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Synthetic Gas Bench and Simulation Tool Characterisation of Three-Way Catalytic
Converter

EMMA WESTERBORN

Department of Chemistry and Chemical Engineering

Chalmers University of Technology

Abstract

A three-way catalytic converter (TWC) is a necessary tool in order to lower the emis-
sions from stoichiometric combustion such the emissions from petrol-fueled vehicles.
The TWC can efficiently reduce the three main pollutants: CO, hydrocarbons (HC)
and nitrogen oxides (NOx). Once the TWC is used it may suffer from deactivation,
which affects the performance of the catalyst.

This master thesis was done in collaboration with Aurobay and the experiments were
performed at the Competence Centre for Catalysis at Chalmers University of Tech-
nology. Three catalyst samples, one from a stabilised fresh commercial three-way
catalyst and two from different parts of a rapidly aged TWC were investigated using
flow-reactor experiments in a synthetic gas bench (SGB) to study the effect of the
deactivation procedure. These results showed a clear axial distinction in the degree
of deactivation in the catalyst. Following this was a simulation using the commercial
simulation program Gamma Technology Suite (GT-suite), where the kinetic param-
eters of the model were calibrated and optimised against the experimental results
of the stabilised fresh catalyst. For the optimisation, constant temperature steady
state tests at three different temperatures were used, as well as oxygen storage tests
to calibrate the reactions on the cerium oxide sites of the catalyst. The optimised
model parameters were then validated against a SGB light-off test. The optimised
simulation model was also tested against a SGB light-off test for the deactivated
catalyst sample to investigate what measures had to be taken to correctly simulate
the ageing procedure. Finally, the same model parameters were tested against val-
ues from a motor bench test performed at Aurobay, to study how the model would
hold up against a more real life-like test.

The parameters for the cerium oxide sites could not be optimised but instead left
to their baseline parameters. In the end, the final optimised model showed good
simulation results for the reduction of NOx but not as good results for the oxidation
of CO and HC. When tested against the experimental values of the deactivated cat-
alyst sample, the parameters from the optimised model performed better than the
baseline parameters, despite the model being optimised on the stabilised catalyst.
The same was seen for the motor bench experiments, however the simulated values
still showed a substantial difference from the actual results. The optimisation pro-
cesses show that the precious metal dispersion factor has a considerable effect on
the final simulated results, and it might be worth to focus more on calibrating these
parameters rather than optimising the kinetic parameters as was the main focus in
this report. The thesis therefore concludes that further investigations are desired to
quantify how crucial the need of unique experimental parameter setting actually is.
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1

Introduction

As countries try and battle the impacts of modern society on the climate as well as
the human health, legislations are tightening. This is especially the case regarding
emissions from vehicles, where EU is releasing more and more stringent regulations.

If the combustion in the engine would work perfectly at all times, then the ex-
haust gas from the car would mainly consist of water, carbon dioxide (COz) and
heat. However, due to incomplete combustion of the fuel, as well as impurities or
additives, there are multiple other compounds leaving the engine [4]. These com-
pounds include; Carbon monoxide (CO), unburned hydrocarbons (HC), nitrogen
oxides (NOx), hydrogen (Hy) and oxygen (Oz) [4][5][6]. Of these, CO, HC and NOx
are seen as the primary pollutants [4], since CO is highly toxic while HC and NOx
can react together in the presence of sunlight to create smog, which highly reduces
the air quality [5][6]. To combat these, vehicles are equipped with a catalytic con-
verter. The so called Three-way catalytic converter (TWC) is a vital component to
lower the before mentioned emissions from petrol engine cars, named due its ability
to efficiently reduce all three of the primary pollutants at the same time.

Multiple factors control the efficiency of the TWC and while most of them are tuned
in the construction of the catalyst or by controlling the engine exhaust, the deac-
tivation (or ageing) of the catalyst happens during the usage and is inevitable.The
ageing happen when the catalyst is being exposed for high temperatures or im-
purities in the fuel [5][7] and will accumulate throughout the use of the car with
high impact on the TWCs performance. As the catalytic converter has to last the
average lifetime of a car (160 000 km), engine manufacturers need to prove that
the performance is high enough to meet the legislation, even at the end of its life-
time. Measurements and characterisation of the emissions are therefore done on a
deactivated catalyst, ideally on a catalyst that has been aged in a vehicle to obtain
as correctly measurements as possible. However, vehicle deactivation of a catalyst
takes time and resources, and most manufacturers will instead utilise "rapid ageing
methods” as a faster and less expensive alternative. In some cases vehicle ageing is
not possible if new applications are to be tested. The rapid ageing method often
vary between different manufacturers, and will sometimes include iterations where
the catalyst is tested to see if it matches the deactivated pattern of a vehicle aged
catalyst, and if not the deactivation process will continue. Despite this, rapid ageing
methods poses a problem of not accurately predicting the right deactivation pattern
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and the emission values may therefore be misinforming. For these reasons, it is of
interest for the manufacturers to find a way to more correctly deactivate the TWC,
to ensure that the same trend on emissions will be seen for the customers as in
the lab setting. However, as there are many parameters that can affect the kinet-
ics of reactions in a catalyst, testing a range of different settings manually would
be extremely time consuming. Here the use of a commercial simulation tool can
be of huge asset, and can be used to investigate how alternating parameters will
effect final emissions to plan out the deactivation procedure. Despite the existence
of pre-determined kinetic parameters for the model, it is recommended to tune the
simulation to experimental data for the specific catalyst in focus. For this reason an
experimental campaign ought to be performed. Commercial simulation programs
are used in many different fields, and for the transport sector it can be used to model
from the whole car or just a single catalyst brick. By understanding in detail how
rapid ageing affects the catalyst and being able to mimic that with a commercial
simulation program, a possibility could be that the ageing method can be modelled
ahead before executed. Thereby saving time and resources that today go into a
more iterative form of ageing, while achieving a more exact deactivation.

1.1 Scope

In this project, Two Three-Way catalysts provided by Aurobay are examined: one
fresh stabilised commercial catalyst, and one that has been aged by a rapid ageing
method. Both catalyst have the same specifications and are only differing in the
level of deactivation. One sample from the fresh catalyst and two samples from the
aged catalyst, one from the front side and one from the rear side, are investigated
using flow-reactor experiments in a Synthetic Gas Bench (SGB) and the results from
these tests are compared. Following this, a simulation model is optimised based on
performed experiments of the stabilised catalyst. The final optimised model is then
validated against temperature ramp test as well as tested on the results of the
deactivated catalyst samples, to investigate the measures that have to be taken for
modelling deactivation. Finally, the model is also validated against earlier motor
bench tests performed at Aurobay on a stabilised catalyst. The Master Thesis
project is performed in collaboration with Aurobay.

The thesis focuses on comparing the conversion between the different catalyst sam-
ples as well as between the experimental and simulated data, however does not focus
on evaluating the performance of the catalyst.

The aim of the thesis is to gather experience of calibration of the simulation tool and
baseline parameters built into the GT suite package. This is achieved by investiga-
tion of the deactivation with regards to the SGB experiment results, as well as by
trying to obtain a working simulation model that can accurately predict conversion
efficiency of the TWC.



2

Background

In this chapter the necessary background will be explained.

2.1 Three-Way Catalytic Converter

Catalysts are used in a wide range of different fields and the introduction of the
right catalyst into a system can make it possible for reactions to take place at a
lower temperature range and help favour otherwise non-selective reactions [1]. For
some processes, a catalyst is essential for the reaction to happen at all. The reaction
mechanism for a catalysed reaction can briefly be described by Figure 2.1 below.

Catalyst
Product desorption Reagent
adsorption
ad

51 EadC

Rearrangement step Activation
diffusion process
[ABling

Adsorbed reaction
Intermediate formation

Figure 2.1: The steps of a catalytic reaction [1]

Exhaust After Treatment System (EATS) is a collective word for the part of a
vehicle setup that is responsible for the treatment of the engine exhaust in order to
reduce the harmful emissions of a vehicle. Part of the EATS is a catalytic converter,
an essential tool in order to lower the emissions from a car engine. For a petrol
engine vehicle a Three-Way Catalytic Converter (TWC) is utilised. The TWC is a
heterogeneous monolith catalyst named due to its ability to efficiently reduce three
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main pollutants from the petrol engine: Hydrocarbons (HC), Carbon Monoxide
(CO) and Nitrogen oxides (NOx). These pollutants are seen as the most important
to target for reduction due to their local health hazard [8]. The primary reactions
that happen in the TWC are shown below [6][8]:

INO + 2C0 — 200, + Ny (2.3)

Reactions 2.1 and 2.2 are oxidation reactions while reaction 2.3 is a reduction reac-
tion.

With the right conditions, the TWC can have conversion efficiencies of up to 95%
assuming normal usage of the car [5][9]. In order to work well the catalyst need to
be at sufficiently high temperature [10], which is an issue during the start up of the
engine when the catalyst is cold. It is estimated that a majority of the emissions,
up to 80% [10][5], from the car happens during the start up period. As the catalytic
converter once being fully heated while have high performance, the area of interest
to study is the light-off period due, when the catalytic converter is functioning at its
worst. Therefore, in order determine the performance of a catalyst, a "light-off test”
is commonly done, where the tail-pipe emissions are measured starting from a cold
catalyst until the catalyst is fully heated. From this the light-off temperature can
be determined, that being the temperature at which the conversion is 50% [11]. The
light-off temperature is usually around 250°C [9] but differs from catalyst to catalyst.
A catalyst with low light-off temperature is desirable as it directly translates to high
conversion of the pollutants during this critical phase.

2.1.1 Rate of Reaction

For any chemical reaction, the reaction rate can be expressed with the Arrhenius
reaction rate expression seen below. When a catalyst is present, it changes the rate
of the reaction and therefore the reaction parameters [1]. However, it does not affect
the the equilibrium between the reactants and products.

Ep
r=Axe BT (2.4)
Where R is the gas constant (8,314 J/(mol K)), T is temperature (K), A is the
pre-exponential factor and E, is the activation energy. A higher temperature
will result in a higher value of the reaction rate and therefore a higher conversion.

At a constant inlet temperature the reaction rate will be constant. For this reason
there is an infinite number of pre-exponential factors and activation energies that
will result in the same rate constant at the specific temperature. Determining the
kinetic parameters of a reaction based only on one constant temperature is therefore
not feasible if those parameters are to be used for any other temperature. Solving
for the kinetic parameters can be done by a linear regression for experimental results

4
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of the reaction rate a at least two temperatures. By taking the natural logarithm
of Eq. 2.4, the pre-exponential factor and the activation energy can be found by
plotting the natural logarithmic value of different reaction rates versus the inverse
of the temperature. See Eq. 2.5 and Figure 2.2 below.

Ey 1

In(r) = In(A) T *T (2.5)

Linear form of Arrhenius Equation

In(r)

1T

Figure 2.2: Example of linear regression with the use of Arrhenius equation to
find the pre-exponential factor and the activation energy

2.1.2 Precious metal active sites

In a TWC, the catalytic reactions take place on Platinum Group Metal (PGM)
active sites, usually Palladium (Pd), Platinum (Pt) and/or Rhodium (Rh). In the
early development of catalytic converters for cars, the most common was to use a
Pt/Pd mix because of the metals ability to catalyst the oxidation of HC and CO,
before Rh was included due to the discovery of its role in the reduction reaction of
NOx. The catalyst in focus for this study is a Pd/Rh mix, which shows advantages in
HC conversion and lower light-off temperature compared to Pt/Rh [5]. The loading
of the PGM as well as the ratio between the different metals will differ for different
applications of the catalyst.

2.1.3 Air-to-Fuel ratio

As mentioned before, the reactions in the TWC are a mix of reduction and oxidation
reactions. The oxidation reactions benefit from a higher concentration of oxygen
while it at the same time hinders the reduction reaction, and vice versa. Air is used
as the oxygen source for the combustion of the fuel in the engine, and altering the
air intake into the engine will have a direct effect on the efficiency of the TWC.

5
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A theoretical ”Air-to-fuel” ratio (AFR) can be calculated to determine the exact
amount of air that is needed for combustion of the type of fuel used. For petrol this
value is generally 14,7:1.

AFRreal

A= o el
AFRtheoretical

By comparing this to the actual AFR, one can see if there is an excess of air or of
fuel in the engine. The quotient between theoretical and actual is called lambda (),
where a A > 1 shows a lean condition (excess of oxygen) and a A < 1 shows a rich
condition (excess of fuel). In lean conditions the conversion of NOx is therefore low
while the conversion of CO and HC stays high as oxidation reactions are favoured,
and in rich conditions the opposite trend is noticed. It is wanted to keep the value
of A close to 1, the stochiometric point, as this is where the TWC will work most
efficiently for conversion of all three pollutants, since the environment will favour
both reduction and oxidation reactions. [5][12].

4 ;
E lr
= : :
wn H H
g
c Rich Lean
S atmosphere atmosphere

) >
1 A

Figure 2.3: Schematic image of the effects on the conversion of NOx, CO and HC
depending on the value of A [2].

The values close around A = 1 where the efficiency is still high is referred to as the
"lambda window”, see the area in the dotted lines in Figure 2.3. A-sensor by the
catalyst connected to the software of the engine will control the air-intake to stay
inside of the A-window. However, the margins are small and as driving can be very
unpredictable, only controlling the air intake is not adequate enough.

This is where the cerium-sites (Ce) on the catalyst brick in the TWC comes in
[5]. Cerium oxide works as an oxygen storage compound and can release and bind

6
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oxygen as needed, by the formation of Ce;O3 and CeO, respectively. The cerium
interaction with the gas species of focus can be seen in Equation 2.6-2.11 below. This
acts like an oxygen buffer and makes it possible for the TWC to reach high efficiency.
The TWCs ability to store oxygen can be described by the TWCs "Oxygen Storage
Capabilites” (OSC).

2Ce305 4+ Oy — 4Ce0y (2.6)

Ces03 + NO — 2CeO5 + 0,5N; (2.7)

CO +2Ce0y — Ces03 4+ COy (2.8)

Hy +2CeOy — CeyO3 + HyO (2.9)

C3Hg 4 12CeOy — 6Ce203 + 3CO + 3H50 (2.10)
C3Hg + 14CeOy — TCey05 + 3CO + 4H,0 (2.11)

2.2 Catalyst deactivation

Catalyst deactivation, also called ageing, has great effect on the TWCs performance.
Deactivation is characterised by a decrease in activity and/or selectivity, and can
be caused by loss, blockage or hindered accessibility to the active sites [13]. The
catalyst ageing can be a result of thermal ageing, chemical poisoning, mechanical
damage and catalyst coking [7], where thermal ageing and chemical poisoning are
seen as the most affecting for TWCs [5].

2.2.1 Thermal ageing

Thermal ageing refers to the catalyst deactivation due to high temperatures for
an extended period of time [5][7]. For TWCs this includes the process of sinter-
ing, which can be seen as the most influencing deactivation factor for the catalytic
converter [5]. Sintering happens when smaller clusters of PGM grows into bigger
particles on the expense of smaller. This happens either when particles migrates and
then coalesces with each other, or by atoms moving from one particle to another
(Ostwald ripening) [13]. Sintering is irreversible and will lead to a loss of active
surface on the catalyst, as multiple smaller particles will have a higher total surface
area than one bigger (despite having the same total mass). Thermal deactivation
will also affect the oxygen storage capabilities, due to the low thermal stability of
CeOs [5] as well as can lead to phase change of the coating, Al;O3, another loss of
active catalyst surface [7].

2.2.2 Chemical poisoning

The cause of chemical deactivation of the catalyst is found in impurities in the
fuel or caused by chemical additives (such as lubricating oils) [5][7] or even from
impurities in the air intake [13]. Chemical poisoning is the result of adsorption of
the impurities on the catalyst, leading to the active sites no longer being available

7
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for the adsorption of reactants, see Figure 2.1. Poisoning of the catalyst could be
reversible depending on the cause of the poisoning. An impurity that adsorbs to the
surface at low temperatures could potentially desorb when the catalyst is exposed
to high temperatures [13]. For example, poisoning of sulphur is reversible while
phosphor and calcium poisoning leads to irreversible effects.

2.3 Ageing Methods

Due to the high effect that the deactivation has on the performance of the catalyst,
it is required for the manufacturers to prove the function of the catalyst even at the
end of its lifetime. Tail-pipe emission tests are performed on deactivated catalysts,
to study the catalyst "at its worse”. To obtain deactivated catalyst for studying, a
need of ways to deactivate catalysts in an accurate way is required. Three different
methods for rapid ageing of a catalyst are: Vehicle ageing, Burner ageing or TWC
bench ageing [7][14].

2.3.1 Vehicle Ageing

Vehicle ageing is done by installing the catalyst in a vehicle that is then run according
to a set cycle for approximately 160 000 km. Usually, the vehicle is placed on a
chassis dynamometer on which the resistance can be changed to simulate the load
at different speeds, as well as placing a fan in front for the simulated wind resistance.
In this way one can tailor the driving cycle to mimic a normal life time of driving
[7][14]. The benefit of this ageing method is that the catalyst is deactivated in the
most real-life way as possible. However, the disadvantages is the long time period
needed (around 6-9 months) and with that a large cost due to staff, fuel, vehicle
damage and tyre wearing [7].

2.3.2 Burner Ageing

The burner ageing is the only one of the three mentioned methods that does not
utilise an actual engine. Instead, the catalyst is installed in a burner that provides
an exhaust flow with components and heat similar to the engine exhaust [7][14].
By altering temperature, injecting air and oil and controlling other settings, the
environment is altered to simulate a real driving case. With the burner the air-
to-fuel ratio and temperature can be controlled in a precise way, leading to a time
efficient ageing method where it usually only takes a few days, up to a week to
finish [7] depending on cycle chosen. The deactivation results on the catalyst will
however differ somewhat to a vehicle aged catalyst. Another shortcoming is that
the exhaust gas components in the burner compared to actual engine exhaust are
slightly different [7][14]. However, as the deactivation is mainly due to impurities and
temperature, it is not clear what effect the exhaust components have on deactivation

[7]-
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2.3.3 Engine Bench Ageing

Another common rapid ageing of a catalyst is the so called "Bench ageing method”,
also the deactivation method used for the commercial deactivated catalyst studied
in this thesis. Bench ageing takes place in an engine bench and by altering air-to-fuel
ratio, engine speed, simulating engine misfires and adding high levels of poisoning,
the goal is to mimic the deactivation in a shorter time period [7]. The catalyst bed
is typically kept above 950°C to mimic the thermal deactivation. Advantages of
this method is its efficiency and the short time period that it takes [14][7]. Bench
ageing can take between a few days to up to a month depending on method used,
and one can age several catalytic converters at the same time. This together with
that the engine bench can also be easily reused, leads to a substantial lower total
cost compared with vehicle ageing. However, the main disadvantage is that the
deactivation of the catalyst show a different deactivation pattern from vehicle aged
catalyst [7].

2.4 Simulation and Optimisation of Chemical Re-
actions

When dealing with a complex system of multiple chemical reactions taking place
all at once, computer simulation is a highly useful tool. If used correctly, it has
huge advantages with giving the potential of testing out a wide range of different
design options in order to choose the most promising settings for further studies.
There are many different commercial simulation programs that can be used for a
range different application. In this thesis the application ?Gamma Technolgy Suite”
(GT-suite) will be used.

In order to acquire an accurate and reliable simulation model for catalytic reactions,
the model has to be optimised and validated against an experimental campaign.
Flow reactor experiments performed in a Synthetic Gas Bench (SGB) can be utilised
to conduct experiments as it gives full control of the gas species entering the reactor.
This makes it possible to isolate the reactions taking place on the catalyst and
calibrating them individually.

2.4.1 Genetic Algorithm

Genetic algorithm, or GA for short, is a stochastic algorithm that can be utilised for
optimisation problems, such as optimisation of a model to fit experimental data as is
the case in this thesis. GA was developed with Charles Darwin’s theory of evolution
in mind [15], the theory that living creatures have evolved over several generations
based on a criterion that made them the fittest for survival. The most successful
children would manage to grow up, meet a mate, reproduce and their offspring would
carry the successful gene mixed with other capabilities from the other parent. This
mix from two parents would either increase or decrease the likelihood of survival for
the children, and thus the evolution continues.



2. Background

EBvs. Design
86000
e e
85000 |@
* e .
e @
84000 - . ©
s @ ®
83000 | .
®
e o ° e a @ :d e e °

82000 | .' 0o o ® e ° - ° o @
g b e g0 @g¢ .' @ oufoes v e 'O... % h..‘.oﬁ'..‘fgahﬂ
581000 |- o e @ ° 4 o0 ® * @ e
@ e ° ] L]

80000 | e @

[}
79000 |-@ e
®
78000 |
77000 |
o ®
76000 I I I I I 1 I
0 20 40 60 80 100 120 140 160
Cesign

Figure 2.4: An example on the convergence by the GA algorithm

GA works in a similar way. It all starts with a population, consisting of individuals
where every individual is a possible solution. The algorithm examines each member
of the population, each solution, and decides on their fitness level, which is deter-
mined by how good of a solution it is. Members deemed to have low fitness level
are discarded, and members with good levels are then paired up to "reproduce” and
create "children”, new solutions. The hope is that the new solutions will contain
the optimal parts from the parent solution, and that at least some of them will then
become an even better solution. Once the GA has run through the first population,
it starts over with all the new created solutions, a new generation of solutions. Mu-
tation are added in the reproducing of new solutions in order to add randomness to
the solutions and to hinder the creation of too many identical ”"children” [15].

The GA can run for a set number of generations or until a solution is found that
is "good enough”. While running the optimisation process, the idea is that each
generation will be more fit than the last, leading to a convergence of the values for
the model parameters that are set. An example of this can be seen in Figure 2.4.
The GA can be used for finding values that have to fit multiple cases, for example
different temperatures.

2.4.1.1 Objective function

In order for the algorithm to find a solution, it needs a definition of the solution,
what value the algorithm is striving to find. By defining an objective function based
on the square difference of the experimental outlet values and the simulated outlet
values, the aim of the algorithm will be to minimise this function. The best solution
is therefore the one closest to zero. This is demonstrated in Eq. 2.12 below.
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tend

Fobj = /t Z[(Xemp,out - Xsim,out)2 + (Yve:rp,out - Y;im,out>2 + (Ze:rp,out - Zsim,out)Q]dt
start

(2.12)

Where X, Y and Z represent different gas species, depending on which species are
targeted.

2.4.2 Optimisation of Reaction Rate Parameters

As explained in Section 2.1.1, calibration of the reaction rate parameters have to
be performed for multiple temperatures in order to achieve a correct result. A
manual way of performing this calibration will be to utilise the linear regression
based on reaction rate and temperature, as explain in the same section. However, an
advantage of using the GA is its possibility to optimise based on multiple separate
results, and this can be utilised to optimise the kinetic parameters. By using a
"Case Sweep”-method, where each case represent the experimental values at different
temperatures, the GA will strive to find one solution that fits all cases.

When case sweep is used for optimisation, an objective function is created for each
case setup (for example for each temperature case). A mean value of these objective
functions will then represent the final solution which is subject for minimisation.

Fob' caseA+Fob' caseB+[---]
Fo i, case sweep — & S, 2.13
Y P Number of cases ( )

This method can be used to optimise the kinetic parameters instead of manual
calibration.

2.4.3 Simulation of Ageing

In GT-suite, the main way of expressing the deactivation level of the catalyst is by
decreasing the available active sites in the model, both for the cerium sites as well
as PGM sites. This is done by altering the value of the ”Active Site Density”, which
is exactly what the name suggests, the density of the active sites. The active site
density is expressed in number of moles per total volume of the reactor, mol/m3.
The active site density depends on the dispersion factor, which is the ratio of active
site to total sites.

Loading of site element * Dispersion factor

Active Site Density = (2.14)

Atomic weight
The active site density can either be added directly into the model or let the model

calculate it themselves if the loading of site element and atomic weight is known.
The porosity is not taken in account.
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Synthetic Gas Bench
- Methodology and Result

In the following chapter the Synthetic Gas Bench (SGB) test scheme as well as the
results will be presented. Following in Chapter 4 will be description of the GT-suite
simulations.

The synthetic gas bench experiments were performed at the Competence Centre for
Catalysis at Chalmers University of Technology. The inlet gas flow was controlled
by mass flow controllers, one per gas species, and the concentration of the outlet gas
was measured with an FTIR (Fourier Transform Infrared Spectroscopy analyser).
Eight gas species are chosen for use in the SGB; Propane (C3Hg), Propylene (C3Hg),
Hydrogen (Hj), Oxygen (Os), Nitrogen Oxide (NO), Carbon monoxide (CO), Car-
bon dioxide (CO2) and evaporated water (HoO). Argon (Ar) was used as the inert
gas in all the experiments. A limitation of FTIR is that it cannot detect O, or Hs,
and thus there will be no experimental values for these species.

3.1 Earlier Engine Bench Experiments

In order to perform experiments on the catalyst samples in the SGB that would be
similar to the environment in an engine, typical compositions in engine exhaust gas
had to be found. This was achieved by analysing earlier motor bench experiments
performed at Aurobay. At Aurobay, the general way of testing the catalyst is to
perform an engine bench test. These were performed on a stabilised commercial
catalyst and for a lean phase mixture (A=1,02) as well as a rich phase mixture
(A=0,98). As the full fuel mixture contain more gas species than will be used in the
SGB experiments, only the values of the relevant species were extracted.

From the engine bench test a value of the total unburnt hydrocarbons (uHC) were
provided. In order to acquire the concentrations of propylene and propane sepa-
rately, the values had to be transferred to a C3 basis with the use of a so called "C3
fraction”, Ycs3.

To find Y3, Eq. 3.1 was used where Y3 was altered until the calculated mean
value of lambda (.. matched with the experimental value.
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2Xco2 + Xco +2Xo02 + Xuoo
2(Xcos + Xco + 3YesXunc) +0,5(2Xms + 2Xm20)+ (3.1)
[6Yesme + 8(1 — Yosue)] * Yos Xunce

>\calc -

Where Y 3p¢ is the ratio between propylene and propane. Assuming a ratio of 0.8 it
was found that Yo3=0,3 matched the lambda measurements. Once these fractions
were decided, the dry measurements were recalculated into wet measurements using
the water concentration, as well as recalculating the air mass flow to mass flow of
fuel. The final concentrations extracted from the engine bench test and used in the
SGB are seen in Table 3.1.

Table 3.1: The gas species concentration (%) extracted from the engine bench
experiments.

Mixture # CgH6 CgHg H2 NO CO 02 002 HQO
Lean phase mixture 0,035 0,01 0,06 03 025 0,7 15 10
Rich phase mixture 0,04 0,011 0,225 0,18 0,8 0,2 15 10

3.2 Experimental phase

The following section will explain the experimental phase. First the sample prepa-
rations will be described, followed with descriptions of the different test schemes.
The final part of this section will explain the data analysis of the results.

3.2.1 Sample preparations

From the two catalyst bricks supplied by Aurobay, samples with a dimensions of
15mm width x 15 mm length was cut out. At the front side from both catalyst
bricks (seen from mass flow direction) a 15 mm slice was cut out, as well as from
the rear side of the aged catalyst. Two samples were then cut from the middle
position of the slices (one primary sample for experiment and the other kept as a
backup). The samples were named: S1 & S2 (stabilised fresh catalyst), Cfl & Cf2
(aged catalyst front side) and Cbl & Cb2 (aged catalyst back side).

14
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The two catalyst bricks supplied from Aurobay, stabilised to the left

and the bench aged brick to the right.

Figure 3.1

The placement of the samples taken from the catalyst brick.

Figure 3.2

The sample of the catalyst is placed in a quartz tube wrapped in insulation as seen
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in Figure 3.3 below. The quartz tube is surrounded by a spiral coil through which
the heating is supplied with electric heating. The gas flow was preheated to 191°C
before it entered the quartz tube, and then heated to the desired temperature inside
the tube. The heating was measured by two thermocouples: The first thermocouple
measured the heat of the gas before the catalyst sample, and was placed 1,5 cm past
the catalyst sample. The second was put in the middle of the catalyst sample to
measure the temperature inside the catalyst. The placement is visible in Figure 3.4.

Figure 3.4: The placement of the sample in the quartz tube. The gas flow is
coming from the right.
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3.2.2 Planning of Experiments

The following test schemes were performed in the SGB,
o Oxygen storage test
o Constant Temperature Steady State test
o Temperature ramp test

The oxygen storage and constant temperature steady state test will be used for
calibration and optimisation of the simulation model, while the temperature ramp
test are to be used for validation of the finished model.

Below follows a more detailed description of each of the experimental tests.

3.2.2.1 Oxygen Storage Capacity Test

Oxygen storage capacity (OSC) test were performed to determine the oxygen storage
performance of the catalyst. These test aimed to be used to target the reactions at
the Cerium site, reactions 10-15 in table 4.1. As there are multiple gas species that
can act to store or reduce the storage of oxygen on the cerium sites, two different
experimental tests were performed, see below.

OSC experiment 1:
e Lean phase consisting of 1% O,
 Rich phase consisting of 0.9% CO
OSC experiment 2:
e Lean phase consisting of 1% Oy and 0.1% NO
« Rich phase consisting of 0.9% CO, 0.3% Hy and 0,05% C3Hg

The duration of the lean phase was 60 seconds, before switching to the rich phase for
60 seconds and then repeating once more for each phase. The test were performed
at 4 different constant inlet temperatures: 200°C, 300°C, 400°C and 500°C, with a
total volume flow of 1500 ml/min.

3.2.2.2 Steady state test

To optimise the model parameters for the reactions active on the PGM sites of the
catalyst, a series of test were performed at constant inlet temperature, letting the
system reach steady state. By performing these test, it is possible to better isolate
the reactions used in the simulation model and optimise them one by one, compare
to when a full fuel mixture is used. In total 7 different gas mixtures were tested,
see Table 3.2, at 5 different temperature levels: 200°C, 300°C, 400°C, 500°C and
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600°C. The volume flow at the inlet was 1200 ml/min. Not shown in the table is
the Ar-flow that accounted as the inert filler gas.

Table 3.2: The gas species concentration (%) of the 7 different gas mixtures used
for the constant temperature steady state test.

Mixture # C3H6 C3H8 Hg NO CO 02 C02 HQO

1 004 001 - - 02 15 10
2 _ _ 0,08 - 0,3 0,15 15 10
3 _ _ : . 2 - 15 10
4 0,00 0,03 - - - 15 10
5 : . 0,35 0,05 1 _ 15 10
6 01 004 - 02 - : 15 10
7 01 004 025 - - 1275 15 10

The steady state experimental tests were conducted for all 7 gas mixtures at the
highest temperature level before letting the SGB cool down to repeat at next tem-
perature. The scheme for testing one gas mixture was as follows:

o Pre-treatment of catalyst with 1,5% O, for 300 seconds

e 100% Ar flow for 300 seconds (to minimise contamination with the oxygen
flow)

o Gas mixture #1 for 300 seconds
« 100% argon flow for 300 seconds (to minimise contamination)

The steps were repeated with all the gas mixtures in same order as can be seen in
Table 3.2. The pre-treatment of the catalyst was to ensure a fully oxidised catalyst
so that the prerequisites were the same at every temperature level.

3.2.2.3 Temperature ramp test

Temperature ramp tests were performed to evaluate the crucial light-off period. The
temperature ramp tests were performed on three mixtures, mixtures 8, 9 and 10 seen
in Table 3.3, with a total volume flow of 1500 ml/min. Mixture #8 and #10 were
provided from the motor bench test as explained in Section 3.1. Mixture #9 was
created to find a stochiometric mixture.

Lambda value was calculated using Equation 3.1.

The system was first heated up to 500°C and then pre-treated with oxygen for 300
seconds. The catalyst sample was exposed for the full gas mixture at constant
temperature for 600 seconds before left to cool down to 100°C. It was then left at
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Table 3.3: The gas species concentration (%) of the three different gas mixtures
used for temperature ramp experiments.

Mixture # CgHﬁ CgHg H2 NO CO 02 COQ HQO

8 0,035 0,01 0,06 03 025 0,7 15 10
9 0,05 002 015 01 0,5 0,6 15 10
10 0,04 0,011 0225 0,18 08 02 15 10

Table 3.4: The A-value of the mixtures assigned for temperature ramp test.

Mixture # Calculated A-value

8 - Lean phase mixture 1,02
9 - Stochiometric mixture 1
10 - Rich phase mixture 0,98

100°C for 20 minutes and thereafter the rig was heated back up to 500°C, with a
speed of 5°C/min. The procedure was repeated for all three gas mixtures.

The simulation model will be evaluated using the temperature ramp test after having
been optimised from the oxygen storage capacity and steady state tests. To limit
the scope of the report, only the light-off period (100°C-500°C) will be in focus, and
the cool down period will not be studied in detail.

3.2.3 Experimental Data Analysis

After gathering the experimental data the next step was to evaluate and calibrate the
outlet concentration data from the FTIR. In order to be able to perform an FTIR
calibration, a calibration test scheme was done in an empty tube beforehand. A
fraction between the inlet concentration value and the actual outlet FTIR measured
value was calculated and this fraction was then used to calibrate all the following
experimental data. Ideally calibration measurements should be done at a range of
different concentration values for every gas species, but due to time restraint it was
limited to a few selected values for each gas species.

The actual inlet values were obtained as mass flow from the MFC and were recal-
culated into mole fraction in order to be compared with the outlet concentration
measurements.
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3.3 Results

Below a selection of the experimental results will be presented.

3.3.1 Constant Temperature Steady State Experiment

Below are the experimental results of CO conversion for Mixture #3, catalyst sample
S1, to show the conversion in % at each tested temperature level.

Sample S1 Mixture #3 CO conversion

S
o

Conversion (%)
S ]

-

10

200 300 400 500 600
Temp (°C)

Figure 3.5: The conversion of CO

The non-linear rise in conversion with a higher temperature seen in Figure 3.5 can
be understood as the Arrhenius equation is exponential (see Eq. 2.4) and small
changes in temperature can have a big impact on the conversion. The experimental
results from the constant temperature test will be utilised further in Chapter 4, for
optimisation of model parameters.

3.3.2 OSC experiments

From the OSC experiments the oxygen storage of the catalyst was quantified using
the experimental outlet concentration of COs. In Figure 3.6 an example of the
results from the OSC experiments is shown, here for sample S1 at 500°C.
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Sample S1 OSC experiments 500°C

CO outlet CO2 outlet ====- 02 inlet

Concentration (%)

Figure 3.6: Results from OSC experiment 1, using Sample S1 at 500°C

As can be seen in Figure 3.6, when CO is introduced at 120 seconds, the CO level
starts steadily increasing as the CO is reacting with CeO;. As the amount of CeOq
is decreasing, so is the amount of created COs until there is only CO in the outlet
again. One can also see a second peak of the CO5 concentration at 180 seconds, this
is due to the introduction of Oy with CO still in the reactor, as is seen in the graph.

Looking at Eq. 2.6 (see Section 2.1.3), ratio of Oy to CeOs is 1:4. Following, 1 mole
of CO and 2 mole of CeO is needed to produce 1 mole of COy (Eq. 2.8). This
means that the ratio of stored O5 to CO5 is 1:2. By taking the integral of the CO,
outlet curve, the amount of stored oxygen could thereby be determined. The result
of this for all the samples at the different temperatures can be seen in Figure 3.7.

As expected, the amount of oxygen stored is the highest for the fresh catalyst, sample
S1, and the lowest for the front of the aged catalyst, sample Cfl. The values for the
back side of the aged catalyst, Cbl, is somewhere in between, showing that it has
not been as affected by the deactivation as the front side.

Looking into the effect of temperature on the oxygen storage, the samples S1 and
Cb1, are showing a peak at 400°C. For Cf1, the level of oxygen storage is increasing as
the temperature increases. Similar results are shown in an earlier work performed
by Jian Gong et al. ([16]), with a peak of oxygen storage at 400°C for the fresh
sample, but not the deactivated sample.
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Oxygen storage value for the different samples
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Figure 3.7: Oxygen storage value (umole Os/L cat) for the different samples at
different temperatures.

3.3.3 Temperature Ramp Experiment

In this section the results of the temperature ramp experiments will be presented,
and the focus will be on comparing the light-off test for the three different mixtures
and all three catalyst samples. These results are later used for validation of the
simulation model, further explained in Chapter 4. As can be seen in Table 3.4,
Mixture #8 is a lean phase mixture, Mixture #9 is a stochiometric mixture and
Mixture #10 is a rich phase mixture.

As the most crucial time, when the emissions are the highest, is during the warm-up
phase, it is important to have a catalyst as effective as possible at the lowest possible
temperature. For this reason, the comparison of the catalyst samples will be based
on temperature needed for the conversion to go up and not the conversion when the
catalyst is fully heated (500°C).

3.3.3.1 CO conversion

Comparing the CO conversion over temperature, see Figure 3.8, the conversion is
higher for the lean phase than for the rich phase mixture (comparing M#8 and
M#10) for all the samples. This is in line with what was discussed in Section 2.1.3,
where a lambda value above 1 (lean phase) is beneficial for conversion of CO. Looking
at the stabilised sample, S1, the effect of the temperature on conversion is not
very different between the lean phase mixture and the stochiometric mixture, which
suggest that M#9 is indeed around the stochiometric value. However the difference
is greater between the lean phase and stochiometric mixture for the deactivated
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samples, especially the shape of the curve for the front side sample, Cfl. After
200°C, the conversion is not changing as swiftly when the temperature is rising, and
it is even kept steady at 60% for about 25°C. This could be due to a production
of CO (which is possible in a TWC, see Table 4.1 presented in the next chapter).
However as this is mainly seen for Cfl, which is believed to be the most deactivated
sample and therefore with the least amount of active sites, this could also be due
to a lack of available sites and the oxidation of CO not being favoured at that
temperature.

Comparing the samples to each other, it is clear that the stabilised fresh sample
(S1) is performing the best in terms of higher conversion at lower temperatures.
The back side of the aged catalyst (Cb1) is however not differing too much from the
stabilised sample, and for the case of M#9 the light-off temperature is even slightly
lower for Cb1l compared to S1, due to the shape of the curve. As mentioned, Cfl
is believed to be the most deactivated sample which is confirmed in Figure 3.8, as
it is performing the worst compared to the other samples. When performing bench
ageing, a high amount of poison is added in a short amount of time. It is likely that
the impurities will poison or foul the beginning of the catalyst as that is simply what
it reaches first, and less impurities will exist in the exhaust gas once it reaches the
end of the catalyst. However, it is judged that when using bench ageing method,
the rear side will be more affected by thermal deactivation than the front side.
Worth to mention is that for the overall performance of the catalytic converter the
importance is the performance of the whole brick, and axial differences are assumed
to happen in vehicle deactivation as well. In order to study the difference between
rapid ageing methods, further investigation including different catalyst bricks with
different methods of deactivation would be needed. In the end however all samples
reach 100% conversion when temperatures are high enough (except for M#10).
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Figure 3.8: Conversion of CO over temperature for all three catalyst samples and
the three mixtures #8, #9 and #10.

3.3.3.2 (C3Hg and C3sHg conversion

For the conversion of propylene, C3Hg, the samples are all performing better for
the lean phase mixture compare to rich phase, as expected due to reasons discussed
for the CO conversion. However the C3Hg conversion is not as affected as the
CO conversion was in the rich phase mixture and still reach high levels. For the
stochiometric mixture there is a slight increase in light off temperature compared
to the lean phase mixture, an increase that is higher for the deactivated samples
compared to the stabilised sample. When comparing the samples, the front side of
the catalyst is once again proven to be the most deactivated sample.
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Mixture #8 C3H6 conversion
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Figure 3.9: Conversion of C3Hg over temperature for all three catalyst samples
and the three mixtures #8, #9 and #10.

Looking instead at the conversion of propane, C3Hg, the conversion in generally
worse than for propylene, due to the double bond in propylene making it more

reactive than propane. Similar trends as what was seen for the conversion of C3Hg
is seen for C3Hg as well, as expected.
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Mixture #8 C3H8 conversion Mixture #9 C3H8 conversion
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Figure 3.10: Conversion of C3Hg over temperature for all three catalyst samples
and the three mixtures #8, #9 and #10.

3.3.3.3 NO conversion

For the NO conversion the conversion is very low for the lean phase mixture and
high for the rich phase mixture, due to the rich phase environment being beneficial
for the reduction of NO.

Comparing the shape of the curves at the different mixtures, the conversion of NO
is changing more drastically than what could be seen for the other gas species. For
example if looking at M#9, the conversion is drops down in two occasions. For
M#10 similar trend can be seen, however not as extreme. The conversion of NO
seems to be more sensitive to the temperature change than what has been seen for
the other gas species.

Comparing the samples, they all have a similar shape but at different temperatures,
with the performance being worse for the deactivated samples as seen before.
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Figure 3.11: Conversion of NO over temperature for all three catalyst samples and
the three mixtures #8, #9 and #10.

The next step was to perform an optimisation of the model parameters in the com-
mercial software GT-suite, which will be explained in the following chapter.
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4

GT-suite Simulation

Following the experiment phase was the attempt of creating a good simulation model
in the commercial software Gamma-Technology suite (GT-suite). For the reaction
rate parameters (pre-exponential factor and activation energy), the baseline values
are taken from a study by Ramanatha and Sharma [3]. The reactions used in the
simulation setup and the baseline model parameters can be seen in Table 4.1 and

Table 4.2.

Table 4.1: The reactions targeted in GT-suite and their associated site elements.

Reaction # Associated Site Element Reactants Products

1 PGM CO+0.50, COq

2 PGM C3Hg+4.50, 3C02+3H,0

3 PGM C3sHg+505 3C02+4H,0

4 PGM Hy+4-0.504 H,O

5 PGM CO+NO CO2+0.5N5

6 PGM C3Hg+9NO 3C05+3H,0+4.5N,
7 PGM Ho+NO H504-0.5N,

8 PGM CO+H,0 CO2+H,

9 PGM CsHg+3H,0 3CO+6H;

10 Cerium 2Cey03+0, 4CeOs

11 Cerium Ces03+NO 2Ce05+0.5N,

12 Cerium CO+2Ce04 Ceqs03+CO,y

13 Cerium C3Hg+12Ce0Oq  6Cey03+3CO+3H,0
14 Cerium C3Hg+14CeOy 7Cey03+3CO+4H,0
15 Cerium Hy+2CeO, CeyO3+H50
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Table 4.2: The baseline kinetic parameters [3].

Pre-exponential factor Activation energy

30

Reaction
7 [A] [EA] (J/mol)
1 5,54*1013 121450
2 1,92*10'° 129530
3 6,40*10%° 165160
4 1,81*10'° 111450
5 2,86*10° 52374
6 2,99*10 0063
7 7,88%1010 69237
8 1,80%10° 43926,258
9 1,23*10° 81920
10 2,94 5296
11 792 25101
12 18,2 30680,453
13 13,6 39070
14 17,7 39680
15 2,85 31768
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4.1 TWC Simulation Model

The model used in this thesis is adapted from a previously made model. Due to
this scope of this thesis focusing on the catalytic converter, a standalone model for
the TWC was used. A simplified version of the final model can be seen in Figure
4.1.In the "inlet”, #1, the inlet composition, gas temperature and volume flow are
defined. "Cone-17, #2a acts to connect the inlet flow with the inlet of the catalyst
pipe while "Cone-2", #2b, connect the outlet of the catalyst pipe with the outlet
environment. In #2a the distance of the outer thermocouple to the catalyst brick is
added. In the catalyst brick, #3, the catalyst sample is defined. Finally in "TWC”,
#4, the information regarding the chemical reactions such as the baseline parameters
is added.

4 =
TWC
1 C}
¥
B —fro——Es—D—— _\ +D——E——o——0
Inkt-T 4 Conesk, 5 "J — 1 Eone-2 7 Outlet-T
CatahstBrck]
4

Convereion_
Eff_Mon

Figure 4.1: A simplified version of the final model.

The final model can be seen in Figure 4.2. The main added part, marked with a
blue square, is used for the optimisation process. As can be seen in the model, it
was decided to optimise based on the measurements of total hydrocarbons (THC)
and not propane and propylene separately. A monitor for monitoring the simulated
catalyst temperature against the experimental catalyst temperature was added onto
the model, as well as a A calculator by the inlet.

The known catalyst data, see Table 4.3, was added in the in the model and the
discretisation length was assumed to be 1/40 of catalyst length. The master time
step was sat as 1,8 seconds to match frequency of the outlet measurements from the

FTIR. The loading of the PGMs as well as the ratio between Pd/Rh was included
in the model.
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Figure 4.2: The final simulation model setup.

Table 4.3: Catalyst data added in the GT-suite model

Catalyst sample length 15 mm
Frontal diameter 15 mm
Cell density 400 cpi
Substrate Wall Thickness 0,11 mm
Substrate material Cordierite
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4.2 Optimisation process

The following parameters will be subject for optimisation:
o PGM dispersion factor and Cerium active site density
o Pre-exponential factor and Activation energy

Theoretically, the inhibition function, which takes into account the competition
amongst the species whose reactions are catalysed on the same PGM site, could
also be subject of optimisation but will not be altered in the scope of this thesis.

As the loading and atomic weight of the PGM site is known, the dispersion factor
can be altered to acquire the Active site density for the PGM site. For the cerium
site however, the active site density will be added directly into the model as the
loading is not known.

The model was optimised based on the experimental data from the stabilised, non-
deactivated catalyst sample. The hope is that by calibrating the kinetic constants
for the stabilised data, alterations to the dispersion factor and active site density
will be adequate to model the ageing procedure and validate the model even to
the deactivated samples. Due to the fact that the deactivation process reduces the
active sites but generally does not affect the intrinsic rate constant [13]. However,
the values set for the active sites will affect the optimisation process in GT-suite of
the kinetic rate constants, so setting the right values of the active site density in the
beginning might be of high importance.

The optimisation process will begin by calibration of cerium active site density
and the reaction parameters for the reactions that take place on the cerium site,
the "OSC reactions”. Following that will be calibration of PGM dispersion factor
and the reaction parameters for the reactions on PGM site using the steady state
experiments at constant temperature. Finally will be a validation of the optimised
model parameters using the light-off experiments. To limit the scope of the thesis,
the validation will focus on the results of the light-off experiments for the lean-phase
mixture, mixture #8.

4.2.1 Calibration of Cerium sites

To calibrate the Cerium active site density, earlier work such as Onorati et al. [17]
utilised experimental lambda measurements at outlet. However, as there was no
lambda sensor added on the SGB as well as no experimental outlet values of O,
no lambda measurements of the outlet were available. For this reason, the Cerium
active site density could not be calibrated and a set value was chosen based and same
was used throughout all experiments. For future studies, the oxygen concentration
could have been quantified using the oxygen storage experiments, however this action
was not performed in this thesis.
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The next step was to optimise the reactions on the cerium site (Reactions #10-15
in Table 4.1), which was to be done utilising the OSC experiments. The original
optimisation plan aimed at utilising OSC experiment 1 to optimise reaction #12, and
OSC experiment 2 to optimise reaction #10 and #13. Due to missing experimental
values of oxygen and hydrogen, as well as not performing any OSC test including
C3Hg, reaction #10, #14 and #15 was left with the baseline parameters. However,
after finishing the optimisation completely as described in the sections below and
performing the validation on the light-off test, it was shown that the final optimised
model had not been optimised in a good way. The optimised model also simulated
a conversion of 10-15% of the gas species already at low temperatures, which was
not in agreement with experimental values. For example on how the simulation
behaved, see Figure 4.3.
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Figure 4.3: The simulated and experimental values after finished optimisation
using optimised values for cerium site (and PGM site) reactions. Simulated on the
light-off test for mixture #8. AT is 60°C.

Due to these results, it was decided to re-run the optimisation process, but keeping
the baseline parameters for the reactions on Cerium site. The following sections

will explain the optimisation process and results based on baseline parameters for
reaction #10 to #15.
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4.2.2 Calibration of PGM site

The PGM dispersion factor was calibrated to match 50% conversion for CO [18§]
using the baseline reaction rate parameters. In Figure 4.4 the simulated value of
CO conversion over temperature for different PGM dispersion factors can be seen.
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Figure 4.4: Simulated conversion of CO, with baseline parameters, for different
values of PGM dispersion factor. AT is 60°C.

A value of 0,022 for the PGM dispersion factor of was chosen, a value that seemed
low as the ratio of active sites to total sites for the stabilised catalyst sample should
be quite high.

The next step was optimisation of the reaction parameters on the PGM sites, re-
action #1-#9 in Table 4.1. This was done using the constant temperature steady
state experiments. Reaction #4 was never optimised due to the lack of experimental
hydrogen values but left with the baseline parameters. Which constant temperature
mixtures used to optimise what reactions can be seen in Table 4.4. The order of
how the reactions were optimised was decided to minimise the parameters targeted
in each optimisation step.
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Table 4.4: Table showing which steady state mixtures are targeting which re-
actions. Highlighted in bold are the mixtures eventually used for optimising the
reaction parameters.

Reaction # Reactants Products Mixture for optimisation
1 CO+0.504 COq M2

2 C3Hg+4.505 3CO5+3H,0 M1, M7

3 C3Hg+505 3C02+4H50 M1, M7

4 Hy+0.509 H,O M2, M7

5 CO+NO CO2+0.5N5 M5

6 CsHg+9INO  3CO2+3H,0+4.5N, M6

7 Hy+NO H504-0.5N, M5

8 CO+H,0 CO9+H, M2, M3, M5

9 CsHg+3H,0O 3CO+6H, M1, M4, M6, M7

Despite having performed steady state experiments for 5 temperatures, only three
of the temperatures were in the end used for optimisation. These being 300°C,
400°C and 500°C. The reason behind this was to save time in the optimisation run,
and as the temperature ramp went up to 500°C that was chosen as the maximum
temperature.

Below will each of the optimisation steps be describe, which mixture that was used
to target what reaction.

Step 1 Reaction #8: CO + H,O — COy + Hy

The first optimisation step of the kinetic parameters for the PGM site reactions will
be explained in more detail. The following optimisation steps followed the same
procedure.

As can be seen in Table 4.4, Mixture #3 has only one relevant reaction on the PGM
site, this being Reaction #8, and was therefore subject for the first optimisation.
The parameters targeted for optimisation was log([A]) and [E4]. The reason behind
using the logarithmic value of the pre-exponential factor [A] was in order to raise
the sensitivity of the optimisation process.

CO was included as the only gas specie in the objective function (Eq. 2.12) for this
step. The tg 4+ in Eq. 2.12 was set for when the experimental outlet values reached
steady state. The GA was run first for 15 generations with a higher range for
the parameters. If a convergence was seen in the end of these 15 generations, the
optimisation was then re-run with a tighter range for a more accurate response. If
there was no convergence after first 15 generations, the optimisation was extended
for another 10 generations.
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The value of the parameters before and after optimisation are seen in Table 4.5.

Table 4.5: Values of pre-exponential factor and activation energy before and after

optimisation run

Baseline parameters

After optimisation

log([A8])
[AS8]
[E48]

5,255
1,8%10°
43926.258

4,396
2,492%10%
39366.836

The result of the simulation versus experiment for the outlet fraction of CO be-
fore and after optimising for the different temperatures can be seen in the Figures
4.5 to 4.7. A summary of the conversion at different temperatures using baseline
parameters, optimised parameters and the experimental values is seen in Figure 4.8.
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Figure 4.5: Fraction of CO at outlet for 300°C, before optimisation and after

optimisation.
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Figure 4.6: Fraction of CO at outlet for 400°C, before optimisation and after
optimisation.
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Figure 4.7: Fraction of CO at outlet for 500°C, before and after optimisation.
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Figure 4.8: Conversion at different temperature, comparing the simulated values
using either baseline or optimised parameters, with the experimental result.

As the result show, it was hard to get a good agreement for all three temperatures,

and the optimised parameters ended up performing worse at 300°C but better for
400°C and 500°C.

Step 2 Reaction #9: CsHg + 3H,O — 3CO 4 6H,

Following the same procedure as for Step 1, Mixture #4 was used to optimise the
kinetic parameters for reaction 8. For this optimisation both CO and hydrocarbons
were included in the objective function.

Step 3 Reaction #5: CO + NO — COy + Ny
Reaction #7: Hy + NO — HyO + 0,5N5

As reaction #8 had already been optimised based on M3, the reactions left con-
nected with Mixture #5 are reaction #5 and #7. Due to both reaction having a
reducing effect of NO, it was decided to optimise both at the same time, leading to

4 parameters for optimisation. The objective function was set to include CO and
NO.

Step 4 Reaction 6: CsHg + 9INO — 3C 0Oy + 3H50 + 4,5N,

Similarly as for mixture #5, for mixture #6 one reaction of influence had already
been optimised (Reaction #9), leaving reaction #6 left and therefore subject of
optimisation. In this case NO and THC was used as species in the optimisation
process.
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Step 5 Reaction #1: CO + 0,505 — CO,

Mixture #2 was used to optimise only reaction #1, as reaction #8 had already
been optimised and reaction #4 was left with baseline parameters due to the lack
of hydrogen measurements. Reaction #1 was optimised with CO in the objective
function. The earlier steps had shown big improvements in the match between
experimental and outlet measurements after optimisation, however the results were
not as promising for mixture #2.

As can be seen in Figures 4.9, 4.10 and 4.11, the experiment at 500°C did not
see any improvement after optimising, while there was a slight improvement for
400°C and a good match for 300°C. Once again it was hard to find parameters that
would fit the data at all temperatures. Reaction #8 was believed to possibly have
high influence and since it was not optimised for mixture #2, that could be an
explanation. However, when letting reaction #8 optimise on mixture #2 instead of
mixture #3, no improvement was seen for mixture #2. It can also be seen that the
experimental data is showing a delay from when the mixture enter the system at
600 seconds before it was detected at the outlet. This is believed to be because of
CO storage on cerium sites (see reaction #12).
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Figure 4.9: Fraction of CO at outlet for mixture #2 at 300°C, before optimisation
and after optimisation.
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Sample S1 Mixture #2 Temp. 400°C
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Figure 4.10: Fraction of CO at outlet for mixture #2 at 400°C, before optimisation
and after optimisation.
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Figure 4.11: Fraction of CO at outlet for mixture #2 at 500°C, before and after
optimisation
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Step 6 Reaction #2: CsHg + 4,505 — 3C Oy + 3H50
Reaction #3: C3Hg 4+ 509 — 3C Oy + 4H50

As can be seen in Table 4.4, both mixture #1 and mixture #7 could be used for the
optimisation process of reaction #2 and #3. Two separate optimisation runs where
therefore proceeded, one where the reactions were optimised on the basis of mixture
#1, and one for mixture #7. When validating against the temperature ramp test
the parameters optimised on mixture #1 showed the best result and was therefore
favoured.
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4.3 Validation of Parameters

When the optimisation of the kinetic model parameters were finished, the new model
were to be validated against the temperature ramp test. The results from before
and after the optimisation can be seen in the coming figures. The validation will be
focused on using the result from the lean phase light-off (Mixture #8).
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Figure 4.12: Experimental and simulated conversion of CO versus temperature,
before and after the optimisation of the kinetic parameters, with a PGM dispersion
factor of 0,022. AT is 60°C.

In general the optimised parameters performed worse than the baseline parameters,
simulating higher light-off temperatures. For the oxidation of CO (see Figure 4.12,
the optimised parameters provides a conversion curve more similar to the exper-
imental values than the baseline parameters, however simulates an almost 120°C
higher light-off temperature. For the oxidation of the hydrocarbons the shape and
predicted light-off temperature match better with baseline parameters, while for the
reduction of NO the prediction is better with the optimised parameters.
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Sample S1 Mixture #8 HC conversion

= = =HCsim. Baseline

HC sim. Opt HC experimental

100

90 -7
80
70
60
50

40

Conversion (%)

30

20

10

Temperature (°C)

Figure 4.13: Experimental and simulated conversion of HC versus temperature,
before and after the optimisation of the kinetic parameters, with a PGM dispersion
factor of 0,022. AT is 60°C.
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Figure 4.14: Experimental and simulated conversion of NO versus temperature,

before and after the optimisation of the kinetic parameters, with a PGM dispersion
factor of 0,022. AT is 60°C.
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4.3.1 Optimisation with Higher PGM Dispersion Factor

A second optimisation run was performed with a PGM dispersion factor of 0.1,
to investigate any improvements by use of a higher factor. Using this dispersion
factor did mean that the 50% conversion rate of CO did not match up before the

optimisation process.

These results showed slight improvement for the predicted light-off temperature for
CO and HC-conversion, but showed the same trend as the previous results of the
simulation predicting a higher light-off temperature. However assuming a higher
light-off temperature is better than simulating a lower, since it will not lead to an
overestimation of the catalyst performance.
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Figure 4.15: Experimental and simulated conversion of CO versus temperature,
before and after the optimisation of the kinetic parameters, with a PGM dispersion

factor of 0,1. AT is 60°C.

Despite not reaching a satisfactory simulation model for the stabilised catalyst sam-
ple, it was decided to still investigate how the model worked on the deactivated
catalyst samples as well as the engine bench test results. As optimisation process of
using a PGM of 0,1 showed slight improvement from the earlier optimisation with
0,022, the model parameters from this is decided to be kept and used for the further

simulation.
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Figure 4.16: Experimental and simulated conversion of HC versus temperature,
before and after the optimisation of the kinetic parameters, with a PGM dispersion
factor of 0,1. AT is 60°C.
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Figure 4.17: Experimental and simulated conversion of NO versus temperature,
before and after the optimisation of the kinetic parameters, with a PGM dispersion
factor of 0,1. AT is 60°C.
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4.3.2 Simulation Model with Deactivated Catalyst Samples

Next step was to investigate whether kinetic parameters optimised on a stabilised
catalyst can be directly used to model a deactivated sample of same type of catalyst.
The simulation will be compared to the results from the front side of the catalyst,

Cf1.

As discussed earlier it is assumed that some alterations would have to be done to
the PGM dispersion factor as well as Cerium active site density. However when
seeing the results, the optimised parameters fit the data without changing the PGM
dispersion factor, especially for the oxidation of CO. This gives an indication that
perhaps the settings of the deactivation parameters were more tuned to fit an aged

catalyst compared to a stabilised one.

Sample Cfl Mixture #8 CO conversion

CO sim. Opt CO experimental

= = =CO sim. Baseline

100 =
90 3
80
70
60
50

40

Conversion (%)

30

]
20 |
’
10 4
4
by 2 o

Temperature (°C)

Figure 4.18: Experimental and simulated conversion of CO versus temperature
for Cfl catalyst sample, before and after the optimisation of the kinetic parameters,

with a PGM dispersion factor of 0,1. AT is 60°C.
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Sample Cfl Mixture #8 HC conversion
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Figure 4.19: Experimental and simulated conversion of HC versus temperature
for Cf1 catalyst sample, before and after the optimisation of the kinetic parameters,
with a PGM dispersion factor of 0,1. AT is 60°C.
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Figure 4.20: Experimental and simulated conversion of NO versus temperature
for Cf1 catalyst sample, before and after the optimisation of the kinetic parameters,
with a PGM dispersion factor of 0,1. AT is 60°C.

48



4. GT-suite Simulation

4.3.3 Simulation Model based on Motor Bench Experiment

The final model parameter test was done on the values from the engine bench test
explained in Section 3.1, in order to see how well a model based on SGB experiment
could work simulating engine bench tests.

Looking at the figures below, the optimised parameters shows some show improve-
ment, especially for the shape of the conversion curves even though it is not predict-
ing the light-off temperatures correctly. Worth to mention here is that no change
has been done to the deactivation parameters.
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Figure 4.21: Experimental and simulated conversion of CO versus temperature
for motor bench test, before and after the optimisation of the kinetic parameters,
with a PGM dispersion factor of 0,1. AT is 60°C.
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Engine Bench Exp Lean phase mixture HC conversion
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Figure 4.22: Experimental and simulated conversion of HC versus temperature for
motor bench test, before and after the optimisation of the kinetic parameters, with
a PGM dispersion factor of 0,1. AT is 60°C.
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Figure 4.23: Experimental and simulated conversion of NO versus temperature
for motor bench test, before and after the optimisation of the kinetic parameters,
with a PGM dispersion factor of 0,1. AT is 60°C.
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4.3.4 Effect of PGM Dispersion Factor

To further study the effect of the PGM dispersion factor, the deactivated front
sample was modelled with the optimised parameters found in the first optimisation,
where a PGM dispersion factor of 0,022 was used. The PGM dispersion factor was
then changed until the simulated conversion rate fit the experimental data, and the
result can be seen in Figure 4.24.
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Figure 4.24: Experimental and simulated conversion of CO, where the PGM dis-
persion factor has been altered to fit the experimental value. AT is 60°C.

With this method a PGM dispersion factor of 0,05 was found that gave as good as
result as can be seen in Figure 4.18 which used the model parameters optimised for
a PGM factor of 0.1. Despite two different PGM factors and slightly different values
for the model parameters, both simulations showed the same result.
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Conclusion

In this master thesis a stabilised and a deactivated catalyst has been investigated by
performing SGB experiments. This with the aim to gather experience of calibration
the simulation tool build in to the GT suite package. The results of the SGB exper-
iments provided experience in the (expected) axial difference in characteristic of an
aged catalyst. An engine bench aged catalyst in the here investigated case is exposed
for more poison in the front and more thermal exposure in the rear part. Also in
vehicle ageing a axial ageing profile will occur. Usage of the simulation tool needs
to consider this insight and for a future case, bench ageing method development can
potentially be supported from simulation tool characterisation.

It is expected to have to alter the PGM dispersion factor depending on the deac-
tivation of the catalyst, however the value of the PGM dispersion factor that will
fit the data depends on what factor it was optimised on first, see Section 4.3.4. As
seen in Section 4.2.2, when optimising based on constant temperature experiments,
it was hard to get an agreement for all the temperature. It could be that using
temperature ramp test instead would increase the performance of the model, as it
would cover a wider temperature range.

The evaluation of the model parameters for light off simulation was limited to the
lean case (lambda=1,02). When the dispersion factor was tuned in a second step,
with a PGM dispersion factor of 0,1, the optimised parameter case had slightly better
accordance in the experimental results than the base case parameters. However it
was under predicting a little bit. With the aged case the accordance with the
developed parameters were much better accordance in the experimental results than
with the base case (here the base case parameters over predicted in an unacceptable
way.). In general however the baseline parameters are showing a good accordance
with the experimental values, showing that perhaps a full optimisation of all the
model parameters are not necessary. It might be that focusing on altering other
parameters, such as the inhibition functions that were not covered in this report,
will be adequate enough to acquire a good simulation model.

Although this report did not find an optimised model based on the experimental
results, it still had the opportunity to investigate factors needed for a good simu-
lation model. It showed that the baseline parameters provided a good simulation
without the need of optimisation, especially for the oxidation of hydrocarbons. It
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can therefore be concluded that further investigations is desired to quantify how
crucial the need of unique experimental parameter setting actually is.

5.1 Future studies

To further improve the simulation, there are multiple factors that would be of inter-
est to investigate. In an earlier thesis by Castellano G. [19], five more reactions were
added in the model on the cerium site. It is possible that adding and calibrating
these would give a more correct simulation and should be investigated. Another
improvement could be including temperature ramp test for the separate mixtures
instead of constant temperature test. It is also possible that a more manual calibra-
tion exploiting the linear regression of Arrhenius equation would provide a better
optimisation. However that would only applied if using constant temperature test
and not temperature ramps.

In the optimisation process, it was decided to optimise based on the total values of
hydrocarbons and not propane and propylene separately. For a more exact calibra-
tion it would probably be beneficial to look into optimising them separately instead,
especially when individual experimental values are available. Same can be discussed
for the precious metal sites, as the Palladium and Rhodium metals are affected dif-
ferently in the deactivation process. In this project they were calibrated together
with one active site density, so a future improvement could be to instead simulate
them to separately.

Seeing as the front and rear side of the catalyst showed different levels of deacti-
vation, it would be of interest to investigate simulating slices of the catalyst brick
instead of the whole brick. This could potentially give a more correct simulation
for a deactivated catalyst, but also give insight in how to plan the rapid ageing
method for future studies. However, it is important that the final model has a good
agreement before studying the potential usage of planning deactivation methods.
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