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ABSTRACT

The incomplete combustion of liquid or gaseous 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 14+1D reactor
model, that describes the reactions that occur inside a diesel oxidation catalyst (DOC)
- along with the heat and mass transport. The purpose was to improve an already
existing model using relevant experiments such as kinetic experiments using a synthetic
catalyst activity test (SCAT) bench, gravimetric analysis (GA), temperature programmed
desorption (TPD) as well as scanning electron microscopy (SEM).

The inlet conditions for the used catalyst sample in an injection-based SCAT bench
along with important model assumptions was validated rigorously. A smart experiment,
using a small active DOC core positioned in various radial positions within an inert, larger
monolith revealed that there was a radial concentration maldistribution within the SCAT
bench. After developing a modified SMX mixer and running the experiments again, it
was concluded that the SCAT bench fulfilled the assumptions for single channel models,
while still maintaining its transient benefits compared to the alternative premixed design.

After the SCAT bench inlet conditions were verified, an efficient experimental method
was developed for identifying mass transfer limitations for a monolith reactor. This
experimental method constituted the basis for the experimental observations in paper 111
and IV. It was shown, using ratios of various timescales that NO oxidation on Pt/Al,O3
can be internally mass transfer limited already at 175°C. This agreed fairly well with the
modelling findings of paper IV using the same timescales.

Another important modelling assumption that was investigated was the one regarding
the assumed uniformly distributed washcoat. This assumption was challenged by developing
a parallel, tangentially resolved mass transfer model with local effective diffusivities
established using a combination of SEM and IGA. The model shows great promise for
monolith reactors with high washcoat loading, however, it showed to be redundant for
the catalysts used with uniform washcoat distributions. It might still find uses in reactors
that utilize differences in internal mass transfer to promote selectivity for series reactions.



To accompany the experiments performed, without having to perform dedicated
experiments for each unknown model parameter, a robust parameter estimation algorithm
using response surface methodology (RSM) was integrated into the 14+1D reactor model
in Matlab. The tool utilized a design of experiment (DoE) to numerically approximate the
objective function for gradient and step size determination. It was shown that different
DoEs require different step sizes but a more sophisticated DoE can allow for a faster
optimization. One other important aspect for the tuning was the weight function to weigh
together the temperature resolved residual - a temperature dependent weight function
improved the fit and boosted the importance for external and internal mass transfer
parameters. Lastly, the use of an additional, inert washcoat in the experiments showed to
be a vital observation for tuning the internal mass transfer.

These findings are relevant for accurate and predictive modelling of catalysts for the
automotive industry.

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

This chapter 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 Oz and Ny, mainly nitrogen monoxide (NO) but also nitrogen
dioxide (NO3) 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 For example, SOy emissions from road transportation 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, where exposure to PM can lead
to lung cancer, chronic respiratory or cardiovascular diseases [4]. 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 [5]. Particulate matter is today (May, 2022) [6] responsible for 4.14 million
deaths. Many of the unburnt hydrocarbons are by themselves carcinogenic [7]. Moreover,
HC in combination with NOy may produce ground-level (tropospheric) ozone (Ogz), which
is a strong oxidizing irritant [8], killing roughly 370,000 people every year [6]. Lastly, NO,,
where on-road diesel vehicles is responsible for roughly 20% of all global anthropogenic
NO., emissions, cause acidification of ecosystems and inhalation may cause respiratory
problems [9, 10].

1.2 Emission legislation

In 1960s’ Los Angeles, the average tailpipe emissions were typically 9 g HC/km, 56 g
CO/km and 4 g NO,/km [8] - emitting upwards of 2800 times more than modern car! 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



[11]. The same year in Europe, Directive 70/220/EEC, would become the foundation for
the amendments that created the so-called Euro Emission Standards, which restricted
the amount of emitted gaseous pollutants - at that time only carbon monoxide and

hydrocarbons [12].

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 2027, are presented in figure 1.1. Since the legislation for HC and NO, changed
between Euro 2 and Euro 3 for respective fuel type, the sum for HC and NO,, 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 e.g. the US HDD truck fleet
fleet average of 1.68 kWh/km [13]), arriving at roughly the same emissions levels per km
of travel. The boxes at the end of 2027 for light duty and 2026 for heavy duty corresponds
to the, as of writing this thesis, expected Euro 7 limits.

Light Duty Heavy Duty
—&—Diesel: CO —&—Diesel: CO
10t L Diesel: HC+NOx 10t | Diesel: NOx
—e—Diesel: PM —e—Diesel: PM
- @ = Gasoline: CO g —e—Diesel: HC
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= =¥ =Gasoline: PM = —o
2 100 | T = 0-0- 6 =000 = 10°9
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= w
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Figure 1.1: Furo Emission Standard levels between 1992 and 2027.

While many argue that the Euro 7 legislation might be the last legislation that comes in
to place for major vehicle markets, studies still show that even though most European
cities’ pollutant levels are well below the allowed limits, the effects are still deleterious
[14]. There is no safe limit.



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 [15]. The exhaust
aftertreatment system (EATS) must function at low temperatures, be able to handle
thermal shocks and resist high temperatures, flow pulsations and tolerate various common
catalysts poisons (e.g. SOg). The EATS itself is also prone to vibrations [8]. Lastly, the
catalyst itself consists of one or multiple different noble metals - which are 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 (DOC), therefore only a modern diesel
engine EATS using a DOC is presented here.

A typical setup for a diesel engine EATS is shown in figure 1.2 (black substances are
reactants that need to be removed, red, crossed out substances are removed for each
catalyst). The DOC’s main function is to oxidize (the excess Oy being the oxidant) HC
into CO45 and H2O, CO into CO5 and lastly NO into NOs, 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 (NH3-SCR)
catalyst [16]. The DOC also functions to generate an exotherm for active regeneration
of the Diesel Particulate Filter (DPF) via e.g. in-cylinder post injection, or using an
additional injector upstreams of the DOC, to increase HC concentration [17].

Co
HC NO
NO NO, NH.
PM +NH,
DOC B
co NO  NH,
HC NO

2

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

The DPF’s purpose is to trap and ultimately oxidize PM into CO5. The Continuously
Regenerating Trap (CRT) uses NOy 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 [18]. Modern



variations of the DPF incorporate DOC functionality into the filter walls to reduce thermal
mass - i.e. less energy is required to heat the catalyst in order to get it functioning. This
also lowers potential HC or CO slip from the DPF during active regeneration [1]. The
third component deals with NO, abatement. Common catalysts include the NH3-SCR,
the Lean NO, Trap (LNT) and the NO, Storage and Reduction (NSR) - either one of
them or in a combination of two (e.g. NSR-SCR). For NH3-SCR, Urea (CO(NHj)2) is
injected upstreams the catalyst to later thermally decompose into NH3 and CO4 [19].
NHj then reduces NO,, into No and HyO [1]. Finally, to account for potential over-dosage
of urea, an ammonia-slip catalyst (ASC) is placed after (or in combination with) the SCR
to remove unreacted NHg [20].

1.4 Objectives

This thesis focuses on mathematical modelling along with relevant experiments. Experimental
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 [8].

The objective of this thesis is to combine relevant experiments and modelling to
distinguish mass transfer from kinetics. By improving the separation of these phenomenon,
the models will be more accurate and therefore more predictive when extrapolating the
findings to new catalyst formulations. This thesis also intends to highlight the importance
of validating various assumptions for modelling of monolith reactors: the assumption of a
uniform washcoat and the single channel assumption. The purpose is also to highlight the
role of the parameter estimation algorithm, the importance of a good initial parameter
guess and accurate experimental observations.

The project caters to the United Nations Sustainable Development Goals (SDG); 3 -
"Good Health and Well-being", 7 - "Affordable and Clean Energy" and 11 - "Sustainable

Cities and Communities".



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 the performed experiments.

2.1 History of Catalysis

In J6ns Jacob Berzelius’ yearly review of the entire physics and chemistry society from
1835, he stated [21] (translated from Swedish):

"It 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 [22].
However, one early paper from Humphry Davy [23] suggested that a chemical reaction
between two gaseous reactants (coal gas and oxygen) would only occur 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 of practical catalysis outgrows
its fundamental understanding - however, many practical concepts helps us understand
its basics [24].

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 [24]. Figure 2.1 shows the catalytic oxidation of CO 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 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 decomposes back.

Reaction coordinate

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

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 [24].

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 noble
metal which catalyzes molecules in the 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 the reacting species and the noble
metal itself is "just right" [24]. If the bonds between the catalyst and the reactants are too
weak, none of the reactants will stay long enough on the surface to dissociate or further
react. On the other hand, if either of the required reactants, any potential intermediates
or the 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 [24].

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 (until a point where a too small
particle will lose its catalytic properties). 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-Al;O3 is the most common washcoat material used
in automotive converters [24]. The washcoat typically has an extremely high specific
surface area of around 150 — 175 m? /g because of its complex pore structure [24]. 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.

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)
[25]. 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 [25] 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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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 NH3-SCR [26]. This can
lead to lowered NO, conversion and increased NHj slip. An emerging technology to solve
such a problem is the periodic open cellular substrates (POCS) [27] 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 catalysts in the
automotive industry [25]. 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 [28]. To facilitate understanding, figure 2.3
shows the various important dimensions and geometries used in timescale calculations
and later on transport equations.

Gas phase [ll A_
Monolith £
Perimeter = = P_

Figure 2.3: Illustration of monolith channel cross-section along with various dimensions.

Firstly, the timescale for convection (residence time) (t. [s]) is:

l
= 2.1
te=" (2.1

where [ [m] is the channel length and v [ms™ '] is the average channel velocity. The
timescale for transverse (external) diffusion (¢¢q [s]) is:
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tta =

(2.2)

where Q0 [m] is the effective diffusion length scale for the gas phase, Dag [m”s~!] is the
free molecular diffusivity, A, [m] is the cross-sectional area for the gas phase and Py [m] is
the perimeter of the gas phase. The timescale for washcoat (internal) diffusion (tysc [s]) is:

D2 (Ayse/Py)?
twsc — WsC __ g 2.
D. D. (2.3)

where Qs [m] is the effective diffusion length scale for the washcoat (solid phase),
D [m* s is the effective diffusivity of the washcoat and Ayec [m] is the cross-sectional
area of the washcoat. Finally, the observed timescale for reaction (¢, [s]) is:

Ci surf€wsc (24)

t. =
' RWSC

where ¢; gur [mol m_3] is the concentration of species i at the gas/solid interface, eysc [—]
is the porosity of the washcoat and Rys. [mol _— m*3] is the reaction rate per volume
of washcoat. By relative comparison of these timescales, one can conclude whether the
conversion is limited by slow kinetics or by internal or external mass transfer. The ratios
between the timescales for internal diffusion and reaction form the classical Weisz modulus
(¥) analogous to the Thiele modulus (®) or the second Damkohler number (Dayy):

tWSC
U2 = = ®?n = Dayy (2.5)

where n[—] is the effectiveness factor. Larger values for the Weisz modulus indicates
increasing internal mass transfer limitations and vice versa. What sets the Weisz and
Thiele modulus apart is that the Weisz modulus is based on the observed reaction timescale
- making it useful since the intrinsic kinetics timescale is hard to measure. The effectiveness
factor for a flat washcoat is given by:

_ tanh(®)
=g
and can be seen as how far into the the coating the reactants diffuse before reacting e.g.

in the case of a very low effectiveness factor, only the outermost part of the the catalyst
coating is being utilized for reaction and vice versa.

(2.6)

Since both external and internal mass transport phenomenon can limit the conversion
in a monolith reactor, it is important to simultaneously compare all of these timescales.
The timescales for internal and external mass transfer also forms the mass Biot number

(Bim [=]):

. 75wsc AWSCDAB
Bi, = = 2.
e A, D, (27)




Increasing values for the mass Biot number means that internal mass transfer dominates
the mass transfer - i.e. the reactants reach the washcoat easily but cannot penetrate the
washcoat as easily. Combining equation 2.7 with the model for effective diffusivity as
shown in the coming sections, the mass Biot number boils down to geometric and material
properties along with the ratio of the free molecular diffusivity (Dap) to the Knudsen
diffusivity (Dkn):

. AWSCT DAB
Biy, = 1 2.8
! Agswsc ( * DKn> ( )
where 7 [—] is the tortuosity of the washcoat pores.

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 [25, 29, 30], with a lot of attention on the DOC with
varying degrees of complexity [1, 25, 31, 32]. 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.
Some models also neglects changes in total molar flow rates - which should be fine for
low reactant concentrations [29]. 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 [33]. 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 [29], and so they are outside the scope of this thesis.

2.4.1 The 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 [25]. 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 reactor has no substantial changes in monolith or 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 [29]. The single-channel assumption, along with the design of an experimental
rig, is investigated in publication I.
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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 [25]. 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 2.4.
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Figure 2.4: Three common modelling levels of monolith reactors.

2.5 Kinetics

This section covers some general aspects around kinetics found in heterogeneous catalysis.
There are different kinetic expressions with varying complexity and different physical
meaning. Generally, the most popular kinetic models used in heterogeneous catalysis
are global and microkinetic models. However, there are also hybrid kinetic models, e.g.
Stewart et al [34], who developed a detailed scheme for carbon monoxide oxidation in
the presence of nitrogen monoxide - while modelling all other reactions occurring in the
exhaust gas using a global scheme. Regardless of model type, the rate coefficients (k), are
calculated using an Arrhenius type expression:

Eaj
k=Aje” ®T (2.9)
where A; [—] is the pre-exponential factor (also known as frequency factor) accounting for
the number of molecule collisions and Fa [J mol_l] is the corresponding activation energy.

2.5.1 Global kinetics

Global models [35-38] describe the entire reaction with a single rate expression. 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

11



reduces the necessary state variables for the rate expression, reducing computational
demand and the stiffness of the computation. The global models predict reaction rates
based on the gas phase concentrations and the rate expression includes a denominator
term, called an inhibition term, to account for species adsorption and poisoning of the
catalyst surface or the reversible nature of a reaction. A typical reaction is [39]:

CO(g) + 5 O2(g) — COx(g)

It’s corresponding rate expression would be:

r = mkycoyo,/G (2.10)

where m [mol m ] is the active site density, yco [—] and yco [—] are the gas phase species
molar fractions and & [m3 s~!]. The inhibition term, G is based on the classical works by
Voltz et al [35] and Oh and Cavendish [40], which is a function of the temperature and

current gas phase concentrations [40]:

G = f(Kmn, i, T) (2.11)

where Kj,;, is the inhibition coefficient, also following an Arrhenius type expression for
its temperature dependence. Global kinetics generally lack predictive ability and require
extensive tuning as it contains non-physical or non-measurable constants. However,
because of the less number of state variables (no surface coverages) it is far cheaper to
compute - or can handle more reactions at the same computational cost.

2.5.2 Microkinetics

The microkinetic models [41-44] include all elementary steps in a certain reaction;
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 to parts of a reaction that can be estimated through theory (e.g. collision to
obtain the frequency factor) or experiments (e.g. temperature-programmed desorption
(TPR)) [45]. There are different mechanisms for different reactions. Firstly, in an
Eley-Rideal mechanism only one of the reactants (in this case oxygen) will adsorb onto
the catalyst surface and dissociate (x denotes a catalyst site):

O2(g) + 2% — 20*

The other reactant will in gas phase react with the dissociated oxygen to form the adsorbed
product:

O* + NO(g) — NO»(g)

Its corresponding rate expression would be:

r = keoCNO (2.12)

where o [—] is the surface coverage of dissociated oxygen and cxo [mol m™] is the gas
phase concentration for NO. In the Langmuir-Hinshelwood mechanism, both reactants
adsorb onto neighbouring sites and then further react and desorb in the same step:
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O* + CO* — NO,(g)

Lastly, for some reactions it has been shown that the activation energy linearly decreases
with some species surface coverage [45]:

Eaj(e) = an,j(l - Oéjei) (213)
where Fa;(0) [J mol '] is the coverage dependent activation for oxygen desorption,

Eag; [J molfl] is the activation energy for a clean surface and «; [—] the coverage
dependency. In this work all coverage dependencies () are set to zero.

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.

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 [46]. 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 2.5.

Figure 2.5: 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 laminar and for the greater part of the reactor
treated as fully developed (with the exception of potential turbulence decaying at the

13



very entrance of each channel [47]). 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 [29]:

 ked,

Sh =
Dag

(2.14)

where Sh [—] is the Sherwood number (typically between 2 and 7 depending on channel
geometry [48, 49]), k. [ms™'] is the external mass transfer coefficient, d, [m] is the
hydraulic diameter (typically the open channel diameter) and Dap [m2 s71] is the free
molecular diffusivity. To account for the increased external mass transfer in the entrance
region where the laminar velocity profile develops, there are correlations based on the
dimensionless axial distance [48].

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
[50, 51]. When it comes to operation of the automotive converters, internal diffusion
limitations are apparent in normal operating conditions even with very thin washcoats [52,
53] — hence it is very common to include a separate model for the internal mass transfer [31,
54-62]. The option would be to lump the mass transfer effects into the kinetic expression
[48], 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 diffusion models

To model internal mass transfer on a low-dimensional level, an estimate of the effective
diffusivity is needed [25]. It is typically modelled with one of the many available pore
diffusion models; Wheeler’s pore model [63], the model of Evans et al [64] and the model
of Wakao and Smith [65] 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, whether the coating has a pore size distribution that
is unimodal (one distinct average pore size) or bimodal (two distinct pore sizes) [66].
To the best of my knowledge, all pore models describe the diffusion in macro- and
micro-pores, as a combination of free molecular diffusivity and Knudsen diffusivity, to
form the pore diffusivity [67]. The difference between the models being the description
of where the transition between these two mechanisms occur. Since the mechanisms
have different temperature dependencies (T%/2 for free molecular diffusion and T''/? for
Knudsen diffusion), the overall temperature dependency of each pore model would be
different depending on various material characteristics (unimodal, bimodal, mean pore
diameter).
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Since this information was not available in the project (the assumed mean pore diameter
was obtained from a previous project), and since the pore model was tuned to a single
temperature point using intelligent gravimetric analysis (IGA), there is little to no reason
for choosing any pore model over the others and so the chosen model in this work is the
model by Wheeler [63]. To avoid repetition of all equations, the pore diffusion model is
further presented in chapter 3.

The Knudsen diffusivity (Dky) is the diffusion mechanism when the mean free path of
the molecule (A ~ 140 nm for O5 at 1 atm and 300°C) is larger than the average micro
pore diameter (d, ~ 5 — 10nm). When the opposite is true the diffusion mechanism is
free molecular diffusivity (Dagp), which can be measured experimentally or calculated
through the Chapman-Enskog method [68]. Together they form the pore diffusivity (Dp)
according to the Bosanquet interpolation:

1 1\ !
D, = — 2.15
P (DAB * DKn) ( )

To further describe the complex nature of the pore network, two common constants are
used - tortuosity (7 & 1 — 10) and porosity (€,sc =~ 0.8). Figure 2.6 illustrates physical
interpretations of these pore model constants.
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Figure 2.6: Physical interpretations of pore model constants.

The tortuosity is generally found to be inversely proportional to the washcoat porosity
[69]. The porosity scales the pore diffusivity with the void fraction of the material while
the tortuosity takes the curvature of the pores into account. This forms Wheeler’s pore
model for effective diffusivity (D):

De = 2¢p, (2.16)



2.6.3.2 Measurements of Effective Diffusivity

There are several methods for measuring effective diffusivity for washcoats applied onto
monolith substrates [67, 70, 71]. Hayes et al [67] 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 could be distinguished. One problem with this method is that it assumes that the
interface between the monolith and the washcoat doesn’t result in any additional dead-end
pores (compared to monolith or washcoat separately) that hinder diffusivity. Since
this is highly likely, the experimentally measured diffusivities are likely underestimated.
There are also classical chromatographic methods which rely on long columns (>> 1m)
containing crushed monoliths with applied washcoat [70]. 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 [71].
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.

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 [54-58] as well as the
141D models [31, 59-62]. On a general level, these methods are distinguished by the fact
that the 14+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 [59].

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 [29]. 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. Because it is so inexpensive, it is commonly used
for commercial operation or control purposes [72]. Apart from simple tuning the constant
to fit kinetic data there exist analytical solutions [73] as well as numerical solutions [55,
72, 74] to the problem.

2.6.4.2 141D models

For improved accuracy and understanding - which is key for reactor design and optimization,
the 1+1D model is a better choice [54]. 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
2.7. The tanks-in-series principle now approaches the finite volumes method. However,
because of some geometric reasons and material properties further elaborated on in
chapter 3 the model is not two dimensional by definition, since the axial mass transfer
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within the washcoat is usually neglected. 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 erroneous and its penalties could unfortunately result in
inaccurate light-off temperature predictions [75]. This assumption is elaborated on in
publication III, where an alternative to the classical 1+1D model is presented - through
which the axis-symmetric requirement can be circumvented.
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Figure 2.7: 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
[75]. As mentioned, they demonstrate some valuable insights for the validity of the
underlying assumptions for the 141D models. However, these models are significantly
more computationally demanding than the more common 1D and 141D models.

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 [48]:

hd,

N =
Uoo )\g

(2.17)

where Nus, [—] is the asymptotic Nusselt number (typically between 3.0 and 4.5 [76]),
h W m™? K~ is the heat transfer coefficient, d, [m] is the hydraulic diameter (typically
the open channel diameter) and A\ [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 the lab-scale
kinetic experiments presented in chapter 3, the conditions are isothermal due to the low
reactant concentration and high volumetric flow rates.

17



2.7 Parameter estimation in heterogeneous catalysis

In modelling of heterogeneous catalysis, there is a huge set of parameters that affect the
overall conversion of the modelled reactor - kinetic parameters, heat and mass transfer
properties and material properties to name a few. Material properties and mass transfer
properties can be measured experimentally using e.g. gravimetric analysis (further
explained in chapter 3). Furthermore, the kinetic parameters in a microkinetic model
can be estimated a priori through various methodologies. For example, Florén et al [77]
developed a kinetic model for methane oxidation on Palladium oxide, including over 200
kinetic parameters estimated from density-functional theory (DFT).

While most of these constants can in some way be determined, there are always
experimental errors, there are assumptions in the derivation of a kinetic model (for example
what is the most pronounced surface type), experiments are tedious and equipment is
expensive. The alternative, and the complement, is to employ parameter estimation
to tune the parameters so that difference between the reactive experiments and the
simulations (known as the objective or cost function) is minimzed. Since the parameter
values are relatively known by now through literature or using these above mentioned
methods, the most common way of tuning the parameters is through using the method
of gradients [78] (also known as steepest descent/ascent, gradient descent/ascent). The
method, whose application is further described in chapter 3, utilizes the an approximation
of the gradient of the objective function in an iterative manner to minimize it. The
gradient could be an analytical expression, however, due to the complex solution of the
set of partial differential equations that reactor models generally constitutes, a numerical
approximation is necessary. It is this numerical approximation that, for a large set of
parameters, can become very costly.

In the model presented in chapter 3, there is a total of 30 tunable parameters that affect
the simulations. Tuning of such a large number of comes with a lot of challenges. One
way to reduce this problem is to employ Partial Least Squares (PLS) [79], which helps
to narrow down the number of parameters by selecting the parameters that affect the
residual the most. Furthermore, it is a bad idea to tune both adsorption and desorption
parameters for a certain reactant, since it will lead to high parameter correlation - i.e.
it is very hard to differentiate what step increases or decreases the surface coverage for
that reactant. In this thesis, a small, fixed set of parameters were chosen for tuning -
generally the desorption parameters along with the forward reaction step as well as some
mass transfer properties. Rather than focusing on which parameters should be tuned, the
focus is instead to investigate various aspects regarding the tuning algorithm itself, such
as the iterative stepping procedure.

The biggest drawback to the method of gradients is that its found minima is dependent
on the starting point (initial guess), i.e. it cannot guarantee that the found minima is
the global minima. An alternative to the gradient-based methods is to use global search
methods. Pandya et al [80] used Matlab’s generalized pattern search to achieve a good fit for
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a complete DOC reactor model. However, even with a global search method, the algorithm
could not guarantee a global minima because of the lack of experimental observations -
i.e. multiple parameter sets would achieve the same low residual. There are also hybrid
models, e.g. Park and Froment [81] developed a hybrid algorithm which employed a
genetic algorithm to find a good starting point and then accurately located the global
minima using the Levenberg-Marquardt optimization procedure. While global methods
handle non-smooth objective functions containing noise (from the ordinary differential
equation (ODE) solver for example), they become exponentially more expensive with
increased number of parameters. Hence, the use of any global search method is outside
the scope of this thesis.
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3 Modelling and Experiments

This chapter describes the original 141D model, the suggested parallel model, the
parameter estimation algorithm along with the performed experiments and their analysis.

3.1 Original 141D model

The 141D reactor model is based on the ones developed by Lundberg et al [59, 60] and in
turn the one by Ericsson et al [82]. This model is a good trade-off between computational
speed and accuracy [54].

3.1.1 Mass balance

The model contains a quasi-steady state formulation of mass and heat balances (assuming
that the variations in inlet conditions are slow in comparison with the timescales for the
modelled chemical processes). From hereafter, the discretized nodes in the reactor model
are distinguished between axial nodes, referred to as tanks (index k[1, K]), and radial
nodes, referred to as layers (index [[0, L]). Substances are indexed by i and reactions by
j. The mass balance for the gas phase (I = 0) is given by:

dC' k.0
0= (Vkﬁ#) = Fiot (yi,[k:—l},o - yi,k,O) - Fz’,k,o (Ci,k,o - Ci,k,l) (3-1)
Adv;gtion Con\?gction

where Vi, [m3] is the volume of each tank and layer, ¢; j; [mol m_3] is the gas phase
concentration, Fio [mol s_l] is the total molar flow rate in the (assumed to be constant
through-out the reactor due to low reactant concentration), y; ; [—] are the gas phase
molar fractions and I'; ;; [m3 s71] is the lumped mass transfer coefficient. The axial
diffusion in gas phase is assumed to be negligible compared to the advective term. For all
layers (I > 0) the washcoat mass balance is given by:

dCZ‘
0= (Vk,ﬁwscd—’tk’l) =T k-] (Cz‘,k,[l—l] - Ci,k:,l) -

~
Internal diffusion

j=J (3.2)
—Tigt (Cigt = Cinpirn) + E :’/i,ﬂjvk,lmkvl
Internal‘:iiffusion \]:1 ~
Reaction
. o . . . . —1q 17 .
where v; j [—] is the stoichiometric coefficient for reaction step j, 7; k., [mols™ kg™ '] is

the reaction rate per mass of catalyst and my; [kg] is the mass of catalyst. It is assumed
that there is no mass transfer between tanks within the washcoat. This is simply due
to the washcoat being very thin, and so the area between tanks is far smaller than the
area between layers (Aignks << Aiayers). Furthermore, the distance used in the gradient
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approximation is far larger between tanks (Az << Az). Combining these two geometric
reasons makes the mass transfer coefficient roughly 10° times larger in the radial direction
compared to the axial direction.

3.1.1.1 External mass transfer

The external lumped mass transfer coefficient, I'; 1, ¢ is calculated as:

(3.3)

1 05A.’I}1 B
T; =A
R0 0 (kc,i,k,o * De,i,k,l)

where Ap [m 2] is the gas/washcoat interface area, De ; k1 [m2 s~ is the effective diffusivity
and ke ;o [ms 1] is the external mass transfer coefficient given by the local Sherwood

1Oy lvy

number (Shy [—]):

ShiDag,i
oo = ARk (34)
o

where DAB ; k. [m2 s71 is the free molecular diffusivity, d,, [m] is hydraulic diameter (in
other words the open channel dimension). The local Sherwood number is based on the
correlation by Tronconi et al [48]:

Shi = Ntgo, + 8.827(10002) ~0-545¢48:227 (3.5)

where Nuo, 1 [—] is the asymptotic Nusselt number, z* [—] is the dimensionless axial
coordinate, in other words the inverse Graetz number (Gz [—]):

1 d,
® TGz ZReSc (36)
where z [m] is the axial coordinate and Re [—] is the Reynolds number:
vd,
Re = » (3.7)

where v [m” s71] is the kinematic viscosity. The Schmidt number (Sc [—]) is given by:

v
Sc= 3.8
Do (3.8)
3.1.1.2 Internal mass transfer
The lumped internal mass transfer coefficient (I'; ;) is given by:
—1
Fi,k,l = De,z,k,lAl (05Al‘l + 0.5A£L‘[l+1]) (39)

where A; [m?] is the area between layers (increasing with increased layer index). For the
last layer (I = L), it is assumed that there is no flux into the monolith substrate, i.e.

[ k.1, = 0 (the corresponding concentration within the monolith substrate ¢; x 41 is not
solved for).
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3.1.1.3 Diffusion models

The free molecular diffusion is calculated using the Chapman-Enskog equation in the form
found in [68]:

3 (drkpT/Map)"?
Dap = — a
16 nmoxg<p

(3.10)

where kg [J K_l] is Boltzmann’s constant, Map [g mol_l] is the reduced molecular mass,
n [mol m_3] is the number density of molecules in the mixture (given by the ideal gas
law), 045 [m] is the average collision diameter and Qp [—] is the collision integral. These
constants are obtained from Properties of Gases and Liquids [68]. The pore diffusivity is
given by the Bosanquet interpolation [83](cited therein).

1 1 \!
D, = —— 3.11
P (DAB * DKn) ( )

where Dy, [m” s™1] is the Knudsen diffusivity:

d, [SRT
Din = 24/ 12
Ko =5\ 7, (3.12)

where d, [m] the mean pore diameter, T' [K] is the temperature, R [m® Pa K~! mol '] is

the gas constant and M; [kg mol_l] is the molecular mass of species . To account for
the porous and tortuous nature of the pores, the pore model by Wheeler et al [63] is
employed:

€
De=¢p, (3.13)
T
where eysc [—] is the porosity of the washcoat and 7 [—] is the tortuosity of the pores.

3.1.2 Heat transfer

The heat balance resembles the mass balance, with one big exception; due to the excellent
conductivity of the washcoat and monolith substrate, the solid (subscript s) only requires a
one dimensional discretization - i.e. the monolith and washcoat has the same temperature
in radial direction. The gas phase (subscript g) heat balance is given by:

dT,
0= (Vk’ocp’g dik> = FrotCpg (Tgk-1) — Tgn) — haAo (Tyr — Tup) (3.14)
Advzgtion Conv‘e,ction

where Ty i, [K] is the gas phase temperature, ¢, o [W K* mol '] is the gas phase specific
heat capacity and 75y [K] is the solid phase temperature. The external heat transfer

coefficient (hy [W m™2 K1) is given by:

. NUoo,T)\g

h, a0

(3.15)
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where Nuo 1 [—] is the asymptotic Nusselt number and A, [W m™~' K] is the gas phase
heat conductivity. The solid phase heat balance is given by:

dT; k Sh.
0= d? (ms’kcp’s + [(;at) - zlkAO (Tg — Ts’k),_flk (Qr+1 — qr) +
Con;erction Con(;urction
L7 (3.16)
Qo
3 i () S (1 7
=1 j=1 ~ ~
4 Heat loss

TV
Heat of reaction

where ¢, [J K" kg™!] is the mass weighted specific heat capacity of the solid (washcoat
and monolith substrate), K is the total number of layers, speat [W K_l] is a heat sink
due to the added mass from catalyst canning and insulation, Ay [mz] is the area between
axial tanks, AH; [J mol '] is the reaction enthalpy, aior [W K™ '] is the lumped heat loss
coefficient and T, [K] is the effective surrounding temperature. The axial solid heat flux
(for 1 < k < K +1) is given by:

Y Ts e — T, lo—1]
i 0.5Az; + 0.5A2[k_1]

Qe = (3.17)

where Az;[m] is the distance between axial nodes and Ag [Wm ™" K™ is the solid phase
heat conductivity. For the first and last tank the axial solid heat flux is zero:

I
o

K (3.18)

3.1.3 Kinetics

The detailed kinetic model used includes oxidation of CO, NO and hydrocarbons lumped
together and modelled as C3Hg oxidation. The full reaction scheme, based on Lundberg
et al [59] who based the NO oxidation scheme on Olsson et al [45], can be seen in table
3.1. The mechanisms for NO and CO oxidation follows a typical Langmuir-Hinshelwood
mechanism - i.e. it models adsorption for both reactants required for the forward reaction
step. The C3Hg mechanism includes oxidation by dissociated oxygen or adsorbed NOs, a
typical Eley-Rideal mechanism where only one molecule is responsible for the adsorption
and the formed products desorbs instantaneously. In the the last column showing the
rate expression, 6; [—] is the noble metal surface coverage of species i (subscript v denotes
vacant).
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Table 3.1: Reaction scheme for NO, C3Hg and CO.

#  Mechanism Reaction Rate

NO reactions
1 0, ads O2(g) + 2+ — 20* r = kico,0?
2 O3 des 20% — Oo(g) + 2% ro = ko2
3 NO, ads NOs (g) + 1x — NOQ* ry = ]{33CN029V
4 NO5 des N02>l< — N02<g) + 1x r4 = k46no,
5 fwd reaction NO(g)+ O* — NOx* rs = ksenobfo
6  bwd reaction NO2* — NO(g) + O* r6 = keONO,

C3Hg reactions

CsHg(g) +9 o* —

7  fwd reaction 3CO05(g) + 3H,0(g) + 9= r7 = k7ccaugfo
. C3H6(g)—|—9N02* — _
8 fwd reaction 9NO (g) + 3 COs(g) + 3HyO(g) + 9+ rg = kscoyusONo,
CO reactions
9 CO ads CO(g) + 1x — CO* r9 = koccoby
10 CO des CO* — CO(g) + 1x r10 = k100co
11 fwd reaction CO* + O* — CO4(g) r11 = k110cobo

12 fwd reaction CO* +NO2* — CO2(g) + NO(g) + 1x 712 = k120cobno,

It should be stressed that there are several missing reaction steps that have been shown
to have importance for various conditions [39, 45, 84]. These include adsorption of HC
and NO which could contribute to surface inhibition. The exclusion of these phenomena
leads to overestimation of reaction step 3 and 9 - i.e. the surface is rather occupied by
CO and NO,. Additional steps could include HC oxidation by NO and formation of of
noble metal oxides. It has been shown that PtO,, formed during long-term oxidizing
condition, lowers the activity for e.g. NO oxidation. Metallic Pt can be reintroduced by
reducing conditions. To circumvent an unwanted change in the noble metal oxidation
state, the SCAT experiments where conducted in excess oxygen with only short pulses
where the reactivity was measured. However, in realistic engine cold-starts the noble
metal oxidation state could easily be varying. It should also be mentioned that the kinetic
scheme is developed for a modelling purpose DOC, i.e. it is strictly a Pt/Al;O3 DOC
with very little other additives that could affect the kinetics. The rate coefficients (k;
m?® s~ kg™ for j[1,3,5,7,8,9] or [mols™" kg™!] for j[2,4,6,10,11,12]) are calculated
using a standard Arrhenius type expression:

Eaj
kj = Aje FTs (3.19)
where A; [—] is the pre-exponential factor (also known as frequency factor accounting for

the number of molecule collisions) for reaction step j and Ea;[J mol_l] is the corresponding
activation energy. These two constants are typically estimated using experimental data,
where they typically show very high correlation (in some cases close to unity even with
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a decent design of experiments [85]), making the exact identification of each parameter
impossible. One common way to combat this problem is to re-parameterize the equation
to its centered form using a reference temperature [86]:

Fa; 1 Fa; 1 1 1
sl 5 (2] a5 £ 1)

s 0

where T} [K] is the reference temperature (note that exp|z| is Euler’s number e*). This
way the reference rate coefficient k0; captures the magnitude of the reactivity while the
activation energy captures its temperature dependence. There are methods for choosing
reference temperature in order to minimize the parameter correlation between A; and
Ea; [87] (in this case the reference temperature becomes a function of the conversion
along the experimentally observed temperatures). In this work the reference temperature
is simply set to the average of all experimental observations.

Lastly, the NO backward reaction kinetics parameters (j = 6) was, for any kinetic
parameter set, recalculated to maintain overall thermodynamic equilibrium of the NO
oxidation reactions (j[1,6]). Gibb’s free energy (AGet) for a reaction is given by:

AGhet = AGY ., + RTIn(Q) (3.21)

where AGyet [J mol_l] is Gibbs free energy (superscript 0 denotes standard state) and
@ [—] is the reaction quotient. At equilibrium (Q = Keq), AGhet is zero:

AGY.,. = —RTIn(Keq) = AHY,, — TASY,, (3.22)
where AH?_, [J mol '] is the overall change in enthalpy, AS?,, [J mol ™" K~!] is the overall
entropy change and Ky [—] is the equilibrium constant. Rearranging equation 3.22 and
solving for the equilibrium constant gives:

AS? —~AH
Keq = exp [ Ret} exp [Tet} (3.23)

The equilibrium constant can also be written in terms of the backward and forward
reaction constants, using equation 3.19 (subscript fwd and bwd indicates the overall
forward and backward reaction, respectively):

ktwa  Afwd —(Eatwa — Eabwa)
K. =Y _ 3.24
T kbwa Apwd “rp RT (3:24)
Comparing equations 3.23 with 3.24 gives that:
Afwd ASY "
= — 3.25
2 e [ > (3.25)



from which Ag can be calculated and

AH?.,, = (Eatwq — Eapwa) (3.26)

n

from which Fag can be calculated.

3.1.4 Discretization

Due to the diffusion and consumption of reactants, along with the boundary conditions
for the washcoat (given gas/washcoat interface concentration and zero mass flux at the
washcoat/monolith interface) the concentration gradients are the largest at the top of the
washcoat. This calls for a linear discretization for the washcoat layers (radial nodes):

0.02 0.98

i=1 ¢ i=1 ¢

where Ax; [m] is the thickness for layer | and dys. [m] is the total washcoat thickness.
The number of axial tanks is set to K = 10 and the number of radial layers is set to L = 8
in the case of a normal washcoat or L = 10 in the case of an additional inert washcoat
layer on top of the normal one. This leads to a distribution corresponding to 0.5% and
25% of the total washcoat thickness for the first and last layer, respectively. The axial
discretization was chosen to be constant as the axial gradients are never that large due
to the desired differential reactor operation. Results for grid independence studies are
shown in Appendix B.

3.1.5 Implementation and solver

The equations presented so far in this chapter forms a differential-algebraic system of
equations (DAE). The time constants for each modelled phenomenon range several orders
of magnitude - i.e. the problem is considered to be stiff which calls for a stiff ODE solver.
The chosen solver is ODE15s (ordinary differential equation solver in Matlab explained
in detail in Shampine et al [88, 89]. The initial guesses for e.g. surface coverages were
robustly solved by [59]: the code ramps inlet temperature and species concentrations until
a stable starting point is established.

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 washcoat, a sectionalizing principle
was applied to the 1+1D model. Similarly to Papadias et al [58, 72| and later Hayes et
al [56], 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
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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 141D model. After analyzing the thinner washcoats of the catalysts C
and D, it was clear that the washcoat had a substantially more even distribution, making
the continuation of the the parallel model development unnecessary.

y
Sh3 3,out
Sh2 y2,out yavg out
82 T2 dwsc 2
Sh1 y1 out

321

Figure 3.1: Parallel 1+1D model discretization scheme and parallel computing scheme.

3.3 Parameter estimation

This section will present the developed parameter estimation algorithm along with some
key choices made along the way. The algorithm is described in more detail in paper IV,
and so only the main features are presented here. The developed algorithm is based on
response surface methodology (RSM), a methodology used in optimization. It should be
stressed that by parameter estimation, the goal is in no way to find optimal parameter
values or to optimize the performance of the catalyst, but to tune parameter values in
order to minimize the weighted sum of squares error between experimental observations
and simulations (also known as the objective or cost function):

o
g(p) = Zwo (yvo(p) - yo)2 (3'28)

where g(p) [—] is the objective function, w, [—] is the weight function for observation o,
Yo(p) [%] is the simulated conversions using parameter set p and y, %] is the experimentally
observed conversion. Outlet concentrations, instead of conversion, could technically also
have been used. However, as different inlet concentrations was used (and NO oxidation
is a much slower reaction and hence lower conversion) the species with highest outlet
concentration would have a forced higher importance (due to the objective function being
the error squared). Hence, the use of conversion more or less normalizes the importance
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for each species. An illustration of the complete RSM algorithm can be seen in figure 3.2.
The green box indicates the starting point, light green is the multi-stepping procedure,
yellow is the Newton 2" order method and red indicates stopping criteria.

Parameter Initial guess Py
scaling
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- -0 1+1D
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Figure 3.2: Parameter estimation algorithm flow chart.

Since the model contains parameter that span vastly different orders of magnitude
(4; ~ 10° — 10" vs 7 &~ 1 — 10), parameters are scaled so that they have roughly the same
parameter sensitivity in a large part of the parameter space. For example, the reference
reaction rate constants, activation energies and the constants for mass transfer are scaled
according to:

k0, = KOF> o>, (3.29)

Ea; = Eafi> (1= wp) + Py wp] (3.30)
7= r<pSey, (3.31)

Sh. = Shs"py*w, (3.32)

where p5*~ [~] is the scaled parameter value (that is actually tuned) and wj, [] is the
parameter weight to allow for parameters to have similar sensitivity. Superscripts i, f
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and s denotes initial, final and scaled parameter values, respectively. The weights for the
activation energies is typically around 0.2 while it is close to unity of the other shown
parameter scalings. Next step is to use a design of experiments’ design matrix to create
a response surface model (polynomial) that resembles the objective function. The most
simple kind of design matrix, shown in table 3.2, is one where each tuned parameter is
varied independently. Levels 0 and 1 correspond to low and high levels, which in the case
of paper IV is typically a 1% scaled parameter variation (the influence of this numerical
parameter variation is also examined in the paper).

Table 3.2: A simple design matrix.

k0O FEar 1 Sh,
0 0 0 0
1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

A much more sophisticated DoE, namely the Rechtschaffner 8 parameter DoE with
resolution V (i.e. 8 parameters are tuned and the main effects and 2-way interactions are
only confounded with 4-way and 3-way interactions, respectively), was compared to the
simple, cheap design matrix from 3.2 with respect to significance of interaction terms,
potential benefits (e.g. a more elaborate response surface model) and cost for evaluation.
Depending on the choice of DoE, a response surface model of varying complexity can be
obtained:

P P P P
g= bo, +D Bwit), > Bupwi+ Y P (3.33)
Intercept i=1 i=1j=1,57#1 B i=1

Main Inte;arction Pure quadratic

where ) [%] is the RSM predicted values, p; [—] is the scaled parameter value and § [—] is
the model coefficients according to:

f=(XTX)"'XxTp (3.34)

where X [—] is the design matrix from the DoE (also including a column of ones for the
intercept and any column combinations for the interaction or pure quadratic effects that
should be approximated) and b [%] is a vector of the simulated responses (4, (p)). Once
the response surface model is established a multi-stepping procedure along the steepest
direction (negative gradient), to minimize the objective function, is established:

99
ap§s>

—mam <a£%> (3.35)

<s> —
(App )nmulti - _nmulti
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where n,u4: [—] 18 the n-th multi-step along the gradient. The right-hand side ratio
normalizes the gradients so that the most significant parameter always makes one 9,, step
in the parameter space. A Student’s T-test is performed to ensure that only significant
parameters are tuned. Since modern CPUs typically support multi-core operation, all
the steps can be computed at the same time, offering a more robust stepping procedure
than the traditional Newton-Raphson method - at the same computational cost. The
parameter combination that achieves the lowest objective function value is used as the
center-point for next response surface model evaluation. The whole iteration is continued
as long as there are significant parameters in the T-test.

3.4 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 [90]. To be able to model the processes that 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 3.3 are investigated
using.
Table 3.3: Investigated parameters for catalyst modelling.

Variable Typical value

Temperature 100 to 550°C
Volumetric flow rate  23.6 and 38.6 Iy /min
GHSV 110’000 and 180’000 hr ™"
Reactants CO, C3Hg and NO

The temperature span cover light-off for all species and also the thermodynamic equilibrium
limitations of the NO oxidation. As HC and CO oxidation are the faster reactions that
occur at lower temperatures compared to NO oxidation, the majority of the temperature
points are placed to cover these light-off curves. The implications of the temperature
points distribution, and its effects on the parameter tuning, is examined in paper IV. The
volumetric flow rates correspond the upper and lower operating limits of the synthetic
catalyst activity test (SCAT) bench, further described in the coming sections, but
corresponds to reasonable Gas Hourly Space Velocities (GHSV [hr_l]) found in normal
DOC operation. The 4 different catalysts used in the project is are shown in table 3.4
along with some design parameters and measured quantities.
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Table 3.4: Catalysts used in the project.

Reference Pt Washcoat  Washcoat Dispersion Used in
Loading Loading  Thickness paper
A 15 2.6 110 23.94+0.3 11, 111
B 15 1.3 55 24.24+0.9 II
C ) 140 35 — v
D 5 1+1 70 — v

The noble metal loadings are low to ensure a differential reactor - i.e. the catalysts have
low conversion to allow for easy and accurate measurement of the outlet concentrations
for tuning of the model at multiple reactor conditions. The washcoat loading of catalyst
C and D mean that there is 1 gin~3 of washcoat that contains catalytic material, while
there is additional +1 gin~3 of inert washcoat on top of the normal layer for catalyst
D. This barrier adds a pure internal diffusion limitation which allows for easy tuning of
internal mass transport model parameters, e.g. 7. The thicknesses (assuming a flat slab)
are calculated using a known overall washcoat porosity from a BET measurement and
also verified using scanning electron microscopy (SEM), further explained in the coming
sections. The dispersions where measured using CO chemisorption as explained in the
coming sections. The last column shows in which paper each catalyst was used.

3.5 Synthetic Catalyst Activity Test

In engine tests the exhaust data, e.g. temperature, volumetric flow rate and concentrations,
is often highly correlated [91]. 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. An illustration of the
SCAT bench supplied by Johnson Matthey AB is shown in figure 3.3.

Figure 3.3: Illustration of the SCAT bench.
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The SCAT bench consists of an inner and outer cylinder, where the outer cylinder is
further encapsulated in an electrical heater (yellow) and a ceramic body along with
insulation (not shown in the image). The carrier gas (typically nitrogen gas along with a
desired oxygen level, injected through the red capillaries) flows in a two-pass configuration
around the inner cylinder, where the test sample is placed, ensuring highly isothermal
operation. The reactants themselves are kept in high concentrations, in separate capillaries
(blue) minimizing unwanted reaction before the gases enter the tests sample itself. The
short injection distance before the tests sample also reduces axial dispersion, compared
to a premixed case, which is desirable for transient experiments. The SCAT bench also
has far superior repeatability compared to an engine, which is a much more complex
system. While not all combinations of species concentrations, volumetric flow rate and
temperature are realistic engine operating conditions, the orthogonality of the experiments
that SCAT bench can offer is highly desirable for parameter tuning in the reactor model.
The mixer (green) developed in paper I is also shown in in figure 3.3.

3.5.1 Kinetic experiments

The kinetic experiments, summarized in publication II, comprise concentration step
experiments for several reasons. Firstly, 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 141D model, hence, to
observe this is experimentally undesired. The original idea was to simulate each individual
step experiment, however, as the transient nature of the SCAT rig was never mapped,
there is little to no additional information to be obtained through simulating a step.
Instead, the steady state data from each pulse is used to form a light-off curve for each
species - including one combination of all species for tuning of interaction reactions (step
8 and 12 in table 3.1).

3.5.2 CO Chemisorption

One of the most, if not the most, sensitive model parameters is the catalyst loading as it
linearly scales the reaction rates. In tuning of the reactor model, having such a sensitive
parameter can cause problems, hence it is smart to experimentally determine its value.
The loading, or rather the noble metal dispersion - the ratio of the accessible mass of
catalyst to the total mass of catalyst - can be determined using CO chemisorption.

At non-reactive temperatures (7" << 100°C), CO will adsorb (but not react further) onto
the noble metal through two different mechanisms: chemisorption (strong, covalent bond,
mono-layer) and physisorption (weak, van der vaals force, multi-layer). The chemisorbed
amount, corresponding to the amount of active sites, need to be distinguished from the
total amount adsorbed. This is done through exposing a catalyst sample to two, separate
CO pulses with known concentration as can be seen in figure 3.4. During the first, the
uptake of CO (i.e. the difference between inlet and outlet CO concentration) equals the
chemisorbed and physisorbed CO. Once the first pulse is completed, the physisorbed CO
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will desorb. During the second pulse the uptake equals only the physisorbed CO, as all
the sites for chemisorption are already filled. The difference in uptake between the pulses
then gives the chemisorbed amount of CO. By assuming a CO:Pt stoichiometry of 0.8
[92], the accessible mass of catalyst can be calculated.

CO Chemisorption

110

100 +

90 |-

30 +

Outlet Concentration [ppm]

10 b ——First pulse
Second pulse
0 (=, | | | | | |

0 100 200 300 400 500 600 700
Time [s]

Figure 3.4: CO Chemisorption pulses.

There are off course commercially available, dedicated experimental instruments for
dispersion measurements (e.g. CAT-LAB PCS from Hiden Isochema) designed for this
very purpose. In this PhD project, it was investigated whether a normal SCAT bench
could be used for this experimental technique. The obvious benefit would be that the
exact same sample undergoes kinetic testing and chemisorption. To give an accurate
measurement of the dispersion, the integral corresponding to the uptake of CO should
be as large as possible. Since the accessible mass of catalyst is constant, this integral
(a.k.a the breakthrough time) can be maximized through decreasing the volumetric flow
rate, decreasing the CO concentration and increasing the total catalyst sample. This is
where the use of a SCAT bench is problematic since it is optimized for reactive operating
conditions.

The volumetric flow rates are generally to high, in order to achieve reasonable space
velocities found in EATS operation and the analyzers used also require some minimum
flow rate. Furthermore, the CO concentrations that make for a good DOC operating point
would likely instantly saturate the active sites since they are not restored through reaction
and desorption. Also, the use of a mass flow controller (MFC) could instantly saturate
the active sites if it is not properly controlled (overshooting). Lastly, it is highly desirable
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that the very same catalyst sample undergoes kinetic experiments and CO chemisorption
so that there is no variation in dispersion due to having chosen a different catalyst sample
from the original catalyst. The problem is that a too large sample would be to active
(achieving integral reactor behaviour) in kinetic testing and a too small sample would have
a too fast breakthrough time. Some of these limitations where solved by disconnecting the
FTIR analyzer that required an additional 5 1/min and by using a switch to minimize the
risk of an MFC overshoot. Because of these limitations, only some CO chemisorption tests
were successful. An alternative solution for establishing potential differences in accessible
amount of noble metal between catalysts would be to run a large set of different noble
metal and washcoat loadings at a steady state temperature in the kinetically controlled
region. The ratios in conversions would show the differences in amount of accessible noble
metal. However, as this would only be a relative measurement, the kinetics would not be
in absolute terms.

3.5.3 Verification of single channel assumption

One important assumption for the SCAT rig using this injection-based design is that it
fulfills the single channel assumption experimentally - i.e. all channels have the same
inlet conditions with regards to velocity, species concentrations and temperature. As the
flow in the inner SCAT cylinder is laminar, the only mechanism to radially even out the
concentrated reactants at the outlet of each capillary is molecular diffusion - which is
slow compared to the advective axial transport. Hence, there is a risk of having a radial
concentration gradient at the inlet of the test sample. The problem is that the SCAT
rig only measures mixed-cup outlet concentration, which makes identification of local
but large radial gradients impossible to identify - unless you design a smart experiment.
The local inlet concentration is examined by placing a small 5x5 channels DOC coated
with 30g Pt ft~3 at different radial positions (in the center or at the edge) in a larger,
un-coated monolith as seen in figure 3.5.

r—-r—r/—r’

Figure 3.5: Illustration of the positioning of the active 5x5 channels core at the edge (left)
and in the center (right).

The experiment has a simple yet effective analysis: if the mixed-cup conversion depends
on the position of the inserted active core, then there is a concentration maldistribution.
Or, if the conversion is higher than the relative cross-sectional area of the active core,
there is a concentration maldistribution. The core testing results are presented in paper I,
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however, additional results with a completely active DOC (normal size, no cutout) was
tested with and without mixer to see if the found maldistribution affects the results even
when the entire DOC is active. The results can be found in Appendix B.

3.6 Scanning Electron Microscope (SEM)

The scanning electron microscope (SEM) resembles the modern digital camera. However,
instead of detecting the light reflected by an object, an accelerated electron beam (primary
electrons) is bombarded onto a surface of interest. This surface allows for some electrons
to pass through (transmitted). Some electrons originating in the beam itself are reflected
back (backscattered) and through ionization the surface produces electrons (secondary).
The intensity of these secondary and backscattered electrons can be recorded using special
solid-state detectors. After the signal is amplified a pixel luminosity is formed. The
electron beam is then moved (scanned) into a new position to record a new pixel - and
slowly an image is captured [93]. A typical image of the monolith substrate (upper left),
the open channel (lower right) and the applied washcoat can be seen in figure 3.6.

WD11.1mm  High-P.C30.0
W Inlet

Figure 3.6: SEM image of the washcoat used to approzimate porosity.

The SEM images are used for determining the washcoat porosity (ewsc) and the local
washcoat thickness (dysc). Its calculation and analysis are described in detail in appendix
A for the interested reader.
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3.7 Gravimetric analysis (GA)

Gravimetric analysis (GA) is a quantitative measurement technique that can aid in
determining adsorption isotherms which are useful for determination of kinetics, but
also for mass transport rates. In this work, the Intelligent Gravimetric Analysis (IGA)
method using the IGA-001 from Hiden Isochema was employed. In this method, the
transient weight data from the adsorption isotherms are used to determine the timescale
for washcoat diffusion, which in turn can be used to calculate parameters in the model for
effective diffusion. In IGA, similarly to CO chemisorption, a catalyst sample is exposed
to an adsorbate. However, the adsorbate will diffuse into and adsorb onto the washcoat
- not only onto the active sites of the noble metal. This diffusion process is very fast
(tens of milliseconds for the SCAT rig at normal DOC operation). To accurately measure
these phenomena, the experiment is performed at very low temperature and near vacuum.
The lowered pressure decreases the adsorbate concentration and the lowered temperature
decreases the diffusivity, thus prolonging the entire process. The low absolute pressure
also removes need for modelling of drag and buoyancy forces of the catalyst sample during
the experiment.

Initially, the catalyst sample is placed on a very sensitive scale inside a vacuum chamber.
The sample is exposed to high temperature under vacuum in order to desorb any previously
adsorbed molecules. The vacuum chamber is then placed inside a cryo chamber and the
temperature is lowered to around 0°C. The scale is now tared, allowing for distinguishing
between the sample and adsorbate weight. The adsorbate, a slowly diffusing hydrocarbon
(Hexane), is contained in a liquid reservoir outside the chamber. A pressure regulator
allows the adsorbate to fill the vacuum chamber in multiple ideal steps - going from near
vacuum up to the adsorbate saturation pressure. As the diffusion and adsorption occurs,
the weight of the adsorbate is monitored and the relative mass uptake is used to calculate
the timescale for washcoat diffusion.

In IGA, as opposed to normal GA, the pressure regulator continuously maintains the
pressure surrounding the catalyst sample as the adsorption starts. Furthermore, the
cryo chamber maintains isothermal operation, removing the heat of adsorption through
external cooling. IGA is suitable for slowly diffusing systems, e.g. zeolites where the mean
pore size is small and Knudsen diffusion is the dominating diffusion mechanism. This
means that there the chamber, along with monolith channels will fill up with adsorbate
infinitely fast compared to the diffusion throughout the washcoat. When it comes to
~v-Al503 used in this work, pore sizes are typically larger than that of zeolites and so the
diffusion process is faster. To minimize the effects that the chamber and channel filling
can have on the uptake curves, the chamber pressure is monitored and the start of uptake
is defined to start once the surrounding pressure reaches 99% of the set value.

The time constant for washcoat diffusion is calculated through fitting a linear uptake
equation to the IGA data:

“o =1 — g Rt (3.36)



where m(t)/mys [—] is the ratio of mass adsorbed at time t[s] to mass adsorbed at
equilibrium. k. [s_l] is the uptake rate coefficient:
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The uptake rate constant is also the inverse of the time constant for washcoat diffusion.
The relative uptake for 0 to 12 mbar and 12 to 24 mbar along with the respective fit are
shown in figure 3.7.
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Figure 3.7: Relative uptake of Hexane at —11°C' and 12 mbar steps.

This simple uptake rate model works well for uniform diffusion processes - i.e. there
is only one time constant for the entire sample. This holds true if there is a uniform
effective diffusion length (monodisperse particles, uniform washcoat) and if the timescale
for washcoat diffusion is far greater than any other occurring process. In the case of the
110 pm washcoat of catalyst A, the washcoat was obviously not uniform, and so there are
multiple occurring time constants for the uptake. In this case the sectionalizing principle,
further described in paper III, was also applied to the uptake rate equation. Equation
3.36 now becomes:

M
=y L ) (3.38)

where a,, [mz] is the washcoat cross-sectional area for segment m and aso¢ [mz] is the total

washcoat cross-sectional area.
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4 Results and Discussion

This chapter summarizes the results from publications I, I, III and IV. Furthermore,
there are also some important results on final model tuning. Finally, there are also
results regarding grid independence and final mixer validation under reactive conditions
in appendix B.

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.
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Figure 4.1: Conversion vs temperature for various catalyst configurations, with or without
mizxer.
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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
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)
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Figure 4.2: Streamlines colored by velocity magnitude for CFD simulation of 20 Iy /min.
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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/~-Al;03) 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 110 pm) 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.
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4.3 Summary of publication III

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

The traditional 1D or 141D 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 1+1D model new (parallel) model using either
global or local washcoat features
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4.4 Summary of publication IV

"Robust parameter estimation methodology for heterogeneous catalytic reactors”

Generally speaking, most EATS models found in literature are not predictive and thus
they require tuning. Paper IV aims at implementing a robust steepest descent algorithm
for tuning of the 1+1D reactor model used in this project. The algorithm employs a
response surface methodology (RSM) for minimizing the error between simulations and
experiments. It was shown that multiple parameters have interaction effects when the
numerical parameter variation is large. Thus, combining a costly Rechtschaffner DoE
(resolution V, 8 parameters), allowing for estimation of main and interaction effects, with
a long step size allowed for a very fast tuning of the model. Similarly, it was shown that
selecting a small step size and only estimating the main effects allowed for a robust, yet
more costly, tuning procedure.

The paper further shows the importance of carefully designed experiments. Firstly, running
kinetic experiments for catalysts having an additional, inert washcoat layer showed to
be vital for tuning internal mass transport parameters. When performing parameter
estimation for only the catalyst with a normal washcoat, the sensitivity for pore tortuosity
completely disappeared. After extrapolating the final parameter values to the catalysts
with inert washcoat, the internal mass transport limited region was shifted by 50°C. The
overall fit also was a lot worse after extrapolation. The importance of having good initial
guesses was also proven by comparing experimentally measured values for tortuosity with
typical literature values. The experimentally measured value was far closer to the final
value compared to the typical assumption of /7 & 0.1 and the overall fit in the internally
mass transport limited region was better in the case of using IGA as an initial guess.

Probably the most important wisdom from this paper is that the distribution of the
steady-state temperatures strongly affects the parameter sensitivity. Figure 4.5 compares
a case where the weight function is a vector of ones (case I) and a case where the weight
function is temperature dependent (case III). It can be seen that weight dependent weight
function achieves a better fit (left window). The parameters that differ the most are the
parameters for internal and external mass transport (7 and Sh, in the right window) which
show higher sensitivity at those high temperatures that received a boost in importance
from the temperature dependent weight function.

43



10'r 121 10°¢
—Case |
- - -Caselll
—F_,(09575:875) 11

F value () [-]

4
©

4
o

Scaled parameter value (pi) [-1
o o o o
IS o o ~

4
w

0.2

10 15 20 0 5

10

15 20

Final parameter deviation, [p;-p,| [-]

e,

=
o

10°

Jacobian iteration (ni) [-] Jacobian iteration (ni) [-] i
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dependent weight function). Middle: Parameter values for case I (solid lines) and case
IIT (dashed lines). Right: Final parameter value differences

By comparing the final fit in figure 4.6 (case I to the left and case III to the right), it can
be seen that the fit is still highly dependent on the densely populated temperature points
between 100 and 300°C but that the fit is still slightly better in the span 300 to 450°C.
An even more pronounced weight function at higher temperature would likely further
improve the fit. Finally, the effect of final parameter values was compared by examining
time constants for a 1x1 in DOC operating at 25000 to 300000 hr !, ranging between 100

and 550°C.
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4.5 Further model tuning

To complement the findings in paper IV, the full DOC model was tuned to the SCAT
data gathered for catalysts C and D (with and without inert washcoat) using a total of 5
different step experiments at various temperatures and different space velocities. The step
experiment procedure from paper II were repeated for each individual reactant (hereafter
referred to as single-component step) - CO, NO, C3Hg and CygHzz to individually tune
the individual forward reaction of each specie as well as the corresponding desorption
steps for each included reactant within those reactions and finally one step experiment
with all reactant at the same time (hereafter labeled as multi-component step) to account
for inhibitions and steps where NOy oxidizes CO or C3Hg. However, several problems
with the experimental data were encountered that ultimately led to a poor fit for all
reactions if the multi-component reactions are included in the fit. The light-off curves for
the multi-component step experiments can be seen in figure 4.7.
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Figure 4.7: Light-off curves for multi-component experiments. Left: NO. Middle: CO.
Left: HC lumped as CsHg

First of all, in the leftmost graph, it can bee seen that the error bars are unusually
large compared to that of figure 4.6. Secondly, as hydrocarbon adsorption is not included
in the model, but is likely apparent in the experimental data, CO adsorption had to act
to inhibit the surface to explain the higher temperature required for CO oxidation. This
led to CO oxidation separately would also occur at that same high temperature, which
was not observed experimentally. The huge NO inlet concentration of roughly 1000 ppm
also likely adsorbs to inhibit the reactions, again, something that is not included in the
kinetic model - further forcing CO or NOg to inhibit the surface in the model. As CO has
so strongly inhibited the surface - as soon as it desorbs even slightly the model predicted
a too sharp light-off for all reactants in the multi-component step experiments.
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There are also several issues with including Ci9gHss as a reactant. Firstly, Liu et al
[94] reported that NO, in the presence of CigHaz, or even C3Hg (though stronger effect
for higher carbon number), will produce a strong non-catalytic gas phase reaction - thus
completely changing the catalyst inlet conditions. This effect showed a sharp consumption
consumption of NO, and CioHsas (roughly 67% of CioHaz) at temperatures exceeding
350°C. One could argue that this effect is visible in the right-most graph where the
slope of the curve increases again at around 350 — 400°C. As the SCAT bench only
measures the outlet concentrations during the experiments (the desired gas mixtures are
established before inserting the catalyst, at non-reacting, low temperature conditions)
the inlet concentration for the catalyst is unknown. This effect would be even more
pronounced in a premixed SCAT bench design where reactants are mixed together at an
earlier stage compared to the injection-based SCAT bench design. While this gas phase
reaction could easily be dealt with, the tedious experiments of running the SCAT rig
without a catalyst sample to account for this effect were not performed, and so these
multi-component experiments are unfortunately ruined. An alternative would be to
perform the parameter estimation again and remove the data above these temperature
threshold. Another issue would be the carbon number. Satsuma et al [95] showed the
effect of carbon number on the light-off characteristics and found an almost two-step
behaving light-off curve for longer hydrocarbons especially for alkenes. This might be
caused by some reaction intermediate changes the activity for some specific part of the
temperature span. Since all hydrocarbons are treated as C3Hg in the kinetic model, this
effect would not be captured.

To exclude these effects that the multi-component step experiments would have on
the parameter estimation, only the single-component experiments were included in the
tuning. The final fit for NO, CO and C3Hg oxidation can be seen in figures 4.8, 4.9 and
4.10. For NO oxidation, the fit is just as good as in paper IV, where the trends and
differences between each experiment were captured excellently. Similarly, the trends for
the hydrocarbon oxidation is also captured well - with respect to light-off temperature
and differences in conversion due to mass transfer limitations and residence time. There
are some differences in the span 200 — 300°C' where the experimental curves flatten out
earlier than the simulations. Again, this might be due to some reaction intermediate the
is not captured in the kinetic model or possible due to a change in noble metal oxidation
state. This is where the application of the model is important. If the capturing the
light-off temperature is the most important aspect of your EATS model this will do
fine, but, if the EATS is operated frequently at elevated temperatures (7' > 200°C) it
might need further tuning or a different weight function for the experimental observations
(as further explained in paper IV). Lastly, the CO light-off could be better. While the
light-off temperature is captured decently, the model predicts a lowered conversion at
higher temperatures. This is likely due to the first differential experimental data point
for the black and blue curve. These specific data points gives high weight to the sum
of squares error of the parameter estimation algorithm and the resulting model light-off
curve is incredibly steep. This leads to CO desorbing very quickly and the surface is
predicted to be almost free from CO at temperatures above 200°C'. Due to the lack of
an Eley-Rideal type of CO oxidation mechanism the conversion goes down according to
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the model. It would be interesting to perform the parameter estimation with a different
weight to the above mentioned data point for the black and blue curves or to add a new
mechanism for CO oxidation.
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5 Conclusion and Outlook

This thesis has been dedicated towards developing a predictive DOC reactor model
using various experiments along with a robust tuning algorithm. The conclusions made
regard both practical aspects around model tuning and design of experiments, but also
general findings about NO oxidation using experiments and simulations.

From publications IT and IV, it is evident that the NO oxidation on a Pt/y-Al,O3 DOC
experiences several operating limitations, relevant for actual driving conditions, that need
to be modelled with great care. The limitations became the most evident in paper IV,
in the cases where the tuned tortuosity ended up close to its lower limit (7 > 1), the
simulations did not capture the differences in conversion between 300 and 450°C. The
DOC:s tested in paper IV experienced kinetic, internal mass transfer and external mass
transfer control - as well as many combinations of these regions. The tuning procedure
in paper IV showed that many different cases, resulting in different parameter sets with
very different time scales, achieved an acceptable residual. This means that there is not
enough sensitivity in the experimental data to support one local minima, i.e. further
experiments would be needed to tune the model and achieve better separation of mass
transport phenomena and kinetics. As discussed in the final results within this thesis, it
would be highly interesting to investigate a potential gas phase reaction between NO,
and HC and to further include multi-component reactions. This would be vital to get any
realistic model that could be applied to real EATS applications with real exhaust gas.

It could also be that the used weight function forced a better fit at lower temperatures
and that a more even distribution of temperatures would achieve a single local minima. The
various experiments used proved to be invaluable. For example, the immense sensitivity of
the noble metal dispersion was circumvented by employing chemisorption measurements.
Hence, any differences in conversion could not be explained by a difference in total amount
of active catalytic material. Furthermore, the IGA achieved a much more suitable starting
point for tuning of the internal mass transfer rate than typical literature values. However,
it would be interesting to see how the IGA results compare to alternative methods such
as the classical Wicke-Kallenbach cell or chromatographic methods. Lastly, the use of
an inert washcoat showed to be the most important experiment - as the variation of the
effective diffusion length scale was vital to achieve good sensitivity for the tortuosity
parameter. Simply by looking at the spread of the steady state data from the European
stationary cycle, it can easily be concluded that using such a set of data for any tuning
would have problems with tuning kinetics. For example, tuning a model with global
kinetics that doesn’t account for mass transfer phenomena would not capture intrinsic
kinetics - leading to completely wrong cold start performances. Hence, having dedicated
experiments covering a large operating span is important.

The developed mixer for the SCAT reactor showed a very inconsistent importance.
On one hand, the core tests (presented in paper I) showed that there indeed was a
large difference in inlet concentrations for different radial positions. On the other hand,
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the fully active monolith showed very little differences for smaller reactants while only
CioHas showed differences with and without the mixer. This could be due to inconsistent
positioning of the capillaries and the results are just mere coincidence. Regardless, since
the core testing showed big problems with radial maldistributions the use of a mixer
would always ensure proper validation of the single channel assumption for concentration.

The parallel model showed big promise early on in the project as several SEM images
showed both increased washcoat thicknesses in the corners coupled with large cracks or
pits. As the parallel model showed no significant sensitivity to local washcoat properties
if the washcoat was uniformly distributed, and as the other catalysts used paper IV
showed no problems with washcoat distributions, the parallel model remains more of a
academic interest. Perhaps there are several uses for coated monolith reactors where the
washcoat loading indeed results in a non-uniform distribution which calls for the use of a
sectionalizing principle. One must not forget that square channels are not the only used
channel geometry. Also, in any reactor that needs a thicker washcoat due to benefits in
selectivity, the parallel model could still be useful. An alternative experimental procedure
to isolate the corner effects in the case of high washcoat loading would be to use a round
channel.

One major limitation of the current reactor model, when it comes to the kinetics, is
the lack of a variable oxidation state for the noble metal. Since the SCAT experiments
are conducted at a steady temperature, for roughly 30 minutes before moving on to the
next one, it is possible that the oxidation state changes slowly between the first and last
experimental point for that specific temperature. However, no time-dependent trends
were ever found within each temperature point. That means that the oxidation state
might be circumvented with the short step experiments that were conducted, or that
the timescale for the oxidation state is even longer than 30 minutes. It would be highly
interesting to investigate what the timescales are and what effects the oxidation state -
e.g. temperature, inlet concentrations, pre-treatment and reaction time. Furthermore, it
would be interesting to see whether different reactions exhibit stronger dependence on
the oxidation state - and how large the differences really are compared to a case where
the oxidation state is assumed to be constant.

Another obvious aspect to investigate would be catalyst aging state. As of now, all
catalysts are prepared using the same method and all catalysts are pre-treated in the
same way (for each experiment type). It would be interesting to compare synthetically
aged, on-road aged as well as fresh catalyst sample to see what happens with dispersion
(chemisorption), diffusion parameters (IGA and SEM) as well as reactivity (SCAT).
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6 Contribution to the field

This main contribution of this work can be summarized as:

6.1 Publication I

"Use of 3D-printed mixers 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 a-Al;O3, 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 111

"Modelling of mass-transfer resistances in non-uniformly washcoated 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, performing IGA experiments and
analysis of SEM images, the modelling itself and lastly writing the paper.

o1



6.4 Publication IV

"Robust parameter estimation methodology for heterogeneous catalytic reactors”

Generally in heterogeneous catalysis modelling, authors very rarely reveal findings
on parameter tuning. The novelty is not the employed RSM method, which can be
found in many different fields, but its application to EATS modelling. Showing several
useful practical aspects on parameter estimation; whether there are significant interaction
effects, what scaling and parameter variation is suitable, the importance of the dedicated
experiments with inert washcoat and the importance of a temperature dependent weight
function - should be highly interesting for the reader. I was responsible for developement
and implementation of the RSM model into the main Matlab code, tuning exercises,
analysis of results and finally writing and producing graphs.
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Porosity from SEM

The SEM images are used to approximate two important parameters for mass transport;
washcoat thickness (dysc) and porosity (€4s.). Firstly, the open source image analysis
program ImageJ by National Institutes of Health [96] is used to identify differentiate
between the solid washcoat and the void space. By measuring their respective areas
the porosity can easily be approximated. The only parameter required from the user
is a threshold, i.e. what pixel luminosity differentiates between solid and void. As the
SEM images has very high contrast (its corresponding histogram of luminosity is highly
bimodal), the effect of the user’s chosen threshold on the porosity is negligible. However,
the most important aspect of this method, and similar methods such as X-ray Tomography
(XRT), is the coupled magnification and resolution. In the SEM images used, this was
limited to 6.56 px/pm (pixels per micrometer). This at least a hundred times lower than
what would be required to capture the mesopores in 7-Al;O3 (dy, ~ 10 nm). Thus the
captured porosity should be limited to the macroporosity (ey) - covering only macropores
(dpr = 1 — 10 pm) and cracks (~ 10 — 100 pm). Modern SEM imaging goes down to
Angstrém (0.1 nm) level in magnification so it is possible to capture the micro- (;) or at
least mesoporosity (ey,) of the washcoat. Even at this level of magnification, it is better
to use something like Brunauer-Emmett—Teller (BET) or Mercury Intrusion Porosimetry
(MIP) which not only gives you more accurate porosity measurements down to nanometer
scale, but also gives achieves a pore size distribution. The value for porosity used in
this work has been established in an earlier project for a similar catalyst formulation
using BET. The method established here can be used to evaluate local differences in
macroporosity which can be used in combination with the sectionalization principle to
find local effective diffusivities.

Washcoat thickness from SEM

An in-house MATLAB code is used to evaluate the thickness of the washcoat along with
its local deposition along the monolith wall. The code is given two boxes; one somewhere
in the gas phase (its exact location is so far irrelevant) and one somewhere on the monolith
wall. Each box is used to calculate an average luminosity that corresponds to either void
or monolith, the luminosity corresponding to the washcoat lies somewhere in between.
The pixel luminosity for the void and monolith boxes are pushed to assume values 0 and
255 (minimuim and maximum values in a 8-bit image). This increases the contrast of
the entire image which enables easy detection of each area. The code moves from pixel
to pixel in increasing x-direction (through each row in the pixel matrix) starting at the
upper left corner (1,1). If it detects a big drop in pixel luminosity, it has found the edge
of the monolith, and the coordinates (matrix indices recalculated to distance using the
magnification) are recorded. The same procedure is repeated in decreasing x-direction
starting at the upper right corner (n,,1). The entire procedure is then repeated going
pixel to pixel in y-direction (through each column in the pixel matrix) starting from (1, 1)
and (1,n,). The saved coordinates for the monolith edge (¢mon) are saved in a polygon
vector (mon and subsequently arranged in order of increasing angle (amon) in relation
to the gas phase box. This allows for computation of its centeroid, i.e. a very accurate
determination of the center of the monolith and also the center of the channel:
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where Ceenter[—] is the centeroid and z;[—] and y;[—] are the indices for coordinate number
i (ranging from 1 to k), respectively. With the new actual centeroid determined, the
coordinates for the monolith, along with the corresponding angle in relation to the new
centeroid, are recalculated. The procedure is now reversed; starting at a known angle
(atwse) and moving in increased radius away from the centeroid the washcoat edge is found
when there is a big jump in pixel luminosity. The found coordinates for the washcoat edge
Cwsc 18 converted into cartesian coordinates and saved in a polygon vector (ys.. The use
of an angle, instead of the going pixel to pixel in the image matrix, minimizes problems
that arise with uneven washcoats (e.g. cracks). Finally, by looping over the angle and
comparing washcoat and monolith coordinates that fall within a small enough tolerance
(sector), the local washcoat thickness for angle « is:

dwsc,a = \/(Cmon,a - Ccenter)2 - \/(Cwsc,a - Ccenter)2 (62)

where dysc,o[m] is the local washcoat thickness and ¢pon,o and cyse,o and the coordinates
for the monolith and washcoat that fall within within sector « [—], respectively. The
average washcoat thickness, assuming that the it forms a perfect uniform slab, can also
be calculated using the areas for the polygons vectors:

(o) V(- dwf; (1 Gt urcte)

where dysc ave [m] is the average washcoat thickness, dy [—] is the monolith wall thickness,

N [cpsi] is the cell density and flk Cmon dx[m?] and flk Cwse dr[m?] are the areas for the
polygon vectors.
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Verification of mixer performance

In paper I it was shown that for a small active core, the local differences in inlet
concentration was huge and thus the conversions were very different. However, one could
easily argue that for a small catalyst (1x1 in) and isothermal conditions, the effects of any
radial concentration maldistribution might be negligible - i.e. some channels have higher
inlet concentration while others a little less, but the area-weighted average conversion is
the same. However, there is also a velocity gradient which gives higher residence time with
increased radius. The light-off curves, with (solid) and without mixer (dashed),for CO,
C3Hg, C19gHoo and NO are shown in figure 6.1. It can be seen that for the smaller curves
there is little to no difference - which could indicate that there was no maldistribution to
begin with - or that the area-weighted conversion is the same by sheer luck. I.e. some
channels have different concentrations but that is counteracted by a difference in residence
time. It can also be that the capillaries where in this case very straight (i.e. pointing
towards the center of the test sample). When comparison the results for C1gHsoo it can
be seen that the case without mixer achieves higher conversion, especially between 150
to 300°C'. It could be that its capillary was pointed in a different way and that there is
really no maldistribution. It can also be that there is a maldistribution and that the lower
diffusivity of the larger hydrocarbon makes the maldistribution more apparent. This seems
like the most plausible explanation as the differences diminish at higher temperatures
where the diffusivity is higher.

One experiment that could verify the maldistribution is to perform a chemisorption with
and without the mixer. Differences in breakthrough time, shape of the curve and total
amount of dispersed Pt should be different.
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Figure 6.1: SCAT experiments with and without mixer
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Grid independence study

For verification of the results being independent of the chosen discretization (original
141D model), the total number of axial tanks (K') and total number of layers (L) where
varied between the standard used in this work (K = 10, L = 8 in the case of a normal
washcoat formulation and K = 10, L = 10 in the case of an additional inert washcoat)
and two other values shown in figures 6.2, 6.3 and 6.4. It can be seen that over the
large span of 150 to 375°C there is only 0.51% difference in conversion for the light-off
for catalyst A from paper II (therein labeled as "thick washcoat"). This is considered
negligible compared to the experimental noise.
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Figure 6.2: Grid independence comparison - light-off

The corresponding axial and radial concentration profiles are shown in 6.3 and 6.4,
respectively. It can be seen that the concentrations differences are on the level of
1 sin ppm, which is also very small. The largest differences was when moving from the
standard grid to doubling the number of axial tanks, i.e. there might be a small difference
in the very first tank where concentrations and driving forces are the highest.
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