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ABSTRACT

The use of liquid fuels in the internal combustion engine inherently produces several toxic
emissions that need to be removed. This is done through a series of catalytic converters,
referred to as the exhaust aftertreatment system (EATS), each catalyst with its own
purpose. To cope with increasingly stringent emission legislation for the automotive
industry, the performance of these catalysts needs to improve. For their development,
modelling is an indispensable tool.

This thesis presents a mathematical model, a so-called single-channel 141D reactor
model, that describes the reactions that occur inside a diesel oxidation catalyst (DOC) -
along with the heat and mass transport. Moreover, the purpose was to improve an already
existing model using relevant experiments such as kinetic experiments in a synthetic
catalyst activity test (SCAT) bench, gravimetric analysis (GA), temperature programmed
desorption (TPD) as well as scanning electron microscopy (SEM). These experiments
enabled better inputs for the modelling framework. Furthermore, emphasis has been
put towards investigating boundary conditions for the experimental setup. The radial
mixing in a SCAT bench was investigated using pair of cleverly designed DOCs. The
investigation showed that there was a concentration maldistribution across the catalyst
inlet and the problem was solved using a 3D printed a-alumina mixer.

The original 1+1D model relies on some simplifications which are rarely fulfilled. The
model assumes that the catalytic washcoat forms a uniform slab - an assumption which may
lead to incorrectly estimated light-off temperatures. This limitation of the 1+1D model
was circumvented through the use of a sectionalizing principle, where the washcoat was
divided into multiple segments which were simulated independently. Different experiments
allowed for estimation of local properties - such as external mass transfer coeflicient,
washcoat porosity and thickness. The new model showed increased NO conversion at
elevated temperatures compared to the original model.

By improving these single-channel models, EATS modelling in general can become
more predictive - leading the way to emission-free transportation.

Keywords: Exhaust aftertreatment modelling, EATS, diesel oxidation catalyst, synthetic
catalyst activity test, scanning electron microscope, gravimetric analysis, effective diffusivity,
washcoat
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1 Introduction

This chapter will provides a brief overview of why automotive converters are needed, the
basic principle for exhaust aftertreatment along with the objectives of this thesis.

1.1 Environmental and health aspects

The incomplete combustion of liquid or gaseous fuels in the internal combustion engine
(ICE) inherently produces small but significant concentration of carbon monoxide (CO),
unburnt hydrocarbons (HC) and particulate matter (PM). Furthermore, due to the
high temperatures and excess Oy and N3, mainly nitrogen monoxide (NO) but also
nitrogen dioxide (NOs) are formed [1]. Lastly, some unique substances may form during
combustion depending on fuel impurities - however, their impact can be reduced by having
more stringent fuel quality legislation - e.g. SO, emissions from road transportion in
the European Union (EU) decreased by 99% between 1990 and 2011 following Directive
98/70/EC [2).

These emissions are all harmful to the environment or human health. First off, CO
poisoning is likely responsible for more than half of all fatal poisonings world-wide,
where roughly 70% of the cases are due to exposure to vehicle exhaust [3]. PM is
the emission that has been most clearly linked to premature deaths. For example, the
World Health Organization (WHO) estimated that the deaths of 3 million people in
2012 were attributable to outdoor air polluted with particulate matter - to which the
transportation sector is accountable for roughly 30 and 50% in European cities and OECD
countries, respectively [4]. Exposure to PM can lead to lung cancer, chronic respiratory
or cardiovascular diseases [5]. Many of the unburnt hydrocarbons are by themselves
carcinogenic [6]. Moreover, HC in combination with NOy may produce ground-level
(tropospheric) ozone (O3), which is a strong oxidizing irritant [7]. Lastly, NOx cause
acidification of ecosystems and inhalation may cause respiratory problems [8].

1.2 Emission legislation

In 1960s’ Los Angeles, the average tailpipe emissions were typically 9 g HC /km, 56
g CO/km 4 g NOx/km [7]. In combination with these high emissions, temperature
inversions would trap the polluted air in the Los Angeles valley and during peak sunlight
intensity a strong irritant was present in the city. The concentration of this oxidant
correlated well with the sunlight intensity throughout the day - and so it was established
that it was troposherpical O3 that was formed from the polluted air. This problem became
a major health concern in some American cities and to reduce this problem the 1970
Clean Air Act was signed [9]. The same year in Europe, Directive 70/220/EEC, would
become the foundation for the amendments that created the so-called Furo Emission
Standards, which restricted the amount of emitted gaseous pollutants - at that time only
carbon monoxide and hydrocarbons [10].



The Euro Emission Standards have since been revised to gradually reduce the permitted
emission levels for different engine types and vehicle classes. These emission levels, between
1993 and 2021, are presented in figure 1.1. Since the legislation for HC and NOx changed
between Euro 2 and Euro 3 for respective fuel type, the sum for HC and NOx is shown
here. The year on the x-axis corresponds to the year for registration of new vehicles. Note
that light duty is judged based on g/km while heavy duty is based on g/kWh. However,
the heavy duty emissions levels can be recalculated (using the US HDD truck fleet fleet

average of 1.68 kWh/km [11]), arriving at roughly the same emissions levels per km of
travel.
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Figure 1.1: Furo Emission Standard levels between 1992 and 2020 for different fuels and
vehicle classes (left - light duty, right - heavy duty).

1.3 Exhaust aftertreatment systems for diesel engines

Once the automotive industry realized that engine modifications alone could not meet
the requirements of the 1970 Clean Air Act, various catalytic systems were investigated.
However, aftertreatment for engines is very different from - and much more complex than
for example that of a steady-state operated chemical plant process [12]. The exhaust
aftertreatment system (EATS) must function at very low temperatures, be able to handle
thermal shocks and resist high temperatures, flow pulsations and tolerate various common
catalysts poisons (e.g. SO3). The EATS itself is also prone to vibrations [7]. Lastly, the
catalyst itself consists of a noble metal - which is some of the most expensive substances
on earth and its use should therefore be minimized. This thesis is heavily focused on the
diesel oxidation catalyst, therefore only a modern diesel engine EATS is presented here.



A typical setup for a diesel engine exhaust aftertreatment system is shown in figure
1.2 (red, crossed out substances are removed for each catalyst). The Diesel Oxidation
Catalyst’s (DOC) main function is to oxidize (the excess Oy being the oxidant) HC
into CO2 and H>O, CO into CO4 and lastly NO into NO, which in itself is actually
more harmful than NO [1]. However, equimolar ratios of NO and NO; will lead to a
different and faster reaction mechanism in the Ammonia Selective Catalytic Reduction
(NHs — SCR) catalyst [13]. The DOC also functions to generate an exotherm for active
regeneration of the Diesel Particulate Filter (DPF) via e.g. in-cylinder post injection to
increase HC concentration [14].

Co
HC NO
NO NO, NH,
PM +NH,
DOC r
co NG  NH,
HC NO

2

Figure 1.2: Common components in a modern diesel engine ezhaust aftertreatment system.

The DPF’s purpose is to trap and ultimately oxidize PM into COy. The Continuously
Regenerating Trap (CRT) uses NOs created by the DOC and shows significant conversion
already at around 300°C while the filter that relies on Os as oxidizing agent need
temperatures above 550°C - thus active regeneration is sometimes necessary [15]. Modern
variations of the DPF incorporate DOC functionality into the filter walls to reduce thermal
mass - i.e. less energy is required to heat less mass of catalyst to get it functioning. This
also lowers potential HC or CO slip from the DPF during active regeneration [1]. The
third component deals with NOx abatement. Common catalysts include the NHs — SCR,
the Lean NOx Trap (LNT) and the NOx Storage and Reduction (NSR) - either one of
them or in a combination of two (e.g. NSR-SCR). For NHs — SCR, urea (CO(N Hz)2) is
injected upstreams the catalyst to later thermally decompose into NHs and C O, [16].
N Hj then reduces NOx into No and H»O [1]. Finally, to account for potential overdosage
of urea, an ammonia-slip catalyst (ASC) is placed after (or in combination with) the SCR
to remove unreacted N Hj [17].



1.4 Objectives

This thesis focuses on mathematical modelling along with relevant experiments. Experiments
procedures include laboratory-scale synthetic catalyst activity tests (SCAT), scanning
electron microscopy (SEM) analysis and intelligent gravimetric analysis (IGA). The DOC
was chosen since its kinetics are a lot simpler than for example that of the NHs — SCR,
but the findings could easily be extrapolated to different catalyst types, e.g. the three way
catalyst (TWC) commonly found in gasoline vehicles [7]. Once sufficient experimental
procedures have been established, the project will move over to full-scale catalysts using
engine test benches.

The objective of this thesis is to combine relevant experiments and modelling to
distinguish mass transfer from kinetics. By separating these phenomenon, the models
will be more accurate and therefore predictive - a very important feature for exhaust
aftertreatment systems development. The models are also commonly used by the
automotive industry to predict the EATS reacts to gear changes, sharp transients etc.



2 Background

This chapter will introduce some fundamental concepts of catalysis along with mathematical
modelling of monolith reactors in general, thus distinguishing from next chapter which is
solely focused on the reactor model used in this thesis along with analysis and description
of experiments.

2.1 History of Catalysis

In Jo6ns Jacob Berzelius’ yearly review of the entire physics and chemistry society from
1835, he stated [18] (translated from Swedish):

"Tt is, then, proved that several simple or compound bodies, soluble and
insoluble, have the property of exercising on other bodies an action very
different from chemical affinity. By means of this action they produce, in these
bodies, decompositions of their elements and different recombinations of these
same elements to which they remain indifferent."

This is indeed the very first definition of a catalyst - something (bodies) that will
enable a reaction to take place (produce decompositions of their elements and different
recombinations) while not being consumed itself (remain indifferent). Berzelius called this
action "catalysis", from Greek "kaTaAdw" meaning to loosen or to destroy. At the time
it was far from understood what part of the chemical reaction that catalysts contribute
to or alter. Some suggested that the metallic catalysts was only a mere heat source [19].
However, one early paper from Humphry Davy [20] suggested that a chemical reactions
between two gaseous reactants (coal gas and oxygen) only occurs on specific metallic
surfaces (e.g platinum), thus proving that the surface itself had additional important
properties aside from its temperature.

Two hundred years later and roughly 90% of the products in the chemical industry are
produced by means of some catalytic process. Still, the use in practical catalysis outgrows
its fundamental understanding - however, many practical concepts helps us understand
its basics [21].

2.2 Basics of Catalysis

By now, catalysts are defined by their ability to accelerate a chemical reaction through
providing an energetically far superior reaction path compared to its non-catalytic
counterpart [21]. Figure 2.1 shows the catalytic oxidation of C'O by Os; as a potential
energy diagram and as a typical reaction mechanism. The uncatalyzed (red curve) requires
high amounts of energy to produce a gas phase reaction whereas the catalyzed version
(green curves) is a lot more favourable. However, the overall change in free energy is
identical regardless if a catalyst is being used - the catalyst only changes the kinetics while
thermodynamics and also equilibrium are unaffected. The reaction mechanism includes



adsorption of CO and adsorption and dissociation of O in the first step. The adsorbed
CO and O then forms adsorbed COs which either desorbs or decoposes back.

Y

Reaction coordinate

Figure 2.1: Left: Potential energy diagram of a typical heterogeneous catalytic reaction.
Right: Reaction mechanism of CO ozidation by O,.

As a consequence of the energetically favourable reaction path, industrial processes can
operate at greatly reduced temperature and pressure. Furthermore, the catalyst design
can be catered to increase selectivity (the ratio of desired to undesired products) towards
a certain product - thus maximizing yield and potentially reducing the need for costly
separations in industrial processes [21].

2.2.1 Heterogeneous catalysis

Catalysts comprise anything from atoms and molecules to complex enzymes and surfaces.
However, this thesis only deals with heterogeneous catalysis - where the catalyst is a
solid which catalyzes molecules in gas phase. Different noble metals are suitable for
different oxidation reactions, where according to the Sabatier principle, optimal catalytic
performance is achieved where the interaction between reacting species and the noble
metal itself is "just right" [21]. If the bonding is too weak neither reactants will stay
long enough on the surface to dissociate. On the other hand, if either of the required
reactants or final products bond to strongly to the surface, the catalyst will end up getting
poisoned and the reaction will die out. The interaction depends on the electron orbitals



of the reactants and the metal, hence different transition metals are suitable for different
reactions. Of course, catalyst price and susceptibility towards other poisons that might
be prevalent in the inlet feed have to be considered as well [21].

As Humphry Davy established early on, in heterogeneous catalysis noble metal surface
area is key. Since the surface area to volume ratio goes up as the particle diameter
approaches zero, the smallest possible particles are desired. Additionally, to further
improve the accessibility of the catalyst, the particles are typically dispersed in a highly
porous material - commonly referred to as a washcoat, where v — AlsO3 is the most
common washcoat material used in automotive converters [21]. The washcoat typically has
an extremely high specific surface area of around 150 — 175m? /g because of its complex
pore structure [21]. As a consequence of its high porosity the washcoat is very fragile and
is therefore further applied onto a supporting body. In steady-state operated chemical
plants this could be a packed-bed reactor while for automotive converters this is most
likely a monolith reactor.

2.3 Monolith reactors

Monolith reactors, also known as honeycomb monoliths, comprise a large number of
axially parallel channels of an arbitrary shape (yet square channels are most common)
[22]. They are used in a wide range of processes due to their compact nature and as
a consequence of the highly structured design and small hydraulic diameter the flow is
laminar. This leads to a low pressure drop which, in the automotive industry, is important
for reducing fuel consumption and maintaining high power output. The monolith reactor
has excellent heat transfer properties since it is usually ceramic, as can be seen in figure
2.2, or metallic [22] and typically has 400 cells per square inch (CPSI).

Figure 2.2: Photograph of a 400 CPSI ceramic monolith placed inside a metal canning.
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However, one problem with monolith reactors is that once the reactants enter the structured
channels it is not possible to change any potential concentration maldistributions across
channels that e.g. arise from liquid injection of urea upstream the N Hz — SCR [23]. This
can lead to lowered NOx conversion and increased N H3 slip. An emerging technology to
solve such a problem is the periodic open cellular substrates (POCS) [24] which, at the
cost of increased pressure drop, has improved radial heat and mass transfer. However, as
of now, the monolith reactor is the state-of-the-art technology for supporting oxidation
catalysts in the automotive industry [22]. Its operation occurs in a wide range of flow
rates, temperature and concentrations. To characterize the operation for understanding
of limiting factors, one may resort to using classical timescales [25]:

l R} R? 1
tc = ot = bulk tw — wsc tr _ 21
v T Dap T Deff kj @1)

where t.[s] is the residence time, I[m] is the channel length, v[m/s] is the average channel
velocity, t4[s] is the timescale for transverse diffusion in the open channel, Rp[m?]
is the characteristic dimension of the open channel, D4g[m?/s] is the free molecular
diffusivity, t,q[s] is the timescale for washcoat diffusion, R,s.[m?] is the characteristic
dimension of the washcoat, Def f[m?/s] is the effective diffusivity in the washcoat, ¢,[s]
is the reaction timescale and k;[s™!] is the reaction rate constant. By relative comparison
with the timescale for reaction, one can conclude whether the conversion is limited by
residence time (¢.), external mass transfer (t;4) or internal mass transfer (¢,,q).

2.4 Mathematical modelling of monolith reactors

In gaining better fundamental understanding of catalyst performance, modelling can
be a valuable tool. There have been huge efforts towards development of mathematical
models of monolithic catalytic reactors [22, 26, 27|, with a lot of attention on the diesel
oxidation catalyst (DOC) with varying degrees of complexity [1, 22, 28, 29]. Due to
the vast range of scales (0.1 m to 1 nm) of processes occurring in a monolith reactor,
several common simplifications are made to reduce computational cost. The extent of the
simplifications depend on the purpose of the application - e.g. is it to model micro-flow
in a single washcoat pore or to look at temperature profiles across the entire reactor?
The assumptions affect dimensionality of the problem as well as the governing equations -
regardless, some simplifying assumption regarding the fluid properties is typically made
beforehand. Firstly, the fluid is typically handled as incompressible - overlooking fluid
density changes along the channel length. This is likely valid due to the low pressure
drop of the monolith reactor. Some models also neglects changes in total molar flow
rates - which should be fine for low reactant concentrations [26]. However, the most
commonly used assumption, that comes with a plethora of implications and experimental
requirements, is the single-channel assumption. It should be mentioned that there exist
highly detailed washcoat models for flow inside porous networks [30]. Even though
their results are interesting for development of e.g. pore diffusion models, their detailed
descriptions are simply not viable on a monolith modelling level [26], and so they are
outside the scope of this thesis.



2.4.1 Single channel assumption

The single-channel models assume that the reaction-diffusion process that occurs within
the large number of channels in a monolith reactor can be represented by a single channel
[22]. This implies that each channel inlet has identical temperature, volumetric flow rate
as well as same gas composition - regardless of its radial position. This also assumes that
the manufactured monolith has no substantial changes in washcoat properties in the radial
direction (i.e. from channel to channel). These implications should be controlled and
verified on a lab scale catalyst. However, there still exists a distribution of volumetric flow
rates in the channels, resulting from the upstream parabolic velocity profile of the typically
laminar flow. Nevertheless, this is simply how these models are developed [26]. The
single-channel assumption, along with the design of an experimental rig, is investigated in
publication I.

For full-scale applications, where these gradients are significant, multi-channel models
account for flow maldistributions, radial heat losses etc. They commonly use results
from single-channel models to performing weighting between a number of representative
channels [22]. However, also these models are outside the scope of this project. The three
different modelling levels, multi-channel (a), single-channel (b) and washcoat models (c),
can be seen in figure 2.3.

Figure 2.3: Three common modelling levels of monolith reactor.



2.5 Kinetics

There are different kinetic expressions with varying complexity and different physical
meaning. The micro-kinetic models [31-34] usually include multiple elementary steps in
a certain reaction while global models [35-38] describe the entire reaction with a single
rate expression. The global models are generally predict reaction rates based on the gas
phase concentrations while the micro-kinetic models include species adsorbed on the noble
metal surface in the rate expressions. The elementary steps correspond to adsorption,
dissociation, surface diffusion, surface reaction and desorption (see figure 2.1) - therefore
the stoichoimetric coefficients for each step i equal to unity. The steps corresponds parts
of a reaction that can be estimated through theory or experiments. The global kinetics
describe the rate-determining step (usually the surface reaction step) and assume that
the other steps are in equilibrium (e.g. adsorption and desorption). This reduces the
necessary state variables for the rate expression, reducing computational demand and the
stiffness (the equations are less sensitive to longer time steps) of the computation.

A typical rate expression is:

r=k;c” (2.2)
where k; [1/s] is the rate constant, ¢ [mol/m?] or [—] is gas phase concentration or surface
coverage and « [—] is the soichiometric coefficient. The rate constant is calculated using
the Arrhenius equation in centered form:

Ea;

ki = k0je” <J> 2.3

J J R(T _ T’ref) ( )

where k0;[m?/s] is the rate constant at some reference temperature, T f:

Ea,

kO-zA-e( : ) 2.4

J J RTref ( )

where A; [—] is the pre-exponential factor and Ea; [J/mol] is the activation energy. The

centering of the Arrhenius equation reduces the otherwise strong correlation between the
pre-expontial factor and the activation energy [39]. The reference temperature should be
chosen so that it minimizes the correlation between A; and Fa; - although it is typically
chosen as the average temperature of common operating temperatures.

2.6 Transport phenomenon
In order to predict the reaction rates along the channel, the mass transfer from the bulk

gas to the solid surface (external) and throughout the washcoat (internal) must be taken
into consideration. The same applies for heat transfer.
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2.6.1 Tanks-in-series principle

The monolith channel can be treated as a plug flow reactor (PFR) which is modelled
using the tanks-in-series model [40]. This non-ideal reactor model uses n continuously
stirred tank reactors (CSTR) connected in series. As n assumes a larger number, the
CSTRs behave increasingly like a PFR reactor as can be seen in figure 2.4.

Figure 2.4: Left: Tanks-in-series principle. Right: A typical graph for concentration vs
azial reactor coordinate.

2.6.2 External mass transfer

The flow inside the monolith channel is typically strictly laminar and for the greater part
of the reactor treated as fully developed. The external mass transfer from the bulk gas
to the solid surface is governed by molecular diffusion due to the concentration gradient
that arises from the reaction within the washcoat. As such, the flux from the bulk gas to
the solid interface is usually treated using film theory where the mass transfer coefficient
is expressed in terms of the dimensionless Sherwood number [26]. Since the entrance
length, where the laminar velocity profile develops, is very short compared to the length
of the entire channel - the Sherwood number found in literature is typically given as an
asymptotic value:

deH

Sheo =
Dap

(2.5)

where Shoo[—] is the asymptotic Sherwood number (typically between 2 and 7 depending
on channel geometry [41, 42]), kc[m/s] is the external mass transfer coefficient, dg[m] is
the hydraulic diameter (typically the open channel diameter) and D 4p[m?/s] is the free
molecular diffusivity. To account for the increased external mass transfer in the entrance
region (in the case of a fixed wall temperature), Tronconi et al [41] developed the following
correlation:

11



Sh, = Nueo 1 + 6.874(10002%) 0488 eqp(—57.22%) (2.6)

where Sh,[—] is the axially resolved Sherwood number, Nus, r[—] is the Nusselt number
for the relevant geometry and z* is the axial coordinate in dimensionless form.

2.6.3 Internal mass transfer

There are a number of ways to treat the internal mass transfer through the washcoat.
Some authors simply neglect internal mass transfer due to sufficiently thin washcoats or
by operating at sufficiently low temperatures where the reaction is kinetically controlled
[43, 44]. When it comes to operation of the automotive converters, internal diffusion
limitations are apparent in normal operating conditions even with very thin washcoats [45,
46] — hence it is very common to include a separate model for the internal mass transfer [28,
47-55]. The option would be to lump the mass transfer effects into the kinetic expression
[41], however it is not likely that such a model will accurately predict performance for
an equally wide range of operating conditions as the models that separately model mass
transfer.

2.6.3.1 Pore models

To model internal mass transfer properly, an estimate of the effective diffusivity is needed
[22]. This can either be measured as explained in chapter 3 or modelled with one of the
many available pore models; Wheeler’s model [56], the model of Evans et al [57], the
cylindrical model of Johnson and Stewart [58] to name a few. Each author has their
own idea of how the pore network is arranged - e.g. as a tree where the smaller pores
are branched from larger ones or arranged in series. The pore models often describe the
diffusion in macro- and micro-pores, as a combination of free molecular diffusivity and
Knudsen diffusivity, to form the pore diffusivity [59]. The Knudsen diffusivity, Dy, is
the diffusion mechanism when the mean free path of the molecule (A = 140 nm for Os at
1 atm and 300 °C) is longer than the average micro pore diameter (d, ~ 5 — 10 nm):

d, [SRT

D =
Kn 3 M

(2.7)
where d,, [m] is the the average micro pore diameter, R [m3PaK'mol™'] is the gas
constant, T' [K] is temperature and M [g/mol] is the molecular mass. The free molecular
diffusivity, Dap is the diffusion mechanism when the mean free path of the molecule is
shorter than the average macro pore diameter (dy; &~ 1 — 10 um). The free molecular
diffusivity can be measured experimentally or calculated through the Chapman-Enskog
method [60]:

3 (drkpT/Map)'/?
Dup = — L
16 nmoy g8

(2.8)

where kp [J/K] is Boltzmann’s constant, Map [g/mol] is the reduced molecular mass,
n [mol/m3] is the number density of molecules in the mixture, 0% 5 [m] is the average
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collision diameter and Qp [—] is the collision integral. Which of these diffusion mechanisms
that is the dominating one depends on the porous media and its pore size distribution.
However, it is common to include both of these mechanisms to arrive at the arrive at the
pore diffusivity, Dp, using the Bosanquet equation [59]:

1 1 \?
Dp = 2.
r <DAB * DKn> (29)

To further describe the complex nature of the pore network, two common constants are
used - tortuosity (7 = 1 — 10) and porosity (¢ ~ 0.8). Figure 2.5 illustrates physical
interpretations of these pore model constants.

_Kn,udsen ﬂ,lecular @rtuosiw os
wcs“ §\\\\\\\\\\\\\\ %%
A>d, A<d, g = Ve

Figure 2.5: Physical interpretations of pore model constants.

The tortuosity is generally found to be inversely proportional to the washcoat porosity
[61]. The porosity scales the pore diffusivity with the void fraction of the material while
the tortuosity takes the curvature of the pores into account. In this thesis, Wheeler’s pore
model [56] is used:

Deff; = GIT)P (2.10)

2.6.4 Discretization schemes of single-channel models

The two most common ways to include internal mass transfer limitations in automotive
converters are 1D models with the use of an effectiveness factor [47-51] as well as the
141D models [28, 52-55]. On a general level, these methods are distinguished by the fact
that the 1+1D model also resolve the washcoat in the radial direction. Thus each tank,
in the tanks-in-series model, includes a set of sub-tanks which correspond to washcoat
layers [52].

13



2.6.4.1 1D models with effectiveness factor

The 1D reactor model, using an effectiveness factor, is far less complex than the 1+1D
models. As a consequence it is less stiff and faster to compute [26]. The effectiveness
factor is a simple but powerful tool that can account for different washcoat formulations,
washcoat geometries, states of aging etc - but needs to be tuned or calculated for every
state of the material and inlet conditions [62]. Because it is so inexpensive, it is commonly
used for commercial operation or control purposes [62]. Apart from simple tuning the
constant to fit kinetic data there exist analytical solutions [63] as well as numerical
solutions [48, 62, 64] to the problem.

2.6.4.2 1+1D models

For improved accuracy and understanding - which is key for reactor design and optimization,
the 141D model is a much better choice [47]. The name implies that the gas phase is
resolved axially while the washcoat is resolved in radial direction as well ("+1D") as seen
in figure 2.6. However, it is not two dimensional by definition, since the axial mass transfer
within the washcoat is usually negligated. All of these models rely on the washcoat
being axisymmetric, thus the tangential dimension is removed. However, this assumption
has been reported to be quite erronous and its penalties could unfortunately result in
inaccurate light-off temperature predictions [65]. This assumption is elaborated on in
publication III, where an alternative to the classical 141D model is presented - through
which the axis-symmetric requirement can be circumvented.

Gas phase

. k,0
Film +——f——> ——>> —> 4../ "m
1K,

¢ kon
PN [x

Solid phase

Layer (n) | ¥ | L v

a0 [ Ne!

Substrate

Tank (k)

Figure 2.6: Left: Tanks-in-series principle applied for a 1+1D discretization scheme.
Right: Concentration profile.

Lastly, there exist some attempts at performing full 3D CFD simulations of a single-channel
[65]. As mentioned, they demonstrate some valuable insights for the validity of the
underlying assumptions for the 1+1D models. However, these models are significantly
more computationally demanding than the more common 1D and 141D models.
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2.6.5 Heat transfer

Heat transfer in the monolith is to some extent analogous to the external mass transfer,
i.e. a Nusselt correlation is used to describe the heat transfer from the gas phase to the
solid [41]:

Nug = = (2.11)

where Nuso[—] is the asymptotic Nusselt number (typically between 3.0 and 4.5 [66]),
h [W/(m? K)] is the heat transfer coefficient, dg [m] is the hydraulic diameter (typically
the open channel diameter) and k [W/(m K)] is the gas phase conductivity. Other
important heat transport mechanisms include conduction within the washcoat and
monolith substrates (especially important for metallic substrates) and reaction heat
since the majority of the catalytic reactions in the EATS are exothermic. In this thesis,
there is little or no focus on heat transfer since the experiments performed on lab-scale are
more or less isothermal due to the low reactant concentration and high volumetric flow
rates. However, in a multi-channel model, where temperature gradients are significant,
heat losses have to be modelled.
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3 Modelling and Experiments

This chapter describes the 1+1D model in more detail along with the performed experiments.
For additional information, please refer to publication III and the works by Lundberg et
al [52, 53].

3.1 Original 141D model

The 141D reactor model is based on the ones developed by Lundberg et al [52, 53] and in
turn the one by Ericsson et al [67]. This model is a good trade-off between computational
speed (running in real-time on a i7-4600 U, 2,7 GHz processor) and accuracy [47].

3.1.1 Mass transfer

The model contains a quasi-steady state (assuming that the variations in inlet conditions
are slow in comparison with the timescales for the modelled chemical processes) formulation
of mass and heat balances. From hereafter, the discretized nodes in the tanks-in-series
model are distinguished between axial nodes, referred to as tanks (index k), and radial
nodes, referred to as layers (index n). Substances are indexed by 4 and reactions by j.
The mass balance for the gas phase (n = 0) is given by:

de; k.0
0= (Vk,ozl’t’) = Frot (Yi,(k-11,0 — Yik,0) — Disk0 (Cik0 — Cite1) (3.1)
The terms (from left to right) correspond to changes in the amount of substance in tanks
corresponding to the gas phase, advection by bulk flow and lastly external mass transfer.
For all layers (n > 0) the washcoat mass balance is given by:

dci,k,n
dt

0= (Vk,nG > =Tk n—1] (Cin—1] = Ciskon) —
(3.2)
—Tikn (ci,k,n - Ci,k,[nJrl]) + Z Vi, T5,k,nMk,n

J

Here, the mass transfer terms correspond to internal mass transfer and the last term is a
source term, corresponding to production or consumption via reaction. The external mass
transfer coefficient, I'; 1.0, and the internal mass transfer coefficient, I'; 1, ,, is calculated
as:

Ay
Liko=—3 0.5Az; 3.3)
kci ko Def fik,n
Def fi jnAx
Ly = — DS fiind (3.4)

0.5Az,, + 0.5A$[n+1]
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For the last layer (n = N), it is assumed that there is no flux into the monolith substrate,
i.e. I'; kv = 0. Due to very low reactant concentration along with high space velocities,
it is likely that the operation of the lab-scale monolith is isothermal. Hence, the models
for heat transfer is not further presented. For details, see [53].

3.1.2 Kinetics

The detailed kinetics model used includes oxidation of CO, NO and hydrocarbons lumped
as HC'. However, as the oxidation of NO on Pt has significantly higher activiation energy
than CO and HC, it is very hard to achieve a differential reactor for all these reactants
at the same time. As a result, the project has focused on NO oxidation up to this point.
The detailed reaction scheme for HC and CO oxidation can be found in [53]. The NO
oxidation reaction scheme, based on Lundberg et al and Olsson et al [52, 68], includes
adsorption and desorption for Oz and NO; as well as backwards and forwards surface

reaction as can bee seen in table 3.1.
Table 3.1: Detailed reaction scheme for NO oxidation.

‘ Mechanism ‘ Reaction ‘ Rate
O, adsorption Os(g) + 2% — 20* r = k1Co,0%

#

1

2 | Oy desorption 20* — O5(g) + 2 ro = kob?

3 | NO; adsorption | NOz(g) + 1x — NO3 | r3 = k3Cno,0v
4

)

6

NO; desorption | NO; — NOs(g) + 1x | r4 = ksOno,
surface reaction | NO(g) + O* — NO; | r5 = ksCnobo
surface reaction | NO; — NO(g) + O* | 16 = k¢Ono,

3.2 Parallel 1+1D model

To be able to handle arbitrary washcoat geometries with local features such as cracks, thus
circumventing the assumption of an axissymmetric assumption, a sectionalizing principle
was applied to the 1+1D model. Similarly to Papadias et al [51, 62] and later Hayes et
al [49], the washcoat is sectionalized into multiple slices as seen in figure 3.1. Whereas
Papadias et al and Hayes et al used this principle to calculate an overall effectiveness factor,
in publication III this method is used to account for the importance of local or global
washcoat properties (porosity, tortuosity and thickness). It is assumed that potential
tangential mass transfer is negligible compared to the radial one. The local washcoat
properties are determined using a combination of scanning electron microscopy (SEM)
analysis and gravimetric analysis (GA). Once these properties are established the model
treats the problem, of a non-uniform washcoat, as a number of parallel computations
using the original 1+1D model.
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Figure 3.1: Parallel 141D model discretization scheme and parallel computing scheme.

3.3 Design of Experiments

In order to able to model monolith reactors properly experimental observations are
required. To systematically examine these observations, and to get the most data out of
the least number of experiments, design of experiment (DoE) is an invaluable tool. DoE
aids in determining the relationship between state variables and some observed process
variable [69]. To be able to model the processes that could occur in the monolith, the
data that is used to tune the model must also contain them. In order to create a broad
experimental space, the effect of the the following parameters, presented in table 3.2 are
investigated.
Table 3.2: Investigated parameters for catalyst modelling.

Variable Typical value
Temperature 100 to 500°C'
Volumetric flow rate 20 to 40 Iy /min

95’000 to 190’000 hr—!
Reactants CO, NO, C3Hg
Inlet concentration 100 or 1000 ppm
Mass of active catalyst | 5 or 15 g/ft?

0.29, 0.33 or 0.67 %w/w
Thickness of washcoat | 28, 55 or 110 um

Furthermore, since the operation of automotive converters are highly transients, it is
required that their mathematical models are the same. For such models, Berger et al [70]
suggested that transient experiments are performed - simply because they contain much
more information than the steady-state counterpart.
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3.4 Synthetic Catalyst Activity Test

In engine tests, the exhaust data, e.g. temperature and concentration, is often highly
correlated [71]. To be able to cover a large experimental space and to freely adjust
parameters in experiments, it is therefore common to use a synthetic catalyst activity test
(SCAT) bench - also commonly known as flow reactor. The SCAT system used in this
project is carefully described and evaluated for use in transient experiments in publication
I, hence only its main principle and features are emphasized here.

The SCAT bench uses separate sources for each desired reactant, where the inlet
concentrations are controlled using mass flow controllers (MFC). Ny is commonly used as
a carrier gas and the entire mixture is heated using an electrical heater. In this way, any
combination of reactant concentration, flow rate and temperature can be achieved. The
diesel oxidation catalysts, typically 1x1 inch, are placed in a large oven which encases
the entire reactor. The SCAT bench allows for measurement of temperature, pressure,
concentration and flow rate at multiple given positions.

3.4.1 Kinetic experiments

The kinetic experiments, summarized in publication II, comprise concentration step
experiments for several reasons. Firstly, again, the transient experiments contain more
useful information. Secondly, the short duration of the steps (where reaction occurs)
limits the likelihood of a change in the noble metal oxidation state - which can alter the
kinetics significantly [1]. As of now, this phenomenon is not included in the 1+1D model,
hence, to observe this is experimentally undesired. Lastly, the step changes can be seen
to mimic what happens in an engine when the load points rapidly change.

3.4.2 Temperature programmed desorption

As was discussed in the introduction, the most important parameter for reaction (besides
the temperature) is the available surface area of the catalyst. This can be determined using
temperature programmed desorption (TPD) [72]. In this experimental procedure seen in
figure 3.2, the reactor temperature is set very low to allow for adsorption but not reaction.
A well-known concentration of e.g. C'O is dosed in two separate pulses. The first pulse
(blue curve) shows uptake of CO until the 100 second mark. At this point the active sites
are saturated and therefore CO starts to "leak" through the catalyst. This uptake of CO
includes physisorption and chemisorption. After the MFC is switched off, the physisorbed
molecules desorb. A second pulse is performed and the second uptake corresponds to
physisorption (since the chemisorbed sites are already saturated). The difference between
uptake one and two corresponds to the amount of chemisorbed molecules which is a direct
measurement of how many active sites the catalyst contains.

By dividing with the total amount of catalyst (in substance amount) the so-called
dispersion is achieved. This measurement (usually below 30% of the total catalyst amount)
describes the accessibility of the precious metal, or in words a qualitative measurement of
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Figure 3.2: CO TPD principle.

the efficiency of the washcoat and catalyst preparation. As this parameter linearly scales
the reaction rates, expressed as moles/s/kg of catalyst, this input is of utmost importance
for modelling.

3.5 Scanning Electron Microscope imaging

The scanning electron microscope (SEM) resembles the modern digital camera. However,
instead of detecting the light reflected by an object, an accelerated electron (primary
electrons) beam is bombarded onto a surface of interest. This surface allows for some
electrons to pass through (transmitted electrons) - however, during this process, the
surface itself produces reflected electrons (secondary or backscattered electrons). The
intensity of these secondary electrons can be recorded using special solid-state detectors
and amplified to form a pixel luminosity. The electron beam is then moved (scanned) into
a new position to record a new pixel - and slowly an image is captured [73]. A typical
image of the monolith substrate (upper left), the open channel (lower right) and the
applied washcoat can be seen in figure 3.3.

In this project, as explained further in publication III, SEM images are used to measure
the washcoat thickness using cross-sectional images of the monolith channel. The open
source plugin ImageJ was also used, in combination with a threshold script, to differentiate
between gas and solid phase - enabling approximations of local porosity. These two values
form the basis for tuning a tangentially resolved effective diffusivity.
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Figure 3.3: SEM image of open monolith channel and washcoat.

3.6 Gravimetric Analysis

There are several methods for measuring effective diffusivity for washcoats applied onto
monolith substrates [59, 74, 75]. Hayes et al [59] constructed a modified Wicke-Kallenbach
cell to measure the diffusivity between channels for a washcoated monolith reactor. By
also measuring the diffusive resistance of the uncoated monolith - the diffusivity of the
coating alone can be distinguished. There are also classical chromatographic methods
which rely on long columns (>> 1m) containing crushed monoliths with applied washcoat
[74]. The chromatographic methods rely on small differences in residence time, across
these columns, as a result from the effective diffusivity of some tracer substance. Lastly,
there are gravimetric methods [75]. These are tedious experiments and only result in
single data points per several of hours of experiments - however, they are accurate since
they directly measure the uptake of some reactant with time.

In gravimetric analysis (GA) a small sample of washcoated monolith is placed on a
balance inside a thermally insulated chamber. The chamber is heated, and simultaneously
evacuated, to desorb any previously adsorbed molecules - to start with a fresh sample. The
chamber is then cooled to a low temperature (usually around 0°C) where the molecular
diffusivity is greatly reduced. The previously evacuated chamber is then exposed to a large
slowly diffusing hydrocarbon, e.g. hexane, which is kept in a separate liquid reservoir. The
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Uptake of C3 Hg at 1°C at 12 mbar steps
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Figure 3.4: Uptake of CsHg at 1°C' at 12 mbar steps.
hydrocarbon adsorbs onto the washcoated sample and its uptake is monitored over time.

From these uptake curves, seen in figure 3.4 the effective diffusivity can be calculated
from curve fitting:

t
m) g (3.5)
Moo
where m(t)/ms [—] is the ratio of mass adsorbed at time ¢ [s] to mass adsorbed at
equilibrium. k [s~!] is the uptake rate coefficient:
Deff
k=g (3.6)

where Def f [m?] is the effective diffusivity and d,s. [m] is the effective diffusion length -
i.e. the washcoat thickness. Using the previously mentioned pore diffusion models, the
tortuosity constant can be estimated. Once the effective diffusivity, washcoat porosity
and thickness has been established through SEM and IGA, we can study the effects of
mass transfer resistance. By separately measuring the mass transfer properties of the
washcoat, there is less need for tuning when performing parameter estimation - or at least
the results from IGA and SEM should provide a good starting point for tuning,.
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4 Results and Discussion

This chapter summarizes the results from publications I, IT and III.

4.1 Summary of publication I - Use of 3D-printed
mixers in laboratory reactor design for modelling
of heterogeneous catalytic converters

Publication I presents a through investigation of the benefits and drawbacks of two typical
SCAT bench designs - the premixed and injection-based design. The premixed design
mixes the reactant flow before heating it to the desired operating temperature. As a
result the premixed design unfortunately has high axial dispersion which is not desired in
highly transient experiments. The injection-based design circumvents the problem with
axial dispersion through injection of the reactants through a set of capillaries close to the
reactor inlet. Because of this design principle, there is a risk of having a maldistribution
of reactants across the monolith inlet - which is not accounted for in the single-channel
models. The problem is that very few SCAT benches allow you to measure this local
problem since you only have access to mixed-cup averages of the outlet conditions.

03H6 Conversion, ci"=1ooo ppm, V=20 Ipm
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Figure 4.1: Conversion vs temperature for various catalyst configurations, with or without
mizer.

To tackle this problem a set of smart catalysts were designed. The catalysts only induce
local reactions and so the reactivity (and thus inlet concentrations) can be measured at
various radial positions. The results can be seen in figure 4.1. By comparing the blue and
red solid lines, it can be seen that the conversion depends on the radial position. To solve
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this maldistribution problem a modified SMX mixer was designed. Once the experiments
were repeated using the mixer upstream the catalyst sample (dotted lines), conversions
did not show a radial dependence. The SCAT bench, along with the modified SMX mixer,
was also simulated using computational fluid dynamics (CFD). The effect on the flow
field, caused by the mixer can be seen in figure 4.2.

Velocity Magnitude (m/s)
01 20 4.0 6.0 8.0

Figure 4.2: Streamlines colored by velocity magnitude for CFD simulation of 20 LN/min.

4.2 Summary of publication II - Efficient Experimental
Approach to Evaluate Mass Trans-fer Limitations
for Monolithic DOCs

In publication II, the diesel oxidation catalyst (DOC, Pt/-Al203) is used in a synthetic-gas
catalyst test bench to study internal and external mass transfer limitations during NO
oxidation. By varying the washcoat thickness (55 and 110um) while keeping the total
noble metal loading the same, two DOCs can be evaluated using classical timescales.
Figure 4.3 shows the ratio between the time constant for reaction and washcoat diffusion.
The conversion for the DOC with thinner washcoat shows to be kinetically controlled
at lower temperatures. At intermediate temperatures it enters a region where internal
mass transfer limitations start to play a role. The conversion for the DOC with thicker
washcoat shows severe internal mass transfer limitations already at around 175°C.
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Figure 4.3: Ratio of time scale for reaction and washcoat diffusion.

4.3 Summary of publication III - Modelling of mass-transfer
resistances in non-uniformly washcoated monolith
reactors

The traditional 1D or 1+1D single-channel models fail to capture variations in mass
transfer resulting from a non-uniform washcoat. Publication III presents a modelling
framework where a sectionalizing principle is combined with a traditional 1+1D model to
account for local variations in the washcoat. Intelligent gravimetric analysis (IGA) and
scanning electron microscopy (SEM) are used in combination to calculate local effective
diffusivity as an input for each simulation. The new model is compared to the original
1+1D model in figure 4.4, where NO light-off curves are shown. The new model predicted
increased conversion at elevated temperatures, where mass transfer limitations are present,
due to the higher porosity in the corners. Hence, these local features are important for
predictive modelling of automotive converters where the axis-symmetric assumption for
washcoat thickness is not fulfilled.
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Figure 4.4: Light-off curves for the original 141D model new (parallel) model using either
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5 Conclusion and Outlook

From publication IT and III it is evident that internal mass transfer play an important
role in NO oxidation, even at very low temperatures, and that it must be modelled with
great care. It is also clear that neither experiments, nor simulations, can independently
enhance understanding of e.g. the corner effects of the washcoat. That is, it is virtually
impossible to design experiments that can determine how the washcoat corners affect the
mass transfer. Likewise, modelling alone would not have been able to even identify the
fact that the washcoat accumulates in the corners of the channel. Furthermore, this thesis
highlights the importance of investigating experimental boundary conditions and model
simplifications - whose validity otherwise would have been taken for granted.

As of now, the parallel model shows promising results. That is, it shows some sensitivity
compared to the original model. Still, that does not mean that it can separate mass
transfer and kinetic effects better than the 141D model. For that to be investigated the
parallel model has to be tuned separately from the original model. The tuned parameters,
e.g. activation energy, can then be compared to literature data to evaluate which model
is actually more accurate. The additional computation cost also has to be considered. Is
having to run multiple simulations really worth the potential increase in accuracy for the
parallel model - even if they computed in parallel? For development of future automotive
converters it might be useful if future coating techniques do not change the washcoat
distribution, but for real-time monitoring and EATS control on board an electronic control
unit (ECU) it is far too computationally demanding,.

The next investigation will be to use oxidation catalysts with an inert layer of washcoat
on top of the catalytically active washcoat layer. This allows for mass transfer resistances
to be emphasized further, even for very fast oxidation reactions - such as CO and HC
oxidation. Moreover, it could be interesting to use more realistic inlet compositions to
mimic common exhaust gas, e.g. inclusion of water and various hydrocarbons. At a
later stage, the single channel models will be applied to a full-scale catalyst used in an
engine test bench. At that point it would be interesting to compare the single-channel
model with a multi-channel model using CFD to include distributions of flow rate and
temperature.
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6 Contribution to the field

This main contribution of this work can be summarized as:

6.1 Publication 1

"Use of 3D-printed mizers in laboratory reactor design for modelling of heterogeneous
catalytic converters”

Validation of boundary conditions is of utmost importance - no matter the discipline.
The novelty in this work comes from the smart way of identifying radial concentration
maldistributions where local measurements are not possible. The modified SMX mixer
assembled through additive manufacturing in o — Al3Os3, having the reactant injection
point in the turbulent wake of the mixer, is also new. I was responsible for designing the
experiment, catalysts and the mixer - as well as writing the paper, analyzing the kinetic
data and performing the dispersion calculations.

6.2 Publication II

"Efficient Experimental Approach to Evaluate Mass Trans-fer Limitations for Monolithic
DOCs"

Experimental screening and its associated analysis, is of importance for time efficient
experimental campaigns. These types of screenings have been done by others, however,
the novelty here comes from using a sufficiently thin washcoat for one of the experiments
- so that its reaction time scales can be carried over to the DOC with thick washcoat.
Otherwise some modelling of reaction time scales would have been required. I was
responsible for design of experiments, analysis as well as writing the paper.

6.3 Publication III

"Modelling of mass-transfer resistances in non-uniformlywashcoated monolith reactors”

The often disregarded and erroneous assumption, regarding an axissymetric washcoat
formulation, is typically found in all papers for 2D single-channel models. The novelty
here comes from trying to circumvent this problem by resorting to the sectionalizing
principle. Also, the combined use of IGA and SEM to tune a local effective diffusivity
is also new. I was responsible for developing the idea, perfoming IGA experiments and
analysis of SEM images, the modelling itself and lastly writing the paper.
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Nomenclature

Abbreviation Description

ASC Ammonia Slip Catalyst

CFD Computational Fluid Dynamics
CPSI Cells Per Square Inch

CRT Continuously Regenerating Trap
CSTR Continuously Stirred Tank Reactor
DPF Diesel Particulate Filter

DOC Diesel Oxidation Catalyst

DoE Design of Experiments

EATS Exhaust Aftertreatment System
EU European Union

GA Gravimetric Analysis

HC Hydrocarbons

ICE Internal Combustion Engine

IGA Intelligent Gravimetric Analysis
LNT Lean NOx Trap

MFC Mass Flow Controller

NOx Nitrogen oxides

NSR NOx Storage and Reduction
OECD Organisation for Economic Co-operation and Development
PFR Plug Flow Reactor

PM Particulate Matter

POCS Periodic Open Cellular Substrates
SCAT Synthetic Catalyst Activity Test
SCR Selective Catalytic Reduction

SEM Scanning Electron Microscopy
TPD Temperature Programmed Desorption
WHO World Health Organization
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Variables

A
Ap
Cik,n
Dup
di

)

Yik,n

Description

Pre-exponential factor

Wetted area in tank k
Concentration

Molecular Diffusivity of species A in B
Hydraulic diameter

Average micro pore diameter
Average macro pore diameter
Washcoat thickness

Effective diffusivity

Activation Energy

Total molar flow rate in gas phase
External mass transfer coefficient
Reaction rate constant

Length scale

Mass of catalyst

Asymptotic Nusselt number

Gas constant

Characteristic dimension of the open channel
Reaction rate

Characteristic dimension of the washcoat
Axially resolved Sherwood number
Asymptotic Sherwood number
Time

Residence time scale

Reaction time scale

Reference temperature

Transverse diffusion time scale
Washcoat diffusion time scale
Fluid velocity

Stoichiometric coefficient

Volume for a tank

Gas phase molar fraction
Dimensionless axial coordinate
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Greek characters
A:ck

Fi,k,n
A

Subscripts and indices

3 . =S

Substances

Cs3Hg
CcO
CO
H>0
HC
N,

N H,
NO
NO,
NOx
SOy

Description

Distance between tanks
Mass transfer coefficient
Mean free path

Description

Species
Reaction
Tank
Layer

Description

Hexane

Carbon monoxide
Carbon dioxide
Water
Hydrocarbons
Nitrogen
Ammonia
Nitrogen monoxide
Nitrogen dioxide

Nitrogen oxides (grouping)

Sulfur dioxide
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