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ABSTRACT

Increased diesel vehicle use and growing concerns about the health and environmental
effects of exhaust gas pollutants lead to a greater attention upon the reduction of vehicle
emissions. The development of driving patterns and vehicle technologies lead to lower
average exhaust gas temperatures. This can limit the diesel aftertreatment system’s ability to
meet increasingly stringent emissions legislation. A thermally efficient aftertreatment system
can be produced through advanced and novel catalyst designs. The research work presented
in this thesis investigates diesel oxidation catalyst (DOC) and exhaust gas properties that can
enhance aftertreatment performance at low temperatures.

Firstly, an advanced two-catalyst configuration is designed that widens the aftertreatment
system operating temperature window. Catalyst cell density, wall thickness and material
choices were optimised using theoretical equations, modelling tools and an experimental
approach.

Secondly, strategies were developed to assist the aftertreatment low-temperature activity
through the understanding of exhaust species interactions (inhibition and promotion) within
the catalyst. This was achieved by varying the exhaust composition at the catalyst inlet, using
alternative fuels and combustion modes.

Finally, a catalyst component combining a filtration/oxidation function (partial-flow filter)
was found to promote particulate removal while reducing the need for diesel particulate filter

active regeneration.
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1. INTRODUCTION

1.1. BACKGROUND: DIESEL ENGINE AND EMISSIONS

1.1.1. Diesel Engines

Diesel engines now represent on average over 50% of the new car registrations (passenger
and commercial vehicles) for 15 countries of the European Union (Figure 1-1), based on the
data from the European Automobile Manufacturer's Association (EAMA, 2013), and its share
of the world market is still increasing, according to a press release from Bosch Mobility
Solutions (2013). This is mainly due to the lower fuel consumption and higher robustness of
the diesel engines, as well as the introduction of new advanced technologies that improve the

engine performance and emissions.
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Figure 1-1. Average diesel penetration in 15 countries of Europe (top graph) and by country

(bottom graph) in percent of share of new cars registered



With this increase in the number of diesel vehicles on the roads comes the question of the
effect of their exhaust emissions on human health and the environment and how to efficiently

reduce these emissions.

1.1.2. Exhaust Emissions Formation and Effect on Human Health and the

Environment

In 2012, the International Agency for Research on Cancer (IARC) changed the
classification of diesel engine exhaust gas from possibly carcinogenic to human (Group 2A)
in 1988 to carcinogenic to human (Group 1). The products of the incomplete combustion in a
diesel engine are released as exhaust gases, composed of gaseous and solid components, that
can affect to a significant extent the environment and is toxic to the human beings exposed to
them.

Carbon monoxide (CO) and total hydrocarbons (THCs) are the products of incomplete
combustion due to a local lack of oxygen (under mixing) or excessive oxygen (over mixing)
in the combustion chamber. THCs can also be the product of the fuel spray impacting and
condensing on cold cylinder walls or the flame quenching, resulting in unburned fuel. These
events can especially happen during cold starts and at low loads when the engine temperature
remains limited. Moreover, at cold start, more fuel can be injected to compensate for these
losses in spraying and wall wetting. These higher fuel-air ratios and localised rich conditions
can also increase engine-out CO and THC emissions.

Other gaseous pollutants present in the diesel exhaust gas are the nitrogen oxides (NOy),
composed in majority of nitrogen oxide (NO) but also nitrogen dioxide (NO;) and nitrous
oxide (N,O). NO is formed mostly from the reaction of the oxygen and nitrogen composing
the intake charge air through various reactions such as the one defined by Zeldovich (1946).

It can also be formed from nitrogen-containing compounds in the fuel but this reaction



accounts for a smaller portion of NO. The formation of NO is governed by some combustion
properties such as high flame temperature, local oxygen concentration and residence time
(flame speed). Sudden accelerations in the driving pattern could, for example, increase the
quantity of NO produced. NO, is formed from the reaction of NO with oxygen. This reaction
is especially promoted by hydroperoxyl (HO;) from unburned fuel reacting with oxygen at
low temperature (Hori et al., 1992). NO, formation requires specific conditions to take place
(low equivalence ratio, lower combustion temperature) that limit NO, reduction back to NO
(Pipho et al., 1991). N,O, formed through the reaction of oxygen atoms with N, at
sufficiently high pressure, accounts for only a small fraction of the total NOy concentration
produced by a diesel engine.

Finally, diesel engines have been especially recognised for their production of significant
quantities of particulate matter (PM). PM is composed of two phases: gaseous compounds
(which include volatile hydrocarbons) and solid compounds (soot) formed of an
agglomeration of primary particles. These primary particles are produced in the combustion
chamber, in the fuel-rich zone of the spray core. Their production is especially promoted by
incomplete combustion from low chamber temperature. Depending on the diameter (d) of the
particulates, they are classified between nanoparticles (d < 50 nm), ultrafine particles (d <

100 nm), fine particles (d < 2.5 um) and PM10 (d < 10um).

It can be noticed that cold engine operating conditions and low loads are important factors
that can increase the quantity of pollutants produced during the combustion event and
released to the atmosphere through the vehicle exhaust system. Moreover, these operating
conditions are the ones usually encountered in urban environment when low vehicle speed,
stop/start, acceleration and idle phases are frequent (Windeatt et al., 2012). It is also in these
urban environments that humans are more exposed to vehicle exhaust gases and their

detrimental effect on health (Table 1-1 and Figure 1-2).



Table 1-1. Health and environmental effects of the main components of diesel exhaust gas,

adapted from Carel (1998), Hawley et al. (1998) and Sher (1998)

Pollutant Health Effect Environmental Effect
CO Affects oxygen supply to tissues
and cells by reducing haemoglobin
oxygen-carrying capacity when
binding with it (higher affinity
than oxygen).

THCs Promotes the formation of Reaction with ultraviolet radiation
photochemical smog that can produces photochemical smog.
affect the respiratory system. Greenhouse gas (methane).

NOy Promotes the formation of Initiates photochemical smog.
p?; tcz[ctl}llemlcal. srtnog thatt can Acid rain from the reaction with
atlect the respiratory system. sulphur dioxide (SO,) producing strong
Irritation within the respiratory acid soluble in water.
system. Destroys ozone in stratosphere.
PM Deposition in the respiratory Soot deposition on buildings.

system

Smaller particulates are especially
considered dangerous (penetrate
deeper, more easily embedded,
higher surface area to carry
potentially carcinogenic
chemicals) (Figure 1-2).

Reduces atmospheric visibility.

Black carbon particles can contribute to
global warming.
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Figure 1-2. Relation between the particulate size and their deposition rate and location in the

human body, fitted with a typical particulate size distribution from the engine used in this
study (red), adapted from Geiser & Kreyling (2010)

To reduce these emissions and their effects on human health and the environment, the
legal limits in the concentration of pollutants allowed to be emitted by a vehicle are
continuously reducing worldwide (Delphi Emission Handbook, 2014). These limits impose

the implementation of aftertreatment components in the exhaust system to promote the
removal of pollutants before release to the atmosphere.

1.1.3. Pollutants Removal in Diesel Exhaust System

Since the submission of the first patent for a catalytic converter in 1956 by Houdry,
exhaust aftertreatment components have been undergoing a dazzling evolution, promoted by
ever tightening emission legislation. Figure 1-3 shows that before 1970, the interest in
catalytic converters for automotive applications remained limited, based on the number of

publications in the literature. It only started to increase from 1973, the date of the first



production catalytic converter, and was promoted by the new emission legislation in
California in 1975 with the introduction of the FTP-75 (Federal Test Procedure) cycle. In the
1980s, efforts were taken to reduce the concentration of lead (used as an octane booster in
gasoline) which poisoned the catalysts, enabling further aftertreatment development. The
arrival of the first phase of emission legislation in Europe (Euro 1) and in the United States
(Tier 1) in 1992 and 1994, respectively, greatly promoted the development of catalytic
converters and from then, the number of publications on this subject has significantly

increased.

Figure 1-3. Yearly published items containing the term “catalytic converter” from 1957 to

2014, produced from Web of Science (2014)

The catalytic converter is composed of three main constituents: the substrate, the washcoat
and the catalytic component (Heck et al., 2009).

The substrate supports and provides a surface area for the coated material. The most
commonly used substrate shape is the cylindrical honeycomb monolith, composed of
channels running along the length of the component onto which the catalytic material can be

coated. In the case of filter components used for the removal of particulates, the substrate can



be made of a more porous material, onto which the particulates can accumulate. In that case,
the substrate is composed of alternatively plugged channels at the entrance and at the exit of
the substrate that will force the exhaust gas to flow-through the walls in order to exit the
component.

The washcoat is used to increase the surface area onto which the catalytic component is
coated, while assuring the durability and thermal stability of the catalyst by limiting potential
sintering. It can also promote the activity and selectivity of the catalyst by interacting with the
coated catalytic material and assuring specific functions (oxygen carrier, hydrocarbon trap).
The washcoat can be composed of one or more chemical components, such as aluminium
oxide (Al,Os3), titanium dioxide (TiO,), silicon dioxide (SiO,), cerium dioxide (CeO,),
zeolites, coated onto the walls of the substrate channels.

The catalytic component is responsible for reducing the temperature required for a
reaction to take place. Different groups of materials can be found in automotive catalysts:
precious metals (such as platinum (Pt), palladium (Pd), rhodium (Rh), iridium (Ir) and
ruthenium (Ru)) or base metals (iron (Fe), cobalt (Co), nickel (Ni), silver (Ag) and copper
(Cu)). The choice of catalytic components depends on the nature of the reaction that needs
promoting (oxidation or reduction), as different catalytic converters are used for the removal

of specific exhaust pollutants.

Diesel Oxidation Catalyst (DOC)

The DOC is used to oxidise hydrocarbons (HC) and CO. It can also promote the oxidation
of NO to NO; to enhance soot oxidation at lower temperature in the downstream particulate
filter (Schejbal et al., 2010) or assist the selective catalytic reduction (SCR) of NOy in the

SCR catalyst (Koebel et al., 2002).



NO, Selective Catalytic Reduction (SCR) Catalyst

The reduction of NOy emissions can be particularly challenging in diesel exhaust gas, due
to the high oxygen exhaust concentration. In current production vehicles, the reductant used
for this reaction is injected urea, decomposing into ammonia (NH3) upstream of the catalyst.
Another source of reactant that has been studied, but yet not been considered as effective as
ammonia, is hydrocarbons (Klingstedt et al., 2004; Lindfors et al., 2004; Zhang et al., 2010;
Traa et al., 1999). As previously said, NO, can also assist in reducing NOy emissions through
the fast-SCR reaction, a higher rate NOy reduction reaction requiring an equimolar quantity

of NO, and NO to be supplied to the SCR catalyst.

Diesel Particulate Filter (DPF)

The DPF’s purpose is to remove the particulate matter contained in diesel exhaust gas.
During the trapping process, the accumulation of these particulates within the filter walls
leads to an increase in exhaust backpressure which can affect the engine power output and
fuel consumption. Therefore, a frequent regeneration of the filter is necessary, at
temperatures over 600°C, to burn the accumulated particulates using the oxygen present in
the exhaust gas and clean the filter. Typical diesel engine driving conditions do not allow the
exhaust to reach this range of temperature and therefore the use of “active regeneration”
events with specific injection strategies (post or late injections) are necessary to temporarily
reach the required exhaust temperature. It is also possible to oxidise particulates at lower
temperatures (from 250°C) in the presence of NO, (Schejbal et al., 2010; Gorsmann, 2005)
but this “passive regeneration” is usually restricted by the limited concentration of NO,

produced at the DOC outlet.



The use of catalytic converters as previously presented has now become mandatory to
meet modern vehicle emission limits. Despite the presence of catalytic materials to reduce the
temperature required for the removal of pollutants, the evolution of automotive technologies
leads to continuously decreasing exhaust gas temperature which challenges the catalyst

activity.

1.2. MOTIVATION: LOW EXHAUST TEMPERATURE CHALLENGE

1.2.1. Development of Engines with Increasing Efficiency

The growing concerns regarding greenhouse gas emissions such as carbon dioxide (CO,),
as well as customer attention to fuel consumption due to fluctuating fuel prices, promote the
development of ever more efficient engines. The use of advanced fuel injection strategies
together with optimised engine component design enable greater combustion efficiency
which comes with a decrease in the exhaust gas temperature.

Moreover, since their first introduction on a production car in the late 1970s, turbochargers
have been widely developed and implemented on diesel vehicles, to increase the engine
power output by allowing more air into the combustion chamber (increasing the overall
volumetric efficiency). The turbine in the exhaust system acts as a heat sink which can
greatly reduce the exhaust gas temperature during warm-up, limiting the aftertreatment
system efficiency. The effect of the turbocharger on the exhaust temperature is clearly
evident in Figure 1-4. The location of the catalyst, either close-coupled (CCC, close to the
exhaust manifold) or under-floor (UFC, further away in the exhaust line) also influences the

temperature received by the component and the heat loss to the ambient.



Figure 1-4. Exhaust temperature measured at different locations in the exhaust system of a

Volvo S60 operating an EU III cycle (Dietke et al., 2003)

Nowadays, turbochargers are widely used on diesel vehicles, especially with the new
downsizing trend that allows a reduction of the engine size without sacrificing the output
power. The use of additional technologies such as the exhaust gas recirculation (EGR) to
reduce NOy engine-out emissions can affect the combustion process and lead to further
reduction in exhaust gas temperature. The extent to which the temperature is reduced depends
on the percentage of EGR used, the temperature of the re-circulated exhaust gas, the fuel
injection strategies and the engine operating conditions (Agarwal ef al., 2004; Agarwal et al.,
2011; Saichaitanya et al., 2013). The search for the reduction of the NOy-PM trade-off also
promotes the development of advanced low-temperature combustion modes that lead to an
increase in CO and HC emissions (Imtenan et al., 2014) while reducing the exhaust gas

temperature.
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1.2.2. Development of the Driving Pattern

The development of urban centres and the increase in the number of vehicles on the road
tend to create ever more congested areas, shifting the driving pattern towards the increasing
use of idle, stop/start and low load phases where the exhaust gas temperature remains limited
(Windeatt et al., 2012). Additionally, the current trend in legal drive cycles, designed to
reproduce the local driving pattern (speed limit and driving conditions) to evaluate a vehicle
emissions, is to emphasise on real-world driving conditions (Appendix 1). This especially
includes cold starts, transient phases and urban driving conditions with idle and low load
phases, which are more representative of the regular use of a vehicle (Farnlund & Engstrom,
2001).

It is particularly during these urban driving phases that the exhaust gas temperature is the
lowest and therefore more likely to limit the catalyst efficiency in removing exhaust gas
pollutants. Additionally, humans are directly in contact with exhaust gaseous and solid
emissions in urban environments which explains a stronger focus on monitoring exhaust
emissions during urban type driving conditions.

Figure 1-5 highlights that a greater concentration of CO (32% of the total emissions over
the cycle) is produced during the first ECE-15 (urban driving cycle) of the NEDC, when the
catalyst temperature is below the light-off temperature and the oxidation activity remains
limited (Campbell & Martin, 1995; Ye et al., 2011). THCs present a different spectrum as
most of their emissions are produced in the second half of the cycle during accelerations and

decelerations when the exhaust temperature undergoes sudden changes.

11



40 300
35

2
0 50
25 200
20

150
100

Vehicle Speed (km/h)

(o))
o

Catalyst Inlet Temperature ( C)

Cycle Emissions Fraction (%)

o

1stECE 2ndECE 3rdECE  4thECE EUDC EUDC

mCO mTHC part 1 part 2

Figure 1-5. Fraction of CO and THCs emitted at the different stages of the NEDC, based on

the emissions of an EUS diesel engine

Figure 1-6 shows that during close to 50% of the NEDC, the exhaust gas temperature
remains below 150°C, which typically represents the minimum temperature needed to
achieve a certain degree of catalytic performance, depending on the catalyst physical and

chemical properties.
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1.2.3. Effect of the Hybridisation of the Powertrain

Finally, the potential use of hybrid electric vehicles utilising multiple sources of power
(electric motor/generator and internal combustion (IC) engine) can lead the thermal engine to
operate on shorter but more transient periods. Depending on the degree of hybridisation and
the energy management system, these relatively frequent intermittent operating phases could
significantly affect the exhaust gas temperatures and catalyst activity. On the one hand, the
possibility for hybrid vehicles to run the IC engine at its most efficient operating points as
frequently as possible can attenuate these decreases in temperature and the production of
pollutants. On the other hand, these intermittent operating conditions could lead the engine to
cool down more often and when solicited again, produce the usual high emissions from cold
operating conditions, leading to possibly multiple cold-starts during a journey (Koltsakis et
al., 2011). These developments require quick aftertreatment thermal response to promote
catalyst warm-up and effectively deal with the vehicle emissions on the shortest time scale.

It becomes evident that efficient thermal management is necessary for the diesel
aftertreatment system to widen its operating temperature window, especially by promoting
the activity at lower temperatures, to cope with the decreasing average exhaust gas

temperatures and ever tightening emission limits.
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1.3. STRATEGIES TO IMPROVE THE LOW-TEMPERATURE
CATALYST ACTIVITY

Two different strategies can be employed to develop thermally efficient aftertreatment
components and promote an earlier start of the catalytic activity, without modifying the
temperature of the exhaust gas exiting the combustion chamber (no changes in the engine
calibration).

The first strategy is to enhance the catalyst conversion efficiency at a given temperature
and especially allow its activity to start or reach greater conversion at lower temperatures
(Figure 1-7). This can be achieved through optimisation of the catalyst chemical properties
i.e. choice of washcoat and PGM formulation, loading and coating technology. It can also be
promoted through the understanding of the interactions (inhibition or promotion) between
exhaust species that can limit their catalytic oxidation.
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Figure 1-7. Example of catalyst improved light-off for CO conversion efficiency
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The second strategy relies on promoting the activity through optimisation of the
temperature reaching the catalyst (Figure 1-8). For a given temperature profile exiting the
combustion chamber, greater temperatures can reach the catalytic sites by optimising the
component location along the exhaust line or by reducing the thermal mass through catalyst
design i.e. optimisation of its external (aspect ratio) and internal dimensions (cell density and

wall thickness) as well as material choices.

250 ~
T}
e 200 7
=
<
2 150 -
£
()
-
B 100 -
5
(@)
2 50 - —— Standard
o
8 . == QOptimised
0 100 200 400 500

300
Time (s)

Figure 1-8. Example of in-situ catalyst improved temperature

The complexity of the problem is to find the balance between the promotion of low-
temperature pollutants removal and the possible subsequent degradation in the engine fuel
consumption and increased CO,. The development of new strategies and designs needs also
to consider the cost, quality, durability and package-related attributes, to provide practical

implementation of the solutions proposed.
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1.4. SCOPE, AIM AND OBJECTIVES

The aim of this thesis is to investigate and present some strategies that enhance the diesel
aftertreatment catalytic activity at low temperature, to promote the removal of exhaust
pollutants over a larger range of engine operating conditions.

While it is possible to widen the catalyst operating temperature window through the
optimisation of a single specific parameter, the work presented in this thesis focuses on a
more extensive approach, proposing various strategies related to the properties of the exhaust
gas entering the catalyst and characteristics of the aftertreatment component itself which are
the main factors affecting the catalyst activity. The focus is especially given on enhancing the
catalytic activity for a given engine-out temperature, i.e. no engine calibration or advanced
exhaust design were investigated to modify the temperature profile entering the catalyst.

In addition, the investigation concentrates on enhancing the thermal behaviour of the
oxidation catalyst as it is usually the first component in the exhaust system line and therefore,
its thermal management would affect the activity of the downstream components. It is
considered that the design solutions and strategies presented here can be combined and reach
wider applications as they can also be used for other aftertreatment components (e.g. SCR,
lean NOy trap or DPF) and their combination of functions, as a means to enhance their low-

temperature activity.
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1.5. THESIS OUTLINE

The development of thermally efficient diesel exhaust aftertreatment, as presented in this
thesis (Figure 1-9) required to consider some parameters external to the catalyst such as the
exhaust gas properties, as well as parameters closely related to the catalyst (physical

properties and combination of functions).
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Chapter one introduces the background related to the diesel exhaust aftertreatment system
and its thermal requirements, as well as the solutions proposed and directions of study
presented in this work.

Chapter two provides the state of the art of the literature related to diesel exhaust
aftertreatment thermal management and presents the past and current strategies studied and
developed in the automotive industry to efficiently remove vehicle pollutants.

Chapter three presents the experimental set-up in terms of engine instrumentation, gaseous
emission and particulate equipment analysers and aftertreatment components used in this
study to produce the findings presented in the following chapters.

Chapter four focuses on improving the oxidation efficiency and thermal behaviour of a
reference catalyst through the optimisation of the substrate internal dimensions (cell density
and wall thickness) without modifying its external dimensions (diameter and length).

The first part of this study investigates the relationships between cell density/wall
thickness and some parameters critical to the catalyst activity (light-off capacity, conversion
efficiency, pressure losses and durability) using theoretical formulae developed in the
literature. The outcomes of this study provide a selection of catalysts whose thermal
behaviours are then simulated using the modelling software Axisuite, to allow further
selection before engine experiments. The chosen combinations are then experimentally tested
on an engine test bench to quantify the gains in terms of thermal behaviour and conversion
efficiency with genuine diesel exhaust gas. While the cycle used in the experimental part
contains engine conditions representing acceleration and decelerations phases, it does not
reproduce everyday driving conditions due to its lack of transient phases and low load.
Therefore, to complement the study, a model of the catalyst configurations was developed

based on the results from the experimental tests, to evaluate their thermal behaviour for two
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different simulated drive cycles under conditions that challenge the catalyst activity (Paris
cycle and the urban part of the NEDC with stop/start strategy).

Chapter five examines the effects of the working environment on the catalyst activity, i.e.
the exhaust gas composition (gaseous and solid). By understanding the interactions between
exhaust gas species (promotion and inhibition), it is possible to optimise the mechanisms that
enhance the low-temperature activity and limit the ones that inhibit it.

In the first part, the engine is operated with alternative fuels and combustion modes, to
produce a variety of exhaust gases (CO, HC and NOy) for which the catalyst oxidation
activity is investigated. The correlations between the light-off curves and the exhaust
compositions provide some understanding of exhaust species interactions in genuine exhaust
gas and how they affect the catalyst activity. The findings help identifying specific exhaust
gas compositions as well as catalyst design strategies which, combined together, can limit the
inhibitions and promote the activity at low temperatures.

In the second part, oxygen exhaust content was varied to understand the effect of oxygen
on triggering and promoting the oxidation activity, especially at low temperatures. The
outcomes of this study provide guidelines into the conditions required, in terms of exhaust
gas temperature and space velocity, to efficiently promote the catalytic activity through
oxygen addition.

Finally, the third part of this chapter focuses on the effect of the solid portion of the
exhaust gas on the catalyst activity, by investigating the possibility of soot accumulation on
the face and channels of a high cell density catalyst and assessing the potential risk of soot
plugging degrading the oxidation efficiency. This last section provides an insight into the
limited particulate removal taking place within the oxidation catalyst, which could be

improved using an alternative substrate design, as developed in the following chapter.
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Chapter six presents the potential of using an oxidation catalyst that would also combine a
filtration function to assist the DPF in removing particulates and allow a reduction in the
duration/frequency of the active regeneration events. This would also take advantage of the
close-coupled location of the oxidation catalyst, supplying warmer exhaust gas to promote a
more frequent oxidation of the soot accumulated. Three different components are selected for
this study: two partial-flow filters (PFF) and a flow-through catalyst with advanced channel
design. Their filtration mechanisms and oxidation efficiencies, long-term activity and
regenerative behaviour are investigated and compared with those of a conventional flow-
through catalyst at different engine operating conditions, varying the exhaust gas
temperatures, flow rates and particulate matter profiles.

The characteristics (size distribution, composition, microstructure and reactivity) of the
particulates the PFF would supply to the downstream filter are also investigated. This is
followed by an analysis of the synergy of a combined PFF+DPF system and its results in
terms of filtration efficiency, DPF backpressure and soot loading, to estimate the benefit of
such a system and the potential effects on DPF active regenerations.

Finally, chapter seven presents a summary of the findings and provides guidelines for

future work to continue the development of thermally efficient diesel exhaust aftertreatment.

After having presented the challenges and requirements in terms of thermal management
of the diesel exhaust aftertreatment, an overview of the state of the art in the research and
development related to the subject is necessary to understand the trends and directions taken

in this thesis.
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2. LITERATURE REVIEW

The implementation of emissions regulations requires ever increasing catalyst efficiency
over a wide operating temperature window (Snyder et al., 1972; Barnes & Klimisch, 1973).
This has been promoting the research and development of strategies to allow the catalyst to
be active soon after engine start and maintain its activity over varied operating conditions.
Nowadays, the tightening of the authorised emission levels and the evolution of the driving
patterns and powertrain development lead to ever lower diesel exhaust gas temperatures,
challenging the aftertreatment efficiency and therefore the removal of exhaust pollutants at
specific conditions (cold start, idle and low loads). This stimulates development and research

studies to find ways to promote the catalytic activity at lower temperature.

2.1. CATALYST DESIGN

Choices in the catalyst properties and its design can allow improvement in the low-
temperature activity, by enhancing the catalyst warming capacity and reducing its light-off
temperature. These can be promoted through two paths: modifications of the catalyst physical
properties (substrate dimensions, structure and material choices) and/or its chemical
properties (choices of washcoat, precious metal formulations, loading and coating

techniques).

2.1.1. Catalyst Physical Properties

The dimensions (internal/external) and material of the substrate can greatly affect some of
the catalyst properties, such as the conversion efficiency, its thermal behaviour and
mechanical/thermal durability, as well as the creation of undesirable backpressure (flow

restriction) that can lead to power loss and fuel penalty (Pannone & Mueller, 2001). Another
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area for catalyst design optimisation can be through the modification of the cell density and

wall thickness of the substrate.

2.1.1.1. Substrate Internal Dimensions

Different channel shapes exist for ceramic honeycomb substrate, such as square,
hexagonal and triangular (Gulati, 2001; Gulati, 2005). Based on equations developed by
Gulati (2001) and presented in section 4.2.1, it is possible to estimate and compare the effect
of changing the cell shape on the catalysts warming capacity (light-off), the creation of

backpressure and the mechanical durability of the component (Figure 2-1).
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The shape that shows the best compromise is the square channel (the hexagonal shape
leading to a cost increase), which is the prevalent shape in exhaust aftertreatment systems,
providing a great choice among the substrates available in production.

Another physical dimension that can influence the catalyst behaviour is its internal
dimension, i.e. the cell density and the thickness of the walls between the channels (Umehara
et al., 2000; Hughes et al., 20006). It is possible to increase the exhaust gas/catalyst contact
area by increasing the cell density (Hughes & Florchinger, 2002) and enhance the heat and
mass transfer in the channels by reducing the cell hydraulic diameter (Marsh et al., 2001).
Moreover, thinner walls reduce the substrate thermal mass (Hughes & Florchinger, 2002).
High cell densities tend to increase the pressure created by friction losses along the channels,
due to an increased surface of contact (Ichikawa et al., 1999; Schmidt et al., 1999), while thin
walls allow a greater open frontal area, reducing the pressure losses from the contraction at
the entrance of the catalyst. Finally, thin walls and high cell densities can also affect the
durability required to withstand mechanical stresses during the canning process and
throughout the lifetime of the catalyst (Chen et al., 2003) as well as the thermal strains
imposed by the environment (Li ef al., 2012). Some trade-offs exist between conversion
efficiency, pressure increase, light-off and mechanical durability from modifying the cell
density and wall thickness of the substrate. Therefore, the idea of combining two substrates
with different cell density and wall thickness that can counteract each other drawbacks have
been previously developed. One example of this technology is the “hybrid catalyst”, a
combination of a thin foil metallic substrate that promotes a quick light-off followed by a
thicker foil metallic substrate acting as a thermal mass, developed by Emitec (Reizig et al.,
2001; Hosogai et al., 2003). The configuration presented put the emphasis on varying only
the metallic foil thickness and the study essentially concentrates on the total oxidation

efficiency during a driving cycle. The outcomes are relative to this specific application and
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do not develop general understanding of the effect of varying the foil thickness or increasing
the cell density on the thermal behaviour or oxidation activity during specific phases
(warming or cooling). Additionally, the shares in terms of catalytic activity between the first
and the second catalyst of the configuration are not presented in this work. The work
developed in chapter four provides complementary information about the influence of
different cell density/wall thickness combinations, as well as material choices, to design

thermally optimised catalyst configurations.

2.1.1.2. Substrate Material

For a common cordierite catalyst, the mass of the substrate represents around 64% of the
total mass of the component, the washcoat 35% and the catalytic material 1%. While these
values vary from one catalyst to another, depending on the coating loading and substrate
material, the bulk of the catalyst mass still lays in the substrate. Different materials and
designs have been developed and tested in the search for improving the substrate properties
(Jatkar, 1997; Koltsakis et al., 2007; Sun et al, 2008; Kalam et al, 2009; Bach &
Eggenschwiler, 2011; Hirose ef al., 2012), but two main materials have been proven to be
reliable, i.e. ceramic cordierite and iron-chromium-aluminium (Fe-Cr-Al) metallic alloys, for
their thermal properties and mechanical durability. Metallic substrates promote a higher and
more homogeneous temperature distribution profile within the catalyst due to their enhanced
thermal conductivity (Jasper et al., 1991). They also allow the use of higher cell densities and
thinner walls while maintaining a minimum mechanical strength and thermal durability
(Briick et al., 2001a; Mueller-Haas et al., 2003). Some concerns have been raised about
washcoat adhesion on the metallic substrate walls, due to the limited roughness of the non-
porous surface and the differences in terms of thermal expansion between substrate and

washcoat. Moreover, from a cost point of view, these substrates are on average more
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expensive than their ceramic counterparts. Nevertheless, the interest in metallic substrates is
still growing in passenger cars, especially for specific applications where the need for a low
backpressure and improved conversion efficiency justifies the cost increase.

While the substrate physical properties can influence the catalyst behaviour, the choice of

a suitable catalytic material is essential to promote the activity, especially at low temperature.

2.1.2. Catalyst Chemical Properties

The washcoat and catalytic materials are the cores of the activity of the aftertreatment
component. The choices in materials, loading and physical/chemical states on the substrate
walls are essential features affecting the catalyst activity. While the washcoat function is to
increase the wall surface area and assure the thermal stability of the coated components, the
catalytic material, usually of the platinum group metal (PGM) type, is the main parameter
responsible for the catalytic activity (Yao, 1984; Meng et al., 1997; Patterson et al., 2000).
The choice of catalytic material is governed not only by the cost and the requirements in
terms of activity but also by its durability. The catalyst needs to maintain its activity despite
the harsh operating environment, causing possible deactivation from thermal aging (sintering
mechanisms) and species poisoning, limiting physical access to the catalytic material or
reducing its activity (Andersson et al., 2007; Winkler et al., 2009; Li et al., 2012; Wiebenga
etal.,2012).

While platinum has been the favoured catalyst choice in terms of low-temperature
oxidation efficiency, its activity can be greatly reduced after thermal aging (Watanabe ef al.,
2007; Kallinen et al., 2009; Kim et al., 2011). This promoted the development of catalytic
coatings combining several PGMs, such as platinum with palladium. This combination was
found to enhance the activity compared to the use of platinum only at conditions such as high

CO and HC exhaust concentrations (Figure 2-2). This is thought be due to Pt/Pd interactions,
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promoting the coexistence of active catalytic states on the washcoat (Skoglundh et al., 1991;
Morlang et al., 2005; Pfeifer et al., 2007). Moreover, the addition of palladium with platinum
promotes a better resistance to thermal sintering, maintaining a greater oxidation activity over

the catalyst lifetime (Pfeifer et al., 2007; Kallinen et al., 2009; Glover et al., 2011; Kim et al.,

400

1

2011).
1400 - 100 - -

T i =

£ 1200 S

2 >

£ 1000 - 2

- Q 60 -

® 'S

£ 800 - & »
2 40

2 600 - o

] o

o g

g 5

3 o

X

11}

20 L )
200 0 \.. T . T T T T T T T T 1
- 100 120 140 160 180 200 220 240 260 280 300

0 * DOC Inlet Temperature ( C)
CoO THC  ...s.. CO diesel Pt Pd = CO diesel Pt
EDiesel Diesel + propane CO diesel + propane Pt CO diesel + propane Pt Pd

Figure 2-2. Effect of the addition of palladium in a platinum catalyst on CO conversion

efficiency (right) at two different CO and HC exhaust gas concentrations (left)

Finally, the replacement of a portion of platinum by palladium also allows a cost reduction

of the catalyst due to their differences in material prices (Figure 2-3).
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Figure 2-3. The cost of platinum and palladium from 1992 to 2014, adapted from Johnson
Matthey (2014)

Another trend in catalytic coating research is the development of PGM-free or reduced
PGM coating as a means of cost reduction and to limit the dependence towards the producing
countries (Holroyd, 2006; Shigapov et al., 2008; Southward et al., 2010; Ishizaki et al.,
2012). However, these new catalytic formulations still require substantial development, and
their activity and durability need further investigation before becoming as reliable as
platinum group metals which are still the most used catalytic coating for the oxidation
catalysts.

While extensive studies are still investigating the best catalytic choices for specific
operating conditions, combining low-temperature activity, long-term durability and minimal
cost, the research work presented in this thesis intentionally discarded this aspect as it would
be a whole research study on its own. From the outcomes summarised in the previous
paragraph, a platinum/palladium coating was chosen during this study as a good compromise

in terms of activity, durability and cost. Some of the strategies and designs presented in this
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work for improved low-temperature catalyst activity could be used to enable PGM loading
reduction (cost saving).

As previously mentioned, the severe environment in which the catalyst has to operate can
affect its performance. It is therefore necessary to investigate how the physical and chemical

properties of the exhaust gas flowing through the catalyst can influence its activity.

2.2. INFLUENCE OF THE EXHAUST GAS COMPOSITION ON THE
CATALYST ACTIVITY

2.2.1. Exhaust Gas Physical Properties
2.2.1.1. Exhaust Gas Temperature

First and foremost, out of the exhaust gas properties, the temperature is the primary
parameter that affects the catalyst activity, as the active sites require heat to assure their
catalytic functions. The temperature profile supplied to the catalyst can be influenced by
engine calibration strategies through modification of the fuel injection and valve timing to
increase the temperature of the exhaust gas exiting the combustion chamber (Lancefield et
al., 2000; Parks et al., 2007; Honardar ef al., 2011). Electrically heated catalysts have also
been developed to promote the catalyst warming-up process when the exhaust gas
temperature remains limited (Pace & Presti, 2011). Another strategy is to reduce the heat
losses between the exhaust manifold and the catalyst, through exhaust pipe design, choice of
materials and insulation (Adamczyk et al., 1999; Kandylas & Stamatelos, 1999; Korin et al.
1999; Kyu-Hyun et al., 2000; Laurell et al., 2013), or optimise the heat received by the
catalyst itself through insulation and heat storage of the can housing the aftertreatment system
(Burch & Biel, 1999; Korin et al., 1999). The presence of other components under the car, as
well as the space available can limit the possibilities for improvement in the design of the

exhaust pipe. As for the piping and insulation materials, their choices are governed by
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thermal and mechanical durability, as well as cost, which often greatly reduce the range of
materials that can be considered. Finally, the aftertreatment location in the exhaust system,
either close-coupled or under-floor can also affect the temperature of the exhaust gas entering
the system (Saroglia et al., 2002; Dietke et al., 2003; Alkidas et al., 2004; Carberry et al.,
2005; Konieczny et al., 2008). The location of the aftertreatment system can be limited by
many factors including bodywork, other powertrain and aftertreatment components, internal
floor line and ground clearance. One approach to take advantage of a closely located
component is to combine multiple functions within it, to allow maximum exploitation of the
heat received without altering the space required for the system, as presented in 2.3.2.

In addition to the temperature, the exhaust gas flow rate can also affect the removal of

exhaust pollutants by the aftertreatment system.

2.2.1.2. Exhaust Gas Flow Rate

The exhaust gas flow rate directly affects the residence time of the exhaust species within
the catalyst, and therefore can limit their capacity to reach and interact with the coated walls
(Voltz et al., 1973; Mallamo et al., 2013) limiting the catalyst conversion efficiency. The
exhaust gas flow rate is related to the gas hourly space velocity (GHSV) or space velocity
(SV), calculated as the ratio of the volumetric flow rate on the catalyst volume. This term
defines the quantity of exhaust gas in terms of substrate (reactor) volume that can be treated
in a unit of time, usually per hour. The higher the volume of exhaust gas treated, the lower
the contact time between the active sites and exhaust species. The space velocity can be
influenced by a change of flow rate (from the engine operating conditions) and/or by the
catalyst volume. In this study, the space velocity was varied for certain tests in order to study
the effectiveness of some strategies at different exhaust flow rates or for a reduced catalyst

volume, as a means for space saving under the car.
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Added to the physical properties, the exhaust gas chemical composition and concentration

could also affect the catalyst activity.

2.2.2. Exhaust Gas Chemical Properties
2.2.2.1. Oxygen Exhaust Concentration

Among the various diesel exhaust gas species, oxygen is the main promoting parameter
for CO and HC oxidation as an increase in its concentration enhances the reaction rate of the
oxidation (Cant et al., 1978; Yao, 1984; Berlowitz ef al., 1988; Royer & Duprez, 2011).
Secondary air injections in the exhaust, upstream of the catalyst, coupled with other emission
reduction strategies (lean A/F ratio, injection strategies) have already been investigated in
gasoline engines, to reduce engine-out emissions and enhance the catalyst light-off
performance (Lafyatis ef al., 1998; Son et al., 1999; Sim ef al., 2001; Borland & Zhao, 2002).
These strategies are justified by the lower oxygen content of gasoline exhaust gases
compared to diesel ones, which could limit the oxidation reactions at low temperatures.
However, the use of EGR strategy in diesel engines, for the reduction of NOy formation
during the combustion process, decreases the quantity of oxygen available in the exhaust by
replacing part of the intake charge air by inert exhaust gases (Ladommatos et al., 1996).
Additionally, some cold-start strategies require greater equivalence ratio to counteract the
condensation of fuel at low temperatures, reducing the oxygen content in diesel exhaust gas
during the warming-up phase of the engine (Hadavi et al., 2013). Some studies have
previously highlighted the interest of using an oxygen enriched intake air to improve diesel
combustion and reduce some of the emissions produced in the combustion chamber (Lahiri et
al., 1997; Rakopoulos et al., 2004; Nguyen et al., 2011; Rajkumar & Govindarajan, 2011).
Other studies investigated the injection of oxygen at the end of the combustion cycle to

oxidise some of the soot formed in the chamber (Chanda et al., 2000; Mather et al., 2002;

31



Poola et al., 2004). These studies concentrate on reducing the formation of exhaust pollutants
at the source (combustion chamber) through the addition of oxygen but do not give an insight
on the effect of oxygen addition on pollutants removal in the aftertreatment system. As part
of investigating the effect of the exhaust gas composition on the catalyst activity, the role of
oxygen addition upstream of the DOC to promote low-temperature oxidation was studied in
section 5.3.

As well as oxygen, the presence and concentration of certain exhaust species can affect the
oxidation activity, especially those that are targeted by the emission legislation, i.e. CO, HC

and NO,.

2.2.2.2. Exhaust Pollutants Concentration and Composition

The purpose of the DOC is to promote the oxidation of some exhaust species by contact
with the catalytic sites coated on the channel walls. The fact that several species can react on
the same active sites leads to possible interactions within the catalyst, eventually affecting the
activity (promotion or inhibition), especially at low temperatures.

These interactions between exhaust species have been researched and modelled using
synthetic mixtures of gases to represent engine exhaust gas in order to understand the kinetics
and oxidation mechanisms within the catalyst (Voltz et al., 1973; Yao, 1980; Yao, 1984;
Mabilon et al., 1995; Patterson et al., 2000; Diehl et al., 2010; Al-Harbi et al., 2012). The
majority of these studies focus on tracing the behaviour of an individual or a limited number
of exhaust species in a synthetic gas mixture with a known and controlled composition.
However, a specific exhaust species can have different oxidation behaviour depending on
whether it is studied on its own or as part of a mixture (Patterson ef al., 2000). The number of
studies using actual engine exhaust gas to examine the interactions between different species

remains limited and focused upon exhaust gases from conventional fuel combustion (Katare
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et al., 2007; Knafl et al., 2007; Lafossas et al., 2011; Watling et al., 2012). The use of
genuine exhaust gas allows a valuable comparison with vehicle emissions met on the road
and targeted by the emission legislation for air pollution. At an engine operating condition
where the exhaust temperature is limited, pollutant removal could still take place, by
encouraging promoting effects and limiting any inhibition of the DOC activity. This could be
achieved with a better understanding of these species interactions on CO and HC oxidation to
eventually support the design of the aftertreatment system (section 5.2.).

In addition to the gaseous exhaust compounds, the solid portion of the exhaust gas (soot)

can also have an effect on the catalyst activity.

2.2.2.3. Particulate Matter Accumulation

The PM profile produced by diesel engines can show high concentrations and emissions of
large particulates (Ntziachristos et al., 2004; Schreiber et al., 2007). Due to its location
upstream of the particulate filter, the oxidation catalyst can directly suffer from the engine-
out soot emissions that could accumulate on the front face and in the catalyst channels, and
obstruct the access to the coated catalytic material, decreasing the catalyst efficiency and
possibly increasing the backpressure. While this effect can be limited for low and medium
cell density substrates, it can become problematic when high cell density substrates are used,
due to a significant reduction in the cell hydraulic diameter. Figure 2-4 shows that the cell
area of a substrate can be greatly reduced when increasing the cell density, while wall
thickness reduction cannot effectively counteract this effect. Previous studies have
highlighted cell plugging within three-way catalysts in gasoline exhaust system, due to
manganese based additives in the fuel (Shimizu & Ohtaka, 2007) but fewer studies
concentrate on the risk of face plugging and soot deposition on the walls of diesel oxidation

catalysts. While the standard 400 cpsi catalyst used in diesel exhaust system offers a cell area
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large enough to prevent soot accumulation, the tendency to use higher cell density substrates,
such as 600 cpsi, to increase the conversion efficiency and warming capacity, could present a

potential risk for cell plugging which needs to be assessed (section 5.4).
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Figure 2-4. Cell area for various cell densities and wall thicknesses, based on the equations

defined in Gulati (2001)

The study of the interactions between the catalyst and the exhaust gas particulates also
points out the limited filtration behaviour of the DOC (Pataky et al., 1994; Johnson &
Kittelson, 1996). Therefore, as a matter of thermal management of the aftertreatment system,

the focus is shifted towards improving the filtration function of the catalyst to assist the main

DPF filtration and reduce the need for active regeneration events.
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2.3. CATALYST DESIGN: COMBINATION OF FILTRATION AND
OXIDATION FUNCTIONS

2.3.1. Thermal Management of the Aftertreatment System

Combining functions within one aftertreatment component permits a reduction in the
number or dimensions of the components required in the exhaust line. This allows an
optimisation of the use of the exhaust heat provided to the aftertreatment system, promotes
space saving under the car, as well as a possible cost and backpressure reduction. Different
combinations of functions have been studied and the currently most used one is the coated
DPF, which oxidises CO, HC and NO while trapping particulates (Johansen et al., 2007;
Merlone Borla ef al., 2011). Other combinations of functions such as an SCR formulation
coated on a filter (Ballinger et al., 2009; Cavataio ef al., 2009) or NOy storage on DOC
(Millo & Vezza, 2012) are also being developed. Some catalysts defined as four-way
converters, combining oxidation, reduction and filtration functions have been developed in
the past for diesel aftertreatment system (Page et al., 1999; Millet et al., 2009) but their
efficiency seems to be limited by the necessity to operate at richer conditions to allow NOy
reduction and by the effect of soot deposition on the coating efficiency. Moreover, the lower
temperatures reached in diesel exhaust gas compared to gasoline reduce the reaction rates in
the four-way catalyst which can promote interactions between active sites and
exhaust/intermediate species produced, affecting the conversion efficiency. Another
possibility to combine functions, especially for NOy reduction purposes, is through catalyst
zoning (Sultana et al., 2009; Theis et al., 2011) and layer design (Onodera et al., 2008; Liu et
al., 2013) where the different catalytic coatings are not mixed together but physically
separated within the same component. While most of the combinations of functions

concentrate on coating a wall-flow filter or improving the selective reduction of NOy, fewer
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studies have been investigating the combination of oxidation and filtration functions on a non

wall-flow filter.

2.3.2. Benefits and Requirements of the Pre-Filter Component

The aim of combining oxidation and filtration functions within the oxidation catalyst is not
to replace the main DPF but to assist it in its particulate removal function and reduce the need
for regenerative events by decreasing either their frequency or duration, and therefore their
impact on fuel consumption. This also takes advantage of the close-coupled position of the
catalyst, supplying higher exhaust gas temperatures to allow a more frequent oxidation of the
trapped particulates. Moreover, the oxidation function could also promote NO, production
where the particulates are deposited, further enhancing the soot removal through passive
regeneration. However, the additional filtration function needs to have a limited effect on the
system overall backpressure increase, to limit any degradation of the engine power output.
The component should also not require any active regeneration as this would create complex
interactions with the main DPF regenerations as well as reduce the potential gain in fuel
economy. Furthermore, this pre-filter DOC should have a limited effect on the temperature
profile supplied to the downstream DPF as it could degrade the efficiency of the regeneration
event. Finally, the pre-filter component would also need to show a similar or improved CO
and HC oxidation capability, compared to the DOC, while allowing the required filtration

efficiency.

2.3.3. Potential Substrates

Due to the requirements in low backpressure and passive regeneration, the use of a wall-
flow filter as a substrate medium for the pre-filter was dismissed (Gaiser & Mucha, 2004).

The use of an open-flow filter, such as foam or fibre filters (Koltsakis ez al., 2006; Koltsakis
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et al., 2008; Merlone Borla et al., 2011) would lead to similar issues to those seen in wall-
flow filters, as it would require some active regeneration to remove the accumulated soot.
Moreover, the increase in pressure as it becomes loaded could still greatly affect the exhaust
line total backpressure, despite being lower than for the wall-flow filters (Miller et al., 2002;
Brillant & Zikoridse, 2005; Koltsakis et al., 2006). Another type of filter that has been
recently developed and shows interesting features for the pre-filter application is the partial-

flow filter.

2.3.4. Presentation of the Partial-Flow Filters
2.3.4.1. Characteristics and Properties of Partial-Flow Filters

PFFs have previously been studied as series production and retrofit solutions for PM
removal in heavy-duty vehicles and off-road applications (Vakkilainen & Lylykangas, 2004;
Jacobs et al., 2006; Liu et al., 2008; Kramer et al., 2009). They have also been studied as
potential hydrolysis catalysts, located upstream of the SCR component, to promote urea
decomposition to ammonia while assuming a particulate trapping function (Maus & Briick,
2007; Rice et al., 2008; Briick et al., 2009). Moreover, it is currently investigated as a
possible solution for future legislation imposing a tighter limit in the particulate mass and
number emissions from gasoline direct injection engine (Karjalainen et al., 2012; Kinnunen
et al., 2012; Happonen et al., 2013). While these studies extensively investigate the PFF
filtration and oxidation efficiency, they either concentrate on specific applications (drive
cycles) or present the total particulate removal efficiency, without analysing the filtration
patterns for different particulate sizes.

The filtration in these components is achieved through a specific channel design disturbing
the flow trajectory and directing it towards the porous substrate walls, where the particulates

are trapped (Andreassi ef al., 2002; Lehtoranta et al., 2009). Once loaded, the exhaust flow
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can still bypass the filtering membrane, leaving the PFF to behave as a flow-through
substrate. This design leads to a much lower backpressure increase over the loading phase
compared to wall-flow filters, limiting the impact on engine output power (Vakkilainen &
Lylykangas, 2004; Lehtoranta et al., 2007; Liu et al, 2008; Lehtoranta et al., 2009).
Moreover, it is maintenance free and does not require any active regeneration as the
accumulated soot is burned following the continuous regeneration mechanism, using NO; and
an exhaust gas temperature over 250°C (Briick et al., 2001b; Okawara et al., 2005;
Lehtoranta et al., 2009). Finally, partial-flow filters have a lower tendency to accumulate
significant amount of lubrication oil ashes, which reduces the need for periodic ash removal
(Torbati et al., 2013). These advantages make the partial-flow filter a good candidate for the
pre-filter application as its use leads to less constraints and complexity in terms of
maintenance and usage compared to other filters. Focusing on the filtration efficiency, the
PFF shows a good filtration for ultra-fine particulates (Heikkild et al., 2009) which are
particularly dangerous for health (Geiser & Kreyling, 2010). While the PFF overall filtration
efficiency remains limited (20-50%) compared to the 95-99% filtration found in wall-flow
filters (Vaaraslahti et al., 2006; Mayer et al., 2009; Kinnunen et al., 2012), it can still reduce
the PM concentration supplied to the main DPF while insuring an oxidation function
(Vakkilainen & Lylykangas, 2004; Lehtoranta et al., 2009; Bhatt ef al., 2013). This would
eventually increase the DPF loading time and reduce the need for active regenerations (fuel
economy). While the PFF has been extensively studied for different functions, its
combination with a downstream filter and the effects on the DPF backpressure, soot mass
accumulation and active regeneration events have never been investigated to the author’s

knowledge.
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2.3.4.2. Partial-Flow Filters

Uncoated PM-Metalit

This filter from Emitec is composed of a thin stainless steel foil forming sinusoidal shaped
channels. Along the length of the channel, the exhaust flow encounters metallic “shovels”
forcing a change of direction of the flow and directing it towards a porous sintered metal
fleece layer located on top of the channels (Figure 2-5). Part of the exhaust gas flows through
the fleece, depositing medium and large particles through deep-bed filtration and reaches the
top-neighbouring channel. Due to their higher momentum, the largest particulates are also
trapped in this zone through inertial impaction. The majority of the exhaust gas by-passes the
fleece and travels either along or within the fleece in the direction of the flow, as the channel
is not totally blocked by the shovel structure. This portion of exhaust gas contains on average
smaller particulates, depending on the medium-large PM filtration efficiency taking place in
zone 1 (Figure 2-5). At that stage, the filtration occurs through diffusion mechanisms with the
exhaust gas depositing small particulates along the fleece (zone 2 and 3 in Figure 2-5). Over
the total length of the filter, the exhaust gas flows several times through the fleece (filtration

stages), increasing the filtration efficiency.

Figure 2-5. Schematic of the filtration mechanisms taking place within the PM-Metalit,
reproduced by permission from Kramer ef al. (2009)
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Even though some investigations used a coated PM-Metalit, it was left uncoated in this
study as it was considered that the washcoat could block the fleece layer, reducing its
porosity and affecting the filtration efficiency (Pace ef al., 2005). While this uncoated PFF
cannot replace the DOC due to the lack of oxidation function, this component was not
dismissed due to the possible development of more suitable and effective coating techniques

in the future.

Coated Partial Oxidation Catalyst (POC)

The POC, from EcoCat, is composed of corrugated fine metallic mesh screen layers
welded together to form tortuous channels. When the exhaust gas enters the component, it
can either flow straight through the substrate walls that trap some of the exhaust particulates
or travel along the tortuous channels (preferential path when the filter becomes loaded with
soot), as seen in Figure 2-6. Similarly to the PM-Metalit, as the exhaust gas flows through the

filter, it can be submitted to several filtration stages which increase the filtration efficiency.

Figure 2-6. Layers arrangement in the POC (left) and flow path within the filter (right), from
Lehtoranta et al. (2007)
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Coated Longitudinal Structure (LS) Catalyst

This catalyst developed by Emitec can be considered as a flow-through catalyst (as
opposed to the partial-flow filters) with particular channel shapes that create flow turbulence
along the catalyst length (Figure 2-7), promoting mass and heat transfer between the exhaust
gas and the coated walls of the substrate (Maus and Briick 2005; Dawson & Kramer, 2006;
Presti et al. 2006; Cordiner et al., 2009; Seifert et al., 2011; Jayat et al., 2015). The LS catalyst
is not a straightforward filter as it does not physically trap the exhaust gas particulates. It was
considered in this study as it is though that the flow turbulence in the channels could possibly
enhance the oxidation of soot and soluble organic fraction (SOF) within the catalyst (Nohara
& Komatsu, 2014), reducing the particulate concentration measured at the outlet of the

component compared to a conventional flow-through oxidation catalyst.

N
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Figure 2-7. View from a single channel in the LS catalyst (left) from Cordiner et al. (2009)
and schematic of the flow behaviour within the channel (right) from Jayat et al. (2015)

The development of thermally efficient diesel aftertreatment systems has been receiving a
special attention over the years, as presented in this chapter. However, further research is still
required, as emissions legislation tightens, to develop new aftertreatment technologies and

catalyst design optimisation requiring experimental validation.
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3. EXPERIMENTAL FACILITIES

This chapter describes the facilities, instrumentation and equipments used for the research

work presented in this thesis.

3.1. ENGINE AND FUELS

3.1.1. Diesel Engine and Instrumentation

The engine used in this study is an air-cooled single cylinder, direct injection, naturally
aspirated compression ignition engine, whose main specifications can be found in Table 3-1.

This practical engine was selected as it is able to operate with various diesel-type fuels and

propane.

Table 3-1. Engine characteristics

Cylinders 1
Displacement volume 773 em®
Bore 98.4 mm
Stroke 101.6 mm
Compression ratio 15.5:1
Peak power 8.6 kW @ 2500 rpm
Peak torque 39.2 Nm @ 1800 rpm

Pump-line-nozzle

3 holes

Piston

Bowl-in-piston

Injection system

0 0.25 mm
diameter
Injection opening 180 bar
pressure
Injection timing 22 CAD BTDC
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The engine is loaded and motored by an air-cooled thyristor-controlled Thrige Titan DC
motor-generator machine dynamometer coupled to a load cell. The intake air flow is
measured by a Romet G65 rotary airflow meter. The engine oil temperature, recorded using a
K-type thermocouple, was used to check that the engine was fully warm as a means to reduce
test-to-test variability. This engine was essentially used as an exhaust generator and operated
at different conditions (engine speed, load, EGR rate, type of fuel) to vary the exhaust gas
temperature, flow rate and composition. The exhaust system is fitted with a valve to manually
control the quantity of externally cooled exhaust gas recirculation provided to the engine. The
level of EGR was determined volumetrically as the percentage reduction in volume flow rate

of inlet air at a fixed engine condition.

3.1.2. Liquid Fuels

The main fuel used in this research is ultra-low sulphur diesel (ULSD) but the engine was
also operated with other liquid diesel-type fuels, such as gas to liquid (GTL) and rapeseed
methyl ester (RME) in section 5.2. The engine injection system was not modified when
operated with these alternative fuels as the requirement was to produce a variety of exhaust
gases and not the optimisation of the combustion. The properties of each fuel, supplied by

Shell Global Solutions UK, can be found in Table 3-2.
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Table 3-2. Properties of the liquid fuels

Properties ULSD GTL RME
Cetane number 53.9 80 54.7

Density at 15 °C (kg/m®) 827.1 784.6 883.7
Viscosity at 40 °C (cSt) 2.5 3.5 4.5
50% Distillation (°C) 264 295 335
90% Distillation (°C) 329 342 342
LCV (lov(v 1Vc[it(l){rgl)ﬁc value) 427 43.9 39

Sulphur (mg/kg) 46 ~0 or <10 5

Total aromatics (wt %) 24.4 0.3 ~0
C (wt %) 86.5 85 77.2
H (wt %) 13.5 15 12

O (Wt%) ~0 ~0 10.8

H/C ratio (Molar) 1.88 2.1 1.85

3.1.3. Gaseous Components Additions

To vary the exhaust gas composition for the study in section 5.2, the engine was also
operated using dual-fuel combustion, with diesel as the pilot fuel and gaseous propane
(properties in Table 3-3) injected in the intake manifold, at a percentage of 0.2% and 0.5%
based on the volume of intake air replacement. These percentages were chosen in order to
significantly increase and diversify the engine exhaust unburned hydrocarbon emissions,

while maintaining combustion stability.
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Table 3-3. Properties of the gaseous propane

Relative density (15.6°C, 1 atm) 1.5
Boiling point (°C) -42.1
Latent heat of vaporisation at 15.6°C (kJ/kg) 358.2
Flammability range (%vol. in air) 22-95
Auto-ignition temperature (°C) 470
Sulphur (%ewt) 0-0.02
LCV (MJ/kg) 46.3

Gaseous oxygen was also injected in the exhaust gas, to compensate for the oxygen
decrease from the use of EGR in section 5.2 or vary the oxygen concentration at the DOC
inlet, in section 5.3. In these cases, oxygen was injected from a gas cylinder of pure synthetic
oxygen and the flow was adjusted based on the percentage of oxygen recorded in the exhaust
gas using an AVL DiGas analyser.

To study the passive regeneration behaviour of the uncoated PM-Metalit (section 6.1.5.1),
NO, from a gas cylinder, was added into the exhaust gas. The flow was calibrated to reach
the required concentration of NO, at the filter inlet during steady-state engine operating

conditions, as measured with the MultiGas 2030 Fourier Transform Infrared (FTIR) analyser.

3.2. ENGINE EXHAUST SYSTEM AND AFTERTREATMENT

3.2.1. Exhaust System and Instrumentation

The exhaust system is composed of two cans that can house full size aftertreatment
components (118.4 mm diameter). Moreover, it is fitted with thermocouples and pressure
sensors, as well as sampling points, to allow the measurement of exhaust gas properties at

different positions along the exhaust line.
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Throughout this research work, three different catalyst locations in the exhaust line were
investigated (Figure 3-1), based on the temperature requirements and the dimensions of the

aftertreatment components used.
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Figure 3-1. Schematic of the experimental set-up

In most of the investigations, full size catalysts were directly placed in the exhaust system.
For the light-off experiments (section 5.2 and 5.3), the catalyst inlet temperature was varied
while maintaining the exhaust gas flow rate and composition constant. In these cases, a one-
inch-diameter catalyst was placed in a furnace for which the temperature was externally
controlled. The engine was then operated at a steady-state condition and a portion of exhaust
gas (35 L/min) was directed towards the catalyst which was heated at a temperature ramp of
2°C/min. Engine-out exhaust species concentrations were measured at the beginning and at
the end of each experiment to compare any changes in the exhaust gas composition during
the test. Throughout the experiments, the evolution of the DOC outlet exhaust gas
concentration was continuously recorded to calculate the conversion efficiency based on the
inlet concentration. Similarly, for the investigation of the PFF+DPF system, a one-inch

diameter DPF was fitted in the same configuration system.
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Each exhaust gas sampling (for emission measurement or to be directed towards another
aftertreatment component) was made with the sampling line at a temperature of 200°C, to
limit any water and hydrocarbon condensation, while preventing any reaction between

exhaust gas species in the line.

To determine the space velocity within each catalyst, the exhaust gas flow rate was
calculated using the inlet air and fuel flow rate, the exhaust temperature specific to the engine

operating condition and the pressure measured in the exhaust system.

3.2.2. Diesel Oxidation Catalysts and Particulate Filters

A variety of coated and non-coated substrates were investigated (flow-through, partial-
flow and wall-flow components), with different materials (ceramic and metallic), cell shapes
(square and sinusoidal), wall thicknesses, cell densities and channel designs (Figure 3-2)

selected based on their commercially available.
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Figure 3-2. Pictures of the aftertreatment components studied (118.4 mm diameter)
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When investigating the effects of the substrate properties on the conversion efficiency
(Chapter 4), the catalytic coating (washcoat, PGM composition and loading) and ageing
conditions (750°C for 10 hours) were kept the same, to allow fair comparison (components 2
to 8 in Table 3-4). Components 1 and 9 were coated with different catalytic formulations (as
developed by the manufacturers) and received not aged. These differences, as well as the
differences in volume, were taken into account when comparing their efficiency with each
others.

Table 3-4. Oxidation catalysts and filters used in the experiments

Cell PGM
Density Diameter x | Loading
Name Wall Material Length (g/ft)/ Supplier Vo(lllj)m ¢
Thickness (mm) Pt:Pd
(cpsi/mil) Ratio

1 DOC 400/4.3 Ceramic 254x91.4 120/1:1 Unknown 0.05

2 DOC 400/4.3 Ceramic | 118.4x 150 Pt-rich NGK 1.65

3 DOC 600/2.5 Ceramic | 118.4 x 100 Pt-rich Corning 1.10

4 DOC 600/2.5 Ceramic 118.4x 75 Pt-rich Corning 0.83

5 DOC 300/8 Ceramic 118.4 x 45 Pt-rich Corning 0.50
6 DOC 300/3 Metallic | 118.4 x 50.8 Pt-rich Emitec 0.56
7 | poc | 209400 | \ietalic | 1184x745| Ptrich | Emitec | 0.82
LS/2.6
300/600 ) ) )
8 LS 1S/2.0 Metallic 118.4x 74.5 Pt-rich Emitec 0.82

9 POC 330/4.3 Metallic 118 x 150 21/1:0 EcoCat 1.64

10 PM_. 200/2.6 Metallic 1184 x 123 Pt-rich Emitec 1.35
Metalit
11 DPF 300/12 Ceramic 25.4x 155 None Unknown 0.08
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Due to their specific design, the properties of the PM-Metalit and POC are presented in
more detail in Table 3-5 and Table 3-6.

Table 3-5. Properties of the PM-Metalit

PM-Metalit Properties
Flat/CoFrugated foil 0.3/0.065 mm
thickness
Fleece Properties
Thickness 0.5 mm
Porosity 85%
Table 3-6. Properties of the POC fleece
Foil thickness 0.11 mm
Porosity from Heikkild e al. (2012) 47%

3.3. EXHAUST GAS EMISSION ANALYSIS

3.3.1. Fourier Transform Infrared Spectrometry (FTIR)

An MKS MultiGas 2030 FTIR analyser was used to measure gaseous exhaust emissions.
This measurement technique relies on the relation between light absorption at a certain
wavelength and species concentration. This apparatus was used here to measure the
concentration of the following exhaust gas species: nitrogen oxides (NO, NO, and N,O),
water (H,0), formaldehyde (CH,O), carbon dioxide (CO;), carbon monoxide (CO) and
individual light-hydrocarbons such as methane (CH4), ethane (C,Hg), propane (C;Hs),
ethylene (C,H4), propylene (C3;Hg) and acetylene (C,H;). Due to spectrum interferences,

medium and long-chain hydrocarbon concentrations were measured as a single exhaust gas

group.
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3.3.2. AVL DiGas

An AVL DiGas 440 was used to measure oxygen exhaust content, using an

electrochemical oxygen sensor.

3.3.3. Scanning Mobility Particle Sizer (SMPS)

The measurement of total PM concentration and size distribution was made using a TSI
SMPS (scanning mobility particle sizer) composed of an electrostatic classifier series 3080, a
3081 DMA (differential mobility analyser) and a 3775 TSI CPC (condensation particle
counter). A portion of the exhaust gas was sampled and diluted with air using a TSI 379020A
rotating disk thermodiluter to control the dilution ratio (1 part of exhaust to 36 parts of air)
and temperature (150°C). The results presented in graphs were adjusted with the dilution
ratio. The sampled particulates were then electronically charged and flown through the DMA
that classified them by their electrical mobility size which is proportional to their
aerodynamic diameter. The CPC eventually counted the number of particles for each size
range. The particles distribution was measured using the following parameters:

Sheath Flow Rate: 6.00 L/min

Aerosol Flow Rate: 0.60 L/min

Lower Size: 10.4 nm

Upper Size: 378.6 nm

Scan Time: 120 sec

The particulate size distribution obtained for diesel exhaust gas is composed of different
types of particulates, based on their size (Figure 3-3). For the studies investigating particulate
removal, the particulates were divided into three groups, i.e. small, medium and large

particulates.
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Figure 3-3. Typical particulate size distribution for the engine used in this study

The particulate mass was calculated using an estimation of the particulate density as
developed in Lapuerta ef al. (2003), relating the density with particulate diameter, in an

equation developed based on experimental analysis.

3.3.4. Thermogravimetric Analysis (TGA)

Particulate matter was collected using an in-house developed Venturi nozzle diluter,
mixing the exhaust gas sampled through a heated line (200°C) with ambient compressed air
at 1 bar (dilution ratio of 1 part of exhaust to 8 parts of air). The PM was collected for 45 min
at a flow of 9 L/min on 47 mm diameter glass micro-fibre filters (Whatman, without Teflon
coating) fitted in a filter holding plate and stopper. A thermogravimetric analysis of the
collected filters using a Perkin Elmer (Pyris 1 TGA) was used to investigate the soot

reactivity.
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The TGA was operated using the heating program presented below:

1. Initial atmosphere: nitrogen

2. Isothermal for 10 min at 40°C

3. Heating ramp 3°C/min from 40°C to 400°C

4. Isothermal for 30 min at 400°C

5. Cooling ramp from 400°C to 100°C at 3°C/min

6. Change of atmosphere to air

7. Heating ramp from 100°C to 650°C at 3°C/min

8. Isothermal for 60 min at 650°C

9. Cooling ramp from 650°C to 20°C at 50°C/min
The first 4 steps of the heating program allowed complete vaporisation of the volatile organic
compounds and water condensed on the soot. The maximum temperature reached in air
atmosphere to oxidise the soot was set to 650°C to limit the filter decomposition. The
temperature ramp was set-up at 3°C/min to allow sufficient time to reach close to steady-state

steps.

3.3.5. Transmission Electronic Microscope (TEM)

Particulate matter agglomerates from upstream and downstream of the partial-flow filters
were collected on 3 mm diameter Formvar-coated copper grids. A high-resolution
transmission electron microscopy (HR-TEM) Phillips CM-200 was used to obtain
micrographs from the agglomerates and calculate their morphological and micro-structural
parameters using a homemade Matlab software (digital image analysis software), as
presented in Lapuerta et al. (2006) and Lapuerta et al. (2010). The conversion from pixels to

nanometres was calibrated by comparison with standard latex spheres shadowed with gold.
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3.4. EXPERIMENTAL ERRORS AND REPEATABILITY

During the experimental work carried-out in this thesis, care was taken to reduce the
uncertainties and test-to-test variability derived from the use of the equipment and

measurement techniques previously presented.

Before and after each measurement session, the FTIR as well as the measurement lines
and sampling pump were flown with gaseous nitrogen to clean them from remaining
condensed water and impurities. Additionally, the lines, pump and dilution system used to
sample particulates from the exhaust were cleaned with propanol after each measurement
session. In order to assure the consistency of the results, the baseline (zero level) of the
equipment (FTIR and SMPS) was performed with the measurement of the ambient air
through the sampling system (background data) before and after each test condition.
Additionally, when a cold start was not required, the engine was operated at a specific steady-
state condition with a known exhaust CO, HC, NOy and particulate concentration at the
beginning and at the end of the tests, to compare the evolution of the exhaust concentration
on a day-to-day basis and check repeatability. Finally, each measurement presented here is
the average of at least three measurements, to account for measurement and engine
variability. The measurements were additionally repeated when uncertain results were

obtained and the erroneous samples were discarded.
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3.5. SOFTWARE USED FOR THE MODELLING OF THE
AFTERTREATMENT SYSTEM

The use of modelling and simulation tools in aftertreatment research and development
allows a reduction in the number of experimental tests required to investigate the viability of
a system. Modelling can aid in the definition of the requirements in terms of catalyst physical
and chemical properties for a specific application in order to select the most appropriate
component before manufacturing and testing. Moreover, it can help analysing and
understanding the behaviour of a component during its use and predict the effects of different
engine operating conditions on its activity, such as the use of various drive cycles, limiting the
requirement for additional experiments or facilities. This translates into potential cost and
time savings. The modelling of the aftertreatment system relies on a complex combination of
fluid dynamics (to reproduce the harsh and continuously changing working environment due
to the transient aspect of vehicle engine operation) and kinetic reactions (to understand the
fundamentals of the parameters governing the catalytic reactions) to eventually reproduce the
external and internal environment in which the system operates.

As this study is based on investigating strategies and designs to improve the catalyst
activity, the focus was not given on developing an in-house model but rather use modelling as
a tool to predict behaviours, assist in the choices to be made before any experiment and
expand the study towards other conditions relevant to the application.

The modelling of the exhaust aftertreatment systems presented in this thesis uses Axisuite
simulation software. This software, developed by Exothermia, allows simulating the
performance of aftertreatment devices (e.g. flow-through catalysts, filters) on a range of
exhaust gas conditions and compositions, using a time-based simulation. The inputs for the
simulation are the properties of the exhaust gas (e.g. temperature, gas composition and flow

rate) and those of the aftertreatment component (physical and chemical characteristics). The
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material properties of the components used in this study were loaded from Axisuite standard
library which offers a selection of the most typical substrate materials such as the regular
cordierite ceramic or metallic substrate used in this study. The chemical properties of the
catalysts, such as washcoat characteristics and kinetic coefficients, were obtained from an
experimentally validated model developed by Jaguar Land Rover. The models and
assumptions used by this software for the modelling of the oxidation catalyst are presented in
Lafossas et al. (2011). The results of the simulation predict the time-based evolution of
relevant properties such as temperature, pressure, exhaust gas composition and therefore,
conversion efficiencies, among other parameters.

The modelling software was used for different purposes, as a tool to predict and estimate
the thermal behaviour of various catalysts. Axisuite thermal predictions over an NEDC were
first evaluated by comparing Axisuite-simulated temperature with the actual measurement on

an engine test bench (Figure 3-4).
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Figure 3-4. Comparison of the DOC outlet temperature as predicted by Axisuite, with the

measured one from an engine over an NEDC
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The main temperature ramps (increases and decreases) were well predicted by the
software and matched the temperature profile observed at the outlet of the DOC. However,
during quick changes of temperature, Axisuite predictions appeared less dynamic and showed
a flatter profile of temperature when in reality peaks were recorded. These differences were

considered when using Axisuite to predict the temperature profile of the different catalysts.

Axisuite was firstly used to evaluate and compare several catalysts from the point of view
of thermal behaviour and activity (section 4.3), to eventually select the most suitable
configurations before experimental tests. The second application of Axisuite, in section 4.5,
focused on expanding the results from the experimental work (section 4.4) using the catalysts
outlet temperature measured during the tests to validate the model from Axisuite. The study
was then expanded towards alternative drive cycles (Paris cycle and urban part of the NEDC
with stop/start strategy), to investigate the thermal behaviour of the catalysts configurations

under more challenging and transient conditions.

This overview of the experimental facilities presents the aftertreatment components tested

and the engine exhaust set-up used, as well as the methods and measurement techniques that

allowed the investigations and results developed in the following chapters.
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4. A THERMALLY EFFICIENT DOC CONFIGURATION
TO IMPROVE LOW-TEMPERATURE ACTIVITY

The study presented in this chapter investigates the replacement of a reference oxidation
catalyst (400 cpsi / 4 mil, equivalent to 62 cells per cm” and 0.1 mm thick) by monoliths with
different cell densities and wall thicknesses, in order to promote the catalyst thermal
behaviour and enhance its low-temperature activity. While numerous possibilities of substrate
cell density and wall thickness combinations exist in the market, it is necessary to select the
most relevant substrates for this application before any experiment. Therefore, a theoretical
analysis, followed by a simulation study, was carried-out to select relevant catalysts
substrates before experimental investigation of their thermal and oxidation behaviour with

genuine diesel exhaust gas.

4.1. METHODOLOGY

4.1.1. Theoretical Study Assumptions

The theoretical study is carried-out for a non-coated ceramic cordierite substrate as it is
currently the most widely used material in oxidation catalysts for automotive applications
(Carty & Lednor, 1996). Both the length and diameter of the substrates were kept similar to a
reference 400 cpsi /4 mil substrate, to maintain comparable space requirements. The
cordierite porosity was kept at a typical value of 35%, low enough to ensure mechanical and
thermal durability and high enough for the support of the washcoat and its adhesion during

the coating process (Gulati, 2000).
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4.1.2. Input Data for the Modelling and Simulation Study

The thermal behaviour of the substrates selected based on the outcomes of the theoretical
study was investigated using Axisuite simulation, with a scenario based on the exhaust gas
properties of an exhaust bank from an EUS5 diesel engine operated following an NEDC. This
cycle was chosen as it is currently used in the European light-duty vehicles emission
legislation. The input data concerning the physical properties of the substrates were loaded
from Axisuite standard library (material properties) and the dimensions were taken from a
reference catalyst currently in production. To evaluate the catalytic activity, the substrates
were modelled coated, as they would be if implemented into a vehicle exhaust system. The
catalytic coating data used in Axisuite (washcoat properties, kinetic coefficients) came from
an experimentally validated model developed by Jaguar Land Rover. In addition, a simulation
of the substrate wall temperature distribution at certain phases of the NEDC was presented to
compare the improved thermal behaviour of the selected substrates and combinations. These
temperature distributions produced by Axisuite are based on equations modelling the heat
release and heat transfer within the catalyst, during its use. This includes the axial and radial
wall conductivity, the heat convection due to the exhaust gas flow, the heat release due to the
exothermic character of CO and THC oxidation reactions and, to a lesser extent, the heat

transfer due to radiation.

4.1.3. Set-Up and Methodology for the Experimental Study

In addition to the substrates selected based on the outcomes of the modelling study, other
substrates were also investigated here, to extend the potential benefit of the two-brick
configuration. The dimensions of the catalysts (length and diameter) were adjusted compared
to the ones from the modelling study, as a smaller engine was used in the experimental

investigation (Table 4-1).
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Table 4-1. Catalysts combinations used in the experimental study

Cell Density .
. Diameter (mm)
(cpsi)/Wall x Length (mm) Comments
Thickness (mil) g
400/4 118.4 x 150 Reference catalyst already used in the exhaust
system of production vehicles.
First brick in the two-brick configurations.
Tested independently to provide a clearer
600/2.5 118.4 x 100 understanding of its behaviour in the two-brick
configuration (no sample point between the two
bricks in the can).
600/2.5 118.4 x 100 Defined as 2BC in this study, uses a second ceramic
+300/8 +118.4 x 45 brick with low cell density and thick walls.
600/2.5 118.4 x 100 Defined as 2BM in this study, uses a second metallic
+1300/3 +118.4 x 50 brick with low cell density.
Defined as 2B4LS in this study, composed of a
600/2.5 1184 x 75 shorter first brick compared to the previous
configurations and a second metallic brick with a
+400/2.5 LS +118.4x 75 specific design to enhance turbulence within the
channels.
600/2.5 118.4x 75 Defined as 2B6LS in this study, similar to 2B4LS
+600/2 LS +118.4x 75 with a higher cell density substrate as second brick.

Each catalyst had the same coating formulation and loading, and was aged under identical

conditions to directly isolate the effects of material and cell density/wall thickness. The total

length was kept comparable between the two-brick configurations with a gap of up to 5 mm

between the two catalysts (2BC), to maintain similar package requirements for the whole

system and total space velocity in the catalysts.

The thermal capacity of the tested configurations was calculated when possible (Table

4-2) and used to support the analysis of their thermal response during the experiment.
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Table 4-2. Mass and thermal capacity of the catalysts configurations studied

400/4 | 600/2.5 2BC 2BM 2B4LS 2B6LS
0.834 1.422 1.436 1.413
T"tz‘lig‘;‘ass 0.844 | 0506 | (0.506 (0.506 (0.405 (0.405
+0.328) +0.916) +1.031) +1.008)
Thermal
capacity
/K 810.8 | 486.1 801.2 876.6 937.8 925.6
at 150°C
Uncoated
surface 4.15 4.60
area 4.75 3.99 (2.99+-) (2.99+-)
available (3.99+1.16) | (3.99+1.61)
(m’)

The 600/2.5 showed the lowest thermal capacity, due to its shorter dimensions and thin
walls. The low cell density ceramic catalyst (2BC) also led to a low thermal mass due to the
reduction in the number of walls and therefore material used in the substrate. The three last
configurations, using a second metallic brick, showed the highest thermal masses, due to the
thick mantle surrounding the catalysts adding weight to the system and the higher material
density, despite the lower thermal capacity relative to mass of the metallic substrates
compared to the ceramic ones. The highest thermal masses were measured for the 2B4LS and

2B6LS configurations, due to their longer second metallic brick.
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During the experiment, the space velocity was more equally distributed between the two
bricks in the LS configurations, while for the other combinations, the longer first brick led to
an increase in exhaust gas residence time within the 600/2.5 catalyst (Table 4-3).

Table 4-3. Space velocity in the catalysts combinations (first and second catalysts) for the

selected engine operating conditions

Engine Operating 2BC 2BM | 2B4LS | 2B6LS
Conditions . . . .

(rpm/bar IMEP) | 400/4 | 600/2.5 | 1" brick | 1% brick | 1" brick | 1% brick
— Exhaust 2" brick | 2" brick | 2" brick | 2" brick

Temperature
18 000/h | 18 000/h | 23 900/h | 23 900/h

750/0 — 80°C | 12 000/h | 18 000/h

39900/h | 35300/h | 24 100/h | 24 100/h
24 500/h | 24 500/h | 32700/h | 32700/h

_ o
1050/3~160°C | 16300/h | 24500 | 55001 | 48 300 | 32 000 | 32 0001
49 900/h | 49 900/h | 66 600/h | 66 600/h

_ o
1500/4 - 255°C | 33300/ | 49.900h | |\ ooorm | o8 300/t 7 000m | 67 000
72 100/h | 72100 /h | 96 100/h | 96 100/h

_ o
1900/4 —330°C | 48 000/h | 72 100/ 4y 61 60m | 141 800/m | 96 700/m | 96 700/
54 500/h | 54 500/h | 72700/h | 72 700/h

_ o
1500/5 -350°C | 36 300/h | 54 500/ | 151" 60/m | 107300/ | 73 100 | 73 100/

The engine operating conditions described in Table 4-3 were repeated in the same order
for the six catalyst configurations and showed repeatable exhaust gas concentrations (Figure

4-1), allowing fair comparison of the activity between configurations.
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Figure 4-1. Variations (error bars) in the exhaust gas concentration during the repetition of

the engine operating conditions for the different combinations of catalysts

However, during the investigation of the catalyst thermal response, test-to-test engine-out
temperature variability was recorded from one configuration to another. To take into account
these variations, a parameter representing the temperature losses over the catalysts was
calculated, based on the difference between the inlet and outlet temperatures, to provide
additional information for the thermal behaviour analysis.

After analysing the thermal behaviour of the catalyst configurations, their CO, HC and
NOy conversion efficiencies were studied during the steady-state conditions of the
experiment. The conversion efficiency was plotted against the inlet temperature to allow the
analysis of the catalyst activity at a given temperature and to take into account the variations
in terms of inlet temperature reproducibility from one configuration to another. In parallel,
the conversion efficiency was also plotted against the configurations outlet temperatures, to
take into account the differences in temperature losses over the configurations. The
conversion efficiency of the short 600/2.5 brick was also presented to estimate the portion of

the conversion efficiency accounted for by the first brick of the configurations.
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4.1.4. Model Setup for the Alternative Driving Cycles Study

An additional Axisuite model was developed, based on the experimental data previously
obtained, in order to expand the two-brick configuration study to additional drive cycles. The
input exhaust gas scenario was created based on the engine operating conditions recorded
during the experiment as presented in 4.1.3 (exhaust gas compositions, temperatures and
mass flow rates). The model was tuned to reproduce the measured 400/4 catalyst outlet
temperatures, and validated by comparing the simulated outlet temperatures with the actual
measurements for the other catalysts (600/2.5, 2BC and 2BM). This Axisuite model was then
used to investigate the thermal behaviour of the selected catalysts over alternative drive
cycles, based on the data from the engine presented in 4.1.2 running a Paris cycle and the
urban parts of an NEDC with stop/start function. Due to the larger engine used in this
simulation, the catalysts dimensions were increased (same dimensions as in 4.1.2.) to allow a
fair estimation. The modelling of the turbulent LS catalysts was not developed in this work,
due to their complex channel design, requiring further and more specific tests to understand

how to model their behaviour.

4.2. RESULTS OF THE THEORETICAL STUDY

This theoretical study is conducted to provide a first estimation of the effect of varying the
substrate cell density and wall thickness on the main parameters considered when selecting
an aftertreatment substrate (i.e. light-off capacity, conversion efficiency, pressure losses and
durability). Theoretical equations derived from the literature are applied on a variety of cell
density/wall thickness combinations to eventually select the most promising substrates for

further modelling and simulation studies.

64



4.2.1. Presentation of the Equations

The parameters presented below estimate the catalyst capacity to warm-up (light-off
factor), to efficiently convert CO and THCs (conversion efficiency factor), to generate
undesirable backpressure and to be mechanically and thermally resistant. These properties
related formulae (described below) were firstly developed in Gulati (2000) and (2001) and

Gulati et al. (2001).

- Light-Off Factor (Equation 1) shows the substrate ability to quickly reach the temperature at
which its catalytic activity starts. It relies on the thermal capacity of the substrate and the

contact area between the walls and the exhaust gases and is expressed as:

H.GSA

LOF = ==

(°C/J) Equation 1

where

GSA: geometric surface area per volume of substrate (m*/m’)
M#*: substrate thermal mass (J/°C/m™)

H: heat transfer factor (Equation 2) defined as:

Nu.GSA

H =
Dy

(m/m’) Equation 2

where
Nu: Nusselt number depending on the cell shape and the condition state (here, transient state
as the catalyst is warming-up)

Dy: hydraulic diameter (m)
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- Conversion Efficiency Factor (Equation 3) estimates the conversion capacity of the
catalyst once fully warmed, when the reactions are considered mass-transport limited. It takes
into account the mass transfer and the contact area available for reaction between the exhaust
gas and the substrate walls and is expressed as:

CEF = M.GSA (/m’) Equation 3

where

M: Mass transfer factor (Equation 4), defined as:

Sh.GSA
Dy

M =

(m/m’) Equation 4

where
Sh: Sherwood number depending on the cell shape and the condition state (here, steady-state

as the catalyst is fully warmed)

- Pressure Losses (Equation 5) represents the losses due to friction with the walls as the
exhaust gas flows inside the channels. The compression/expansion effect when the gas
enters/exits the catalyst was neglected in this estimation of the pressure losses, as the friction

losses can be considered dominating (Day, 1997). The pressure losses are expressed as:

Q_ A
A.OFA D2

AP =2 nge (Pa) Equation 5

where

e: dynamic viscosity of gas (Pa.s)

f: friction factor for square channels (14.2/Re)
Re: Reynolds number

Q: volumetric flow rate of gas (m’/s)

. 2
A: cross sectional area (m”)
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OFA: Open frontal area

A: channel length (m)

As the comparison is made for substrates of same length and diameter, at the same engine

conditions, g, fRe, Q, A and A are constant and Equation 5 can be simplified to Equation 6:

1

OFA.Dy,

(/m?) Equation 6

- 2D Iso-static Strength (Equation 7) represents the strength of the substrate when a
supposedly uniform pressure is applied around the substrate during the canning process and is

defined as:

G2p-iso = 2.828 6, =  (MPa) Equation 7
where
t: wall thickness (m)
L: cell pitch (m)
oy Estimated tensile strength of the wall (Equation 8), defined as:

6y, = G,.¢ +9%  (MPa) Equation 8

where
P: fractional substrate wall porosity (0.35 for cordierite)

0, = 117 MPa tensile strength of non porous cordierite

- Average Shear Stress (Equation 9) represents the shear stress in the substrate created by a
non-uniform pressure distribution during the canning process (misaligned substrate in the can

for example) as defined below:

2 2 .
Tav = 5 Ow (—) (MPa) Equation 9
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Other mechanical parameters can be defined, such as the axial crush strength (Gulati,
2001) or the modulus of rupture in the axial direction (Gulati, 2000). These properties show
similar trends and dependence on cell density and wall thickness as the two previous
parameters (Equation 7 and Equation 9) and were therefore dismissed to limit the number of

parameters taken into account.

- Thermal Durability: Throughout its lifetime, a diesel exhaust substrate will have to
withstand temperatures over 600°C when, for example, a filter active regeneration strategy is
in use (Watanabe et al., 2007; Kim et al., 2014). Most of the time, it will be operating at
lower temperatures than in gasoline engine exhaust, meaning lower thermal stresses will be
applied on diesel substrates. A previous study on gasoline exhaust aftertreatment (Gulati et
al., 2002) emphasised a dependence of the thermal stresses to the substrate aspect ratio
(length/diameter). It was highlighted that an aspect ratio between 1.2 and 1.4 is recommended
in the case of an under-floor catalyst, meeting surface and centre temperatures of 600°C and
850°C, respectively. In the present study, the diesel substrates have an aspect ratio of 1.27
which assures their thermal durability, as the average temperature of a close-coupled diesel

catalyst remains below 600°C.

4.2.2. Effect of Cell Density/Wall Thickness on the Catalyst Activity and Durability

In the previous section, Equation 1 to Equation 9 include some parameters others than the cell
density and wall thickness. Each variable composing these equations can be expressed using
only n, the cell density in cpsi and t, the wall thickness in mil, as, from Gulati (2001),

1 2
OFA = n (\/_ﬁ - t) Equation 10

GSA = 4n (% ~t) Equation 11

68



D, = \/_1ﬁ —t Equation 12

Using Equations 10 to 12 and the assumptions made previously (same monolith volume and

material used at the same engine conditions), Equations 1, 3, 6, 7 and 9 can be expressed as

followed,

LOF' = 2% Equation 13

(ﬁ—t)
CEF ' = 16n? (% —t) Equation 14
AP' = (11 o> Equation 15

i

vn

62p-iso = 2.8280,,tv/n Equation 16
Tay ' = %o‘wtzn Equation 17

The range of cell densities studied was defined between 100 and 1200 cpsi. Under 100
cpsi, the reduced “contact area / hydraulic diameter” ratio would lead to highly reduced
catalyst conversion efficiency. The upper limit of 1200 cpsi was chosen as it is the highest
cell density currently available for ceramic substrates. In terms of wall thickness limits, 2 mil
i1s the minimum currently made for ceramics, for mechanical durability reasons. The upper
limit was set at 12 mil wall thickness as it is the thickest wall that can be found for flow-
through substrates.

The results of Equation 13 to Equation 17 with varying cell densities and wall thicknesses
can be presented in 3D surface graphs showing the improvement or degradation of the
properties described above (light-off, conversion efficiency, pressure losses, and mechanical

durability) compared to the reference 400/4 catalyst (Figure 4-2 to Figure 4-5).
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Figure 4-2. Effect of the cell density/wall thickness on the improvement or reduction in light-

off factor compared to the reference substrate

>
2 o
O 0 450 -
25 400 -
Lhe 350 -
c ®__300 -
2 & R250 -
£ = 2200 -
> 9 5150 -
S ®%100 -
S &8 50 -
SEomnm 0 -
2G50 -
oo -100 -~
_l“ ! 1 | 1
ES 345 73
8 5 6 7 1 | | | | 6‘- 06) 0000000
W 8 9 L ! 5 50 00 (9]
all Thickness( 10111290\300 00 % “Ocell Density
mij) (cpsi)

Figure 4-3. Effect of the cell density/wall thickness on the improvement or reduction in

conversion efficiency factor compared to the reference substrate
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Figure 4-4. Effect of the cell density/wall thickness on the improvement or reduction in

pressure losses compared to the reference substrate
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Figure 4-5. Effect of the cell density/wall thickness on the improvement or reduction in

mechanical durability compared to the reference substrate

The results show that no substrate is the “ideal solution” meeting all the requirements

simultaneously (i.e. high conversion efficiency, improved light-off and mechanical durability
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with low pressure losses). A trade-off can be highlighted, as some factors such as light-off
and conversion efficiency behave in an opposite way to pressure loss and mechanical
durability, requiring some compromise. On one side, the priority can be given to a higher
surface area for the conversion efficiency, with an improved light-off factor and insured
mechanical strength with, however, increased pressure losses. Or, on the other side, the focus
can be shifted on limiting the pressure losses and enhancing the mechanical strength while
reducing the conversion efficiency and light-off performance.

Prior to choosing any substrate, the upper limit of the cell density was re-defined. Even
though cell densities of up to 1200 cpsi are commercially available, the maximum cell
density was intentionally limited to 600 cpsi. An increase in cell density reduces the cell
hydraulic diameter, as shown in Figure 4-6, increasing the risk of soot plugging the channels.
This would result in increased pressure losses and a reduced coated surface available for the
conversion of the exhaust pollutants. This effect can be significant in our case as the
oxidation catalyst is placed upstream of the particulate filter and receives untreated

particulate emissions.
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Figure 4-6. Effect of the cell density/wall thickness on the increase or decrease of the cell

area compared to the 400/4 reference substrate
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Table 4-4 summarises the cell density/wall thickness combinations that could be used to
improve the catalysts properties previously developed, compared to the 400/4 substrate. For
example, the 600/4 has an improved mechanical durability, conversion efficiency and light-
off capacity compared to the reference 400/4 substrate but on the downside, leads to an
increase in backpressure.

Based on the results of the theoretical study, several cell density/wall thickness
configurations were chosen (Xs marked in Table 4-4) for their variety of enhanced properties
and thermal behaviours, to be simulated during a driving cycle. To limit the manufacturing
costs, the selected substrates were chosen among those commercially available. This also
assures their durability as the manufacturer would have thoroughly tested that they can
withstand the engineering constraints imposed during their use.

Table 4-4. Areas representing the improved properties (higher Conversion Efficiency Factor,
Light-Off Factor, Mechanical Durability and lower Pressure losses) compared to the 400/4
substrate for different “cell density/wall thickness” configurations, with X marking the

chosen substrates to be modelled
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The properties of the selected substrates are summarised in Table 4-5.

Table 4-5. Chosen substrates with their improved or deteriorated properties compared to the

reference 400/4 substrate, based on the theoretical equations results

Substrate
LOF | CEF | Ploss | 62p-iso TAV (1-OFA)
(cpsi/mil)

200/12 -83% | -68% | -27% | 97% | 289% 88%

300/8 -61% | -39% [ -5% | 61% | 160% 56%

400/4 0% 0% 0% 0% 0% 0%

600/4 60% | 81% | S8% | 14% | 30% 13%

600/2.5 162% | 89% | 35% | -29% | -50% -28%

To represent the thermal mass, the coefficient “1-Open Frontal Area” was introduced. The
catalysts having the same substrate material and volume, the only aspect influencing their
thermal mass is the quantity of material composing the substrate, which is directly
proportional to the coefficient “1-OFA”. It has to be noted that, in the case of the pressure
losses and the “1-OFA” coefficient in Table 4-5, a negative value is preferred in order to limit
the creation of non-desirable backpressure and limit the substrate thermal mass, respectively.
For the remaining parameters, a positive value is desired. The selection of substrates includes
high cell density catalysts (600/4 and 600/2.5) with expected good light-off and conversion
factors. It also contains lower cell density catalysts with thicker walls (200/12 and 300/8)

showing a reduced backpressure increase but deteriorated conversion and light-off properties.

These selected substrates were then modelled using Axisuite software to estimate their
thermal behaviour, pressure and conversion efficiency under a diesel exhaust-type scenario
(temperature, flow rate, emissions) and to eventually refine the catalysts selection before

experimental investigation.
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4.3. SIMULATION STUDY

4.3.1. Simulation of the Thermal Behaviour and Conversion Efficiency of the Selected

Catalysts
4.3.1.1. Cold Start — Warming Phases

The high cell density/thin wall catalyst (600/2.5) provided good conversion efficiency for
both CO and HCs emissions at the beginning of the simulated NEDC (lowest cumulative
emissions of CO and THCs in Figure 4-7), as it reached its light-off temperature quicker than

the other catalysts during peaks of engine CO emissions (Figure 4-8).
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Figure 4-7. Effect of the cell density/wall thickness on the catalysts outlet CO and THC
cumulative emissions during the first 200 seconds of the NEDC (light-off phase)
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Figure 4-8. Effect of the cell density/wall thickness on the catalysts outlet temperature during
the first 200 seconds of the NEDC (light-off phase) with the engine-out CO and HC

emissions

On the contrary, as the wall thickness increased (comparison between 600/2.5 and 600/4),
the conversion efficiency was slightly reduced as lower outlet temperatures were reached due
to the increased thermal mass of the substrate. A reduction in the cell density while
maintaining the same wall thickness (600/4 and 400/4) did not affect much the conversion
efficiency of these catalysts. On the one hand, high cell densities promote the catalyst light-
off by providing a greater “geometric surface area/hydraulic diameter” ratio, enhancing the
mass and heat transfer for the conversion of CO and THCs. On the other hand, higher cell
densities also translate also into a greater number of walls between the numerous cells, which
can limit the catalyst warming capacity (Figure 4-8) due to the subsequent increase in
material and therefore thermal mass (as illustrated with the “1-OFA” factor calculated in
Table 4-5). These two effects seemed to compensate each other in this case, leading to
comparable activity for 600/4 and 400/4 during the light-off phase. The 200/12 catalyst
showed the highest CO and THC emissions due to its high thermal mass (low outlet

temperature) and reduced surface of contact.
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4.3.1.2. Cooling Phases
In a warmer part of the NEDC, between 225 and 275 seconds (Figure 4-9), the oxidation
efficiency of the 600/2.5 was reduced as its cumulative CO and THC emissions increased and

converged towards the ones from the other catalysts.
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Figure 4-9. Effect of the cell density/wall thickness on the catalysts outlet CO and THC

cumulative emissions during acceleration/deceleration phases of the NEDC

The catalyst outlet temperatures in Figure 4-10 showed that the 600/2.5 substrate cooled
much quicker than the others, due to its lower thermal mass (thin walls) and increased surface

area (high cell density), while peaks of CO emissions were produced.
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Figure 4-10. Effect of the cell density/wall thickness on the catalysts outlet temperature
during acceleration/deceleration phases of the NEDC with the engine-out CO and HC

emissions

Therefore, the quick light-off of this catalyst also led to a quick light-out (loss in activity)
during deceleration phases, adversely affecting its conversion efficiency. This cooling effect
can be even more pronounced in reality, as Axisuite thermal predictions were seen to behave
in a less dynamic trend than the measured data (Figure 3-4). However, this loss in activity
remained temporary as, beyond 275 seconds, the 600/2.5 catalyst conversion efficiency was
ultimately restored, leading to the lowest level of CO and THCs at the end of the cycle.

Conversely, the thick walls of the 200/12 catalyst promoted thermal inertia and, during
deceleration phases, maintained higher temperatures for longer compared to the other
catalysts.

From these results, the 600/2.5 catalyst appeared to be the best candidate to replace the
reference 400/4 from the conversion efficiency and thermal point of view. Unfortunately, as
predicted in the theoretical study, the high cell density led to higher pressure loss (Table 4-6)

that could degrade the engine power output and therefore increase the fuel consumption.
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These Axisuite predicted pressure losses are in agreement with the estimations given in the
theoretical study (Table 4-5). The Axisuite model uses the same assumptions as Equation 5 to
estimate the friction losses, but it also takes into account the entrance/exit and the diffuser
effects in its calculation of the total backpressure. This agreement shows that the assumptions
used in Equation 15 (neglecting the entrance/exit effects) were acceptable for these
conditions.

The results of the simulation showed that no substrate improved simultaneously all the
properties of the 400/4 catalyst, similarly to the outcomes of the theoretical study. Table 4-6
provides an estimated gain in conversion efficiency over the NEDC for each catalyst, as
predicted by the model.

Table 4-6. Summary of the conversion gain/loss and average backpressure increase over the

NEDC for the alternative catalysts substrates compared to the reference 400/4 substrate

600/2.5 600/4 300/8 200/12

CO/THC additional conversion
(% of the reference 400/4)

4.6/2.2 2.1/2.8 -2.2/-3.4 | -9.6/-10.9

mg of CO/THC:s saved/km
30.0/1.8 13.9/2.3 | -14.1/-2.9 | -63.3/-9.2
compared to reference

Average pressure increase
32.5 59.1 -1.3 -21.6

(% of the reference 400/4 pressure)

Comparing the simulation results with the predictions from the theoretical study, the light-
off factor seemed to particularly affect CO oxidation over the cycle, due to the high CO
concentration recorded during the cold start (warming phase of the catalyst). THC emissions
could be more related to the conversion efficiency factor. Most of these emissions were
produced later during the cycle, when the available surface area became the limiting
parameter (catalyst fully warm), as HC conversion can be affected by mass diffusion

limitation (Johnson & Kittelson, 1994). This can be noticed with the comparable HC
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emissions of the 600/2.5 and 600/4 and their similar CEF (Table 4-5). However, as THC
oxidation is also dependent on CO oxidation completion, a reduction in CO oxidation could
also directly affect THC conversion efficiency over the catalyst, as seen for 300/8 and
200/12.

To remedy the losses in temperature and activity during engine decelerations, the 600/2.5
catalyst could be combined with another catalyst that would compensate for these losses
through heat storage. Moreover, this additional catalyst could also limit the pressure increase
by reducing the length of the 600/2.5. The outcome would be a combination of two catalysts
that would partially compensate for each other’s drawbacks, increasing the conversion
efficiency over a wider operating temperature window, while minimising the backpressure

increase of the system.

4.3.2. Two-Catalyst Configurations

The second part of this study focuses on the use of two-catalyst configurations and
compares their performance with the 400/4 reference catalyst, using Axisuite and the same
input data as used in the previous single-catalyst study. The first catalyst of the configuration
was selected with thin walls and a high cell density. This should promote the low-temperature
activity due to the low thermal mass of the substrate (thin walls) enhancing its warming
capacity, the increased surface of contact between the exhaust gas and the catalytic coating
(high cell density) and the smaller channel hydraulic diameter promoting mass and heat
transfer. The second brick was selected to store heat during the warming process and restore
it during the cooling phases to reduce the possibility of catalyst light-out (loss of activity).

The aim of the two-catalyst configuration is to improve the overall conversion efficiency
without modifying the external dimensions, i.e. diameter and total length. This allows a

straightforward replacement of the reference catalyst and isolates the effect of varying the
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cell density and wall thickness on the catalyst thermal behaviour. Shortening the length of the
catalysts composing the two-brick configurations does not have a significant effect on their
thermal durability. A shorter catalyst provides a more homogeneous axial temperature
distribution and reduces the maximum temperature gradients recorded during the catalyst use.
The new dimensions of the substrates led to a length/diameter ratio of 0.6, which is
considered to be the minimum ratio required for a catalyst to withstand catalyst centre
temperature of 950°C (Gulati et al, 2002). Therefore, the thermal durability of the new
configurations was still maintained. The mechanical durability of the shorter substrate would
remain unchanged as it is essentially dependent on the cell density and wall thickness of the
substrate, rather than its external dimensions (Equation 7 and Equation 9).

The first substrate was chosen to be a 600/2.5 substrate as it was the quickest to warm up
and reached higher temperatures, showing the best CO emission reduction and a significant
THC conversion over the NEDC in the first part of this study (Table 4-6). The 600/4 catalyst
would have been more interesting for its higher THC conversion but it would have led to
excessive backpressure. The rest of the study focuses on the choice of substrate for the

second catalyst.

4.3.2.1. Selection of the Second Catalyst

The important characteristics of the second substrate are its higher thermal mass and
limited backpressure increase while maintaining a significant activity. Following these design
criteria, thick wall substrates with different cell densities were selected to find the best
compromise. Once again, the selected substrates were chosen among those commercially
available. In addition, a metallic substrate was also selected as a second catalyst. Metallic
substrates are preferentially selected due to their capacity to provide higher cell densities and
reduced wall thicknesses while maintaining a greater mechanical strength compared to their
ceramic counterparts. While the metallic material shows high thermal conductivity, its higher
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density also makes it a good candidate to store heat as a second brick. Different cell density
and wall thickness configurations were investigated for the metallic substrate and the results
presented here are for the most promising combination. The metallic catalyst was modelled in
Axisuite using triangular cells, as the sinusoidal shape used in these substrates is not currently
available in the software. The triangular cell shape is expected to lead to a reduced open

channel area and coated surface, compared to the sinusoidal one, reducing the light-off

capacity and the conversion efficiency.

The results of the simulation over the NEDC show that the two-catalyst configurations led
to greater or similar conversion efficiencies, especially for CO, relatively to the 400/4 catalyst

(Figure 4-11), with lower pressure increase compared to the 600/2.5 catalyst (Figure 4-12).
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Figure 4-11. Comparison of the gain in total conversion efficiency when replacing the

reference 400/4 catalyst by a single catalyst or a two-catalyst combination
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Figure 4-12. Comparison of the pressure increase when replacing the reference 400/4

catalyst by a single catalyst or a two-catalyst combination

The combinations that show the best compromise for the different parameters are the
600/2.5 + 300/8 and 600/2.5 + 200/12, the former leading to higher pressure losses but
greater CO and THC conversion efficiency. The 600/2.5 + 400/7 and 600/2.5 + 300/12
showed higher CO and THC conversion but led to undesirably high pressure losses. The
combination with a metallic catalyst (600/2.5 + 300/3M) showed limited conversion gains
compared to the reference one. This required further assessment through the experimental
tests as the approximation with the triangular cell shape could lead to erroneous estimations.

While the efficient warming capacity of the first brick was previously demonstrated,
Figure 4-13 shows a cooling phase for the second catalysts from the chosen combinations.
While the temperature of the 600/2.5 catalyst significantly dropped, the outlet temperature
from the two-catalyst combinations remained higher during peaks of CO emissions (Figure
4-13), thanks to the higher thermal mass of the second catalyst. During warming phases, the

two-brick configurations showed lower outlet temperatures, com