouling to expand, elevating the
surface layer, which subsequently detached under the influence of airflow. By 6 h, the
expanded fouling had disappeared [30]. Similarly, Abarham et al. provided a more
detailed account of the morphological changes during the formation of cracks before
fouling removal and during the detachment process itself. As illustrated in Figure 4,
these processes occur rapidly, typically completing crack growth and partial fouling
detachment within 5 minutes. During this period, the morphology of the fouling is
almost entirely transformed [22, 23].

Figure 4. Cracks in fouling. Flow direction from left to right. (a) five-minute interval

between successive images at 42°C, (b) one-minute interval between successive
images at 20°C [23]

In conclusion, the morphology of fouling evolves over time, potentially becoming
smoother or rougher, with surface undulations that may increase or decrease.
Currently, there is no definitive consensus on these changes, necessitating further
research to elucidate these controversies. However, there is agreement that when
fouling is stripped away, the fragmentation of fouling rapidly increases. More
significantly, the analysis of these results demonstrates that the characterisation of
fouling morphology provides direct and compelling evidence for interpreting the
processes of fouling generation, growth, removal, and stabilisation. This approach
offers valuable insights into the complex dynamics of fouling phenomena.

4.2. Spatial distribution of fouling morphology

Spatial variations in fouling morphology manifest primarily in two aspects:
microscopic differences across different layers in the cross-section and macroscopic
differences along the direction of gas flow. The following sections provide a
comprehensive summary of these morphological distribution characteristics in both
dimensions.

The fouling cross-section consists of material between two characteristic
interfaces: the gas-fouling interface and the fouling-tube interface. Styles et al.
discovered that fouling can be divided into two layers: a highly dense hydrocarbon
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layer near the fouling-tube interface, and a particulate layer with a hydrocarbon
distribution gradient further from this interface. This gradient is visually evident as a
transition from dark near the gas-fouling interface to lighter near the fouling-tube
interface [31]. Lance et al.'s research provided more intuitive evidence, revealing that
the reflectivity of fouling is highest near the fouling-tube interface and gradually
decreases towards the gas-fouling interface. This is due to variations in hydrocarbon
condensation caused by thermal gradients within the fouling layer, with lower
temperatures at the fouling-tube interface resulting in higher concentrations of
condensed hydrocarbons. Consequently, fouling near the fouling-tube interface is
more moist and dense, while fouling near the gas-fouling interface is drier and more
porous [32]. Another study by Lance et al. found that fouling near the gas-fouling
interface is significantly finer and less dense [17]. Tanaka et al.'s experimental results
also confirmed this morphological difference, terming the fouling near the gas-fouling
interface as a "powdery deposit" and that near the fouling-tube interface as a "lacquer
deposit" or "hard deposit". Despite the nearly identical original composition of both
layers, the former exhibits a highly porous structure, while the latter presents a dense
structure [18].

The layered phenomenon of fouling has prompted researchers to observe its
internal connecting structure through morphological methods. As shown in Figure 5,
in addition to the significant density differences observed in the cross-section of
fouling, it is evident that the dense and loose layers of fouling are typically connected
by columnar structures [33]. Although different studies have varying nomenclature for
the fouling layers, the findings consistently show that the top layer of fouling is
supported on the bottom layer by multiple columnar structures [25, 32].

ez-84951 15.0kV x10.0k SE(M) 5.00um

Figure 5. Fouling interlayer columnar connections [33].

It is worth noting that, unlike other areas, the morphology of fouling at the gas-
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fouling interface is particularly distinctive. Figure 6 illustrates the fouling morphology
at the gas side at 2,000x magnification, presenting a dendritic structure referred to as
dendrites. These dendrites, approximately several tens of micrometres in height, are
formed by the aggregation of particles and incline in the direction of waste gas flow
[33]. These dendrites are highly porous internally, resembling fluffy cotton, and are
dispersed at the gas-fouling interface [25, 34]. However, Storey et al. suggest that such
morphologies are not observed on fouling layers with high hydrocarbon content [33].

Figure 6. Dendritic form of fouling in the gas-fouling interface (2 KX) [33].

Based on the comparison of fouling cross-sectional morphologies, significant
differences in glossiness, wetness, and compactness exist among different layers. This
is because the temperature at the fouling-tube interface is lower than that at the gas-
fouling interface, which is more conducive to hydrocarbon condensation. The
condensed hydrocarbons, in turn, alter the morphology of the fouling. Interestingly,
this research demonstrates how the differences in fouling morphology can be used to
inversely deduce the degree of involvement of various fouling mechanisms,
particularly reflecting the extent of hydrocarbon condensation within the fouling.

Along the gas flow direction, the overall morphology of fouling exhibits an
increasing trend in roughness. As shown in Figure 7 (a), Tian et al.'s experimental
results demonstrate that from upstream to downstream of the cooler, the fouling
morphology continuously changes, with downstream locations showing rougher
fouling and more pronounced grooves [35]. In the same year, Al-Janabi and Malayeri
observed that fouling at the inlet of a smooth plate was more uniform, while fouling
in the middle and outlet areas was more uneven, with scratches and grooves
appearing [36], as illustrated in Figure 7 (b). Paz et al. employed more advanced testing
methods to showcase three-dimensional surfaces of fouling at different cooler
locations, as depicted in Figure 7 (c). The results indicate that fouling at the inlet is very
smooth, while the fouling surface at the outlet exhibits mud cracks. They attributed
this morphological difference to structural changes in fouling caused by the
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321 condensation and evaporation of hydrocarbons [37]. In another study, they
322  quantitatively compared the roughness of the same parts of the fins (the windward
323  side of the fin foot) at the cooler inlet and outlet, finding that the roughness at the
324  outlet was greater compared to the inlet [29].

o o w
I;Ilf. Imm D D

7.1mm

Outlet side

325

326 Figure 7. Fouling roughness distribution along the airflow direction. (a) Tian et al.
327 [38], (b) Al-Janabi and Malayeri [36], (c) Paz et al. [37].

328 Fouling colour also changes along the gas flow direction. Han et al. observed that

329 due to the continuous temperature decrease along the gas flow direction, the colour
330 of the fouling gradually deviates from black at the outlet compared to the black fouling
331 composed of dry carbon soot at the inlet. This is attributed to the intensified
332  condensation of heavy hydrocarbons [39], as shown in Figure 8 (a). Vence et al.'s
333  experimental results corroborated this observation, as illustrated in Figure 8 (b), where
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the chemical colouration and wet fraction of fouling increase along the gas flow
direction. This phenomenon stems from the lower downstream temperatures, leading
to increased hydrocarbon condensation and, consequently, colour variations [40].

(a) —  Flow
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Figure 8. Fouling chemical colour distribution along the airflow direction. (a) Han et
al. [39], (b) Vence et al. [40].

Beyond surface morphology differences along the gas flow direction, variations
in cross-sectional morphological details have also been identified. Lance et al.
confirmed that compared to the inlet, the middle section of fouling exhibits an
increase in shiny layers, indicating more hydrocarbon condensation [17]. Paz et al.'s
findings align with this, revealing that fouling at the outlet contains more oily
substances compared to dry fouling at the inlet [37]. Yoo et al. compared the top layer
morphology of fouling at the front, middle, and rear of the cooler. They discovered
that dendrites grow larger and taller along the gas flow direction. This was attributed
to the reduction in effective exhaust gas flow area as fouling accumulates, resulting in
increased gas velocity and shear force at the gas-fouling interface. Consequently,
dendrites at the interface tilt and break, developing into larger and taller structures
[34]
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Fouling morphology exhibits significant variations along the gas flow direction,
specifically in terms of roughness, colour, glossiness, and dendrite size. These
differences provide crucial evidence for interpreting fouling mechanisms: roughness
changes may reflect the impact of large particle impingement and hydrocarbon
condensation; colour and glossiness variations may indicate changes in hydrocarbon
condensation intensity; dendrite size differences may reflect the interplay between
removal and deposition mechanisms at the interface.

This section comprehensively reviews the temporal and spatial distribution
characteristics of fouling morphology. From a temporal perspective, morphological
changes effectively reflect the generation, growth, removal, and stabilisation
behaviours of fouling. From a spatial perspective, morphology provides important
evidence for decoding fouling deposition and removal mechanisms.

5. The system variable — morphology correlation

Table 1 provides a concise summary, in chronological order, of the 22 past studies
identified in this work that investigated the correlation between system variables and
fouling morphology. It can be observed that the system variables involved are quite
extensive, including cooler structure, flow rate, engine operating conditions, coolant
temperature, engine start-up mode, mass flow rate, baking temperature, fuel type,
wall temperature, soot concentration, hydrocarbon concentration, inlet gas
temperature, and O3 concentration. Based on the physical nature of these variables
and the frequency of their investigation, flow rate, temperature, and exhaust gas
components are identified as the three main influencing variables. These variables are
reviewed in detail below.

Table 1
Summary of the investigation on the correlation between system variables and
morphology categories for exhaust gas recirculation coolers fouling

Fouling morpholo
Reference Year | System variable & P &Y
category
) Cooler inlet header
Ismail et al. [41] 2004 Roughness
structure
Abd-Elhady et al. [42] | 2011 | Flow rate Thickness of fouling
Jang et al. [43] 2011 | Cooler structures Wetness
Compactness;
Malayeri et al. [44] 2013 | Flow rate Size of particulate
matter
Bravo et al. [45] 2013 | Cooler structures Wetness
Engine operation
Bravo et al. [46] 2013 ) Compactness
points
Prabhakar and 2013 Coolant temperature Roughness
Boehman [28] Engine operation Size and number of void
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condition
Sluder et al. [47] 2014 | Mass flow Roughness
. Roughness;

Kuhara et al. [48] 2014 | Engine start mode .

Number of voids
) . Roughness (Area ratio);

Salvi et al. [49] 2014 | Baking temperature . .
Thickness of fouling
Orderliness of primary

Arnal et al. [50] 2015 | Fuel type .
particle
Shape;

Tanaka et al. [18] 2016 | Wall temperature Glossiness;
Compactness

Hooman and Malayeri

2016 | Flow rate Roughness

[51]

Matsudaira et al. [52] | 2017 | Cooler structures Distribution state
Orderliness of primary

Arnal et al. [53] 2018 | Not reported ]
particle
Size of the primary

. particle;

Lance et al. [54] 2018 | Soot concentration ) )
Porosity of primary
particle

Hydrocarbon Wetness;
Paz et al. [37] 2019 . .
concentration Glossiness
Shape of primary
Hydrocarbon ]
Paz et al. [29] 2021 . particles;
concentration
Roughness
Shape;

Bera et al. [55] 2022 | Heat temperature Glossiness;
Compactness
Size of dendritic

. Hydrocarbon
Li et al. [56] 2022 . structures;
concentration ) .
Thickness of fouling
Coolant Temperature; Compactness;
Tomuro et al. [57] 2023 .
Inlet gas Temperature Fragmentation
Hydrocarbon Color;
Vence et al. [40] 2023 .
concentration Wetness
. Color;

Vence et al. [58] 2023 | O3 concentration

Wetness
378 5.1. Effect of flow rate
379 The consequence of exhaust gas velocity or mass flow rate on fouling morphology

380 s illustrated in Figure 9. Malayeri et al. compared fouling characteristics at two flow
381 velocities, 10 m/s and 30 m/s, as shown in Figure 9 (a). They observed that fouling
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formed at 10 m/s was more porous and had coarser particles [44]. Beyond
conventional EGR coolers, Hooman and Malayeri examined the differences in fouling
morphology for metal foam EGR coolers at 10 m/s and 30 m/s, as depicted in Figure 9
(b). Their findings revealed that fouling at lower flow velocities was discontinuous and
rough, whilst, at higher velocities, it was continuous and smooth [51]. Sluder et al.'s
experimental results also confirmed that higher mass flow rates produce more uniform
fouling [47]. Generally, higher gas velocities result in greater shear forces at the gas-
fouling interface, leading to stronger fouling removal effects [12, 13, 19, 59].
Consequently, the morphological differences caused by flow velocity provide crucial
evidence for understanding fouling removal mechanisms.

Figure 9. Effect of gas flow rate on fouling morphology. (a) Malayeri et al. [44], (b)
Hooman and Malayeri [51].

5.2. Effect of temperature

Multiple studies have demonstrated that the cooler wall temperature
significantly influences fouling morphology. As illustrated in Figure 10, Prabhakar and
Boehman observed that fouling generated at 85 °C was rougher than that formed at
40 °C [28]. Tanaka et al. categorised fouling into distinct types based on formation
temperature: 'soft deposit' at room temperature, 'low-temperature lacquer' at 80 °C,
and 'high-temperature lacquer' at 100 °C, whilst no fouling occurred at 120 °C [18].
Although these two studies employed different morphological characterisation
classifications, both indicated that variations in formation temperature affect fouling
morphology. This consequence likely stems from temperature's strong influence on
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thermophoretic deposition and hydrocarbon condensation processes [12, 60, 61].
Therefore, the morphological differences caused by formation temperature provide
valuable insights into understanding particulate matter deposition and condensation
mechanisms.

Figure 10. Effect of wall temperature on fouling morphology. From Prabhakar and
Boehman [28]

5.3. Effect of exhaust gas components

Fouling consists of particulate matter deposition and vapour condensation from
exhaust gases. Consequently, fouling morphology is significantly influenced by exhaust
composition, which is directly governed by engine operating conditions. Based on this,
researchers have compared the effect of engine load on fouling morphology.
Prabhakar and Boehman compared fouling morphologies under two engine operating
conditions (2150 rpm, 203 Nm and 1400 rpm, 81 Nm), as shown in Figure 11. They
found that fouling under 203 Nm conditions had more numerous and finer pores,
while fouling under 81 Nm conditions had larger but fewer pores [28]. Kuhara et al.
compared fouling morphologies under cold start and hot start conditions. Results
showed that fouling surfaces were smoother under cold start conditions, while hot
start conditions produced fouling surfaces with more irregularities and pores [48].

1400 rpm, 81 Nm

Figure 11. Effect of engine load on the fouling morphology [28]
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Since changes in engine operating conditions involve simultaneous alterations of
multiple key parameters (HC composition and concentration, soot concentration and
size distribution, temperature, flow rate, etc.), it represents a composite external
control variable. This approach makes it challenging to identify the influence of
individual parameters on fouling morphology. Therefore, some researchers have
adopted a single-variable approach to further investigate these issues. Lance et al.
compared fouling morphologies under low and high soot concentration conditions, as
shown in Figure 12 (a). Results indicated that compared to low soot concentrations,
high soot concentrations produced fouling with smaller primary particles and higher
porosity [54]. Li et al. compared the influence of another key parameter - HC
concentration on fouling morphology, as shown in Figure 12 (b). They found that
higher HC concentrations resulted in fewer but larger dendritic structures on the
fouling surface due to enhanced particle agglomeration by the high concentrations of
condensed hydrocarbons [56].

Low soot concentrations High soot concentrations

Figure 12. Effect of components of exhaust gas on the fouling morphology. (a) soot
concentration [54], and (b) Hydrocarbon concentration [56]

This series of experiments exploring the correlation between exhaust
composition and fouling morphology reveals the close relationship between fouling
morphology and its constituent components. The results demonstrate that fouling
morphology is highly correlated with the composition and proportion of particulate
matter and hydrocarbons that constitute the fouling. Specifically, different
compositions and proportions lead to different fouling morphologies. Furthermore,
the introduction of condensed hydrocarbons further complicates this process,
triggering more complex coupling effects. For instance, agglomeration effects caused
by liquid-phase forces can make fouling structures more compact and smoother.
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Therefore, studying the relationship between exhaust composition and fouling
morphology not only helps understand fouling formation mechanisms but also
provides new avenues for quantifying the contribution of each sub-component to
fouling morphology.

In addition to the aforementioned system variables affecting fouling morphology,
differences in cooler structures can also lead to the formation of different fouling
morphologies [43, 52]. This is primarily due to changes in exhaust gas flow patterns
caused by different structures, which simultaneously affect fouling deposition and
removal mechanisms. Moreover, differences in fuel types can lead to changes in
exhaust composition, thereby influencing fouling morphology [50].

This section discusses the influence of key variables on fouling morphology.
Through the above analysis, we further recognise that multiple system variables jointly
affect fouling morphology, as shown in Figure 13. This is because system variables are
the original factors triggering fouling mechanisms. By controlling system variables, we
can alter different types of mechanisms and their intensities, including but not limited
to deposition mechanisms (such as particulate matter deposition and hydrocarbon
deposition), removal mechanisms, and the relative contributions of various sub-
mechanisms. Therefore, an in-depth study of the relationship between system
variables and fouling morphology helps us to comprehensively understand complex
fouling mechanisms.

Figure 13. Overview of system variables affecting EGR coolers fouling morphology
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6. The morphology—property correlation

Table 2 provides a concise summary of the 18 past studies that reported the
relationship between fouling morphology and properties. The properties covered
include density, thermal conductivity/thermal resistance, mechanical properties,
water stability, crushing strength and stiffness, removal /shear stability, thermal
stability, and adhesion force. Here, we categorise these into four groups: density,
thermal properties, mechanical properties, and stability properties, which are
elaborated upon in detail below.

Table 2
Summary of the investigation on the correlation between morphology and property
for exhaust gas recirculation coolers fouling

Fouling morphology )
Reference Year Fouling property
category
. Density;
Lance et al. [62] 2009 Porosity o
Thermal conductivity
Size of pores; Thermal conductivity /
Teng and Barnard . .
(63] 2009 Porosity; thermal resistance;
Layering state Mechanical properties
. Density;
Size of pores; .
Teng and Barnard . Thermal conductivity;
2010 Porosity; . .
[64] ) Mechanical properties;
Layering state .
Water stability
Lance et al. [65] 2010 Not reported Water stability
Connection way of .
Lance et al. [17] 2010 . Density
particulate matters
Density;
. Thermal conductivity;
Lance et al. [66] 2011 Porosity/compactness .
Crushing strength and
stiffness
Abarham et al. . o
(22] 2012 Fragmentation Remove stability
Abarham et al. . o
(23] 2013 Fragmentation Remove stability
Furuhata et al. i .
(30] 2014 Fragmentation Remove stability
Salvi et al. [49] 2014 Compactness Thermal stability
Han et al., [13] 2015 Fragmentation Remove stability
Matsudaira et al. . -
[52] 2017 Fragmentation Remove stability
Lance et al. [54] 2018 Porosity Density
Razmavar and 2019 Compactness Adhesion force
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Malayeri [67]
Porosity;
Size of particulate )

Paz et al. [29] 2021 Density
matter;
Wetness

Cook et al. [55] 2022 Structure of pores Thermal stability
Size and way of

Han et al. [39] 2023 particulate matter Thermal conductivity
connection

Vence et al. [40] 2023 Wetness Density

6.1. Density

The morphology of fouling is closely related to fundamental material properties
such as density, colour, and phase state. Colour and phase state, being both
morphological aspects and basic material properties, have been discussed previously
and will not be elaborated upon here. This section focuses on the correlation between
morphology and density.

Lance et al.'s research indicates that the average density of fouling is
approximately 0.035 g/cm3, with a porosity as high as 98% [62]. In a subsequent studly,
they further discovered that the low density is primarily due to the connection method
between sub-units (particulate matters), which occurs through narrow bridges of only
about 15 nm [17]. Vence et al.'s research found that fouling with more wet
components also has a higher density [40]. Similarly, Lance et al. observed that
hydrocarbon condensation encapsulating particulate matter can form fouling with
fewer pores and greater density [54]. Paz et al. further quantified the density of fouling
formed under different degrees of hydrocarbon condensation, providing a more
comprehensive understanding of the relationship between condensation and fouling
density [29]. Teng and Barnard proposed a three-layer substructure model for fouling,
including a base layer, intermediate layer, and surface layer. The surface layer is highly
porous with low density and thermal conductivity; the base layer has low porosity,
high density, and the best thermal conductivity; the intermediate layer's pore
morphology, density, and thermal conductivity are between the two [64].

Overall, morphological characteristics such as wetness, densification, and sub-
unit connection methods are key factors influencing fouling density. This relationship
between morphology and density not only enhances our understanding of fouling
structure but also provides valuable insights for predicting and controlling fouling
properties in practical applications.

6.2. Thermal property

Thermal conductivity is a core parameter of thermal properties. Lance et al.
determined that the average thermal conductivity of fouling is approximately 0.041

W/(mK), significantly lower than that of metallic materials (e.g., 304 stainless steel at
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14.7 W/(mK)) and closer to that of air (0.025 W/(mK)) and certain insulating materials
(such as glass fibre and R-12 expanded and extruded polystyrene). This is primarily
attributed to the high porosity of fouling [62]. A report by Lance et al. also indicated
that thermal conductivity is mainly controlled by fouling density [66]. Teng and
Barnard further developed a negative correlation curve between thermal conductivity
and porosity based on literature and experimental results, demonstrating that higher
porosity corresponds to lower thermal conductivity [64].

Teng and Barnard proposed a three-layer substructure model of fouling,
suggesting that particle size and deposition patterns influence the morphology of the
deposition layer. The thermal conductivity of the corresponding fouling layers
decreases progressively (thermal resistance increases), from inner layers with micro
pores (< 10 nm) to a randomly-packed intermediate layer with meso pores (10-50 nm),
and finally to a loose surface layer with macro pores (> 50 nm) [63]. Han et al. posit
that in scenarios involving hydrocarbon condensation, the enlargement of particulate
matter within fouling may construct a more robust heat transfer framework, thereby
enhancing overall thermal conductivity [39]. Generally, the morphological
characteristics of fouling, particularly porosity and particle size, directly influence its
thermal conductivity. Moreover, as thermal conductivity is closely related to density
[64], morphological features affecting density also indirectly impact thermal
conductivity.

6.3. Mechanical property

The relationship between the morphology and mechanical properties of the
fouling may lie in their layered structure: the base layer, formed by nanoparticles
through van der Waals forces and interactions with the metal surface, exhibits
relatively high density; the intermediate layer has a moderate density; while the
surface layer, composed of particle clusters connected by mechanical interlock,
features high porosity and low density. This stratified structure highlights the intrinsic
correlation between fouling morphology and mechanical properties [63, 64]. Lance et
al. were the first to report the use of Load-Displacement Curves to characterise the
crushing strength and stiffness of fouling, and they found that the load for Light-Duty
fouling could approach approximately 1 kPa [66]. However, no results of Load-
Displacement Curves for other types or forms of fouling were provided for comparison.

Razmavar and Malayeri discovered that fouling formed on treated coated
surfaces was more porous than that on untreated surfaces, as evidenced by the
surface adhesion of the two types of fouling. The results revealed that the adhesion of
fouling to the substrate stainless steel was approximately three times greater than that
to the coated surface, indicating that fouling on coated surfaces exhibits weaker
adhesion and is consequently easier to remove [67]. This finding elucidates the close
relationship between the compactness of fouling morphology and its adhesiveness.
The results provide valuable insights for developing novel cleaning methods,
potentially mitigating the adverse consequences of fouling.
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6.4. Stability property

Research indicates a strong correlation between the thermal stability of fouling
and its morphology. Cook et al. observed that raw fouling softens at 100°C and melts
at 150°C, whereas an extracted soluble substance remained stable even at 300°C. They
postulated that this enhanced thermal stability might result from the soluble
substance obstructing the fouling's pores, thereby retarding oxidation [55]. Salvi et al.
noted that fouling exhibited fragile dendritic features before high-temperature baking,
but after one baking cycle, it displayed more agglomerated characteristics, with
reduced area ratio, smoother surface, and decreased thickness. A second baking cycle
further reduced the fouling thickness. They attributed this to the collapse of porous
fouling structures due to higher kinetic energy during heating [49]. Thermal stability
typically results from the combined effects of composition and morphology. Although
guantitative studies distinguishing the specific contributions of morphology and
composition to thermal stability are currently lacking, these findings clearly
demonstrate the close relationship between fouling morphology and thermal stability.
The porous structure of fouling influences its thermal stability, while thermal
treatment alters the fouling morphology, creating a cycle of mutual influence.

Moreover, the morphology of fouling can change through hydration [64] or water
immersion and drying [65]. These processes are complex but are generally related to
the susceptibility of the porous fouling structure to collapse under liquid-phase forces
and thermal stresses.

In addition to the aforementioned thermal and water stability, the evaluation of
the remove/shear stability, which reflects the ease of removal of fouling by airflow
shear forces, is also related to the morphology of the fouling. Han et al., in their
conceptual model incorporating three removal mechanisms, pointed out that one
scenario involves fouling being removed through airflow shear forces due to mud-
cracking [13]. Furuhata et al. [30], Matsudaira et al. [52] and Abarham et al. [22, 23]
observed how fouling was progressively removed in areas with a higher degree of
fragmentation, as detailed in Section 4.1. Interestingly, experimental findings by Lance
et al. reported that when fouling is stripped off, the fracture surface is within the
fouling itself rather than at the fouling-metal interface, which may be associated with
the presence of large voids within the layers [66]. Taken together, the degree of surface
fragmentation and the presence of large voids within the fouling may be related to its
stability against shear forces from exhaust airflow.

In conclusion, as shown in Figure 14, fouling morphology significantly affects its
density, thermal, mechanical, and stability properties, which in turn directly determine
cooler performance. For heat exchangers, the thermal conductivity of fouling is crucial
and is primarily dependent on morphological characteristics such as porosity,
wettability, and the scale of the heat transfer skeleton. Additionally, pressure drop,
another critical parameter for evaluating heat exchanger performance, is mainly
influenced by fouling thickness and surface topography. Fouling thickness results from
the interplay between deposition and removal mechanisms, with removal
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effectiveness closely related to surface mechanical properties, which are influenced by
fouling compactness. Despite the complex interrelationships between morphology
and properties, in-depth analysis reveals that fouling morphology may be the more
fundamental factor. It not only affects fouling thickness and surface topography but
also further influences gas flow patterns, ultimately leading to negative consequences
on pressure drop. Therefore, a deep understanding and control of fouling morphology
are crucial for optimising heat exchanger performance.
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Figure 14. Overview of fouling morphology affecting fouling properties in EGR coolers

7. Challenges and opportunities

Throughout the review and analysis of EGR cooler fouling morphology, several
limitations and challenges have been identified, which can serve as directions for
future endeavours:

(1). Organic integration of multi-scale characterisation

Most studies typically focus on only one or two of the four scales (macro, meso,
micro, and nano), with few encompassing all four. This limitation leads to an
incomplete understanding of fouling morphology. However, a comprehensive
and systematic understanding of the subject requires in-depth knowledge of
each level, its sub-units, and their connections. Therefore, organic multi-scale or
even full-scale morphological characterisation is a research direction worth
exploring.

(2).Developing more quantitative morphological categories and indicators

Morphology covers three dimensions: shape, size, and structure, encompassing
a series of characterisation categories, each of which can be realised through
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different characterisation indicators, resulting in considerable depth and rich
hierarchical structure. However, based on the analysis of past literature, we
found that morphological characterisation in most studies remains qualitative,
with quantitative characterisation being relatively rare. This is evident in the
literature, where textual descriptions predominate over precise data
presentation. This status quo not only hinders the dissemination and horizontal
comparison of scientific knowledge but also makes it difficult to clearly and
directly convey characterisation results to peers or readers. Therefore,
developing more quantitative morphological categories and indicators is of great
significance. For instance, some fouling has been confirmed to have fractal
characteristics [64, 68], yet verbal qualitative descriptions of them are often
inadequate. Parameters from fractal science (such as fractal dimension, self-
similarity dimension, etc.) could be employed for quantitative characterisation.

(3). Refining fouling nomenclature and taxonomy based on morphological science

Some disciplines have utilised morphology to complete the classification,
naming, and mapping of research objects, which provides a common
communication framework for the industry, such as [69-72]. However, in the EGR
cooler fouling field, although mechanism-based classification and naming exist,
this classification remains rudimentary. Morphology-based classification has
only been addressed in a few studies and has not yet formed an industry
consensus, remaining largely a blank field. Therefore, drawing on morphological
classification experiences from other fields, establishing typical fouling
morphologies, naming them, and creating atlases will be of significant value for
standardisation in the fouling field.

(4). Refinement of fouling morphology evolution patterns over the full life cycle

Generation, growth, removal, stabilisation, and ageing are typically considered
the complete lifecycle of fouling. Although previous studies have confirmed that
morphology can provide intuitive visual evidence for the generation, growth,
removal, and stabilisation processes of fouling, visual evidence for the ageing
process is still lacking. Moreover, most studies focus on only one or two of these
five classic stages, with varying time scales across different research projects,
which may be short-term, medium-term, or limited to a specific stage. To date,
no study has provided continuous evidence documenting the entire lifecycle
evolution of fouling. Therefore, it is necessary to conduct in-depth research and
enrich our understanding of the morphological evolution patterns of fouling
throughout its entire lifecycle.

8. Conclusion

This comprehensive study on EGR cooler fouling morphology introduces a

systematic overview that encompasses characterisation, spatiotemporal distribution
nature, variable-morphology correlation, morphology-property correlation, and
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challenges and opportunities. The main findings and contributions are as follows:

(1). A characterisation framework for EGR cooler fouling morphology is developed,
facilitating enhanced communication and comparative analysis among studies.

(2). Morphology plays a vital role in revealing the evolution process of fouling,
including its generation and growth, and provides direct and explicit evidence for
understanding fouling deposition and removal mechanisms. Meanwhile, it serves
as a key perspective for understanding the intrinsic relationships between system
variables, fouling, and properties.

(3). Future research on morphology could focus on the integration of multi-scale
characterisation, the refinement of quantitative morphological categories and
indicators, the development of nomenclature and taxonomy, and a
comprehensive understanding of fouling evolution patterns.

This systematic review of EGR cooler fouling morphology deepens understanding
of fouling generation and mitigation mechanisms and provides a crucial framework for
advancing fouling morphology science.
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