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ARTICLE INFO ABSTRACT

Keywords: Exhaust Gas Recirculation (EGR) cooling technology is one of the key technologies of the engine
EGR cooler to meet the Euro 7 emission standard. Nevertheless, the hydrocarbon (HC) condensation in the
Hydrocarbon cooler leads to uncontrolled thermal-hydraulic performance, and the onset temperature of HC
Condensation condensation is still debated, which is one of the obstacles to implementing the Euro 7 standard.

Onset temperature

e : Here, we first established a database of key parameters (carbon number, concentration, and
Sensitivity analysis

pressure); then theoretically calculated the onset temperatures of various condensation types
(wall condensation, heterogeneous nucleation, and homogeneous nucleation), plotted the entire
map and verified its veracity; and finally, elucidated the contribution of each parameter through
sensitivity analysis. The results show that (i) HC species are C12 to C25, from 25 to 1717 ppm
concentrations, and pressures are from 1 to 4 bar. (ii) The map diagrams for the onset temper-
ature of HC condensation have broad applicability and strong practicality. (iii) The temperature
ranges of the onset of wall condensation, heterogeneous nucleation, and homogeneous nucleation
are from 4 to 218 °C, from 1 to 209 °C, and from —6 to 195 °C, respectively. (iv) Carbon number
has the most significant contribution, followed by HC concentration and pressure. The results can
provide a valuable reference for more accurate EGR cooler design and management.

1. Introduction

Exhaust Gas Recirculation (EGR) cooling technology can significantly reduce the combustion temperature in internal combustion
engine cylinders by dilution, thermal, and chemical effects, reducing the nitrogen oxide (NOx) emissions [1-7]. Particularly after the
release of the Euro 4 standard, this technology has been widely used [8]. The Euro 7 standard, planned to be released by the European
Commission before 2027, will further limit the NOx emission level [9], which puts forward the demand for higher standards of EGR
cooling technology.

However, since the EGR cooling technology was proposed in the 1990s, the associated fouling problems have not been really solved
to date, and it causes additional energy and economic losses [10], which is a thorny but unavoidable issue. Fouling may trigger several
unfavorable results: (i) reduction of heat exchange effectiveness [11-16]; (ii) increase of pressure drop [12,17-19]; (iii) complete
failure due to clogging of the cooler [19-21]. Recent studies have shown that HC condensation is one of the principal contributions in
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the generation of fouling, which is manifested in three pathways (interaction with particles, homogeneous nucleation, and interaction
with the fouling) and five effects (filling, removal, chemical, adhesion, and nucleation) [22]. Furthermore, HC condensation can also
enhance briefly the heat transfer performance of the cooler through the released latent heat of phase change [23], several other studies
have similarly confirmed that HC may promote heat transfer in some cases [24-27], but in the long run, this may induce more severe
fouling. Therefore, the condensation of HC significantly affects the thermal-hydraulic performance of the EGR cooler. However, it is
worth warning that all these effects are unintentional; they can change the fluid properties (temperature, flow rate, pressure, etc.) of
the exhaust gas at the outlet of the cooler and can keep them out of the design values, which finally disturbs the temperature and
concentration profiles in the cylinder, triggering harmful combustion and high emissions. Therefore, it is necessary to investigate the
condensation characteristics of HC inside the EGR cooler.

Recently, different studies have identified parameters such as species [13,26], concentration [25,28-30] of HC, and coolant
temperature [13,19,30,31] as the key factors affecting condensation, and have well elucidated their effects on the HC condensation
with considerable progress. However, there are still inconsistent and even conflicting results regarding the onset temperature of HC
condensation in EGR coolers. Table 1 summarizes the 16 previous studies published boundary conditions and critical results. Roughly
speaking, there is a great discrepancy between the results. On one hand, researchers have suggested that the temperature at which HC
can condense until 115 °C [23] or even 160 °C [25] and that homogeneous nucleation and heterogeneous nucleation can also take
place at 85 °C [32]. On the other hand, some researchers have argued that HC condensation does not take place at high temperatures.
Abarham et al. have suggested that in the range from 50 °C to 90 °C, HC lighter than C20 do not condense [33], and there are no HC
species lighter than C22 that can condense above 80 °C [34], while Tanaka et al. suggest that HC do not condense at 80 °C to 120 °C
[35]. All these results are confusing, and the difference in boundary conditions may be one of the reasons as it can make results’
comparison quite difficult. But in any case, the significant difference between the boundary conditions and the results for the onset
temperature of HC condensation in the EGR cooler and the lack of solid robustness of the conclusions is a notable point of debate.

Under the constraints of Euro 7 standards, EGR coolers with lower temperatures and broader operating domains are one of the
feasible paths [41,42]. However, the potential negative consequences accompanying HC condensation need to be avoided. Therefore,
it is necessary to find the appropriate temperature operating region under these constraints. As the condensation onset temperature is

Table 1
Summary of previous key results regarding HC condensation onset temperature in EGR cooler.
Reference Year Method" Pressure HC concentration ~ Key result Is map
(bar) (ppm) applicable?
Sluder et al. 2008  Experiment - 416~618 HC as light as C15 condenses in a cooling tube at 40 °C Yes
[36]
Abarham et al. 2009  Theory - 259 HC less than C20 do not condense in the range from Yes
[33] 50 °C~90 °C
Bika et al. [37] 2012  Experiment  — 250 Significant nucleation at 40 °C and below Yes
Warey et al. 2012  Theory 1.5 2~10 C15 hardly condenses at a cooling temperature of 35 °C Yes
[38]
Abarham et al. 2013  Theory 1.25 <100 No HC species lighter than docosane can condense above 80 °C ~ No
[34]
Warey et al. 2013  Experiment - 250 Increased condensation nucleation detected at 40 °C Yes
[39]
Warey et al. 2013  Theory - 42/250 HC species lighter than n-tetradecane are unlikely to condense ~ Yes
[39]
Tanaka et al. 2016  Theory 1.01 6000~7000 The calculated condensation temperature was approximately No
[35] 50 °C, which means that the gas-phase hydrocarbons do not

condense in the temperature range of 80~120 °C, where the LT
and HT lacquers are formed
Paz et al. [40] 2019  Theory - 1030~1100 The dew temperature of eicosane (96.5 °C) is high enough to No
ensure condensation throughout the test in the outlet region,
which is in line with the study of Warey et al. [39]

Razmavar and 2019 Experiment 1.01 100 Eicosane condenses at 90 °C Yes
Malayeri
[23]
Razmavar and 2019  Theory 1.01 100 Eicosane begins to condense at temperatures close to 115 °C Yes
Malayeri
[23]
Galindo et al. 2020 Experiment - - Atomization, i.e., nucleation, below 50 °C Yes
[41]
Paz et al. [29] 2021  Theory - 578~1265 The dew points of C;6Hsz4 at 851 ppm and 1265 ppm are No
52.0 °C and 60.1 °C, respectively
Zhangetal. [31] 2021 Experiment  — - HC nucleation was more pronounced at 75 °C than at 85 °C Yes
Lietal. [32] 2022  Experiment - 200/450/850 HC heterogeneous nucleation and homogeneous nucleation Yes
both exist at 85 °C
Han et al. [25] 2023 Experiment 1.08 359/411/590 Condensation of HC in the cooler is almost inhibited at Yes

temperatures above 160 °C

Note: ’-’ is not specified; */” is used to separate multi-values.
2 : This method classification pertains to the acquisition of HC condensation onset temperature results, not the acquisition of metadata (pressure, carbon number, HC
concentration).
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the criterion to distinguish whether condensation occurs, it is a key parameter for developing the EGR cooler operation strategy. The
onset temperatures of HC condensation in the EGR cooler are highly heterogeneous and even contradictory, this work aims to sys-
tematically construct a map of the onset temperatures of HC condensation over the entire operating range of the EGR cooler, which is
required to have a wide range of adaptability and practicality. Specifically, this work will address the following sub-problems.

(i) What are the types of HC condensation and their discriminatory conditions?
(i) What are the main influencing parameters and their distribution range?
(iii) What is the onset temperature of HC condensation?
(iv) What is the contribution of the influencing parameters?

Lastly, based on the study’s results, a brief discussion is presented from the perspective of the onset temperature of HC condensation
in the context of the new requirements of the upcoming Euro 7 standard. In conclusion, this study analyzes the global distribution of
onset temperature of HC condensation for the EGR cooler and will provide new insights into the design and management of EGR
coolers.

2. Methodology

2.1. Type of condensation and its determination criteria

Some studies have shown that condensation of exhaust gases typically occurs in two categories: surface condensation and bulk gas
condensation [39]. Based on this, a previous work summarized in detail the three pathways of condensation in exhaust gases, namely
interaction with particles, homogeneous nucleation, and interaction with the fouling [22]. Among them, the interaction with particles
includes two sub pathways: (i) heterogeneous nucleation of gas-phase HC and tiny particles and (ii) condensation of gas-phase HC on
the surface of particulate matter.

The saturation ratio is often used to determine whether or to what extent condensation occurs, and the saturation ratio (SR) is
defined as the ratio of the partial pressure (P,) of substance to the saturated vapor pressure (P,;) of the same substance at a given
temperature [43]:

P,

SR=
P (T)

@

For a given HC species, partial pressure is a function of total pressure and concentration, and saturated vapor pressure is a function
of temperature. Thus, the main parameters are therefore the HC species, concentration, and total pressure. The HC species, concen-
tration, and total pressure were obtained through literature review and saturated vapor pressure are provided by. Aspen Plus® V14
provided It should be noted that only n-alkanes were considered for the HC species. To construct a broad spectrum profile of the onset
temperature of HC condensation, considering as many scenarios as possible across the full operating range of the EGR cooler, this work
conducted an widespread literature review to create a metadata database of the key influencing factors, with publications from sources
including, but not limited to Scope, SAE, Heat Exchanger Fouling & Cleaning Conference Series [10], within the time frame from 1995
to 2024.

Theoretically, due to the cooling wall having sufficient cold and condensation sites, surface condensation at the wall can occur
when the saturation ratio of HC vapors at the interface is equal to 1, whereas the other modes usually require higher saturation ratios to
appear. For gas-phase HC condensation on the surface of particulate matter, we are not aware of any relevant studies investigating
their saturation ratios, and due to the lack of referable data, this condensation mode is not currently considered in this paper.
Considering both nucleation modes, heterogeneous nucleation is more likely to occur due to the presence of nuclei that can reduce
meaningfully the minimum Gibbs free energy required for HC vapor condensation nucleation as compared to homogeneous nucle-
ation. However, the saturation ratio for heterogeneous nucleation is not a fixed value. It is usually affected by many factors such as
material, concentration, size, and shape of the particles, and the distribution is in the range from 1.3 to 2.2 [44-47]. In this paper, it is
assumed that heterogeneous nucleation occurs when the saturation ratio is 1.5. Whereas homogeneous nucleation does not occur
easily, and it requires saturation ratios up to 3 to 4 before it occurs [48], it is assumed in this paper that it occurs when the saturation
ratio is 3. Therefore, in this paper, saturation ratios 1, 1.5, and 3 are chosen as the criteria for wall condensation, heterogeneous
nucleation, and homogeneous nucleation.

It is worth stating that there are several key assumptions in this work: (i) This paper assumes that all HC in the exhaust gas are n-
alkanes and does not consider iso-alkanes and HC derivatives, which are also present in the exhaust gas and do not have the same
condensation characteristics as n-alkanes, with the onset temperature of HC condensation usually being slightly higher at same carbon
number. (ii) This paper does not consider the actual flow conditions in the EGR cooler, which are very complex due to the presence of
fins or helical ripples, and the concentration and partial pressure of HC may be highly inhomogeneous, which may also cause the actual
onset temperature of HC condensation to deviate from the map. (iii) The saturation ratios of the three condensation types are theo-
retical values. In practice, the nature of the wall surface (roughness, hydrophilicity, material, etc.), the nature of the central nucleus
(size, shape, material, etc.), and the nature of other gases (non-condensable gases) all affect HC condensation, and these interactions
are very complex. Therefore, the actual onset temperature of HC condensation may differ from the map diagram, and the magnitude of
this uncertainty needs to be analyzed on a case-by-case basis for further study.
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2.2. Sensitivity analysis

A sensitivity analysis was conducted to elucidate the contribution of the influencing factors on the onset temperature of the HC
condensation. The analysis method is the variance method of global sensitivity analysis, which can both qualitatively resolve the
sequence of influence degrees of the parameters and quantify the value of the contribution rate [49-51].

The influencing factors studied in this paper consist of three parameters, i.e., carbon number, concentration, and total pressure, as
shown in Table 2. The range of values for each factor is derived from the survey results in Section 3.1, and the values of the four levels
are equally distributed.

Orthogonal design can effectively reduce the number of calculations by uniformly combining different levels of different factors.
Table 3 shows the orthogonal design and the corresponding level configurations in this study, with 16 combinations L16(4%), where the
number of occurrences of each level in the orthogonal experimental design is consistent.

Egs. (2)-(4) allow for the calculation of the degree of influence of the parameter. The larger the sum of squares of the total deviation
S, the more significant the impact of the parameter.

S—Z(Yi—Y)z—Zy?—%<Zyi> @

Where n is the number of rows in the orthogonal table, and y is the mean.

m

S=> (k-y?° 3)

i=1

Where m is the number of levels of the factor, which is 4 in this study, and k; is the mean of the factor at the corresponding level.
The contribution p of factor j is:

S
p=g %) @

3. Results and discussion

3.1. The distribution range of core parameters

Fig. 1 shows the carbon number distribution of HC condensed in EGR coolers from 10 studies. The large balls at the endpoints
represent the upper and lower extremes of the carbon number, and the small balls are intermediate values, which were also detected or
used in the corresponding papers. Overall, the distribution of carbon numbers of spans from C12 to C25. Of these, only Sluder et al.
[36] measured the carbon number of HC condensates in cooling tubes using gas-chromatography-mass spectrometry (GC-MS), which
showed a carbon number of C15 to C25, with peak concentrations occurring near C19 and C20; none of the other studies tested the
carbon number, but assumed a specific value of carbon number as a proxy for HC. based on these considerations, C12, C16, C20, and
C24 have been chosen as the representative carbon numbers to balance the need for sufficiently broad coverage and moderate gradient
settings in the sensitivity analysis.

Fig. 2 shows the concentration distribution of HC in the EGR cooler, from 21 studies. Although the concentrations used in those
studies differ, they are mainly distributed in two intervals: from 25 to 1717 ppm and from 3500 to 8900 ppm. The second range is not
typical of engine exhaust gases and is outside the range of regular EGR operation. Those concentrations are purposely constructed as
ultra-high concentrations to accelerate fouling [18] and to simulate the regeneration of diesel particulate filter (DPF) [35,53-55].
Therefore, the concentration distribution of HC in the EGR cooler ranges from 25 to 1717 ppm, which is the data band used for
subsequent calculations.

Fig. 3 shows pressure distributions inside the EGR cooler, from 13 studies where both high-pressure and low-pressure stage EGRs
were considered. The results show that the pressures in most studies are between 1 and 2 bar, while the high-pressure EGR often
reaches 4 bar due to transient changes in operating conditions [42]. Therefore, the distribution of pressures in the EGR cooler is in the
range from 1 to 4 bar, based on which the representative values of pressures chosen for the subsequent calculations in this paper are 1,
2, 3, and 4 bar, respectively.

3.2. Saturation ratio distribution map

According to Eq. (1), distribution maps of saturation ratios can be obtained for different core parameters (carbon number, con-
centration and pressure) at different temperatures. Fig. 4 (a) to (d) shows the distribution of the saturation ratio of C12 with

Table 2
Influencing factors and level design.
Level Carbon number Concentration (ppm) Pressure (bar)
@@ 12 25 1
(ii) 16 589 2
(iii) 20 1153 3
(@iv) 24 1717 4
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Table 3
The orthogonal array of L16(4%).
Program Carbon number Concentration (ppm) Pressure (bar)
) 12 25 1
@ 12 589 2
® 12 1153 3
@ 12 1717 4
® 16 25 2
® 16 589 1
@ 16 1153 4
16 1717 3
® 20 25 3
20 589 4
@ 20 1153 1
®@ 20 1717 2
® 24 25 4
24 589 3
® 24 1153 2
24 1717 1
12 24

Vence et al.(2023)

Paz et al.(2021)

et al.(2019) qQ

Paz et al.(2019) Q

Abarham et al.(2013) q

Reference

Warey et al.(2013) o

Bika et al.(2012) q

Warey et al.(2012) s

Abarham et al.(2009) 9

Sluder et al.(2008)
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Carbon number

Fig. 1. Carbon number distribution database of HC condensation in EGR cooler (Reference: Sluder et al. (2008) [36]; Abarham et al. (2009) [33]; Warey et al. (2012)
[38]; Bika et al. (2012) [37]; Warey et al. (2013) [39]; Abarham et al. (2013) [34]; Paz et al. (2019) [40]; Razmavar et al. (2019) [23]; Paz et al. (2021) [29]; Vence
et al. (2023) [52]).
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Fig. 2. HC concentration distribution database in EGR cooler (Reference: Sluder et al. (2008) [36]; Abarham et al. (2009) [33]; Bika et al. (2012) [37]; Warey et al.
(2013) [39]; Abarham et al. (2013) [34]; Bravo et al. (2013) [56]; Sluder et al. (2014) [57]; Bravo et al. (2016) [58]; Tanaka et al. (2016) [35]; Yoo et al. (2016) [18];
Bravo et al. (2018) [19]; Lance et al. (2018) [30]; Sakaida et al. (2019) [53]; Tanaka et al. (2020) [54]; Paz et al. (2021) [29]; Li et al. (2022) [32]; Kinoshita et al.
(2023) [55]; Vence et al. (2023) [52]; Han et al. (2023) [25]; Yao et al. (2023) [59]).
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Fig. 3. Pressure distribution database in EGR cooler (Reference: McKinley et al. (1997) [60]; Warey et al. (2012) [38]; Salvi et al. (2013) [61]; Prabhakar and
Boehman (2013) [27]; Abarham et al. (2013) [34]; Li et al. (2014) [62]; Hoseiniet al. (2016) [63]; Razmavar and Malayeri (2016) [64]; Paz et al. (2019) [40]; Luja’n
et al. (2019) [42]; Razmavar and Malayeri (2019) [23]; Razmavar et al. (2021) [12]; Han et al. (2023) [25]).
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Fig. 4. Saturation ratio distribution map of C12. (a) 1 bar, (b) 2 bar, (c) 3 bar, (d) 4 bar.

temperature and HC concentration at different pressures. The macroscopic distribution of saturation ratios can be divided into three
regions: a pure blue region with saturation ratios less than 1, the color gradient region with saturation ratios from 1 to 5, and a gray
region with saturation ratios greater than 5. The white arrows in the figure indicate the direction of saturation ratio increase. It can
increase with decreasing temperature and increasing HC concentration, which is the direction of HC condensation enhancement. In
addition, with the rise of pressure, the color gradient and gray areas move towards the blue area. For example, the white demarcation
line at a saturation ratio of 1, this line keeps moving in the direction of higher temperatures and lower HC concentrations as the
pressure increases, i.e., in the opposite direction of the white arrows, meaning that HC can achieve equivalent saturation ratios at
higher pressures, i.e., equal condensation, at higher temperatures or lower HC concentrations.

The saturation ratios of the HC for the other representative carbon numbers follow the same patterns, as shown in Figs. 5-7. A
comparison of the saturation ratio distributions for the different carbon numbers reveals that for the same HC concentrations and
pressures, the line with saturation ratios from 1 to 5 moves to a higher temperature region as the number of carbons increases as
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Fig. 5. Saturation ratio distribution map of C16. (a) 1 bar, (b) 2 bar, (c) 3 bar, (d) 4 bar.

expected. Also, using the white line as an example, the line with a saturation ratio of 1 moves to a higher temperature and lower HC
concentration region as the carbon number increases, indicating that more carbon numbers (longer carbon chains) can achieve
equivalent saturation ratios, i.e., equal degrees of condensation, at higher temperatures and lower HC concentrations.

3.3. Onset temperature distribution map
The transformation from Eq. (1) leads to Eq. (5) as follows:

P,

Psat(T) = ﬁ (5)

The partial pressure P, is a function of the total pressure and HC concentration, while the saturation ratio SR can be used to
discriminate the condensation temperatures onset for wall condensation, heterogeneous nucleation, and homogeneous nucleation at
SR of 1, 1.5, and 3, respectively, according to the results of the analysis in Section 2.1; and P, is a function of the carbon number and
the temperature; in other words, by setting SR to 1, 1.5 and 3, the distribution of the condensation temperatures onset for the three
condensation modes can be obtained under different conditions of total pressure, HC concentration and carbon number.

Figs. 8-10 show the distribution of onset temperatures for wall condensation, heterogeneous nucleation, and homogeneous
nucleation, respectively. For the full range of boundary conditions with carbon numbers from 12 to 24, concentrations from 25 to 1717
ppm, and pressures from 1 to 4 bar, Fig. 8 shows that the onset temperatures for wall condensation range from 4 to 218 °C, Fig. 9 shows
that the onset temperatures for heterogeneous nucleation range from 1 to 209 °C. Finally, Fig. 10 shows that the onset temperatures for
homogeneous nucleation range from —6 to 195 °C (areas below 0 °C are not shown to standardize the vertical scale for comparison).

First, we scrutinized the consistency of the results of the map and past studies to verify the plausibility of the map. The results are
shown in the last column of Table 1. Although the boundary conditions of some studies are incomplete and half of them are missing
pressure values, assuming that their pressure distributions are in the innermost 1.0 to 2.0 interval, the results show that most of the
results of the studies match with the map. The map graphs support that the same results are obtained under the same boundary
conditions, and in particular, the results obtained by experimental methods and the results of the map are a perfect match. This map is
not currently applicable to the four studies, which may be due to the differences in the used Antoine coefficients in the studies that have
been revised over time [65-68]. Overall, the map has a high degree of confidence and organically unifies the relatively scattered and
incompatible results of past studies, providing a global view of the onset temperature distribution over the entire operating range of the
EGR cooler for different condensing modes while also obtaining specific values when specific boundary conditions are applied.
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Fig. 6. Saturation ratio distribution map of C20. (a) 1 bar, (b) 2 bar, (c) 3 bar, (d) 4 bar.

Figs. 8-10 also show that the macroscopic trends in the effects of the parameter influences (carbon number, concentration,
pressure) are similar on the onset temperatures of the three condensation methods, with the three red arrows at the top indicating the
directionality of the effects. e.g. for wall condensation in Fig. 8, the onset temperatures of condensation for C12, C16, C20, and C24 are
18°C, 68 °C, 110 °C, and 143 °C, respectively, for HC concentrations of 100 ppm, and pressures of 1 bar, as indicated by the red star in
the figure. The onset temperatures of C24 at 100 ppm, 500 ppm, 900 ppm and 1300 ppm HC in 1 bar are 143 °C, 168 °C, 178 °C and
185 °C, respectively, as indicated by the red crosses. When C24 concentration reaches 100 ppm, the onset temperatures at 1 bar, 2 bar,
3 bar, and 4 bar are 143 °C, 153 °C, 159 °C, and 164 °C, respectively, as shown by the red triangles in figure. As the carbon number N
increases, the HC concentration C increases, and the pressure P increases, the onset temperature of condensation increases for all three
types.

More importantly, the cooling temperature of 90 °C is a reference line for the cooler during regular operation. For C12, the onset
temperature for all three condensation methods are less than 90 °C, which means that no C12 condensation occurs in the cooler; for
C16, the portion of the cooler above the 90 °C reference line has higher onset temperature, which implies that C16 condenses under
these boundary conditions, while the portion below the 90 °C reference line does not. Similarly, for C20, both wall condensation and
heterogeneous nucleation occur, and homogeneous nucleation occurs only at low HC concentrations (from 25 to 50 ppm) and low
pressures (from 1 to 2 bar), and for C24, all three modes of condensation occur. The onset temperatures of all three are much higher
than those for C24. Even at HC concentrations as low as 25 ppm, the onset temperature for all three types of condensation is well above
90 °C.

3.4. Sensitivity analysis

Based on the orthogonal design of Table 3, the onset temperature corresponding to the three HC condensation methods is calculated
separately, and the results are shown in Table 4.

Tables 5, 6 and 7 shows the results of the analysis of variance (ANOVA) for the three different condensation methods, df refers to the
degree of freedom, and F refers to the F statistic. Results shows that the order of influence of the parameters on the condensation point
temperature is carbon number > concentration > pressure. The Prob value is less than the set significance level of 0.05, which re-
confirms that carbon number, concentration, and pressure significantly affect the onset temperature.

Fig. 11 shows the contribution of carbon number, HC concentration, and pressure to the onset temperature for the three
condensation methods. Carbon number has the most significant contribution, followed by HC concentration and pressure. More
specifically, the contributions of carbon number were 0.78, 0.79, and 0.82 for wall condensation, heterogeneous nucleation, and
homogeneous nucleation, respectively; HC concentration was 0.20, 0.19, and 0.17 for wall condensation, heterogeneous nucleation,
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Fig. 8. Onset temperature distribution map of HC wall condensation.

and homogeneous nucleation, respectively; and pressure was 0.02, 0.02, and 0.01 for wall condensation, heterogeneous nucleation,
and homogeneous nucleation, respectively. It can be seen that, the contribution rate of the three parameters is at the same level in all
three condensation modes.

3.5. Discussion

EGR coolers are optimized for broader operating ranges, faster response times, more precise fluid properties (temperature, flow
rate, pressure, etc.), higher thermal efficiency, lower pressure drop, and better fouling resistance. The Euro 7 standard, which is to be
implemented, emphasizes the need for a wider operating range and more precise fluid control, which is strongly dependent on the
interaction of the exhaust gases and the cooler, in particular the occurrence and intensity of HC condensation. The latter highly
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Table 4
Results of the orthogonal array of L16(4°).
Program Carbon number Concentration (ppm) Pressure (bar) Onset temperature (°C)
Wall condensation Heterogeneous nucleation Homogeneous nucleation

® 12 25 1 3.6 -0.7 —6.7
@ 12 589 2 49.8 44.2 34.8
® 12 1153 3 66.9 60.2 49.7
@ 12 1717 4 78.7 71.5 60.1
® 16 589 1 91.6 85.6 76.1
® 16 25 2 59.2 54.5 46.9
@ 16 1717 3 128.4 120.9 108.7
16 1153 4 126.3 118.8 106.8
® 20 1153 1 146.2 139.6 128.4
20 1717 2 166.3 158.6 146.1
@ 20 25 3 105.5 100.3 91.9
®@ 20 589 4 159.1 151.7 139.6
® 24 1717 1 189.7 182.1 169.9
24 1153 2 195.3 187.5 174.8
® 24 589 3 190.1 182.4 170.4
24 25 4 142.8 137.3 128.0
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Table 5
The ANOVA for the onset temperature of wall condensation.

Results of ANOVA under wall condensation

Source df S Mean S F Prob > F

Carbon number 3 37607.8 12535.9 747.16 0

Concentration 3 9686.4 3228.8 198.31 0

Pressure 3 804.2 268.1 15.98 0.0029
Table 6

The ANOVA for the onset temperature of heterogeneous nucleation.

Results of ANOVA under wall condensation

Source df S Mean S F Prob > F

Carbon number 3 36935 12311.7 863.08 0

Concentration 3 8848.1 2949.4 206.76 0

Pressure 3 738 246 17.25 0.0018
Table 7

The ANOVA for the onset temperature of homogeneous nucleation.

Results of ANOVA under wall condensation

Source df S Mean S F Prob > F
Carbon number 3 35662.4 11887.5 919.62 0
Concentration 3 7650.3 2550.1 197.28 0
Pressure 3 626.6 208.9 16.16 0.0038

Carbon number|
1.24 Concentration

Pressure

084 0.78 0.79

0.6

Contribution p

041
024 0.20 0.19 0.17

0.02 0.02 0.01
0.0 T T T

Wall condensation Heterogenic nucleation Homogeneous nucleation

Condensation type

Fig. 11. Contribution of each factor for HC condensation onset temperature.

influences the thermodynamic and kinetic parameters of the exhaust gases at the outlet of the cooler, and which are visualized by the
maps mentioned above of the saturation ratios and the condensation onset temperatures.

Based on the results of the onset temperature map and sensitivity analysis, if optimized with the dual objective of further reducing
the exhaust gas outlet temperature and avoiding HC condensation, the decisive factor is the carbon number, especially the HC with
long carbon chains (>C20), which is possible to achieve if it is possible to inhibit their presence and/or to keep the HC concentration
within a specific range. Suppose a broader range of EGR operation and condensation avoidance is optimized as a dual objective. In that
case, the more comprehensive range here mainly refers to expanding the application of EGR technology to the start-up phase or low-
temperature scenarios, a significant trade-off problem. However, the potential for expansion into the low temperature region is still
substantial if the long carbon chain HC can be cut out. If optimizing for a higher EGR rate and avoiding HC condensation is the dual
objective, increasing the exhaust gas pressure may be feasible, and its effect on the onset temperature is minimal, and a slight tem-
perature gain is acceptable. The development of the EGR cooler operation strategy is a systematic project, which needs to be a trade off
between the power performance and the emission properties and the synergistic matching of the exhaust system, supercharger, and
intake system; the feasibility of the above proposal needs further verification.

Based on the above analysis, practical implications for engine system design are minimize engine-out HC levels, minimize soot
concentration. An oxidation catalyst between the engine and the cooler might reduce HC levels and therefore fouling. In some
operating conditions, even a small reduction in HC concentration can have a large effect on condensation amount.
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4. Conclusion

Under the conditions of the influencing parameters being HC species C12 to C25, concentration from 25 to 1717 ppm, and pressure
from 1 to 4 bar, the present work systematically dissects the distribution of HC condensation onset temperatures in the EGR cooler, and
the following conclusions can be drawn.

(i) The HC condensation onset temperature maps have broad applicability and strong practicality, considering both macroscopic
qualitative and microscopic quantitative properties.

(ii) HC condensation onset temperature can exceed 200 °C of temperature difference depending on the working conditions, with the
most extreme low and high temperatures being —6 °C and 218 °C, respectively.

(iii) This HC condensation onset temperature map still has some limitations, and future enhancements could be considered in terms
of a more accurate saturation ratio criterion, a richer set of HC species (HC compounds other than n-alkanes), and more realistic
interactions internal the system, including those with particulate matter, other non-condensable gases, and the cooler.

(iv) To avoid HC condensation in the EGR cooler, it is essential to primarily control hydrocarbons with long carbon chains, espe-
cially those above C20.
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