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ABSTRACT

MATHEMATICAL MODELING AND NUMERICAL SIMULATIONS OF
AUTOMOTIVE CATALYTIC CONVERTERS

By

Figen Lacin

The major undesirable chemical species that constitute the main exhaust
emissions produced by spark ignition engines are hydrocarbons (HC), carbon
monoxide (CO) and nitrogen oxides (NOx). The catalytic converter is one of the
important devices for the control of emission from spark-ignition engines. Several
concurrent physical processes such as convective heat transfer, gas phase
chemical reactions, surface reactions, flow oscillations, water vapor condensation
and diffusion mechanisms add to the system's complexity. Under cold-start
conditions, the catalytic converter does not become fully active during the first
two minutes of the operation, allowing a significant fraction of the overall
pollutants to be emitted. In the present study, a one-dimensional mathematical
model that physically represents a single channel of the honeycomb structure
has been developed. The effects of the geometrical parameters are investigated
for the cold start regime. A multi-dimensional model has been developed to study
the effect of the converter insulation. The results of the computations suggest
new material-dependent designs to improve the conversion efficiency of the
device and the cold-start performance. Moreover, from our model calculations,
we have observed that the monolith’s temperature and therefore the light-off time

are greatly affected by the noble-metal distribution over the honeycomb walls of



the monolith. We have demonstrated that the light-off time is significantly
shortened, by approximately 35%, using a suitable step-function for the noble-
metal distribution. Hence, the emissions of the exhaust gas are reduced without
increasing the cost of noble-metal materials used in the converter. For a given
converter geometry and an amount of noble metal, an optimum noble metal
distribution is being investigated with the understanding that the optimum noble-
metal distribution proposed has to be practical in the area of manufacturing.
Since the main source of the exhaust emissions is during the warm-up period of
converters from a cold-start, the reduction of emissions shown in our model

calculations is quite substantial.
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NOMENCLATURE

h : heat transfer coefficient, J/ (cm2 -§-K).

v : gas velocity, m/s.

'3 : void fraction of monolith

k : mass transfer coefficient of species "i",cm/s.

D; : molecular diffusivity of species * i " in the reacrive mixture, cm?/s.
S : geometric surface area p.u.reactor volume,cm?/cm?®.
Ts :wall temperature,K .

Tg : gas temperature,K.

Cg y : gas state concentration of species"” i ", mole fraction.
C y : solid state concentration of species"” i ", mole fraction.
a(x) : catalytic surface area p.u.reactor volume, cm? - Ptem®.
(aH); : heat of combustion of species* i * ,J/mol.

R; (53, Ts) : specific reaction rate for species” i " ,mol/(Pt - cm? . S)
Ag :thermal conductivity of gas,J/(cm-s - K).

As : thermal conductivity of solid,J/(cm- s - K).

Prot :atmospheric pressure.

Nu,, : limiting Nusselt Number.

Sh,, : limiting Sherwood Number.

Cpg : Specific heat of gas,J/g - K).

Cps : Specific heat of solid, J/g - K).

R : General gas constant,N - cm /mol - K.
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Chapter 1

INTRODUCTION

1.1 Problem Definition and Objective of the Study

The gasoline, that contains a mixture of paraffin and aromatic hydrocarbons,
became an important part of our lives through the development of the spark-
ignited combustion engine. First, it enabled us to have controlled power to
operate automobiles. Then, like most of other inventions of human beings, it

brought some other problems to solve.

The combustion of gasoline in an engine, in simplified form, can be
described as the burning of hydrocarbons with the oxygen and producing the
water and carbon dioxide. The ratio of air (source of oxygen) to fuel is an
important parameter for combustion. The ideal combustion reaction in which
there is enough oxygen (but not excess) to have complete combustion, is called
a stoichiometric reaction. However, most of the time, this condition is not
possible. The real combustion process is combined of many oxidation and
reduction reactions taking place simultaneously. At the end, there are other
products as well as water and carbon dioxide. Most of these additional products

are pollutants. Depending on different engine operation conditions, the amount of



pollutants varies predominantly by the air to fuel ratio in the combustion chamber.
It is known that, within the region of operation of a spark-ignited engine,
significant amount of carbon monoxide (CO), unbumed hydrocarbons (uHC),

and nitrogen oxide components (NO,) is emitted into the atmosphere. Basically,

CO and uHC are the result of an incomplete combustion. Trapped fuel in engine
manifolds is another source of uHC. The combustion at high pressure and

temperature causes NO, emission. CO is a direct poison to human beings. HC
and NO, undergo photochemical reactions in the sunlight, leading to generations

of smog and ozone.

Air poliution caused by motor vehicle exhaust emissions was first
recognized as a problem in the 1950s. The first legislation requiring the control of
the automotive emissions was introduced in California in 1966. Since then, many
countries have adopted more stringent emission regulations. Motor vehicles also
make a major contribution to the atmospheric carbon dioxide levels, one of the

main ‘green house’ effect gases.

There are different foci to control exhaust emissions. These can be
classified in two basic groups: the first one is the engine calibration method that
includes the modifications in spark timing, exhaust gas re-circulation or air to fuel
ratio. All of these methods mainly serve to improve the combustion efficiency of
the engine. The second group is the exhaust after treatments. The exhaust after
treatments, unlike the engine calibration methods that improve the efficiency of

the combustion, aim to reduce all unwanted combustion products.



One of the main important components of the automotive exhaust system
that serves to control pollutants is the catalytic converter. The automotive
catalytic converters are chemical reactors and work as an afterburner. A catalytic
converter consists of a honeycomb structure called the substrate and an
insulation layer surrounding the substrate. A typical substrate is coated with a
gamma alumina wash-coat that supports the noble metals. The exhaust gas, rich
with the pollutants, passes through the substrate channels, and diffuses to the
walls of these channels. The surface chemical reactions with the effect of the
noble metal catalysts are triggered. Unburned hydrocarbons and other
combustion products diffused within the walls of the substrate are reduced to

relatively non-harmful species by these surface chemical reactions.

There are many interesting physical processes taking place
simultaneously in catalytic converters. Heat transfer by convection, conduction,
radiation and chemical reactions in gas phase, diffusion mechanisms and surface
chemical reactions and condensation of water vapor at the cold-start regime are
among these processes. The flow oscillations and different inflow distribution at
the inlet of converter depending on different header geometries are also some of
the factors affecting the converter performance. Therefore the converter

performance is a complicated function of many factors.

The effectiveness of the converter needs to be quantified. The converter
efficiency parameters for the poisonous species are usually defined as the ratio
of the amount of the converted species to the initial species in percentage. At

steady state performance, it is expected that more than 90% of the poisonous



species be converted. Another performance criterion is the light-off time, i.e. the
time when 50% of the emission conversion is achieved. It shows how quickly the
converter responds to the poisonous species. These criteria are defined in detail

in Chapter 5.2.

In the present study, the main objective is to improve the cold—start regime
performance by decreasing the light-off time, without increasing the cost of the
catalytic converter. One of the main contributions to the cost is due to the noble
metal used over the substrate. The efficient use of the noble metal is one way of

improving the catalytic converter performance without increasing the cost.

In order to get a better understanding of factors affecting the converter
performance, the relative effects of the geometry, the noble metal distribution and
the flow oscillations on the converter performance are systematically studied.
The surrounding insulation is also studied, since very high temperatures (around
1500°C) might cause mal-functioning or total dysfunction of the converter. The

criteria to optimize the converter efficiency are also searched.

1.2 Outline of the Present Study

In the introduction, Chapter 1, problem definition and objectives of the current
study with corresponding research approaches and the literature survey are
given. In Chapter 2, the physical model is defined. In Chapter 3, the
corresponding mathematical model, boundary and initial conditions, including the

dimensionless form of the governing equations are presented. The solution



algorithms and finite difference equations are described in Chapter 4. Chapter 5
contains the results of the present study. The nominal values for the problem are
given in Section 5.1. In Section 5.2, the performance criterion and the reference
case chosen for the study are given and also the result of the computations is
compared with the related literature. After the result of the present model is
verified with previous studies, the effects of the transient terms that are neglected
in the initial model are investigated in Section 5.3. The effects of the different
parameters on the converter performance are then investigated for the cold-start
regime (i.e. for the period of time when the converter works starting from an
initially cold substrate, around 27 °C, until it reaches the steady state) so that an
improved catalytic converter performance can be achieved. In Section 5.4, the
effect of the geometrical parameters such as channel density and monolith
channel radius, wall thickness and converter length are investigated. The noble
metal distribution is analyzed in detail, and an alternative noble metal distribution
that improves the emission conversion significantly, is proposed in Section 5.5.
The effect of the inflow oscillations is given in Section 5.6. In Section 5.7 the
results of isothermal study are given in order to verify the constant pressure
assumption along the monolith. Since the surface temperature distribution is a
critical factor for the converter performance, the model is extended to two-
dimensions so that the surrounding insulation can be studied. The results of the
two-dimensional model are given in Section 5.8. The general conclusions of the

present study are discussed in Chapter 6.



1.3 Literature Survey

The introduction of catalytic converters as emission control devices in the USA
goes back to the early 1970's. A substantial amount of research into the
parameters that might affect catalyst performance has been carried out. The
light-off behavior, the post light-off conversion efficiency, steady state conversion
efficiency (see section 5.2) and the pressure loss across the converter are the
main parameters studied. The areas that have attracted interest to study the

catalyst performance can be classified based on their focuses as follows:

e catalysts housing

* inlet diffuser design

¢ substrate materials & geometry

e variation in air/fuel ratio

* chemical kinetics data

» chemical poisoning

* 1-D thin film single channel models

¢ multi-dimensional single channel models
» multi-dimensional monolith models

¢ isothermal catalyst assembly models

A group of studies is mainly focused on the pressure loss across the monolith or
the entire exhaust system, and the inflow velocity distribution. The main concem
is to smooth out the velocity profile at inlet using different connection parts so

that the pressure loss is reduced and therefore, low drag force is created. Most of



the studies in this area are isothermal and in steady state regime and therefore,

they are not suitable to study the cold-start conversion efficiency.

The catalyst housing is the part added to the exhaust system to reduce
the emissions. By its existence it creates a resistance to exhaust flow field and
therefore increases the pressure loss. One way to decrease back the pressure
loss is to use a converter with a shorter length. However, a sufficient amount of
converter volume must be available to have good conversion efficiency. Since
the diameter of the monolith section is larger than that of the exhaust pipe, an
expansion cone or diffuser is used upstream of the monolith section. Because of
the limited available space, these inlet diffusers have to be short and wide
angled. Such diffusers are inefficient at spreading the exhaust gas uniformly
across the catalytic converter. Lemme and Givens [1974] have done theoretical
analysis of the effect of the flow mal-distribution on the catalytic converter life.
They applied the basic assumption that the conversion efficiency decreases
linearly with the amount of gas passing through a given segment of the catalytic
converter. In addition, they found that a non-uniform flow distribution reduces
durability. They investigated different types of inlet expansions, such as a conical
diffuser, a spherical expansion and a 180° expansion. A conical flow deflector
successfully flattened the velocity profile of the conical diffuser at the expense of

an associated pressure loss.

Wendland and Matthes [1992] studied the steady state flow field that
occurs inside a monolith catalytic converter by using water-flow visualization.

They conducted tests with transparent, full-scale converter models with several



different header geometries. These headers were truncated or tapered with
different lengths and offsets for outlet portion. Results showed that flow invariably
separated from inlet header diffuser walls. Tapered inlets of reasonable length do
not smooth the flow entering the monolith inlet. The inlet-jet expansion occurs at
its impact with the monolith face and not in the inlet diffuser. The shape of this
impact jet was found to be independent of the jet Reynolds number over a
substantial range of the Reynolds number. They also reported that there is a
small change caused by different headers on the steady state conversion
efficiency and the light-off time. However, these variations delay the light-off time
up to 8 seconds for truncated header cases, which is a very significant delay in

our opinion.

Zhao et al. [1997] carried out an experimental study to characterize the
exhaust flow structure inside a catalytic converter over different operating
conditions using cycle-resolved laser doppler velocimetry (LDV) technique. Their
conclusion is that the velocity highly fluctuates in the front plane of the catalytic
monolith, due to the pulsating nature of the engine exhaust flow. Moreover, the

pulsating flow is smoothed significantly after passing through the monolith.

At the beginning of the 1990's, the emission regulations in USA and
Europe become tighter resulting in more research in the area of catalytic
converters. Lai et al. [1991] simulated the three dimensional, non-reacting flow
field inside a dual-monolith automotive catalytic converter using finite difference
analysis. Fully developed laminar duct-flow pressure gradient with the entrance

effect correction was used to formulate the monolith resistance. Their



calculations show that the flow distribution within monolith depends strongly on
the diffuser performance, which is a complex function of the flow Reynolds
number, the brick resistance, and the inlet exhaust pipe length and the bending
angles. Their conclusion is that the smaller the Reynolds number, the straighter
and shorter the inlet pipe and the larger the monolith resistance, the more
uniform the velocity profile inside the monolith. A similar study by Kim et al.
[1992] on the flow fields of axisymmetric catalytic converters concludes that small
diffuser angles reduce the pressure loss across the system and the flow mal-
distribution. The increased monolith resistance, through increasing the cell
density or monolith length reduces the flow mal-distribution but increases the

pressure loss.

Jeong and Kim [1997] used CFD to investigate three-dimensional
unsteady, compressible, non-reacting flow in a catalytic converter system
attached to 6-cylinder engine with junction pipes. They concluded that the level of
the flow mal-distribution in the monolith heavily depends on the curvature and the

angle of separation of mixing pipes.

Bella et al. [1991] used a commercial CFD code to predict the steady flow
field in a racetrack catalytic converter assembly. Inserting concentric flow
deflection vanes within the diffuser flattened the monolith velocity profile. The
predicted velocity profiles were used as a boundary condition for a catalyst
reaction model. The results confirmed the detrimental effect of the poor flow

conditions on the post light-off conversion efficiency.



Another class of studies is focused on the substrate materials and
geometry. The metallic substrates were considered as an alternate to ceramic
substrates because of their several advantages over ceramic ones. Delieu et al.
[1977] discussed two advantages of the metallic substrates over ceramic ones.
The flexibility of design and the potential for thinner cells that leads to relatively
higher cell density without reducing the open volume for exhaust gas flow and
therefore resulting in a relatively lower pressure loss. The papers by Nonnemann
[1985] and by Kaiser and Pelters [1991] respectively presented similar results on
the strengths of the metallic converters. In addition, metallic converters are
superior in terms of thermal and mechanical shock resistance, and have a higher
thermal conductivity that allows dissipation of local hot spots into surrounding
cooler areas. Another advantage of the metallic converters has been given by
Bissett and Oh [1993] and by Whittenberger and Kubsh [1991] when using
electrical resistance heater (EHC) to accelerate the warming process by reducing

the light-off time.

On the other hand, Nishizawa et al. [1989] pointed out some of the
weaknesses of metallic substrates such as large thermal expansion coefficients,
their tendency to have permanent deformation when exposed to excessive
thermal or mechanical stresses, their high cost and the poor adhesion between
the substrate and wash-coat. The non-porous nature of the metal substrates

brings additional cost and effort compared to highly porous ceramic ones.

A study by Japer et al. [1991] compared the light-off performance of

metallic substrates with similar sized ceramic substrates. Under mal-distributed
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flow conditions, ceramic monoliths’ light-off time is faster than that of metallic
monoliths. However, reverse characteristics may be observed for the uniform
flow field case. In addition, the effects of the aspect ratio (constant volume and
different length) and split bricks on the ceramic substrate’s light-off time were
studied. The conclusion is that the light-off time is shortened by using a longer
and narrower monolith and split bricks. However, the conclusion can be a result
of having different diffusers since the expansion of diffusers is more gradual for
the narrower monoliths. With a similar study, Wedland et al. [1993] showed that
the split bricks might increase the pressure loss ranging 0.7% to 4.1%. Since the
combined volume of the substrate is 57% larger than the original monolith

volume, there is no basis to compare their light-off performances.

Yamamoto et al. [1991] did experimental investigation of the effect of
various geometrical parameters such as cell density and wall thickness on
ceramic monolith light-off times. Their results on the influence of increased cell
density were not conclusive with regard to the light-off time. However, they
showed that the higher cell densities resulted in an improved post light-off time

conversion efficiency.

There have been very significant developments in catalytic converter
performance made by material scientists through improving the noble metal and
wash-coat formulations. The noble metals, platinum (Pf), palladium (Pd), and
rhodium (Rh), have been found as most effective catalysts for automotive
applications. The main purpose of the wash-coat is to provide porous medium

with a greatly enlarged surface area so that the noble metals can be easily

11



deposited. As expected, a larger contact area provides greater surface area
available for reactions to take place and therefore improves the efficiency of

catalytic converters.

Noble metals Pt and Pd are effective at oxidation of CO and HC's and Rh
are eoffective at reduction of NOx, particularly at stoichiometric exhaust
compositions. Three-way catalysts consist of the oxidation reactions of CO and
HC's, and the reduction reactions of NOx simultaneously. Therefore, a three-way
catalytic converter usually contains Rh and one or both of Pt and Pd. Additional
components are also used to improve the effectiveness of these materials. Base
metal ceria usually added to wash-coat to inhibit sintering of the noble metals.
Moreover, it improves the oxygen storage, which improves the conversion
efficiency. A review study by Church et al. [1989] explained the role of some of
the important components involved in wash-coat and noble metal formulations.

There are many other studies in this area of research by different scientists.

The chemical poisoning is another subject widely studied. A review by
Kummer [1980] outlines the source of these poisons. Chemical poisoning refers
to the deactivation of the catalysts through the absorption of foreign substances.
Lead, phosphorus and sulphur are three main poisons. Source of lead is the
engine fuel. It can reduce the conversion efficiency if introduced in relatively large
amounts. There are two sources for phosphorus in exhaust gases, one is from
lubrication oils and the other one is from the fuel. The one from lubrication oils

has more detrimental effect than the other one. The sulphur present in the fuel
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gets into exhaust gases as sulphur dioxide that suppresses the oxidation of some

HC's. The short term poisoning by sulphur is reversible.

The overall betterment of the catalytic converter is a very delicate study.
The improvement of one performance criterion may impair another one.
Therefore, an optimization of these parameters is necessary to have a good
design. There are not many studies along this line. A model that includes as
many of the parameters mentioned previously as possible is necessary to study
the overall effect of these parameters on the converter performance, the

conversion efficiency and pressure loss.

The mathematical models of the complex physical and chemical
phenomena inside catalytic converters are based on the fundamental transport
and conservation equations. There are a number of different assumptions that
can be made to simplify the computation, and the solution process. Based on
these assumptions, there are different modeling approaches. As expected,
increasing the number of assumptions reduces the amount of computation time

and/or effort needed to solve the governing equations.

Kuo et al. [1971] developed a one-dimensional computational model to
simulate the main catalyst phenomena in packed bed type catalytic converters.
The authors pointed out that the model could also be applied to monolith type
catalytic converters. Later on, Hawthorn et al. [1973] developed a one-
dimensional single channel model of the monolith with the main assumption that

each channel could be treated as an adiabatic system. Nusselt and Sherwood
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numbers are used to calculate heat and mass transfer between the exhaust gas
and the substrate. Another assumption was that the chemical reactions take
place on the wash-coat surface within a thin film. This leads to a simplification of
the governing equations that combines the interaction of mass diffusion, heat

transfer and reactions within the wash-coat into an apparent reaction term.

Schweich and Leclerc [1990] showed the assumption that the species
concentrations and the temperature through the wash-coat are uniform (so that
the intrinsic reaction rate is taken as the apparent reaction rate), is not always
valid. They pointed out that although the temperature distribution through the
wash-coat can be taken as a constant, in case of fast reaction rates and high
diffusion resistance of the wash-coat, the distribution of species concentration
through the wash-coat is not uniform. They modeled this variation with an

effectiveness factor.

There are other one-dimensional models. The main difference among
them comes from the use of different Nu and Sh number relationships, different
chemical kinetics rate expressions and other minor differences in the governing

equations.

Oh and Cavandish [1982] used a transient one-dimensional model that
does not include the effect of radiation heat transfer. Lee and Aris [1977]
proposed one dimensional steady state model that includes the effect of radiation
heat transfer. Psyllos and Phillippopoulos [1992] analyzed the catalytic converter

transient behavior again with including radiation heat transfer. The conclusion of
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these studies points out that the inclusion of radiation heat transfer flatten out
axial temperature gradients, by increasing heat transfer from hot regions to cool
regions resulting in a significant change in temperature. To simplify the model,

Lee and Aris [1977] represent these effects with a radiation conductivity term.

Baruah et al. [1978] developed a one-dimensional model of unsteady flow
through a four-cylinder engine and its exhaust system that included a catalytic
converter. The motivation behind this study was to model the pulsed nature of
engine exhaust flow that is unsteady. A simple, Arrhenius equation for the
reaction rates are used. The predicted species concentrations entering the

catalytic converter varied little with time compared with the gas temperature.

In multi-dimensional single channel models, the conjugate heat and mass
transfer between the gas and substrate has been calculated. Therefore, they
don't require heat and mass transfer coefficient expressions (Benjamin et al.

[2000].) However, thin reacting film assumption was still in the models.

In multi-dimensional monolith models, three-dimensional nature of the inlet
velocity fields is included and their effect on catalytic converter conversion and
light-off times are investigated. Since modeling of entire monolith channels with
exhaust system is not computationally practical, the representative channels are
modeled (Chen et al. [1988].) Another method is using continuum approach and
modeling the substrate as a porous medium. Again, to model heat and mass
transfer, the relationship for Nu and Sh numbers are necessary. Bella et al.

[1991] and Chen [1993] studied the multi-dimensional monolith models. All these
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models assume that the flow distribution across the monolith remains constant.

They have not compared the results with experimental study.

Clarkson [1995] carried out experimental study to investigate the flow field
under isothermal conditions and used these results to study the computational
model developed by a commercial CFD code. The study combines the prediction
of catalytic converter assembly flow fields with the heat and mass transfer and
chemical reactions that occur in the monolith. However, the flow distribution
across the monolith is not predicted accurately. These deviations are based on

monolith channel entrance effect as a possibility.

In all these models, while modeling the surface chemistry, the
mathematical expressions describing the rate of reaction of the emission species
are required. These chemistry models are themselves very complex and need
specialized expertise. Voltz et al. [1973] have published the data of intrinsic rates
per unit surface area of noble metal. There are other studies on apparent
reaction rates as the rate per unit reactor volume or surface area. The most
important point of these studies that differs from the actual monolith problem is
they are based on steady state conditions. However, the flow field in catalytic

converter is unsteady.

There has been a great improvement in the conversion emissions since
1980's as a result of the different and numerous studies and modeling for the

catalytic converter and the exhaust system. However, as the emission
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regulations in USA and Europe become tighter, more challenge is introduced to

the researchers in this area.
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Chapter 2

PHYSICAL MODEL

2.1 Important Parameters for Catalytic Converters

2.1.1 Geometric Parameters

A catalytic converter is made of a honeycomb like substrate. The substrate
channels, i.e. cells, might have different cross sections. The square cross-section
is the most common one. The number of cells per unit area is called cell density,
typical values may change between 300-700 cells per square inch. The
individual channel wall thickness (typical values 0.012-.006 cm), and the monolith

length are two other geometric parameters that are important for the calculations.

The monolith honeycomb of a catalytic converter can be considered as a
porous medium, a solid structure with channels produced by void spaces in
which the exhaust gas flows. The simplified sketch of the honeycomb structure of
the catalytic converter is given in Figure 2.1. In the analysis of porous media, the
geometry has important effects on the mechanism of transport. In the
macroscopic level, a significant basic geometric parameter for the converter is

the porosity or the void fraction. It is defined as
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Vvoid
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The parameter £ would take values between zero and one. The typical
values of void fraction change between 0.6-0.9. Another geometric parameter,
the specific surface area S, is defined as the total interstitial surface area of a

catalytic converter per unit bulk volume of the monolith:

S= Asurtace - E_ ,
Vouk  BRn

where Rp, is the hydraulic radius of the monolith channels.

The metallic or ceramic monolith does not have the quality of the surface
to carry the catalyst metal. The carrier is usually a high surface area material
containing a complex pore structure deposited on the monolith surfaces. The

common carrier used in the automotive industry is Al,O3. This substance helps

to provide a surface to disperse the catalytic substance to maximize the catalytic
surface area and plays a critical role in maintaining the activity, selectivity, and
durability of a finished catalyst. The catalytic surface area per unit gram of
substrate is an important catalytic converter specification along with the noble
metal loading, which is expressed in terms of gram per unit volume. Typical
catalyst compositions are Pt or Rh with Pd in a 2.5:1 or 5:1 ratio, ranging from

1.5-3.1 gram per vehicle.
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Figure 2.1 A simplified sketch of a catalytic converter substrate.

2.1.2 Chemical Kinetics Data

The accurate predictions of the catalyst performance depend on proper
mathematical descriptions of the rate of reaction of the emission species. The
procedures for gaining such data are complex in their nature. The kinetics data
published in this area can be classified into three groups. First is the intrinsic
reaction rate, given as the rate per reactor unit surface area of noble metals. The
values of this reaction rate are obtained from simplified laboratory reactors and
noble metal single-crystal studies. The second and third groups consist of
apparent reaction rates given, respectively, as the rate per unit reactor volume
and the rate per unit reactor surface area. The first of these groups are derived
from an actual monolith catalyst and are specific to the particular substrate
geometry, wash coat, and noble metal formulation being tested. The second

group is derived from simplified catalyst structures, and is specific to a given
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wash-coat and a noble metal formulation but can be applied to different
substrates. The kinetics data used in this study is the same as those used by Oh
et al. [1982]. In their study, the specific reaction rate expressions are given as
rates per unit Pt surface area and are obtained by calibrating the rate equations
of Voltz et al. [1973] against the experimental data measured in their laboratory.
The detailed formulation of the kinetic model used in this study is given in

Appendix A.

2.2 Single Channel Model

In the single channel model, the physical and chemical phenomena within a
single channel catalytic converter substrate are modeled. The monolith substrate
that is usually made of ceramic is assumed to isolate the mass and the heat
transfer in the gas phase between the channels. Therefore, the behavior of each
channel is assumed to be the same, and instead of the entire monolith structure,
a single channel is modeled with a given mass flow rate. A further simplification

is done as an adiabatic flow.

In the single channel model, the flow within a channel is considered to be
laminar and fully developed with known inlet mass flow rate. During the warm-up
period, the flow parameters within catalytic converters are highly transient.
Specially, the flow within the inlet cone of the catalytic converter is highly

turbulent, which will result in different inlet condition for the substrate channels.
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There are two different mediums where heat and mass transfer occur
inside a catalytic converter. First medium is the exhaust gas within the channels,
which has different components. The second one is the channel walls, called as

the solid phase, by which the exhaust gas components are absorbed.

The main assumption for the chemical reactions taking place in the
catalytic converter is that they are confined on the surface of the channel walls.
The chemical reactions taking place in the exhaust gas flow are neglected. First,
only the transient term in the solid phase energy equation is included to verify the
model with existing studies. Later on, the neglected transient terms in the gas
phase governing equations for the single channel model are included in the
modified model to study their effects on the converter performance. As a result of
the heat exchange between the wall and the exhaust gas, wall temperature
increases and then the chemical reactions on the channel walls are triggered.
Hence the heat released from the channel walls increases both the wall and the
exhaust gas temperatures. Details of the equations and assumptions are given in

Chapter 3.

2.3 Multi Channel Model

The inlet cone that connects the exhaust pipe to the catalytic converter has
highly turbulent flow. Therefore, the flow variation in front of the substrate can be
quite significant. To study the effect of the velocity variation in front of the

substrate, a three-dimensional model is developed. In this model, the previous
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one-dimensional model is extended to three-dimensional one. The channels are
stacked on top of each other along the vertical directions normal to the axial flow
direction. Since there is no mass transfer of the exhaust gas between the
channels, the mass and the energy conservation equations for the gas phase are
the same as those of the one-dimensional model. The heat is conducted in the
monolith along three-dimensions. The surface chemistry is confined on the
channel walls. The differences of the exhaust gas diffusion within the wall are
neglected. Therefore, the one-dimensional model will be sufficient to express the
solid phase mass conservation equation. Initially, in the vertical direction, the only
main difference in our equations for the gas phase mass and the energy
equations is from the inflow velocity variation. At later times, this initial difference
in the inflow velocity will result in variations of the gas temperature distribution as

well as the surface temperature.

There are two fundamentally different sections of the catalytic converter:
The insulation layer, which consists of a mat and a steel shell, and the monolith
honeycomb substrate. The converter is assumed to have a cylindrical cross
section. Due to the similarity of the geometry and the structure of the honeycomb
monolith in the vertical directions to the axial flow direction, the axisymmetric
plane passing through the center of the substrate is modeled. The detailed form
of the equations, as well as, the boundary and the initial conditions are given in
Chapter 3. Derivation of these equations is given in Appendix B. The main
difference of this model from the one-dimensional model is in the boundary

conditions. The conduction heat transfer across the channels is taken into
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account by including the heat transfer between channels. Since the inflow
velocity varies along the vertical direction, the temperature distributions in gas
and solid phase will differ, and therefore create a temperature gradient in the

vertical direction.

The surrounding insulation layer is modeled by using only the energy
equation for the solid phase since there is no flow through this insulation layer.

The schematic for this model is given in Figure 2.2.

Insulation

Exhaust gas

il
|
il

-—cmemem 1

Figure 2.2 Simple schematic of multi-dimensional model
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Chapter 3
MATHEMATICAL MODEL

Equations and Boundary Conditions

3.1 Fundamental Equations for One-Dimensional Single Channel Model

In this section, the fundamental equations for the single channel of a monolith
converter are presented. The exhaust gas is considered as a multi-component
mixture that consists of unburned hydrocarbons, combustion products, and air.
There is no mass transfer through the walls of the channels of the monolith
substrate. The‘ exhaust gas diffuses through the wash-coat on the surface of the
channel walls and is adsorbed over the wash-coat. The components of the
exhaust gas in the adsorbed state are said to be in the solid phase, in the model.
The mass and energy balance equations can be written for each component of
the exhaust gas for both gas and solid phases. Four components of the exhaust
gas are considered in this model: CO, HC, H» and O,, which are represented by
the indices k=1,2,3 and 4, respectively, in Equations (3.1) to (3.4).The detailed

derivations of these equations are given in Appendix B. The NO, component of

the gas is not included in this model due to the lack of reliable chemical and

kinetic data. In the one-dimensional model, for an individual channel of the
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catalytic converter, the material balance equations for gas (represented by index

g) and solid (represented by index s) phases are

:9Cgk . PpVp 9Cqk
ot Pg  OX

=kmkS(Csk —Cg,k) and

(3.1)

g [4
a9k (Cs.Ts )= 5ot~ kmkS(Cqk ~Cs) -
9

(3.2)
The energy balance equations for the gas and solid phases are
aTg aTy
EPg—,- o5t ppvpa— = T(Tg -Ts) and
(8.3)
cm s a2 Ts

+hS(Ty -Ts )+a(x)2‘, (~AH )k Ry(Cs.Ts)

1- =(1-€ )Ay
(C)Pspsat( €) pa?

(3.4)

In Equations (3.1) to (3.4), Cg , and Cg  are the molar fractions of the exhaust
gas and the adsorbate component k. The terms p, and p; are densities for the
exhaust gas and the substrate walls. MW, is the molecular weight of the

exhaust gas. The term kg, is the mass transfer coefficient (in m/s) for the

component k. The term h (J/ cm? -s-K) is the inter-phase heat transfer
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coefficient. S is the geometric property defined as the specific surface area (in

m™). The term PpV)p is the mass flow rate of the exhaust gas in the exhaust pipe.
The term (-AH), (J/mole) is the reaction heat and the term
F?k (ES,TS) (mol / cm? -Pt-s) is the specific reaction rate for the species k. Their
values are given in Appendix A. The amount of noble metal platinum, Pt, along

the monolith is represented by the function a(x), with unit (cm2 - Pt /cm3), where
x is the horizontal distance from the monolith inlet. In the energy-balance

equations, Ty and Tg are the temperatures of the gas and solid phases in
Kelvin, respectively. The parameter ¢ is the porosity of the substrate. The term
Cp,g is the specific heat for the gas. The specific heat for the solid state, Cp, s, is
a function of the surface temperature and therefore a function of time. The term
Cps is defined as

dCp,s
oTs

C’p?s = Cp's + Ts
(3.5)
3.1.1 Dimensionless Form of The Balance Equations

In this section, the dimensionless forms of the balance equations are derived.

These forms of the equations are used for the model calculations.

The characteristic values used to obtain the non-dimensional form of the

Equations (3.1) to (3.4) are as follows: The converter length along the inflow
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direction, L; the hydraulic radius for the channels, Rj; the average exhaust pipe

velocity at the inlet, v,,; the exhaust gas density at the inlet, p‘"’e‘ the

characteristic time, t; = ; the gas concentration of the species k at the inlet,

Vave

Cg’,’f‘ ; and the gas temperature at the inlet, T)"®'. The variable x represents

the distance in the axial flow direction along the converter length and is

measured starting from the monolith inlet.

Using the dimensionless parameters in Equation (3.6),

;s t . v - X = Rp =
t=—, V= , X=—, Ry =—, ax)=a(x)L ,
. — o An=] (9=a(x)
- Dy 2 Sh..Dy - A
Dy = , 8=, Kmk = , o Ax=—
K Vavel Rp mk 2Ry, X Ag”et

(3.6)

the dimensionless form of the mass and energy balance equations for the gas

and solid phase of species k becomes

oC ac Sh..D
gk gk k C C
of Ox Rh (sk gk)
(3.7)
o, B = Sh..Dye -
8()Rk (Cs,Ts )= =225~ Cp8oPg (Cgk ~Csk ) .
DaR2
(3.8)
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EPpg—=+—= =
at  dx PrReR;

(3.9)
_ =m OT. Xxﬁh 2T Nue = =
m VS = S + — —T
Ps™ps ot PrRe %2 PrReR,,(1—e)(Tg s)
4(x)HeDa 3 -z —
+ BHEDA S~ (i) R (Cs.Ts)
(3.10)

The common dimensionless numbers that appear in Equations (3.7) to

(3.10) are the Prandtl number Pr, the Reynolds number Re, the dimensionless

reaction rate Ry (Cs,Ts), the Damkohler number D,, and the dimensionless

enthalpy number He, which are defined as

_ HCp g Re = PmletVaveRh
= Linlet B '
Ag H
= R (Cs.Ts) = ﬁco(b—sinle"rso)MWg
Rk(Cs.Ts)=—=——"—% 1o » Da= inlet '
RCO (Cs 'TSO ) Vavepg
o WGy TP
p.g'g

(8.11)
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The characteristic length used in the Reynolds number is the hydraulic
radius. The Equations (3.7) and (3.9) are modified to obtain the Equations (3.7’)

and (3.9’) of the quasi-transient model by omitting the time derivative terms.

v aég,k _ Shoobk

Csk -C
% F’hz ( s,k g,k)
(3.7)
oT, N - - =
g ue  xo0.832
=Ty " (Tg-Ts)
ox pmerz ¢ 7 °
(3.9)

To complete the model, it is necessary to determine the pressure and the
velocity distribution inside a channel of the monolith. A brief and compact
discussion on how to complete the model is given by Byrne and Norbury [1994].
For the one-dimensional case, the pressure is assumed to be constant to the
leading order and the velocity is related to the density of the exhaust gas by the
equation

PpVp =PaE 4 = (1)

(3.12)

where the mass flux, w(t), of the exhaust gas along the monolith substrate is

considered to be constant.
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3.1.2 Initial and Boundary Conditions

The converter surface temperature is initially at the atmospheric temperature
since we study the cold-start regime of catalytic converters. The values of the
inlet gas temperature and the gas species concentrations used in our
computations are based on the experimental measurements of cold start period.
The initial gas temperature distribution for the rest of the converter is calculated
using the energy-balance equation for the gas phase. Unless otherwise stated,

the initial and boundary conditions are given as follows.
Initial condition, (t = 0):
Ts (x,0) = T4, = constant
(3.13)
Boundary conditions:
At the inlet, (x;, =0):

aTs("‘inrt)

dX =0

w(tiniet = constant

Cg,i (Xint) = Cg, ;M = constant
(3.14)

At the outlet, (Xxqut=L):
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aTg(xou,,t) _
dX

dx

(3.15)

The same initial and boundary conditions in the dimensionless form are
Initial condition, (t=0):

Ts(x,0) = Tso _ constant
s in
Tg

(3.16)

Boundary conditions

At the inlet,(x;, =0):

3Ts\%in.F) _

d0X

w()inet = constant

- N Coi™ L
v _ gl _ din _
Cy,i (x,-nl)— C. Cy,i" = constant
g,CO

(3.17)

At the outlet, ( Xyt =1):

3Ty (Xour f)

=0
0X
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(3.18)

The time dependent mass flow rate at the inlet is also studied as a

separate case and is defined as

(=3 (x5 _ < . 2
p(x,t)v(x,t) = @( 0 );pjer + Asin( —TEt) ,
(3.19)

where A and T are the amplitude and the period of the sinusoidal oscillation,

respectively.

3.2 Fundamental Equations for the Multi-Channel Model, 3D-Study

In this part of the study, the equations for the three-dimensional model are given.
There is no mass transfer between the channels. Therefore, the material balance
equations of the solid and gas phases used here are the same as those of the
one-dimensional model. Similarly, since once the gas enters the individual
channel there is no cross flow, the one-dimensional form of the gas phase
energy equation is used for the three-dimensional case. The solid phase energy
equation is modified to three-dimensional case by including the heat conduction

through the channel walls. In the directions y and 2z, the heat conduction

coefficients are considered to be the same, due to axisymmetric nature of the
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geometry. Using the same values of Ayand Az as grid spacing along the

o %1, | %1, . .
directions y and z, the term A, 2 +4, , in equation (3.23) reduces to
oy Vel
32T, . .
term | 2-A, 52 | The computation domain can be reduced to a two-
y

dimensional axisymmetric domain.

An insulation layer is modeled on top of the axisymmetric monolith
substrate section. The schematic for the multi-channel model is given in Figure
2.2. The governing equations for the monolith substrate section and the

insulation layer are as follows.

Monolith Substrate Section:

For the material balance of the gas and solid phase components, the

equation set for the three-dimensional catalytic converter problem is

aC, PV,
gk . PpYp _

(3.20)

= = P
()R (Cs,Ts ) =47 A kmkS(Cqk = Cs ) ;
9

(3.21)

and for the energy balance of the gas and solid phase components we have



Ty 3T,

Py pprT=5;—(Tg‘Ts) and
(3.22)
T, °Ty , %1 | O°T,
(1-¢ JpsCMs =5 =(1- Ayt —
)pSPSGt( { ax2 yayz 2822
) o :
+hS(Tg - Ts )+a(x)Q (-AH )¢ Rk (Cs.Ts)
k=1
(3.23)

Insulation Layer:
Here the subscript and superscript / refer to the properties of the insulation
layer. The basic heat transfer mechanism for this layer is the conduction and the

governing equation is given as

32T, azr 32T,
(1-¢)p,C Ny a —(1 {'axz AI AI 22}

(3.24)

3.2.1 Dimensionless Form of Multi-Channel Model Equations

Dimensionless forms of the balance equations are derived by a similar analysis
as performed in Section 3.1.1. The characteristic values in Equation (3.6) are

also used to obtain the non-dimensional form of multi-channel equations. In
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addition, the length is scaled with the converter radius R;, in the y and 2z

directions.

Monolith Substrate Section:

The dimensionless form of the solid phase energy balance equation

becomes

F 2F 2¥F 2+
bs 2438_7:?-= 1 Xxﬁha T3+Xya Ts+~A—za TS
> 9t  PrRe ox2 oy 022

W

Nue - = a(x)HeDa . = —
* PrReR Tg =T, —AA )Ry (CsT,
PrReR,,(1—s)( g~ Ts)t (1-€) E( )Rk (Cs.Ts)

(3.25)

Insulation Layer:

The dimensionless form of the energy equation for the insulation layer is

_ 02 T, _; 32T, il 327}

aTs e
AR
ple' at PI'RC{ X ax2 y2 a

(3.26)
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3.2.2 Initial and Boundary Conditions for Multi-Channel Model

The initial and boundary conditions for the multi-channel model are given to be
consistent with the cold-start regime for the catalytic converter. The surface
temperature is initially at atmospheric temperature. The temperature and species
concentrations for the exhaust gas are given based on the experimental cold-
start measurements. The initial exhaust gas temperature distribution for the rest
of the converter is calculated using the gas phase energy balance equation. The
inlet velocity profile used in our computations, are based on the cold-start velocity
measurements at the inlet and are given in Chapter 5. Unless otherwise stated,
the initial and the boundary conditions for the dimensionless form of multi-

channel model are given as follows.

Initial condition, (t = 0):

Ts(%,7,2,0) = Tso _ constant
s in
Tg

(3.27)

Boundary conditions:

Atthe inlet, (X, =0, ¥in =[0,0.8], %, =[0,0.8)):

in

VI, 2D)|, =V Dinter
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A o Cak" A
Cg,k (Xin:}’inrzin't)— c = Cgk
g.CO

in

Atthe outlet, (Xg,t =1, Yout =[0,0.8], 25, =[0,0.8]):

oTs(x7.2t
X

=0

out

QU

At the plane of symmetry, ( Yeym =0, Xsym=[0,1} Zgym=[0,1]):

Qv

To\X.y.2,t
=0
P

y sym

At the upper plane, ( 7, =0.8, X,p=[0,1 Z,=[0,1]) :

(

~(

z,

Q

/)
QU x(
~<( <

up

(3.28)

(3.29)

(3.30)

(3.31)

The initial and boundary conditions for the insulation layer in the

dimensionless form are

Initial condition, (t = 0):
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Ts(%,7,2,0) = i.g = constant

Atthe inlet, (Xin =0, ¥in=[0.8,1], Z, =[0.8,1]):

oTs(x,v,2,
ox

in

Atthe outlet, Koyt =1, Vout = [0.8,1], Zout =[0.8,1]) :

v

Ts\x, 7.2t 0o
X out

QU

At the inner plane, (7, =0.8, Xjp=[0,1, z,=[0,1]):

QJ

Ts\%.7.2,
9y p

At the external surface: ( Vext =1, Xext =101, Zoxe =[0,7]) :

Y
ext '1)' y
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(3.33)

(3.34)
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where h;,h, are the convection and the radiation heat transfer coefficients for

the outer surface of the catalytic converter.
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Chapter 4

METHOD OF SOLUTION

In this chapter, the solution methods for previously described one-dimensional
and multi-dimensional models are explained. We have four sets of equations due
to four components (species) of the exhaust gas; and for each component, the
equations are written for both gas and solid phases. The unknown parameters
are concentrations in molar fraction (2x4 of them), and temperatures (2 of them)
for gas and solid phases. The finite difference method is used to discritize the
governing equations. For convenience, the following notations for the

dimensionless parameters are introduced.
Ts(Xf)=T];
Te(%,1)= T_g,.
Cox(%)=CJ\;
Cox (%)= cg ki (4.1)

Here, i is the spatial index, n is the index for time, and k is the index for species.
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We have used the mid-point rule between two neighboring points along

axial direction in our equations. The mid-point rule is defined as

n n n
rom _Taim*Tgi com Cokirt *Cani ‘
Y ) gk

2.

=14

(4.2)

and only used for the temperature and the concentration of the components in

the gas phase.

The gas phase mass and energy equations (3.3) and (3.4) as well as the
solid phase energy equation (3.1) are non-linear partial differential equations.
The conservation of mass equation (3.2) written for the solid phase is an

algebraic equation.

4.1 One- Dimensional Model

In the one-dimensional model, the computation domain consists of the spatial
points along the monolith. The first order forward-difference scheme is used for
the first-order spatial derivatives in Equations (3.1) and (3.3) with a mid-point rule
applied. The second-order central difference scheme is used for the second-
order spatial derivative in Equation (3.4). At the boundaries of the computational
domain, which is the inlet and the outlet of the channel, the forward-and
backward-difference schemes are used respectively. The resultant equations at

the grid point, indexed by J, are
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(4.3)
S Sh,,Dye -
a(X)Rk,i(Cs:Ts)—_% Cg?’gfopg(cg'k‘; —Cg,k,,')=o ’
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(4.4)
Th. -T" .
(g,l+1 g,l)_ Nu£~2 Tgo.832(-,-n,im_-rsni)=0 and
Ax PrReR; ’ ’
(4.5)
oT,, AR, (TP, -2t 0. )
5.GM s.i _xPh \Us)i+1 si”'si-) Nf”»‘ no_gn)
SYPS 3t  PrRe Ax2 PrReRy(1-¢) 9' SI
- —d 3 _ = _
+ 2XH6Da S~ (_Afi )y iRy, 1(CsiTes)
(1-€) o
(4.6)

For each grid point along the monolith, we have ten equations to solve for

ten unknown parameters.

The Equations (4.3) and (4.5) become non-linear algebraic equations after

using the finite difference scheme for the spatial gradients. These equations

along with Equation (4.4) are solved with Powell-hybrid method. The Equation

(4.6) becomes a system of ordinary differential equations since we didn't use the

finite difference scheme for the temporal derivative. This method of transforming

43



a partial differential equation to an ordinary differential equation is called the
Method of Lines. An ordinary differential equation solver, which automatically
switches between the stiff and the non-stiff methods, is used in our computations.
The stiff problems are solved with backward differentiation formulas with the
modified Newton iteration method. The non-stiff problems are solved with Adams

method (Petzold [1983].)

At the start of the computations, the surface temperature distribution

Ts (x0) along the monolith, the exhaust gas temperature Ty (0,t), and the gas
species concentration Cgi(0,t) at the inlet of the channel, are known. The gas

phase energy balance equation, Equation (4.5), is solved to calculate the gas

temperature , Tq (x,0), along the converter channel. Then, using the gas and the

solid phase temperature distributions with the initial gas concentration at the inlet,
the coupled form of Equations (4.3) and (4.4) are solved for the gas and the solid
phase concentrations at each spatial location. After the temperature and the
species concentration of both gas and solid phases become known, the Equation
(4.6) is then solved for the solid phase temperature distribution at the next time
step. The information flow diagram for each parameter at each time level n and
spatial index i is given in Table 4.1. The algorithm of the entire computation

model for the one-dimensional model is given in Table 4.2.



Table 4.1 Information flow diagram for calculation of each parameter,
at a given time step n and spatial coordinate i.
n n n n
Tgiv1 =Tgit1YTgiVYTs,i
n n
Clokir1:Cskirt =Cguir1V Cgx iV Cok iV Tyirt YT st

n+1 n n n n
Tsiv1 =Tsis1YTs,iVYTs, i-1UTQ,i

4.2 Multi-Dimensional Model

The assumptions and simplifications of the multi-dimensional model are given in
Chapter 2. The energy balance equation for the solid phase is simplified based
on the symmetry of the geometry of the substrate in the directions perpendicular
to the flow direction. We carry out the computations for the gas and solid phase
temperatures and species concentrations on the axisymmetry plane of the
catalytic converter. The horizontal axis of this plane is the axial flow direction
starting from the inlet of the catalytic converter. The vertical direction is the
direction of the stacked channels starting from the center of the catalytic

converter. The values of the calculation increments Ax and Ay in the directions
of x and y, respectively, are taken as equal to each other. The value of Ay

corresponds to the total thickness of the six channels on top of each other along

the ydirection. Therefore, one computational row represents six channels

stacked together.
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In the multi-dimensional model, Equation (3.23) for the monolith section

and Equation (3.24) for the insulation layer have additional terms in the y-

direction compared to the one-dimensional model. These additional second-order
spatial gradient terms are written in terms of the second-order central finite
difference schemes. The boundaries of the computational domain are the inlet
and the outlet of the axisymmetric plane of the monolith, the symmetry line
passing through the center of the monolith, and the upper boundary that
corresponds to the steel shell surrounding the insulation layer of the monolith.
The forward and the backward difference schemes are used at the boundaries of
the computational domain. The resultant equations at each grid point (ij) are

given as follows:

Monolith Substrate Section :

R,,(Ts:+1 2Tn Ts,,,i-1)j +2-Xy (Ts',,j+1_2Tsn Tsn/-1)

B éM s () _
SYPS 3t  PrRe Ax2 PrRe Ay?
Nue n n a(x)HeD, &

PrieRy () 960 5007 (1) ,(Z:,(_AH It B (.)(Csti Tsgij)

(4.7)

The Insulation Layer:

B n
“M S('I) (T31+1 2Ts: Ts:-1) 2A (s/+1‘2Tn "T/ 1)
PsCps +
at PrRe Ax2 PrRe Ay?

(4.8)
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The Equations (4.7) and (4.8) are ordinary differential equations. In our
computations, the spatial index (ij) is simplified to the single index

imodified = (j—1)xmax(i)+i , so that we can use the same solver used in the

one-dimensional model.

Initially, the surface temperature distribution, Tg(x,y,0), on the
computation domain and the exhaust gas temperature, T, (0,y,t), and the gas
species concentration, cg,k,,-(o, y,t), at the inlet of the monolith are known. The

gas phase energy balance equation, Equation (4.5), is solved to calculate the
gas temperature distribution along the substrate at each y location for a given
time step. Since the inlet velocity is different at each y level, the gas temperature
distribution differs along the y -direction. With the known gas and solid phase
temperature distributions and the initial gas concentrations at the inlet, the
procedure given in the Section 4.1, is then followed. The coupled form of
Equations (4.3) and (4.4) are solved for the gas and solid phase concentrations
at each spatial location, for a given time level. After this step of the computation
is completed, for a given time at each location, solid and gas phase
concentrations become known parameters. Then, Equation (4.7) for the monolith
section and Equation (4.8) for the insulation and shell layer are solved for solid

phase temperature distribution for the next time step.
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Table 4.2 Main flow-chart of the computations

I.C.: T, (x,0) Surface temperature
T,(0.r) Inlet gas temperature

Cq,xi(0,t) Species concentrations at
the inlet for the gas phase.

.

TS, T§U > T1d

Gas temperature for down stream locations are
calculated by using the conservation of energy
equation for gas state.

Newton’s Iteration Method is used.

l

guess ~guess Tn -n n n
Cski 'Cgki *Ts:Tg = CokinCyxi

Solid/Gas phase species concentrations
are calculated using coupled equations:
conservation of mass equations for solid
and gas states
Newton'’s Iteration Method is used.

l

n n ‘n n+1
Cs,k,i’Ts ,Tg _)Ts

Solid phase temperature distributions are calculated along the
converter using conservation of energy equation for solid
phase.

Method of lines is used.
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Chapter 5

RESULTS AND DISCUSSION

In this chapter, the results of the different study cases are given. The nominal
values for the parameters of the study are given in Section 5.1. In Section 5.2,
the performance criterion and the reference case chosen for the study are given
and also the result of the computations is compared with that of the related
literature. Once the result of the present model is verified with previous studies,
the effects of the transient terms in the governing equations that are neglected in
the initial model are investigated in Section 5.3. The effect of the geometrical
parameters such as the channel density, the monolith channel radius, the wall
thickness and the converter length are given for the cold-start regime in Section
5.4. The noble metal distribution is analyzed in detail, and an alternative noble
metal distribution that improves the emission conversion significantly, is
proposed in Section 5.5. The effect of the inflow oscillations is given in Section
5.6. In Section 5.7 the isothermal study results are given for the verification of the
assumption of constant pressure along the converter. Because of the importance
of the surface temperature distribution is, as described in Section 5.5, the model
is modified to two-dimensional one to study the further effects of the surrounding

insulation. The results of the two-dimensional model are given in Section 5.8.
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5.1 Nominal Values of the Parameters

In this section, the nominal values for the parameters that affect the converter
performance are presented. To verify the results of the current study, the
reference case converter parameters are chosen based on the study given in Oh

et al. [1982).

The geometric parameters are the channel radius, Ry, the converter

length, L, and the void fraction, €. The flow parameters are the atmospheric

pressure, P,,, and the average flow velocity at the inlet, v,,,. The values of

Nusselt Number and Sherwood Number are that of a laminar flow (Shah [1971])
and the viscosity coefficient is taken as that of air at 600K. The Reynolds number
is calculated based on the channel radius. The thermodynamic properties

involved are the specific heat for the gas phase, Cp, 4, and for the solid phase,
Cp,s, the gas phase density, pg”e’, at the inlet and the wall density, p;. The
heat transfer parameters are the solid phase heat conduction coefficient, A, and
the gas phase heat conduction coefficient, A, , which is approximated by that of

the nitrogen and given as a function of the gas temperature. The numerical

values of these parameters are given in Table 5.1. The molecular diffusivity D;
of species k, is estimated based on the Slattery-Bird formula (Bird et al.[1960])

and is given in Table 5.2 .
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Table 5.1 The numerical values of the parameters for the reference

case.

T "t = 600K Taal = 300K

inlet _ inlet
C,co =0.02 Coep, = 0.00045

inlet _ inlet _
Cgpy, = 0.00667 Cqo, =0.04
As =0.01675 Jlcm-s-K A, = 22695x10°570832
Cp’s = 1.071 Cp’g = 1.089 J/g‘ K
Pt =101.3 K-Pa Vave =10cm/s
pirlet =0.000588 kg/m®  p, =2.5g/cm>
A=60 cm? L=10 cm
Ry, = 0.06062 cm a(x)= 268.39 cm? -PY cm3
Nu,, = 3.608 £=0.6836

Rg =28.67 N-cm/(g-K) Re=115

Table 5.2 Diffusivity coefficients for the exhaust gas species in

cm? /s

Dgo = 1.332
Dc,H, = 0.8095
Dy, = 5.1863
Do, =1.3541

5.2 The Reference Case and Performance Criteria

There are three different operating conditions for the catalytic converters. These
conditions are the converter warm-up (or cold-start), the sustained heavy load,

and the engine misfiring. According to the Federal Test Procedure (FTP) for late-
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model gasoline vehicles, 70-80% of the total hydrocarbon (HC) and carbon
monoxide (CO) tailpipe emissions occur during the period of the converter warm-
up (Hellman, et al. [1989]; Whittenberger and Kubsh [1990]). Therefore, it is
important to understand the fundamental chemical/physical phenomena and the
effects of the time dependent fluctuation of the inlet mass flow rate on the

characteristics of converters during the converter warm-up.

In this section the mass flow rate is considered to be constant. The values
of the parameters for the case that we use as a basis for comparison are given in
Table 5.1. In the rest of the text, this case is referred as "the reference case", in
which the equations (3.7'), (3.8), (3.9') and (3.10) are used as the mathematical
model. The initial species concentrations given in Table 5.1 are from the exhaust
gas test data during the warm-up period. The noble metal distribution for the

reference case is taken to be a uniform distribution with the value,

a(x)=268.95 cm? Pt/ cm? . In addition, the mass flow rate and the pressure

inside the monolith are considered as constants for the reference case.

The results from the simulations are compared with that of Oh et al. [1982]
for the reference case in Figure 5.1 and Figure 5.2. Figure 5.1 shows the
monolith temperature along the converter at different times. It can be seen from

this figure that at earlier times (e.g. t=15.7 s), the hot exhaust gas heats up the

upstream portion of the monolith primarily by the convective heat transfer since
the converter temperature is not high enough to trigger the chemical reactions on

the surface. Therefore, the temperature of the inlet zone is warmer than that of
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the outlet zone. As the time goes on (t=47.2s), the downstream of the monolith

becomes warmer due to the heat generated by the exothermic reaction in the
upstream section, which is convected to the downstream by the exhaust gas
flow. Eventually the monolith temperature peak in the downstream moves slowly

to the upstream (t=71.8sandt=124.1s).

The conversion efficiency, CE; for species i, which is one of the important

parameters for the optimum design, is defined as

C: . —C .
CE,- - ( inlet,i outlet,i )x1 00% |,
Cintet,i

where Cjpgri and Couneri represent the inflow and the outflow exhaust gas

concentration of species i, in molar fraction, respectively. The steady state value

of the conversion efficiency should be as high as possible for better performance.

Another performance criterion is the light-off time, the time when 50% of
emission conversion is achieved. It shows how quickly the converter responds to

poisonous species.

In Figure 5.1, the monolith temperature distributions for different time
levels are given for our study and study of Oh et al.[1982]. The comparison of the

CO conversion efficiency CEcp between our numerical results and that of Oh et

al. are shown in Figure 5.2. In Figure 5.1 and Figure 5.2, we can see that our

results are in good quantitative agreement with that of Oh et al.
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5.3 Effect of Transient Terms in the Gas Phase Conservation Equations

The results that are used to verify the model in section 5.2 are computed with a
mathematical model that doesn’t include the transient terms for the energy and
the material balance equations for the gas phase. In this section, the comparison
between the quasi-transient model and fhe full-transient model, Equations (3.7)-
(3.10), is made to show the effect of the neglected time derivative terms in the

reference case model.

5.3.1 Effect of the Transient Term in Energy Balance Equation for the Gas
Phase

In this section, we compare the quasi-transient, i.e. the reference case model,
with the modified model, in which equations (3.7'), (3.8), (3.9), (3.10) are used
together with the parameters in Table 5.1. The CO-conversion efficiency for each
of the cases is shown in Figure 5.3. It shows that the time derivative term in the
energy balance equation, referred as the modified case, for the gas phase has
some effect in the warm up period. Initially, for time < 35s, the CO-conversion
efficiency of the modified case is slightly less than that of the reference case.
This is expected since initially the surface temperature is less than the gas
temperature. Hence, the gas temperature warms up the wall of the converter.
The surface chemistry is not activated over the entire monolith surface yet.
Therefore, the gas temperature decreases toward the outlet. The effect of this
decrease is observed to be quicker when the time derivative term is included in

the gas phase energy equation. The gas and the surface temperatures of the
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modified case at the outlet are less than that of the reference case (see Figure
5.4 and Figure 5.5.) It is noted from the figures that both the gas and the surface
temperatures of the modified case are higher than that of the reference case
near the inlet. This is again due to the transient term that helps to carry the effect
of the initial activation of the surface chemistry faster. Additional energy, carried
at the inlet to further time steps of the modified case, warms up both the surface
and the gas. As time goes on, the cumulative effect of having higher
temperatures around the inlet region for the modified case results in a better CO-
conversion. The surface temperature of the converter warms up to initial gas
temperature and becomes higher for the entire monolith surface, so the
conversion efficiency becomes the same as the reference case around the light-
off time. Because of the time derivative term, both the gas and the monolith
surface get warmer relatively faster compared to that of the reference case (see
Figure 5.6 and Figure 5.7) for the entire surface, and therefore improve the
conversion efficiency just after the light-off time. Once the steady state value is
reached, both the reference case and the modified cases have the same steady

state value.

The temperature variations along the converter for the modified and the
reference case are shown in Figure 5.4 to Figure 5.7. As we see in these figures
that although the temperature variations along the converter differ from each
other for the reference and the modified cases, the overall effect of the time
derivative term is not significant with respect to the conversion efficiency, since

the area under the conversion efficiency curves in Figure 5.3 are almost the
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same. This means that the total CO emission calculated over the warm-up period
for both cases are almost the same. The conclusion is that the quasi-transient
approach to the model energy balance equation for the gas phase can give quite

realistic results in terms of the integral quantities.

5.3.2 Effect of the Transient Term in Mass Balance Equation for the Gas
Phase

The transient term in the mass balance equation, Equation (3.7), for the gas
phase is included for each species. The values of the parameters in Table 5.1,
the reference case parameters along with the initial and boundary conditions are
applied. The computations show that the addition of the transient term in the
mass balance equations for the gas phase does not bring any significant change
in the computed parameters. There is no apparent difference in the graphical
representation of the results. The difference in the numerical values is only at the
range of 0.01%. Since the graphical representations of the results with the
transient terms look exactly the same as those in Figure 5.3 to Figure 5.7, they

are not shown separately in this section.

5.4 Effect of Geometrical Parameters

This section includes the investigation of the effect of geometrical parameters for
the case with constant inlet mass flux. The inlet conditions and other parameter
values used are the same as the reference case (see Table 5.1), unless

otherwise stated. Three different cases of the geometrical parameters are
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investigated. First one is for the case of a constant void area. In this case,
different cell densities and hence different void fractions and channel radii, are
tested. The monolith wall thickness is kept constant at d=0.0254 cm. In the
second case, the void fraction has been kept constant. Here, the monolith wall
thickness and the cell density vary in order to keep the void fraction constant. In

the third case, different converter lengths are considered.

5.4.1 The Effect of Cell Density

In this section, the effect of changing the cell density on the conversion efficiency
is studied. The geometrical parameters and the corresponding Reynolds
numbers of the investigated cases are given in Table 5.3. The CO-conversion
curves versus time for these different channel cell-density cases are given in
Figure 5.8. Figure 5.8 shows that as the cell density decreases the conversion
efficiency gets better and the light-off time gets shorter. However, an enlarged
view of Figure 5.8 for the first 30 seconds shows the existence of a reverse
pattern at very earlier times (Figure 5.9). This characteristic has an important

effect at higher initial gas temperatures.

Table 5.3 The values of the geometrical parameters and
corresponding Reynolds numbers for different cell densities
(constant wall thickness and void area.)

Radious (cm) Cell density Re Void fraction

0.08 200 165 0.7371
0.06 300 130 0.6836
0.04 600 84 0.5696
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Figure 5.10 shows the monolith wall temperature at 15.7s for different cell
density cases (different channel radii). It is seen that the inlet and the outlet
temperature distribution patterns are different. At earlier times, the downstream
temperature of the monolith wall is not high enough to activate the surface
chemical reactions. The main heat transfer mechanism is the convection.
However, around the inlet, the surface chemical reactions are active and
therefore increase the surface temperature slightly higher than the gas
temperature. At later time steps, the temperature of the monolith reaches its
maximum at the exit, and then the temperature peak moves to the upstream (see
Figure 5.11 and Figure 5.12 ). The monolith temperature distributions at 47.2 s
and 71.8 s for different cell densities are shown. Both of them show that as the
cell density decreases, the location of the temperature peak moves to the
upstream and the magnitude of the temperature peak increases. Therefore,
smaller cell density leads to a better overall conversion. One could argue that for
a higher cell density case the conversion efficiency should be better since the
contact surface is larger. However, since the void fraction decreases, the storage
term of the energy balance for the gas phase gets smaller, which leads to a

smaller increase in the surface temperature.

5.4.2 The Effect of Wall Thickness

In this section, the void fraction and the void area have been kept constant.
Therefore, the change in the wall thickness leads to different channel radii and

cell densities. The geometrical parameters examined here, are given in Table
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5.4. Figure 5.13 shows the CO-conversion efficiency versus time for different

wall thickness cases.

Table 5.4 The values of the geometrical parameters for different
cases, (constant void area and fraction.)

Radious (cm) Cell density Re Wall thickness (cm)

0.0742 200 160 0.0312
0.0606 300 130 0.0254
0.0428 600 92 0.0179
0.0303 1200 65 0.0127

As we can see in Figure 5.13, there are two regions with different
conversion characteristics. The first region is for conversion efficiency lower than
50% and the second one is for the conversion efficiency higher than 50%. It is
seen that as the wall thickness decreases, i.e. the cell density increases, the
conversion efficiency improves at earlier times. However this pattern is not
preserved for the latter times. Among the cases considered, the overall best
conversion performance is of the case with the wall thickness d = 0.0179 cm.
Moreover, we see that the smaller wall thickness leads to very poor steady state
conversion efficiency at later times. Figure 5.14 shows the monolith wall-
temperature distribution at 15.7s for the cases examined. It is seen that the
smaller the wall thickness, the higher the surface temperature. Figure 5.15 and
Figure 5.16 show the surface temperature at times 47.2 s and 71.8 s,
respectively. For these cases, we can see that the transition of the behavior of

the converter characteristics from earlier to latter times is around 47 s. Moreover,
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the smallest wall thickness does not give the best thermal characteristics as it

does for the earlier time 15.7 s (see Figure 5.15).

From these results, we conclude that there is an optimum value for the
wall thickness that gives the best conversion efficiency for a given void area and
void fraction. These results are valid under the given model assumptions and
during the warm-up period. The characteristics of the temperature and
conversion curves may change at different times for other cases, e.g. the heavy

loading case.

The results for the cases with constant void area and void fraction are
presented together in Figure 5.17 and Figure 5.18. Both figures show that as the
wall thickness decreases the conversion efficiency gets better for the cases

tested.
5.4.3 The Effect of Converter Length

The effect of converter length on the converter performance is investigated in this
section. The same boundary conditions as before are used for all cases
examined in this section. The elements of the variable set are the length of the
converter, L, and the noble metal density distribution, a(x), for each case, while

the product a(x)L ,i.e. the total amount of the noble metal (Pt) used in the

converter, is kept as constant at 2689 cm? Pt/ cmS.

In Figure 5.19 we see the CO-conversion efficiency versus time for

various converter lengths. For better conversion efficiencies, the steady state
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value should be as high as possible, while the light-off time should be as short as
possible. Having higher steady state conversion efficiency is more beneficial in
the long term. Therefore, if we have to scarify the steady state conversion, the
short light-off time is not desirable. For the converter with the length L=2.5 cm
and L=5 cm, the light-off time is shortest among all four cases. However, it is
obvious that the steady state conversion values are not as good as those of the
longer converters. Among these four cases, the best overall conversion efficiency
is found with the converter length of 10 cm. When the substrate is getting longer
than 10 cm, the steady state value for the conversion efficiency is getting lower
and the light-off time is getting longer. This result shows that for a given amount
of noble metal, there is an optimum value of the converter length to achieve the

best overall conversion efficiency.

5.5 The Effect of Noble Metal Distribution

In this section, the effect of the noble metal distribution is tested. The wash-coat
deposition can shorten the channel radius in reality, depending on the amount.
Therefore, the amount of wash-coat that can be deposited on a converter length
is limited with the substrate channel radius. In case of higher catalyst
concentrations, the available flow area can be decreased. However, in this part
of the study, it is assumed that the increase in the amount of the noble metal

doesn’t change the volume of the wash-coat.
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5.5.1 Homogenous Noble Metal Distribution

The CO-conversion efficiency curves for a converter of length 10 cm with
different uniform noble metal concentrations are shown in Figure 5.20. It shows
that the increase in catalyst, i.e. noble metal concentrations, affects the light-off
time, the value of the steady state conversion efficiency and the time to reach
this value, significantly. In Figure 5.21, the light-off time versus noble metal

concentrations are given for five different cases. It is observed that after a(x)

value becomes larger than 700 cm? - Ptem® , the gain in the light-off time does

not bring as much benefit as between values 268-700 cm? - Ptiem®.

The dimensionless CO -concentration distributions along the converter for

different times of the reference case, a(x)=268.39 cm? - Ptiem® , are given in
Figure 5.22. The distribution is almost a linear decrease at early times. As the
time goes on a drastic conversion takes place towards the second half of the
converter where the temperature reaches its maximum value (see Figure 5.1.)

When we look at a similar profile in the case of higher noble metal distribution

(a(x)=537.68 cm? -Pt/cm3), we see in Figure 5.23 that almost 90% of CO is
already converted in the first 30 seconds at the middle of the converter. In other
words, the larger portion of the conversion takes place in the first half of the
converter. Since the catalysts are expensive noble metals, the important question
that arises here is what would be the efficient usage of the noble metal catalysts.
In the following section, several numerical examples are given to investigate the

efficient usage of the noble metal catalysts.
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5.5.2 Efficiency Analysis for Noble Metal Distribution

The step-function distribution for the noble metal catalysts is proposed here. The
high concentration of the noble metal, referred as a(x)ngn , is in the front section
and the lower concentration of the noble metal, referred as a(x)ow , is in the back
section of the converter. The location where the transition from high to low

concentration takes place is called as L, (see Schema 5.1).

a(x) A

a(x)high

a(X)iow

o 4

Lp L
Converter Length : L

Schema 5.1 The alternative noble metal distribution: The step-
function distribution

The reason of choosing such a distribution is based on the results
observed in the dimensionless CO-concentration distribution along the converter
(Figure 5.22 and Figure 5.23). It is shown that most of the conversion takes place
at the front 40% of the converter length during the first 30 seconds for a

converter with the homogenous noble metal distribution of

a(x)=537.68 cm? - Pt/em®.
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Figure 5.24 shows the CO-conversion efficiency curves for the cases with

different transition lengths, L, =-12'-, 13'— and %, for a given step-function,

a(X)pjgh = 600cm? - Pt/ cm3 and a(x)py =1cm?-Pt/cm3. Here
high low

aX)iow = 1cm? - Pt/cm® can be thought of as having no noble metal at all since

its value is very small. This small non-zero value is taken for computational

reasons. As it is shown in Figure 5.24, the transition location L, of the noble

metal distribution slightly affects the light-off time, which is around 20 seconds. It

is noted that in Figure 5.21, the light-off time of the homogeneous noble metal

distribution with a(x)= 600cm? - Pt/cm®is also about 20 seconds. The steady
state values of the curves, however, are quite different for each case. As length

L, increases, the steady state conversion becomes better.

Since the light-off times are quite close to each other for all cases with

different Ly'’s, the transition length L, = L/4 is chosen for the following test, so
that the consumption of the noble metal catalysts is minimum. In the test,
Lp =L/4 and a(x)pigh = 600cn”? - Pt/cm® values are kept as constants while the
value of a(x),, is changed. In Figure 5.25, CO-conversion efficiencies are

shown for different a(x),,,, values of 1, 79, 158 and 300 cm? - Pt/cm®. The CO-

conversion curves slightly differ from each other only in the region of 20-30

seconds for cases with a(x),,, =39. Therefore, it might not worth to use higher
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noble metal concentration for a(x),, just to gain a slight improvement in

efficiency for these 10 seconds.

Motivated by the need to reduce the emissions at no additional cost of the
noble metal catalysts, numerical test problems are then formulated in order to
answer the following two questions. The first question is that how much emission
reduction can be achieved when replacing a homogeneous noble metal
distribution by a simple step-function while keeping the total amount of the noble
metal catalysts as constant. The second question is that how much noble metal
catalysts can be saved using a simple step-function noble metal distribution if the
emissions are kept unchanged as that of the homogeneous distribution. In order
to answer the first question, the CO-conversion efficiency is calculated and

shown in Figure 5.26 for the reference case and the step-function case with
a(x)pigh =645 cm? - Pt/em® , a(x) o, =80 cm? - Pr/cm® and L, =1/3. Although

the amount of the noble metal catalysts used for the above two cases is the
same, it is clearly seen from the figure that a significant reduction in the
emissions is achieved as a result of a much shortened light-off time for the step-
function case. The light-off time is reduced by approximately 35% (by about 14

seconds.) In addition, a similar reduction of the light-off time for the species H,
and C3Hg, propylene, is achieved for the step-function distribution case. These

results are shown in Figure 5.27 and Figure 5.28. Here, propylene is assumed to

be a representative of fast oxidizing hydrocarbon in the automobile exhaust.
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In order to quantify the reduction in the amount of the emissions (e.g. CO
emission), three potential driving cases are considered. The conditions of these
cases are given in Table 5.5. From the simulation result shown in Figure 5.26,
the mass flow rate of CO at the outlet of the converter is calculated as a function

of time and is shown in Figure 5.29. The averaged CO emission, in g/s, is then

calculated and shown in Table 5.6, for the three trips with both the homogeneous
and the step-function noble metal distributions, respectively. As we can see that
significant CO emission reductions are achieved: about 32% for trip 1, 27% for
trip 2 and 17% for trip 3. A higher CO emission reduction for short distance trips
is expected due to the reduction in the light-off time as a result of using the step-

function noble metal distribution.

To answer the second question raised above, another case of the step-

function noble metal distribution is considered with
a(x)pig =380 cm” Ptfem® . a(x)py =75 cm? -Pt/em® and L,=L/3. It is

worth to mention that the amount of the CO-conversion for this step-function
case is approximately the same as that for the reference case. This can also be
seen from the conversion characteristics shown in Figure 5.32. The amount of

the noble metal saved by using the step-function distribution is about 34%.

The results shown above demonstrate that the transient conversion
characteristics are improved dramatically when using the step-function noble
metal distributions. Since the overall performance of converters is also affected

by the transient thermal characteristics, the inlet monolith temperature as a
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function of time is studied and compared with that of the reference case in Figure
5.30 and Figure 5.31 for the above two step-function cases. As we can see that

there is a large temperature surge at the inlet for the case of Lp=L/3.

a(x)pigh =645 cm? . Ptfem® | and a(x),y,, =80 cm? - Pt/cm® .

Although catalytic converters are designed to withstand occasional high
temperature operation, prolonged and repeated exposure to very high
temperatures leads to loss of noble metal surface area and even deterioration of
the catalysts support. The effects of the temperature surge on the converter
performance, therefore, need to be further studied. The results from our

preliminary study suggest that all the three parameters, a(X)pgn. &(X)ow Lp,

affect the transient monolith temperature. Since the thermal durability of the

catalysts and the substrate dictate much of the design of an exhaust system, it is

important to choose optimum values for a&(x),gn, a(X), and Ly such that the

conversion characteristics can be improved without further deterioration of the
noble metal catalysts. The statistical information on the location of deterioration
of catalysts can provide some insights for an optimum converter design via the
step-function noble metal distributions. In addition, an optimum noble metal
distribution needs to be investigated with the understanding that the optimum

noble metal distribution proposed has to be practical for the manufacturing.
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Table 5.5 Three real-life driving cases

Trips/Cases Traveling Speed Traveling Distance
(miles/hour) (miles)
1 35 20
2 70 80
3 70 300

Table 5.6 Comparison of the CO-emissions of the reference case to
the step-function noble metal distribution.

CO emission
1.8
164--M-- - - -
144 . -
12 4 L
% 1 L @ step-function
~08: 98 - - Dhomegenous
o+ }--------- --—-
0.4 - ﬂ --------
0.2 - -
0 : B B
1 2 3
Trip

In summary, the study on the effect of noble metal, Pt, distribution shows
that with higher amount of catalyst the surface chemistry is activated earlier. This
has two important results: First, the conversion starts earlier around inlet region
of monolith. Since the conversion reactions are exothermic, the excess heat
transferred to downstream warms up the monolith surface temperature and
activates the corresponding surface chemistry earlier. Our conclusion is that the

early attainment of high surface temperature (high enough to activate the surface
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chemistry around 650K) is necessary to have better conversion efficiency. The
results of the simulations with different noble metal concentrations show that the
light-off time is an exponentially decreasing function of the noble metal, Pt-
concentration (Figure 5.21). Therefore, the amount of noble metal used in
converter is better to be decided based on the percentage of improvement in the
light-off time since the cost of the noble metal is high. The second important
observation is that, once the surface temperature around inlet is high enough to
activate the surface chemistry, the excess energy dissipates to the downstream
and therefore the amount of the catalyst necessary in the downstream would be
less than the inlet region on the monolith. Based on this observation, the step
function noble metal distribution (Schema 5.1) that has high concentration
around inlet and low concentration around outlet is proposed and tested as an
alternative noble metal distribution. The simulations in which, the same amount
of catalyst is used for the homogenous and the step function noble metal
distribution, show that the light-off time is shortened by approximately 35%.
Moreover, compared to the homogeneous noble metal distribution, the exhaust
emissions are reduced significantly by using a simple step-function noble metal
distribution. In addition, the cost of the noble metal catalysts used in the catalytic
converters can be reduced when using the step-function noble metal distribution
while keeping the emissions the same as that of the homogeneous distribution. It
is critical to choose optimum values for high and low noble metal concentration of
the step function. The high concentration value and the transition length, affect

the light-off time. The value of the low noble metal concentration affects the
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steady state conversion. The qualitative criterion based on noble metal
concentration versus the light-off time could be used as a basis for choosing

these variables (Figure 5.21).

5.6 The Effect of Inflow Oscillations

The inflow of the catalytic converter is time dependent due to the nature of the
combustion that takes place in the engine. In this section of the study, our
purpose is to find out if the oscillatory behavior of the exhaust gas affects the
characteristics of the converters. The inlet mass flow rate is taken as a sinusoidal

function for simplicity (see equation 3.19.)

Although it is not realistic to have such regular fluctuations under normal
operational conditions of the engine, it is useful to examine the effects of such
fluctuations on the conversion efficiency. Various oscillation amplitudes and
oscillation frequencies are considered in the simulations. In Figure 5.33a, the
time fluctuation functions of the inlet mass flow rate in the warm-up region are
seen for some period of time. In Figure 5.33b, the corresponding amount of CO-
conversion at the converter exit for each fluctuation function of the inlet mass
flow rate is shown for the same period of time. It can be seen from Figure 5.33a
and b that the fluctuation of the mass flow rate at the inlet and the corresponding
fluctuation of the conversion efficiency at the exit are not in phase. The patterns

of the fluctuation, however, are preserved for the cases examined.
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The results demonstrate that the inlet mass fluctuation affects the
conversion efficiency at the exit during the warm-up period. Therefore, it is
possible for us to control the exhaust gas oscillation so that better conversion
characteristics could be achieved. Further study on the mechanism related to the
oscillation of the mass flow rate at the inlet and the oscillation of the conversion
efficiency at the exit is needed. In Figure 5.34, the overall effect of the time
dependent inlet mass fluctuation on the conversion efficiency is seen. Figure
5.35 shows the comparison of the monolith wall temperature at different times for
the oscillatory and the constant mass flow rate. A sine-function oscillation of the
inlet mass flow rate is used for the comparison in Figure 5.35. It shows that the
temperature peak is shifted to upstream in the case of oscillation. This shift might
be the main reason to have better CO-conversions. The magnitudes of the
temperature peak are slightly decreased due to oscillations. It is worth noting that
it is not necessarily true that a time dependent oscillating mass flow rate at the
inlet would always improve the conversion efficiency. However, it is clear that the
inlet mass flow rate oscillation affects the conversion efficiency for earlier times
during the warm-up period. This investigation shows the necessity of a further
study in order to fully understand the mechanism relating the mass flux

fluctuation and the conversion efficiency.

5.7 Isothermal Study Results for Pressure Drop Calculations

In section 5.2, we stated that in our study the constant pressure assumption is

used inside the monolith. In this section, by isothermal model calculations, we
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would like to verify the validity of this assumption. The CFX-4.3 software is used

to simulate the axisymmetric two-dimensional model.

Substrate
Header
Header

) (@5°

Outlet pipe

Inlet pipe

i
symmetry axis

Schema 5.2 The geometry of the isothermal model.

The model includes the inlet pipe, headers with divergence angles 35°, the
substrate section and the outlet pipe. The schematic of the model is given in

Schema 5.2.

In the computational model, the substrate section is modeled as a porous
medium. The relationship between the velocity and the pressure is defined with
Darcy's Law. Based on the results of the experimental study of Kreucher et al.
[1996] on different substrate lengths, inlet pipe lengths and headers, the
necessary flow resistance coefficients for the substrate are calculated. Then
using these coefficients, the pressure drop for the geometry is found. The
computed results as well as the experimental results by Kreucher et al.[1996],
are given in Figure 5.36. The overall pressure drop corresponds to the entire
system from the beginning of the inlet pipe to the end of the outlet pipe. The pipe

pressure drop corresponds to a pipe with the same length as the length of the
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entire system and with a diameter the same as the diameter of the substrate
section. The header pressure drop corresponds to a difference between these

two pressure drops.

The substrate pressure drop, for the mass flow rate (40 g/s) of the
reference case, is 0.2 kPa, as seen in the Figure 5.36(b). This result is in good
agreement with the previous assumption of the constant pressure along the
converter. In the previous model that includes the surface chemistry, the change
in the gas density is caused by the abrupt change in the temperature rather than

the gradual pressure drop along the converter.

5.8 Axisymmetric Model Analysis

In this section, our purpose is to investigate the magnitude and the location of the
temperature peak due to the variation of the inflow velocity along the vertical
direction. Moreover, differences of the temperature distribution between the
reference case and the step-function noble metal distribution are studied. Finally,
the overall conversion efficiency, that is the integral emission quantity over all the

channels, is computed.

The axisymmetric model is developed based on the discussions in Section
2.3 and equations in Section 3.2. The geometry of the axisymmetric model and
dimensionless inflow velocity profile are shown in Schema 5.3. The striped
section is for the monolith, the gray area for the insulation mat and the black

striped upper layer for the surrounding steel layer.
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Schema 5.3 The geometry of the axisymmetric model

The parameters used in this part of the study for a channel is given in
Table 5.1. In the vertical direction, every six-channel is grouped to be one
computational row. Surrounding the monolith section, there is an insulation layer,
and finally the steel metal covers the insulation layer. These two layers, as
expected, have different heat transfer characteristics and conduction coefficients
than the monolith part. These values are listed in Table 5.7 . The character A
represents the conduction coefficients and C represents the specific heat
coefficients. The convective and the radiation heat transfer take place on the

upper boundary. The value of the convective heat transfer coefficient is

he = 4.84x1073J/cnPsK and the radiation heat transfer coefficient is

h, =1.588 x10712/cmP?sK*. The monolith layer has radius of r = 4.64 cm, the
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insulation mat has a thickness of tj4 = 0.33 cm, and the steel layer cover has

thickness of tggg) = 0.145 cm.

Table 5.7 Heat Transfer coefficients

Amat =0.0018J/cm-s-K
Astoel =0.26J/cm-s-K

Crmonoiith =1.071+1.56 10747, -3.435x10*T;2 /g K
Cmatzo-e J/g'K
Csteo) =0.5023 J/g-K

Pmonolith =0.552 g/ cma
Pmat =1 g/ cm®
Psteel =7.8 g/cm®

The temperature contours are given in the Figure 5.37 as two columns. The one
on the left shows the result of the reference case (homogenous noble metal
distribution) and the one on the right shows the result of the step-function noble
metal distribution. Each row represents the temperature contours at different
times. From top to bottom, time levels are 10, 20, 30, 40, 60 and 80 seconds.
Each plot has the same color code varying from 350K to 1000K changing with
25K steps. The maximum temperature at the inlet might go up to 1300K, which is
lower than that of one-dimensional model as expected. Temperatures that are

higher than 1000K are shown in red color.
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During the first 20s, the main heat transfer mechanism for the reference
case is the heat conduction and the convection along the converter. The hot
exhaust gas warms up the inlet region faster then the outlet region. The
magnitude of the inflow velocity is higher near the symmetry line and gets lower
along the vertical direction. Since the hot gas transport, due to a larger velocity,
is more around the symmetry line, the relatively high temperatures around the
inlet region of the symmetry plane are observed at the initial times. The
temperature decreases along the vertical direction. This characteristic continues
until the surface temperature gets as high as the exhaust gas temperature at the
inlet (600K) to activate the surface chemistry. Once the surface chemistry is
activated starting from the inlet, this energy is convected to the downstream
faster for the channels with a higher velocity. Therefore, the higher surface of the
temperature occurs around the outlet (see Figure 5.37 for times of 30 and 40s.)
At these time slots, the heat transfer along vertical direction becomes significant.
At the time of 50s, the temperature peak occurs around the fifth row. The
channels with lower velocity have a tendency to warm up the surface locally
since heat is not transported from the surface to the exhaust gas as quickly as
the channels with higher flow velocity. Temperature peak at 80s is around 1/4 of

the converter length from the inlet, at the fifth row in the vertical direction.

In the second column, the temperature contours are given at the same
time level as the reference case so that we can compare the change in the
temperature caused by the step-function noble metal distribution. All the

phenomena that was observed during the first 60s of temperature contours of the
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reference case, is observed during the first 30s of the step-function distribution.
Temperature peak occurs at the fifth vertical station at the inlet. As time goes on,

the surface temperature of the monolith reaches the highest value at the inlet.

We can further investigate whether the temperature contours become
similar to each other at the steady state for these two cases. In Figure 5.38,
temperature contours for both cases are given at 240s. They are quite similar to
each other. Therefore, although the step-function noble metal speeds up the
monolith warming, the value and the location of the temperature peak remain the
same for the steady state conversions. The above results of the two-dimensional
axisymmetric model are in a very good agreement with the results of the one-
dimensional study. As time goes on from the start of the exhaust gas inflow, the
local temperature peak moves from the symmetry line to the external levels,
getting closer to the inlet at each level. At the steady state, the temperature peak

is at the inlet and away from the center of the converter.

The CO-conversion curves from the two-dimensional calculations for both
cases are shown in Figure 5.39. Since the inflow velocity differs along the vertical
direction, the weighted average of the CO-conversion is used to calculate overall

CO-conversion. The weighted average is defined as

VixCco,

overall _
CECo ' =2 v
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where V; is the inflow velocity at row i and Céo j is the molar fraction of the

emission of the carbon monoxide. The step-function distribution gives 31% better

conversion compared to the reference case.
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Figure 5.1 The monolith temperature for various times. Solid line result is taken
from Oh et al.[1982]
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Figure 5.2 The CO-conversion efficiency for warm-up period. Solid line is taken

from Oh et al.[1982]
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Figure 5.3 The CO-conversion for the reference case and the case with transient
term.
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Figure 5.4 The gas temperature distribution along the monolith at 30s.
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Figure 5.5 The surface temperature distribution along the monolith at 30s.
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Figure 5.6 The gas temperature distribution along the monolith at 40s.
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Figure 5.7 The surface temperature distribution along the monolith at 40s.
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Figure 5.8 The CO-conversion curves for a converter with constant void area
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Figure 5.9 The enlarged view of the first 30s of the Figure 5.8.
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Figure 5.10 The wall temperature along the monolith at 15.7 s for different cell
densities.
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Figure 5.12 The wall temperature along the monolith at 71.8 s for different cell
densities.
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Figure 5.13 The CO-conversion curves for different wall thickness values.
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Figure 5.20 CO-conversion curves for a converter of length 10cm with different
a(x) (incm?Pt / cm® )values.
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Figure 5.26 The CO-conversion for the (homogenous) reference case and the
step-function noble metal distribution.
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Figure 5.36 Pressure loss for different mass flow rate cases.
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Chapter 6

CONCLUSION

The objectives of this study are to investigate the heat transfer, the mass
transfer, the chemical reactions and the fluid flow inside the catalytic converter
and to develop criteria to improve the conversion efficiency of the catalytic
converter, especially at the cold-start regime. This is accomplished by a
systematic study of a model by Oh et al.[1982] to understand the factors that

significantly affect the catalytic converter performance.

First, our one-dimensional model in this study is validated with existing
and experimentally verified numerical results of Oh et al. Secondly, the effect of
the transient terms in the heat and the mass conservation equations of the gas
phase on the conversion efficiency are studied. Although there is a difference
between the quasi-transient case and the fully transient case results, the quasi-
transient approach to model the mass and the energy balance equations for the
gas phase gives quite realistic results in terms of the integral conversion

efficiency in the cold-start regime.

The effect of geometry is investigated by using different values for the

parameters of the cell density, the wall thickness and the converter length. Their
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effects on the conversion efficiency curve and the light-off time are studied.

Based on these results our conclusions are

1. the cell density (cd), the wall thickness, the channel radius and the
converter length are important design parameters that affect the

conversion efficiency and the light-off time;

2. for a given wall thickness, increasing channel radius (i.e. decreasing cd)
shortens the light-off time, however this might result in a decrease in the

steady state conversion;

3. for a given void fraction, decreasing wall thickness (i.e. increasing cd),
shortens the light-off time, however this might result in a decrease in the

steady state conversion, as well ;

4. there is an optimum value for the converter length for a given amount of

the noble material.

We conclude that the early attainment of high surface temperature (high enough
to activate the surface chemistry around 650K) is necessary to have better

conversion efficiency.

The study on the effect of the noble metal, Pt, distribution showed that,
with higher amount of catalyst, the surface chemistry is activated earlier. This has

two important results:
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1. The light-off time is an exponentially decreasing function of the noble

metal (Pf) concentration.

2. The amount of the catalyst necessary in the monolith around the outlet is

much less than the inlet region of the monolith.

Based on these results, a step-function noble metal distribution (Section 5.5.2,
Schema 5.1) is proposed. The study in this section has also two important

results:

1. For a given amount of the noble metal, the light-off time is shortened by
approximately 35% with step-function distribution and therefore the

emissions are significantly reduced.

2. The cost of the noble metal catalysts used in catalytic converters can be
reduced when using the step-function noble metal distribution while

keeping the emissions the same as that of the homogeneous distribution.

The qualitative criterion to choose a step-function distribution based on the noble

metal concentration versus light-off time graph is given.

The one-dimensional model is modified to the two-dimensional
axisymmetric model to study the effect of the inflow velocity variation on the
maximum monolith temperature, by using representative monolith channels
stacked in the vertical direction. The step-function noble metal distribution does

not change the temperature distribution qualitatively compared to the
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homogenous noble metal distribution. However, it speeds up the warming
process. The steady state temperature profiles of both cases are very similar.

The results of the flow oscillation study show that the oscillatory nature of
the inlet mass flux has an effect on the conversion efficiency during the warm-up
period. It is shown that the CO conversion efficiency at the converter exit
oscillates as a result of the inlet mass flow rate oscillation. However, the
mechanism relating these two oscillations is still not clear. A further study in this
area could provide useful information on how to control the inlet exhaust flow
oscillations so that better conversion efficiency can be achieved during the warm-

up period.
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APPENDIX A

CHEMISTRY MODEL

In the present study, the chemistry model of Oh et al. [1982] is used. The

chemical reactions and their heat of reactions for the model are

C0O+0.502, —» COs5 ,

AH=-2.832x10° J/mole , (A1)
C3Hg + 4502 — 3CO% + 3H20 ,
AH =-1.928x10% wmole , (A.2)

Hz +0505 - H,O and

AH =-2.42x10° J/mole . (A.3)

The specific rates Rj(rates per unit Pt surface area) for the oxidation of

CO, C3Hg and Ho can be expressed as functions of solid phase concentrations

Cs,i and temperature Tg:

Rco =k1Cs,co Cs,0, /G (A.4)
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HC3H6 =kz Cs,CgHe CS,OQ/ G (A.5)

RH2 = k1 CS,HZCS,Oz/G (A.6)

where

G=T; (1 +K1Cs,CO +K>o Cs,csHs )2 X (1+ K3 Czs,CO Czs,C3H6 )X (1+ K4CSNOO'7)
(A.7)

ky = 6.699x10° exp (-12556/T,)

ko = 1.392x10"! exp (-14556/T, )
K; = 65.5exp(961/Tg )

Ko = 2.08x10° exp( 361/T; )
K3 = 3.98exp(11611/T; )

K4 = 4.79%x10° exp (- 3733/T,)

From the stoichiometry, the reaction rate for oxygen must satisfy

Ro, =0.5Rco + 4.5Rc;H, + 0.5RH, (A.8)
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APPENDIX B

BALANCE EQUATIONS

The exhaust gas is considered as a multi-component mixture. It consists of
unburned hydrocarbons, combustion products and air. There is no mass transfer
through monolith channel walls. The energy and mass balance equations can be
written for the solid and gas phase of each component of the exhaust gas for an
individual channel. The exhaust gas diffuses through and is adsorbed on the
channel walls. If the surface temperature is high enough, surface chemical
reaction takes place over the channel surfaces by the help of catalytic noble

metal platinum, Pt. Schema B.1 shows the control volume for this problem.

YT Exhaust gas Wall of Length: L

Schema B.1 Schematic for the one -dimensional study.
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The Material Balance for the Gas-Phase of the Species i:

The mass balance equation for the exhaust gas component i is derived for
the given control volume from the fundamental balance equations. The chemical
reactions in gas phase are neglected. For simplicity, we will include only one
spatial direction:

d( m,-,c,,) _

i) gl - (iA)

+1i1© (B.1)

xX+Ax

where ©is the bulk volume and A is the void area perpendicular to the flow
direction. The total cross section area is the sum of the void area and the solid

wall area, Aiyg = A+ As. M., is the total mass amount of species i within the
bulk volume, i.e. mj¢, = p;(€8). mf is the mass flux, i.e. mf = p;v;, where p; is
the density and v; is the total velocity of species i. And mj is the rate of the

volumetric mass adsorption of the species i. After replacing these definitions in
Equation (B.1) and dividing each term by the bulk volume 6 and taking the limit
Ax — 0 gives:

d(ep;)

) .
e O R (B.2)

The species velocity, v;, can become a quite complicated expression that takes

into account different modes of diffusion, such as the ordinary diffusion
associated with concentration gradients, the thermal diffusion resulting from

temperature gradients, the pressure diffusion resulting from pressure gradients,
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and the forced diffusion resulting from unequal body forces per unit mass among

the species.

Mass average bulk velocity can be defined as

Vo =z(,':,’—;v,-) . (B.3)

and diffusion velocity is defined as

Vi,dlﬂ' =Vi-— Vb (84)
therefore, v; =Vp, +V; 45 -

Using this relation in Equation (B.2) and dividing by void fraction € gives

Bi o O 1, 1-L [y ve]= TL
ot + Ix [plvb] I [plvl,dlff]_ ral (B.5)

The third term in Equation (B.5) is expressed by Fick’s Law

d0;
(PiVi,diff)‘-' D; x % , (B.6)

where D; is the mass diffusivity coefficient of the species i into the mixture k

with units of length squared per unit time. It includes the combined effect of all

previously mentioned modes of diffusion.
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%' —[Pl b] [lkaa ]=‘”£i' (B.7)

To simplify and to express the above equation in terms of the mole

fractions, the following expression is also used in Equation (B.7).

m; MW;
=X p =C,; — B.8
Pi = ot Pg =Ly, MW, uw_Pa (B8.8)

Here, pg and MW, are the density and the molecular weight of the exhaust gas,
MW; and Cg ; are the molecular weight and the molar fraction of the exhaust

gas component J.

(—+—(p9 )J P9 at IR i el [ MWS,-’—e_L

(B.9)

The large bracketed term is equal to zero because of the continuity of the
exhaust gas flow. Here the assumption is that the diffusion coefficient is an
isotropic property. The bulk velocity inside the channel can be expressed in
terms of the pipe velocity using the integral form of the mass conservation
equation written for the exhaust pipe and inside the converter.

pprAp = Zpb,va,xAx
channel number
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Ap

Since = we have
Arotal number of channells
PpVpAotal = Pb,xVbxAx = ng A
So, we have
V = PpVp
Pg€
since €= .
otal
In the equation
9C, i 9C, i 02C,; MW,
g.! g, g" g o
£ + ppVp——=¢€puD; +——=mj
Pg 35t PpVp Ix Pglik 2 Mw,

we define my , rate of volumetric molar adsorption of species i as

. MW;
mi = km,iS(Cs,i — Cgq,i )M_W’pg
g

(B.10)

(B.11)

(B.12)

where kp,; is the particle to fluid mass transfer coefficients (m/s), S is the

specific surface area, and Cg; is the molar fraction of the adsorbate at the

monolith wall surface. Dividing each term in Equation (B.11) by Pg gives
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aC . .
£9Cai . PoVp 9Cg, _.
ax?

ot Pg ox

Dik + km,,'S( Cs i Cg’,' ) (B.1 3)

The Material Balance for the Solid Phase of the Species i :

The species i disappears in the exhaust gas because of the diffusion into
the catalytic wall surfaces due to adsorbtion. It is assumed that whatever
disappears from the gas phase is consumed with the surface chemistry on the
converter channel walls. Note that the gas state chemistry is ignored in our

model.

IZonsumed by reactio |= [Madsorbed ] (B.14)

The adsorbtion term is defined as Equation (B12).

N MW;
Mwia(x)ni(cs,rs)=M—W'ngm,i3(cg,i -Cs,i) - (B.15)
g9

Further simplification in Equation (B.15) gives

Jo)
I Kpm,iS(Cg,i ~Cs,i) - (B.16)

a(x)ﬁ,- (as:Ts )= Mo
g
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The Energy Equation for the Gas Phase of the Species i:

Energy balance for the control volume of the exhaust gas is derived using
the heat fluxes through the perpendicular areas to the flow direction in and out of
the control volume and the heat transfer from or to the surrounding monolith

walls.

d(E ) . ) .
C.let.cv = [QZ; A]x - [% A] X+AX + %as to solid Asurface (B.17)

There is no volumetric heat generation term. The adsorption reactions are
associated with the monolith walls. The radiation heat transfer is not included.
An analysis similar to the analysis of the material balance for the species is done
to obtain the final form of the thermal energy balance equation. After replacing

expressions for

Eg,ev =MgCp,gTg =(0g£0)Cp,gTg,

o

Qfas to solid = MAsurtace(Ts —Tg ) ,

. mqCp oT,
__g~-pg'g —(o
and O‘g = A = gev)Cp,ng
in Equation (B.17) and dividing by control volume e®@ and taking the limit Ax — 0

gives

99, 9 9° —h2(T,-Ts) . B.1
ot Y ox c(T97Ts) (B.18)
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Here, h is the inter-phase transfer coefficient, Asyface is the

circumference area, Ty, T are the temperatures corresponding to the gas and
solid phases, and v is the exhaust gas velocity. The tem C g is the specific

heat for the gas. The transport of the energy between the two phases is
represented by a potential temperature difference. Therefore, the last term on
the right hand side also appears in the solid-phase energy balance equation. To
simplify Equation (B.18) further, the derivative of each term is written in an open

form. Here the specific heat coefficient C, 4is assumed to be a constant value:

dpg)  d(Ty) d(pg) (Tg) S
Cp.g{(rg a—tgﬂ’ga—f)“{rg ot Pa 5y ]}=h;(Tg‘Ts)

(B.19)

The flow within a monolith channel is fully developed (see the Order of

Magnitude Analysis at the end of this appendix) and therefore, the term % is

zero. So, to add this term to the left hand side of Equation (B.19) does not

change the equality. After rearranging terms in Equation (B.19), we get

(B.20)
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On the left hand side, the terms within the first parenthesis is the continuity
equation and therefore zero. The final form of the energy balance for the gas

phase becomes:

aTg dTyg S
Cp,gpg W'I'VW =h?(Tg_Ts) (B.21)

The Energy Equation for the Solid Phase of the Species i

We can write the energy balance on the channel walls. The net energy
change of the walls is the result of the heat transferred by the conduction and

convection and the endothermic reaction on the monolith surface.

d(Escv)

dt + %as to solidAsurtace + Qreaction®

- Q;As|x - o;A$|x+Ax

(B.22)

where

ES,CV = mst'sTs = p(1 -C)eCp,sTs (B.23)

and the wall area of conduction is Ag = (1-€)Aipa; -
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Qs represents the rate of heat flux in W/nP. Qfpaction Tepresents the rate

of heat release per unit volume, in W/m>, by the surface chemical reactions on

the channel walls.
The conduction terms are defined by Fourier's conduction Law:

aTs

ma (B.24)

OS,’I _
m
The term (%as to solidAsurtace) 1 defined in page 112. Using these

expressions in Equation (B.22) and dividing by the control volume, 6, and taking

the limit Ax — 0 gives the equation

o1 “')‘;stcpﬁrs) —(1-¢ ){Ax Z);,s } + hS(Ty - Ty )+a(x)3. (-AH); Ai(Cs.Ty)
i=1

(B.25)

Here, (1-¢) is the porosity coefficient representing the amount of the solid

volume, pg is the wall density, C s is the specific heat constant for the wall, A,

is the conduction coefficient corresponding to direction m, a(x) is the active
catalytic surface area of the wall and the parameters in the last term is explained

in Section 2.1.2. The wall density, ps, is constant. However, the specific heat
constant of the walls, Cp s, is a function of the surface temperature distribution

and therefore a function of time:
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Cps =1.071+1.56x1074T; +3.435x 104752 (B.26)

Using the chain rule for the time derivative term gives

A((1-€)psCp s T.
((1-€)psCp,s 3)41{)%% , (B.27)
ot ot
where CH = [1 071+2x1.56x1074 T, +3.435x1047;2 ] . (B.28)

The final form of the energy balance for the solid phase becomes

2 3 _
(1-£)psCls %41-:){«2773} + hS(Ty ~ Ty )+a(x)3. (-AH) A(Cs Ts) .
i=1

(B.29)

In the calculations of the present study, the results show that the overall effect of

having constant or the variable Cp, s is not very significant.

The Dimensionless Form Of The Balance Equations:

In this section, dimensionless form of the balance equations are derived.
These forms of the equations are going to be used for the order of magnitude

analysis and calculations. The characteristic values used for the non-dimensional

form are defined as follows. The converter length L, the radius R}, the velocity v,

time 5, the inlet gas concentration of species i, Cg";e‘, and the inlet gas
v
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temperature T'""" Each term in Equation (B.13) is non-dimensionalised by the

characteristic values described above. The dimensionless form of the mass

balance equations for the gas-phase of the species i becomes

Clnlet p) Cg,l Clnlet 9 Cg,l
.o Lox

o%C S - -
let let
DyCgl° 7 e km,i— (Cs ~Cq;)Cq)°

(B.31)

Simplifying the above equations using the expressions for Sand kp, ;, we obtain

~ 2-;
an, Ve 9Cg,i _ tcDix 9°Cg,i Sh tcDik

o L ax 2 o R (Csi=Co,i)

The mass balance equation for the solid phase equation, Equation (B.16), is

simplified using the same characteristic parameters to get

RI (Cs»Ts) Pg

a(x)LRpo(Cs,Ts)
() co(s s,Rco(Cs:Ts) ng

km,iSL(Cg,i —Cs,i) (B.32)

Pg i = =
a(X)Rco ( Cs Ts )RI ( Cs :Ts )= W —=—Kkm IS’-C”,’,{et ( Cg,i -Cs,i) (B.33)

The energy balance for the gas phase equation, Equation (B.21), becomes

c 8'7' Va
Pa9| 1of "L ox

}—h—(T -Ts) (B.34)
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87:9 +Vtc aTg _ hSt, ,
ot L ox SCp'gpg

(Ty—Ts) (B.35)

By a similar analysis of the energy balance equation for solid phase, Equation

(B.29) gives

3 —
mlet (Tg S ) + a(X) Z (—AH), ﬁi(cs ,Ts)

-,-énleta-,-s= AxTénlel az.f.s . hS
(1-¢)i5

Ps™ps = ot 2 o2 T e
(B.36)

The Order Of Magnitude Analysis

The order of magnitude analysis is necessary to be able to make some
simplifications over the equation set we have. Schema B.1 shows the directions,

control volumes and surfaces for this problem.

From Equation (B.13)), the mass balance equation in general form is

_ _ 2 2 2
ot 0x ay az y2

S
+Kpm,i ;(Cs,i -Cyi)

(B.37)

In order to check the order of magnitude of each term, the equation is re-

written in form
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Cqi Cq Cq C Cqi Cas C s
o .,%ai .,Cai ., Cai _ D( o/ . Coi . QJJ ¢ kni2(Cyi=Cy)

At ' Ax' Ay’ Az AC Ay? AP
(B.38)
Divide each term by Cgy ; to get
1.u.v . w 1 .1 .1 S Cs,
_____ . ; ; sKkmj—(—=-1 B.39
At'2x' By’ Az D"{sz ay? AzzJ "”t(CgJ ‘ 539)

For the Poiseuille flow through ducts, study of Shah and London [1971] shows
that regardless of the duct shape, the entrance length can be correlated by the

following expression:

L';"gm - 0.5+.005Rep, (B.40)
h

The nominal values for the velocity in the channel is around 10 m/s and
the diameter of the channel is around 0.0606cm. With these values, typical

Reynolds Number is around 120 and the entrance length for this flow is

Lentmnce = 1 .1 X Dh = 0.066 cm .

Since the transition to turbulence occurs at about Re = 2300, the type of

the flow in this study is laminar and fully developed for x)Lgntrance- The velocity

becomes purely axial, thatis v=w=0.

1. u 1 1 .
At Ax ”{sz "Ay?’ Azz] ’ e(Cg K (B.41)
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The order of magnitude of Dy is around 107*. The mass diffusivity

coefficient between the bulk gas stream and the catalyst surface is estimated
from the Sherwood number for fully developed laminar flow with constant wall

heat flux in the monolith channel (Shah [1971]):

_Sh.Di 3. D; = 2475D;[m/s] (B.42)

™ " 2xRp  2x.0606x10~2

The geometric surface; = 3300m‘1, therefore the last term on the

right side, becomes a number around 800. If we check the magnitude of each
term, depending on their nominal values given in Table B.1, some terms can be
neglected for the purpose of simplification. The simplified version of the species
conservation equation reduces to
aC, S
ua—;” = km,i > (Cs; = Cgi) - (B.43)
Here, the storage term and the diffusion of the species along the axial and other

directions are neglected. The convection term is balanced with the inter-phase

material balance.
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Table B.1 Nominal values for the order of magnitude analysis

Cg:i CS.i l(lrn/ ) AX, Ay 'AZ At Dik X 104
S, 'm
(m) (m?/s)
0.0004 0.00045 10 N=243 .01 | .0895-5.186
5 .02 .000413sq1.7d-
.02 7
N=81
.00125sq1.5d-6
— v
——
i Y i K i §.
At AX (Ax)? Ml ¢
=100 ~64x104Dy | =816.75x10% Dy
=~ 8000 - 24200
=64 Cs,i ]
816 =L
Cg'i
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