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Abstract

The overall objective is to research methods far #ifficient simulation of
structured reactors using models that can capsiraweh of the real micro scale
phenomena as possible within the constraint ofinghin a realistic amount of
computer time. The problem of modelling a comptetector can be visualized as
one of multi-scale modelling. Taking monolith reactors as an example, at the
molecular level (micro-scale) there are the medtenmodels for the reaction
kinetics. The meso scale can be defined as thenehdavel, in which the
diffusion and reaction steps in the washcoat aresidered, as is the mass and
energy transfer between the fluid in the channel #we solid wall. The macro-
scale is defined as the entire reactor that is ftexleas a continuum. The
challenge is to determine a method to capture ticeorscale information in the
macro-scale model. Furthermore, the micro-scaleemadl be based on data
determined in an appropriate experimental apparaiubis study, the use of data
based models for the monolith reactor and a gayzereactor are explored. The
information for the small scales is pre-compiuted atored in a look-up table,
which is accessed during execution of the macroahdthrough the analysis of
the CFD simulation, it has been shown that this hoetcan reduce the

computation time significantly with good results.
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Chapter 1.

Introduction and Background

1.1  Introduction

The use of mathematical models for physical andniote systems has been a
feature of the scientific and engineering landsgagodably since the inception of
mathematics itself. The reduction of a complex ratgystem to a series of
equations offers many advantages to the pract&orntist or engineer. Provided
that the equations can be solved, computer modekithows for the rapid
evaluation of many design scenarios, can elimisatee experiments and reduce
the amount of prototyping that must be done. Cosporodels can also be used
as a diagnostic tool to understand physical andnada phenomena that cannot
be measured easily by experiment.

As any scientist or engineer today is aware, thasebeen, and continues
to be, a rapid evolution in the power of computersis development is
accompanied by increases in the development of istigdted numerical
techniques and commercial software which implemehése techniques. The
combined result is the ready availability of relaty inexpensive tools for the
study of complex chemical and physical systemsoAcarrent development with
this trend to faster and more reliable computatidoals is the desire to solve
more complex and advanced problems, on a biggés.sdaus there remains, and
likely will always remain, a need to improve comgdiudnal methodologies to
allow for this latter desire to be realized.

The purpose of the work described in this thess wo develop some
coherent methodologies for the simulation of mediale systems. The
development of these methodologies is performethé& context of modelling
some structured catalytic reactors, primarily trenolith reactor but also a gauze
type reactor. In this, the introductory chaptercatliine of the thesis will first be

presented. This is followed by a general backgroafmithese reactor types, and a
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discussion of multi-scale modelling in a reactontext.

1.2 Outline of thesis and statement of contributions

This thesis is presented in paper format, and sedb@n four papers. Two are in
print and two more will be submitted shortly. Teisction describes the outline of
the remainder of the thesis, and details my contiob to each paper. Chapters 2,
3, 4 and 5 are each based on a paper that is adpeawill be submitted for
publication. In each case, the material presenezd s modified to some extent
from the publication version. Chapter 6 gives acualision and analysis of the
methodology with some insight into the future dil@es possible. That chapter
finishes with conclusions and recommendations.

As noted, the papers have been modified somewahdtan effort has been
made to eliminate duplication of material. Howewr,retain completeness in
each chapter, and to ensure that each chaptert@iath gslone, some duplication

has remained.

Chapter 1 presents some background information on reactorethng. Some of

this material was from the presentations of Hag€89) and Nien et al. (2012).
Chapter 2 is a modified version of the paper:

T. Nien, J.P. Mmbaga, R.E. Hayes and M. Votsméierarchical multi-
scale model reduction in the simulation of catalynvertersChemical
Engineering Science, 93 362-375 2013.

This chapter describes the complete stepwise dewelot of a multi-scale model
for a catalytic monolith reactor, from the smallsstle to the full scale reactor

implementation. | did all of the work for this pape
Chapter 3is a modified version of the paper:

R. Litto, T. Nien, R.E. Hayes, J.P. Mmbaga, M. Votser, Parametric
Study of a Recuperative Catalytic Convertgatalysis Today, 188 106-
112 2012.



The work for this paper was performed during theettspment of the methods
described in Chapter 2. It represents the firsdbrefat coupling the micro-scale
methodology (the look-up tables) into a full sisactor model. My contribution
was to develop and couple these models into the S8OMsimulator developed

by Litto, who subsequently performed most of thecter simulations.
Chapter 4 is a modified version of the paper:

A. Fadic, T. Nien, J.P. Mmbaga, R.E. Hayes and Mts¥weier, A Case
Study in Multiscale Model ReductiofEffect of Cell Density on Methane
Ignition in Monolith Reactors, to be submitted @ Cdn J. of Chem. Eng.

The work for this chapter was done after the workGhapter 2 was finished. The
chapter describes a parametric study of the effieceéll density on the ignition of
methane in a monolith reactor. To include correallyof the heat and mass
transfer effects, and to use mechanistic kinetieguired the use of high level
look-up tables, described in Chapter 2. My contitouwas to develop all of the
tables required for the six cell types studied, tméhterface them in the larger

scale simulation. The simulations were performed8c student Anton Fadic.
Chapter 5 is a modified version of the paper:

A. Donoso-Bravo, T. Nien, J.P. Mmbaga, R.E. Hayed . Votsmeier,
CFD Modelling of a Gauze Reactor for Ammonia Oxicdiat to be

submitted

In this paper, the multi-scale methodology is aplio a gauze reactor for
ammonia oxidation. The basic COMSOL model for thactor was developed
jointly by me, Mmbaga and Donoso-Bravo. | developkd final model,
including the development and implementation ofldak-up tables. | ran all
of the simulations for the parametric studies regabin the thesis and for the

final paper.

In addition to these publications, my work has beemwill be presented at the

following conferences. The name of the presentanderlined.
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T. Nien, J.P. Mmbaga, R.E. Hayes and M. Votsm&&D Modelling of a Gauze
Reactor for Ammonia OxidatiohCOSCAR4, Sep. 2013, Beijing, China.

A. Fadic, T. Nien, J.P. Mmbaga, R.E. Hayes and Mtsmeier, Effect of Cell
Density on Methane Ignition in Monolith Reactof€OSCAR-4, Sep. 25-27,
2013, Beijing, China.

A. Fadic, T. Nien, J.P. Mmbaga, R.E. Hayes and Mitswheier, A Case Study in
Multiscale Model Reduction: The Effect of Cell Déagson Catalytic
Converter Light-Off, Third International Symposium on Modelling of
Exhaust-Gas Aftertreatment, Badherrenalb/Karlsruhe, September 2013.

T. Nien, R.E. Hayes and M. Votsmeier, Using ratgpiag methods for model
reduction in the simulation of catalytic convertelsinth International
Congress on Catalysis and Automotive Pollution Control, CAPOC-9,

Brussels, August 2012.

T. Nien, R.E. Hayes and M. Votsmeier, Efficient slation of catalytic
converters using a rate mapping approa2’ Canadian Symposium on
Catalysis, Quebec City, May 2012.

R. E. Hayes, A. Fadic, T. Nien and J. Mmbaga, Ogation of an Automotive
Catalytic Converter using Computational Fluid DymesnXXV Interamerican
Congress of Chemical Engineering, Santiago, Chile, November 2011.

T. Nien, M. Votsmeier and R.E. Hayes, Simulationaofmonolith reactor using

data mapping methodg]™ Cdn. Symposium on Catalysis, Banff, May 2010.

T. Nien, C. Sola, R.E. Hayes, J. P. Mmbaga, F.HrtrBed, M. Votsmeier,
Development and Validation of Computational Desigols for Catalytic
ConvertersAUTO21 HQP Meeting, Hamilton, ON, May 2009

T. Nien, C. Sola, R.E. Hayes, J. Mmbaga and M. Meisr, An Investigation of
Optimisation Tools for Modelling a Diesel Oxidati@atalyst57th Canadian

Chemical Engineering Conference, Edmonton, Oct. 2007.



1.3  Introduction to catalytic reactors

The chemical reactor is at the heart of most popémts, and plays a key role in
many pollution abatement technologies (Hayes andbMya, 2012; Heck and
Farrauto, 2009). Chemical reactors are classifiadraber of different ways, but
can be broadly separated inton-catalytic and catalytic. The difference is the
presence or absence of a catalyst, whose role enlbance the reaction rate.
Reactors are also divided into homogeneous andrdgeeeous. In a
homogeneous system, all of the components areeisdaime phase, including the
catalyst, if present. In a heterogeneous systene ian one phase is present.
Heterogeneous systems can be catalytic or nonytatdfor the remainder of this
work, we will deal only with heterogeneous catayieactors, where the catalyst
is present as a solid and the reactants are priesé gas phase.

1.4  Catalyst types

Solid catalysts come in a wide variety of formsthadifferent shapes and sizes.
One of the common types of catalyst consists ofetameither on pure form, or
as an oxide or other compound. For the applicatthssussed in this thesis, we
restrict ourselves to the use of metal catalysisfthe precious metals group, i.e.
platinum, palladium and rhodium. These metals meaysed in their pure metallic
form, either singly or as part of a bimetallic gllAlternatively, they may be
spread out on a porous support to increase thiytatsurface area. The presence
of a porous structure in the catalyst introducegartant heat and mass transfer
effects that must be included in any comprehenspaetor model (Hayes and
Mmbaga, 2012).

15  Structured catalytic reactors

The catalyst may be present in the reactor in abeurof different ways. The
most common form of a catalytic reactor is thedixe packed bed reactor. In this
scenario, the catalyst is typically in the formpafrous pellets that are randomly
dumped into a reactor vessel, forming an unconatdal porous medium through



which the process stream flows. Another form otteais the fluidized bed, in

which the gas flows upwards through a bed of smi@neter catalyst pellets,
entraining them and giving the appearance of a flBoth of these reactor types
are called unstructured reactors, because of théora placing of the catalyst
particles.

Structured reactors are those where the reacternamls have some
predefined geometric pattern. Two common typedh lbbtwhich are used in this
thesis, are the monolith reactor and the gauzeaedo the gauze reactor, the
catalyst is in the form of screens made from saii@ catalyst, through which the
reacting fluid flows. Gauze reactors are typicalbed where a very short contact
time is required. They are discussed further inpf#ra5, which reports on a
modelling study for this reactor type as used fier@axidation of ammonia.

The majority of the work presented in this thedeals with monolith
reactors; therefore they will be described heressame detail, and will also be
used to illustrate the concept of multi-scale miaigl Monolith reactors are used
where there is a desire for a very low pressure,drad a high geometric surface
area for the mass transfer between the fluid aadsdid. The monolith substrate
is made from either ceramic or thin metal, and =ief thousands or parallel
passages or ducts through which the fluid flows.eWlkeramic is used for the
substrate, they are made by extrusion and pralgtited channels have triangular,
hexagonal or square shape. When metal is used;himenels often resemble a
sinusoidal shape. The size of the channel vares fabout 0.5 mm to several
mm, or even cm for larger scale industrial unitee Tchannel size is usually
reported as the number of cells per square inchS[ICPrhe most common
application of monolith reactors is in automotivehaust gas after treatment
systems. In this application, the cell size usualigd ranges from 0.5 to about 1
mm. The cells are coated with a porous washcoatcti@ains a catalyst for this
application. Scanning electron micrographs of thwashcoated monolith reactors

are shown in Figure 1.1 (Hayes and Kolaczkowskd4l#ayes, 2009).
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Figure 1.1 - Scanning electron micrographs of mitm®lwith a catalytic
washcoat. Top: Ceramic monolith with square chan¢Hayes and
Kolaczkowski, 1994). Centre: Ceramic monolith witiexagonal channels.
Bottom: Metal monolith with ‘sinusoidal’ channe(glayes, 2009)



1.6  Multi-scale modelling

The physical and chemical processes in a catakyéictor occur on a wide range
of spatial and temporal scales. We focus here ensttatial scale only. The

smallest scale is the molecular scale, where thetioms occur between species
adsorbed on the catalyst surface. This scale igllystepresented in a global

model via a set of rate equations, either mecharasiempirical in nature.

When the catalyst is porous, the chemical readtmurs on the surface of
the pores in the catalyst. These pores typicalyeha size range from a few
nanometres to a few tens of nanometres. The rdacdad products must diffuse
into and out of these pores from the bulk gaseatttalyst external surface.

For a monolith reactor, the next size scale isctiennel scale, which, for
an automotive application, is around 1 mm in sizee fluid flow in the channel
may be in the laminar or turbulent regime. Thegpamt of the reactants from the
bulk gas to the catalyst external surface (gasfdoterface) is a key part of the
overall reaction rate, and should be modelled ctigre

The final scale in the monolith reactor is thel fsize converter. In
automotive applications, the reactor is of the pmfel5 cm in length 10 cm in
diameter, although there are many variations. Cderse for trucks, especially
heavy duty vehicles, are much larger. Even conkeffier small passenger cars
contain upwards of 7000 to 10000 channels.

The normal method to model a catalytic convert®rto solve the
governing partial differential equations using agprate numerical method (e.g.
finite volume or finite element). These methodsuisg)the discretization of the
spatial domain into a series of elemental volun@early, with such a wide
variety of scales, this presents a serious chadleWhen developing a model for a
catalytic converter, therefore, it is clear thathm@&hoices must be made. Often,
this entails ignoring, or only roughly approximajrthe smaller scale phenomena.
The problem addressed in this thesis is the dexwsop of fast computational
methodology that will include all of the small seahformation in a rigorous

manner, yet still execute on a reasonably pricedpeder in an acceptable amount



of time. The methodology selected for this purposes to use look-up tables.
This method, its history and development, and aiissquent implementation in

the context of a catalytic converter are describe@hapter 2.

1.7  Mechanistic kinetic modelling

The various spatial scales described in Section pté€sent challenges to a
modeller. These problems can be compounded byd@eiicomplicated kinetic

models. Traditionally, when modelling catalytic genters for automotive and

other catalytic combustion applications, relativseignple kinetic expressions are
used. Recently, the use of more highly detailedhaeistic kinetics has become
popular in these systems (Deutschmann et al., 18@&adi and Hayes, 2002;

Salomons, et al., 2007). If these types of kineterlels are coupled to models for
the reactor, the execution time required for thsulteng simulation is often

prohibitive, even with fast computers. In this iBgeswe combine detailed

mechanistic kinetics with multi-scale models andvgthow the resulting models

can be constructed to execute in relatively srmathants of time.

1.8 Summary

This thesis focuses on the multi-scale model rednobf catalytic reactors to

develop computationally efficient models that execun practicable times. The
detailed methodology is developed in Chapter 2afaatalytic converter for the

combustion of methane. A detailed multi-step resctnechanism taken from the
literature is used. Chapters 3 and 4 show somecapiphs of the method, also for
methane combustion. Chapter 5 extends the methaddiéferent reactor type,

with different reactions, the partial oxidation ammonia in a gauze reactor. A

comprehensive parametric study is presented ferréactor.
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Chapter 2.

Hierarchical multi-scale mode reduction in the smulation of

catalytic converters

Overview

This paper presents a methodology for multi-scabeletling using pre-computed
data for the small scales. By pre-computing thaiired data at the micro and
meso scales and storing them in a look-up tabesetlsmall-scale effects can be
captured in a macro scale model that executes pyvéhticable execution times.
The methodology is presented in the context of iogea washcoated monolith
reactor for the catalytic combustion of methanengisa detailed multistep
mechanistic model. The modelling is illustrated assequence of steps of
increasing model simplification. In the first inste, only the reaction rates are
pre-computed. Then the washcoat diffusion is inetldsing a 2D axisymmetric
model with a washcoat of uniform thickness, therthwa non-symmetrical
channel with a washcoat of non-uniform thicknesss khown how a simple 1D
single channel model can accurately account forptlesence of a non-uniform
washcoat. Finally, the external transport resistaig included in the pre-
computation step, and it is shown that a simple dimaensional pseudo-
homogeneous single channel model can be used pobvite effective average
rates are appropriately calculated. Execution tiraes shown to decrease by
several orders of magnitude at minimal loss of tsmfuaccuracy. The use of pre-
computed data allows for the inclusion of complexathand mass transfer
phenomena, as well as complex kinetics in full escabnverter models at
relatively small computational cost. The impleménta of look-up tables into

full scale CFD models is described, and optimaltetgies proposed.

This chapter is a modified version of the papeiT--Nien, J.P. Mmbaga, R.E.
Hayes and M. Votsmeier, Hierarchical multi-scaledeloreduction in the
simulation of catalytic converter€hemical Engineering Science, 93 362-375

2013.
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21  Introduction

The treatment of automotive engine exhaust usitajyta converters is essential
to meet government mandated limits on the emissforarbon monoxide (CO),
oxides of nitrogen (N§&) and hydrocarbons (HC). Since their introductenrca
1975, catalytic exhaust gas after treatment (CEGAJ3tems have become
increasingly complicated, especially for lean burngines. Although early
development was largely empirical, computer aidedigh methodologies are
now routinely being used in the development of lgdta converters. These
methods require appropriate mathematical modelghwtdeally should have low
execution times, especially for process control edviodelling the converter is
an exercise in multi-scale modelling, with lengtlales ranging from nanometres
(catalyst pore level), micrometres (washcoat lewbhough millimetres (channel
scale) to centimetres (converter scale). Idealipnaalel should capture accurately
all of the physics and chemistry that occur at dagkl, however, if this type of
simulation is carried out using traditional solatiomethodologies, the
computational requirements are too demanding toréeticable.

To set the context for this work, and to clarifjneve the most efficient
cost saving measures can be introduced, the ditfenedelling scales and their
phenomena are briefly reprised. The reactor usedCEGAT has a monolith
honeycomb design consisting of thousands of pareieannels, the surfaces of
which are coated with a washcoat containing a gsttalhe channels, which have
a dimension of one mm or less, can have a varietyrass sectional shapes,
including square, hexagonal, and triangular (Hates., 2004, 2009). Because of
the manufacturing method, the washcoat layer iallysnon-uniform in thickness
around the channel perimeter. Typical variationsvaghcoat thickness in square
channels range from less than 10 micrometres aitles of the channels to 150
micrometres or more in the corners, measured dalyon(Hayes and
Kolaczkowski, 1994). The reacting fluid flows dowme channel in the laminar
regime, the reactants diffuse to the gas solidfete, thence diffuse into, and
react within, the washcoat. Large internal and resiemass transfer resistances
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are often present (Leung et al., 1996). Molecuifuslon through a boundary
layer controls transport of reactants to the waahsarface. The diffusion into the
washcoat occurs in pores on the nanometre scaldphows a tortuous path.
Models for CEGAT systems can be divided into twpes, the single
channel model (SCM) and the entire converter m@ga€IM). Each of these two
model types exists in several forms, dependindherunderlying approximations.
As with all reactor simulations, we may utilizelfutliscrete models, in which the
full spatial domain of both fluid and solid are ok®d. Most single channel
models are discrete. If the complete space of phake is modelled the result is a
distributed parameter system. If the number of spdimensions is reduced by
using average values for any parameter, the rissallumped parameter model.
We consider first the SCM. As noted earlier, tharutel is rarely if ever axi-
symmetric, and thus a correct representation ofequires a spatially three
dimensional model. The partial differential equasiathat describe the reactor
behaviour are usually solved using the finite vaduar finite element methods.
The scale difference between the washcoat and ehaamd also the aspect ratio
between the transverse and axial dimensions ofctiamnel, implies that an
accurate solution may require a mesh consistingnafy thousands, possibly
hundreds of thousands of degrees of freedom (DQ&ding to long
computational times, especially if the momentumabeé equation is included
(Raja, et al., 2000; More et al., 2006). For steathte simulations, the three
dimensional shape can be approximated using a pstdanodel where the axial
diffusion terms are ignored (discussed in more idde&der in this paper)
(Votsmeier, 2009), but a transient model requites full spatially 3D solution.
Even at this high level of simulation, the poroustune of the washcoat is
normally approximated with a continuum model using effective diffusion
coefficient (Hayes and Kolaczkowski, 1997), althouthere are some recent
papers that attempt to model diffusion in the dgbasous micro-structure of the
washcoat (e.g. Koci, et al., 2010). We note withfuuther discussion that the

continuum model is adopted for the washcoat througthe present work.

13



The three dimensional SCM being so expensive liedor routine work,
the first level of approximation is to use a geameate-parameterization, and to
model the monolith channel as a right circular roydir with a uniform thickness
of washcoat in the form of an annulus (Hayes anthé&akowski, 1997). The
resulting axisymmetric domain can then be solvedaa&D problem using
cylindrical coordinates. Although this 2D soluti@omain can still result in
extended execution times, it is vastly faster tecete than the 3D models, and
thus is much more common in the literature. Comeapping of the 3D geometry
into two dimensions can yield close approximatidresween the 2D and 3D
solutions, however, it has been shown (Hayes gP@04; More et al., 2006) that
there are situations under which the approximates@tion deviates markedly
from the 3D one. In particular, it has been shottayes et al. 2004, 2005) that
the fillet shape of washcoat can generate differamerage reaction rates
compared to a uniform washcoat of equivalent ceesgional area at the same
surface temperature and reactant concentratioecesly for intermediate values
of the effectiveness factor. The significance @fsih effects is examined shortly.

The 2D and 3D models are both distributed parammetedels. Further
simplification can be made by using fewer model efigions than physically
exist, which results in a lumped parameter modeest models typically use a
one dimensional approximation for either or bothhef channel or the washcoat.
To reduce the channel to 1D, it is necessary torggmradial variations in
concentration and temperature in the fluid, andexpress the fluid phases in
terms of mixing cup temperature and concentratlomged parameters). This
approximation creates a discontinuity at the waks({solid interface) that is
incorporated using heat and mass transfer coeitgielhe choice of these heat
and mass transfer coefficients determines the acguof the simulation, and
much attention has been paid to their correct 8elec especially in the
developing flow region (e.g. Groppi, et al., 198fyes and Kolaczkowski, 1999;
Gupta and Balakotaiah, 2001). A suitable modelttier washcoat and wall must
be coupled to the 1D fluid model, and there aremsaly two options. The first
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would use a full 2D model for the washcoat and Widthyes et al., 2007). The
second would be to use a lumped model for the asMvell, and to solve a 1D
problem in the axial direction. The average reactate at each point on the wall
can be computed using an effectiveness factory @olving a local 1D diffusion
reaction problem in the depth of the washcoat. Bo#thods usually assume a
uniform washcoat thickness. This approach of madgllonly the depth
coordinate of the washcoat is sometimes used wieigds phase is modelled in
two dimensions; the model being called the 2D-1DdehqHayes et al., 1996).
The SCM discussed thus far are all what is refetoeds heterogeneous models,
because both fluid and solid phases are separatelgidered. At the simplest
level, a one dimensional SCM might ignore the washentirely and express the
reaction rate in terms of the mixing cup conditiaisthe fluid in the channel,
which is equivalent to ignoring both internal andeenal mass transfer effects.
This type of model is called a pseudo-homogeneacein

If we consider the model for the entire convelftie ECM), then the
practical choices are limited. A fully discrete nebdhat includes a spatial
discretization at the channel and washcoat leweth(@s used in the 2D and 3D
SCM) for even a small monolith section is computaaily very expensive to
solve, even with specialized modelling methods {faed et al., 2012). Thus the
monolith is usually approximated using a continuunodel, where it is
represented as a porous medium with appropriat@l aand transverse
permeability (Liu et al., 2007; Hayes et al., 201Phe use of volume averaging
inherent in such a model results in a loss of adtial resolution at the channel
level, and the models are all in effect lumped peter models at the channel
scale, although they are distributed parameter feoatethe converter scale. In
effect the continuum approach uses a one dimersiondel to represent the
channels, and thus the issues of the correct reqpason of the heat and mass
transfer coefficients, and the average reactioa mtthe washcoat, are again
paramount. A compromise is the representative aflamethod, in which only a
few channels are modelled in detail and an intepud made between them (e.g.
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Groppi and Tronconi, 1996; Tischer, et al, 200Dby. Eomputational reasons, only
a few channels are considered in detail. If theresgntative channels are
modelled as one dimensional, the model is equivatea continuum model.

The use of both pseudo-homogeneous and heteragemeadels for the
SCM was mentioned. In a pseudo-homogeneous mddetetctor is considered
to be a single phase, and there is no differenhabietween the fluid and solid
temperatures or concentrations. In effect, all neekheat transfer resistances are
ignored. This type of model is common for packed f@actors and has been used
for monolith systems. Although it is rare in singleannel models, the concept
can be used, as mentioned earlier. On the othat, Hha heterogeneous model
considers both the fluid and solid temperaturesa@mtentrations. We stress that
the coordinates of fluid and solid properties dre same, because the spatial
resolution has been lost.

All of these modelling difficulties exist regardke of the rate expressions
used. Indeed, even for simple kinetic models themgdational requirements can
be profound for 3D models. These difficulties areagmified by orders of
magnitude when complex kinetic schemes with mamgigg (possibly hundreds)
are introduced. Recently, the use of highly dedaileechanistic kinetics has
become popular in the modelling of CEGAT and othatalytic combustion
systems (Deutschmann et al., 1996; Mukadi and H8B@&32; Salomons, et al.,
2007). From a modelling perspective, the ideal ttmhufor an ECM would be one
that can use a detailed mechanistic model, captareectly the internal and
external heat and mass transfer resistances me&h&ashcoat and channel shape,
yet still execute in a reasonable amount of time.a€hieve this objective, new
modelling paradigms must be used. A first step towahe development of such
fast monolith reactor models was reported by VotemgO009), who used the
concept of repro-modelling to reduce the computatione spent on the
calculation of mechanistic reaction rates. Thiskwwas extended by Votsmeier et
al. (2010) and Scheuer et al., (2011, 2012).

In this chapter, we adopt a hierarchical approacipresent a systematic
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study of multi-scale model reduction by successivgplementation of pre-

computed source terms, which include reaction, hedt and mass transfer
effects. We show how the small scale detail capreserved at the macro level
by the correct selection of the pre-mapped sowromd. This work follows on

from Votsmeier (2009), and the reader is referteztd for more detail. In the
following sections, the background is summarizedclampleteness. We explore
the use of these data mapped models for SCM and, E@W demonstrate their
implementation in discrete and continuum modelsteHgeneous and pseudo-

homogeneous approximations are discussed.

2.2  Development of pre-computed data
As mentioned in the introduction, the use of dethinechanistic kinetics for the
solution of reactor problems poses a severe nualecitallenge. A proposed
solution is to pre-compute the reaction rates @ane solution space, and store
the result in an efficient manner in a look-up é&lDuring the execution, the
look-up table is simply accessed for the solutibtha desired temperature and
concentration. Although the look-up table can bpessive to build, once built it
can be used for many applications, provided thatfficiently broad range of
parameters is selected. The use of pre-computeddettr for complex reacting
flows was pioneered in the field of gas phase kisefwhere it is sometimes
called repro-modelling), see for example (Meisetl &ollins, 1973; Turanyi,
1994a, 199b). Some work has also been done in Bilaiion with complex
kinetics using In Situ Adaptive Tabulation (ISAHRumar and Mazumder, 2010),
a technique reported by Pope (1997) which gave sspeed-up. The use of
surface B-splines fitting in adsorption processas &iso been reported (Santos, et
al, 2010).

The key issues arising in repro-modelling inclutie selection of the
overall methodology, identification of key speciesnstruction of the solution
maps, etc. In this work, we use multivariate spfunections to represent the rate

data on a regular multi-dimensional grid. Multi-&insional splines can be
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efficiently evaluated if the coefficients of thedimidual polynomials are pre-

computed and stored in a database.

23  Moddling methane combustion with a look-up table

Although there are many mechanistic heterogeneowsielm extant, for
illustration purposes we selected the model for tag¢alytic combustion of
methane over a platinum catalyst, as described éytdehmann et al., (1996),
with their model parameters. This model and itsatens are widely used in the
literature. If we ignore the gas phase reactions, ake left with 24 surface
reactions and 11 surface species, plus the ga® @pesies (methane, water and
oxygen). The calculation of source terms (reactains) for each of the gas phase
and adsorbed species was done as described incbewsn et al. (1996). We
assume that the adsorbed surface species are ilibeguon with the given gas
phase composition. This assumption is reasonabisiadering the time scales for
adsorption and reaction. In the first instance,sinrce terms are calculated using
the open source software package Cantera (Goo2G@3).

For the first level of model reduction, we simiyild a look-up table to
replace the reaction rate terms generated by Gantdrich can subsequently be
used in a reactor simulator. This step is essénttae same as followed by
Votsmeier (2009), and is briefly described here foompleteness. For
identification purposes, we shall refer to thiskag table as T1.

The first step in building the table is to ideptihe important parameters.
In this case, the significant gas phase conceatratare methane, oxygen and
water, with a fourth variable being the temperatiires then necessary to decide
the parameter space that the look-up table willeco table covering a broad
range of parameters will be more generally usefigwever, an application
specific table covering a smaller range will beager to build and access. In any

case, we elected to use the range of parametengisharable 2.1.
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Table 2.1 - The range of each parameter used ilotikeup table.

Parameter Minimum Maximum
Temperature 600 K 1200 K
Methane concentration0.1 ppm 1%
Water concentration 1 ppm 10 %
Oxygen concentration 4 % 20 %

After selecting the parameter space, it is necggsairain the look-up table,
which is equivalent to determining its resolutiam imensionality). The general
procedure is to increase the size of the look-bfetgradually, and at each step to
compute a prediction error. To this end, we usathi@ test set consisting of
10,000 combinations of the four parameters. Theairacy of the look-up table

was then evaluated by calculating an error usiigtést set and the equation:

0.5
error = %i(MJZ (2_1)
N R

The initial table contains two values only for egalrameter, being the end points
of the solution space; this table is denoted [22. Zhe next step is to build four
new tables; in each table the dimensionality isaased for one of the parameters,
thus leading to tables denoted [32 2 2], [2 3,2[2]2 3 2], and [2 2 2 3]. The
table that gives the lowest error was accepted,thisdbecame the new starting
point. The next set of four tables was built inimir manner, and the process
continued until an acceptable error was achievée. dvolution of the error and
the size of the table are given in Table 2.2. Ftbiw table it can be seen that the
most significant parameter is the concentratiomethane, with the others having
roughly equal weight. The final table size will @mgl on the range of parameters
selected. A graphical depiction of the evolutiontioé relative error for three

different spline types is given in Figure 2.1. Ba#sults show that the cubic
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spline approximation gives the lowest residual rerfollowed closely by the
guadratic spline. The example calculation of thealtast table [2 2 2 2] is

descripted in appendix.

Table 2.2- The evolution of the grid number for each paramef@r
lookup table T1

tep — Percent error _ Parameter TOta.‘I

Linear Quadratic Cubic T CH; H)O O, entries

1 80.47% 80.47%  80.47% 2 2 2 2 16

2 62.60% 53.07%  53.07% 3 2 2 2 24

3 46.80% 29.04%  29.04% 3 3 2 2 36

4 40.90% 2231% 22.14% 3 5 2 2 60

5 31.73% 12.35% 1274% 3 5 2 3 90

6 17.53% 4.57% 4.31% 5 5 2 3 150

7 14.15% 3.26% 3.24% 5 9 2 3 270

8 10.59% 2.31% 2.45% 5 9 2 5 450

9 9.73% 1.42% 1.24% 5 9 3 5 675

10 5.10% 0.84% 0.78% 9 9 3 5 1215

11 4.82% 0.44% 0.32% 9 9 5 5 2025

12 3.67% 0.25% 0.23% 9 17 5 5 3825

13 2.59% 0.13% 017% 9 17 5 9 6885

14 2.51% 0.11% 0.09% 17 9 9 12393

15 2.28% 0.11% 0.09% 9 33 9 9 24057
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Figure 2.1 - The relative error vs. the number @&-gomputed data for lookup
table T1.

Both quadratic and cubic splines give acceptaldalt® with a reasonable
number of data points. Two comparisons can be nbat@een the two spline
types; the execution time required to access thiesaand the amount of storage
required. Figure 2.2 shows the execution time meguto compute 10,000 data
points using the two splining methods. Figure ZBpares the storage required.
Not surprisingly, cubic splines require more timmel sstorage, although for the
examples shown here the differences were not impbrfor the remainder of
this work, we used cubic splines. We used the saethodology to construct all
of the look-up tables described in this chapted @hapters 3 and 4.
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24  Validation of primary (T1) look-up table

The look-up table T1 described in the foregoingssentially the same as the one
generated by Votsmeier (2009), which was demomsirad be successful in
reproducing the results in a single channel mamaeétctor. He used a 3D model
of the channel; however, we will begin with an aymmetric model of the single
monolith channel. As discussed in the introductidhis representation is
commonly employed, and uses a uniform washcoatkribigs. The relevant

chemical and physical parameters used in the navdajiven in Table 2.3.

Table 2.3 - Simulation parameters for light-off ¢es used with the
uniform washcoat case.

Channel radius 5.643x10m
Channel length 1.5x10to 2.5x10' m
Thermal conductivity of wall 1.5 W/(m-K)
Thermal conductivity of washcoat 0.75 W/(m-K)
Thickness of the washcoat layer 5.19%10

Mole fraction of methane 0.5%

Mole fraction of oxygen 20 %

Mole fraction of Water 0.0001 %

For completeness, we give the conservation equatfor the channel
(Hayes et al., 1992). We considered steady statelaiions. In this first case we
solved the mass and energy balances in the fluidthe washcoat. The fluid

phase mass and energy balances for speares
O(D; pOw ) = pv,Ow = 0 (2.2)

O(k¢OT) = (p Cp ), V,OT = 0 (2.3)
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We did not solve the momentum balance, but ratimposed a fully developed
parabolic velocity profile that was corrected foe tocal temperature according to
the ideal gas law (Hayes et al., 1992). Thus thlecity has only an axial
component, the value of which depends on the radloaceptually, there would
be no difference in adding the momentum balancatesuif, for example, it was
considered important to capture accurately theatagklocity gradients. These
might be significant in the entrance region andasref sharp temperature rise.
The steady state mass and energy balances in gieoa are:

0(Dgsr pOW) +§ =0 (2.4)

O(ketOT) + (AHR) Scn, = 0 (2.5)

The source term is the rate of formation by chemieaction. The diffusion
coefficients in the gas phase were calculated usiiegcorrelations of Fuller
(Hayes and Kolaczkowski, 1997). The diffusion cmé#hts in the washcoat were
calculated assuming that Knudsen diffusion dommatehe pores. The effective
diffusion thus depends on temperature and molecukss of the species. The

formula for the effective diffusion coefficient is:

2
Dy = 4.85<107T M, m? (2.6)

The simulations were performed using COMSOL Mulyihbs (versions 3.5,
4.2a and 4.3). The look-up table was constructed thie aid of MATLAB using
the splining toolbox (De Boor, 1978), and the ifdee to Cantera was done via a
MATLAB framework.

The solution domain (channel and washcoat) was eteghking a structured
rectangular mesh with 100 quadratic elements inathal direction. There were
10 elements in the fluid radial direction and 20t depth of the washcoat,
giving 1000 fluid elements and 2000 washcoat elésadviote that we have not
included the substrate in these illustrative exaspFor steady state simulations,

the effect of the substrate is to increase thel adaduction through the solid
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phase, which effect we are thus not considering.harseries of steady state
simulations was performed at constant inlet vejoertth a stepwise increasing
inlet temperature. For each run the fractional eosion at the outlet was
determined. In the first case the reaction sousrend were calculated using
Cantera, and in the second case the look-up tablevds used. A variety of

monolith lengths and inlet velocities was testedtypical result is shown in

Figure 2.4, which compares the fractional conversas a function of inlet

temperature (steady state light-off curve) for thve cases. It is evident that the
results are essentially the same. A comparisohegkecution times for the two
methods is given in Table 2.4. Using look-up table gives a 40 to 50 fold

increase in execution speed compared to the u§awtera. The timings reflect
the use of a 2.00 GHz InfaCore” Duo T2450 processor with 3 GB of RAM.

1.0 1'_| ) ) ) ) I ) ) ) ) I ) ) ) ) I ) ) ) _1'

[ —— Cantera i

[ O Lookuptable T1 i

0.8 ~ -

g B i
Z) 0.6 ~ -
= B i
o B i
C - -
o 04 _
O . ’
02 | .

0.0 4-_ ' B T —-I-

600 650 700 750 800
Inlet temperature (K)

Figure 2.4 - Comparison of the light-off curves Ibdiy lookup table T1
and Cantera. The two dimensional axi-symmetric nhovhkes used.
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Table 2.4 - The simulation time of different appries.

Simulation time (s)

Cantera T1 T2
600 911.5 35.8 4.5
650 2036.2 49.7 4.6
700 2407.9 51.1 4.6
750 2831.6 50.1 4.9
800 3601.4 69.1 6.2

Tin

2.5 Second level model reduction:
I ncor porating washcoat diffusion in thetable

It is clear from the results presented thus fat tha look-up table T1 is able to
replace the use of Cantera in the model with aidersble cost saving, and
Votsmeier (2009) concluded as much. The next lbggéension of the model

reduction process is to include the effects of ritde transport resistance
(washcoat diffusion) in a look-up table. This wowtlviate the necessity of
solving the diffusion reaction problem in the wasdic during the reactor
simulation. It is well known (Hayes and Kolaczkowsk997) that inclusion of

washcoat diffusion in the model gives a large iaseein execution times. To
eliminate the washcoat diffusion, it is necessarfgdve the values of the effective
average reaction rate at the catalyst externalaserfThe problem then is
transposed to the best method to approximate Hiigeyv The obvious solution is
to approximate the diffusion reaction problem ire tivashcoat by a one
dimensional problem, that is, to ignore the axiéfudion in the washcoat. This

assumption is considered reasonable (Leung et 36)1 and is the same
approximation used in the so-called 2D-1D modethef channel (Hayes et al.,

1996). Thus, in the washcoat annular ring we stiteanass balance:

1d dw
?a(Deﬁ prd—r'J +5 =0 (2.7)
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The boundary conditions are an imposed mass fracm temperature at the
fluid/washcoat interface, and a zero flux conditiah the washcoat/substrate
interface. The washcoat is considered isothermiictwhas been shown to be a
good approximation for a thin washcoat (Leung etl8b6), and which we also
observed for the simulations reported here. Invgkinis assumption gives the
method for the construction of a look-up table tivatcall T2, which contains the
spline coefficients necessary to compute the aeeragction rate for a given set
of surface conditions. The general scheme for mgldhe table T2 follows that
used for T1. That is, we use a training dataset,adter the table’s dimensionality
until the required error tolerance is reached. difeerence is that instead of
simply calling Cantera to compute a reaction rate, solve a 1D diffusion
reaction problem over the thickness of the washdoat specified surface
temperatures and concentrations. One can use Q2rerate either an average
reaction rate (in kg/fis, based on washcoat volume) or the flux at theaser(in
kg/m’s based on the gas/solid interfacial area). We stw flux (as will be seen
later this is very convenient), which can then Isedudirectly as a boundary
condition at the reactor wall in the 2D model. Thass and energy balances are
given by Equations (2.2) and (2.3) as before, hutjext to the following
boundary conditions at the wall:

ow, _ T _
—Dip(a—"r“jrzR =(N;), and -k (a—rl:R = (AHCH4)(NCH4)Z (2.8)

HereN; is the mass flux of speciésn kg/nfs of surface, where a positive value
signifies a flux into the washcoat. The subscriptiéhotes that the value is
obtained from table T2. We also point out thatdbestruction of table T2 can be
facilitated by using T1. That is, rather than cotmpy the local rates in the
washcoat depth from Cantera, we obtain these véitaes Table T1 because we
know it is a good approximation for the rate. WdtbI2 using both Cantera and
T1, and observed that the results were essentralygame, with the construction

using T1 being appreciably faster. The relativeretrajectories obtained during
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the training of table T2 are shown in Figure 2 Btfe three spline types.
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Figure 2.5 - The relative error vs. the number &-gomputed data of lookup
table T2.

One advantage of using a 1D approximation for tlashgoat depth is the
ability to use a much larger number of elements tfeg washcoat than is
realistically possible for the 2D model. Althoudbr the parameter values studied
here, a mesh of 20 radial elements was found tcsuficient, under some
scenarios of very low effectiveness factors anesmély fine mesh might be
required near the surface, and this modelling pgnacllows for that eventuality.

The use of Equations (2.2) and (2.3) with the bawpdconditions of
Equation (2.8) obtained from the lookup table doesaccount for the effect of
axial conduction of energy in the solid. In the mypdes presented here, we have
only the thin washcoat, and thus do not expecgmifstant error to be introduced

by neglecting this term. If it is desired to inctudxial conduction in the wall,
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there are two options. In the first option, oneldaimply use a two dimensional
representation of the wall, along with the 2D repreation of the channel. The
thickness of the washcoat could be added to thé walsimply ignored. The

look-up table would generate a source term as éefblowever, the radial

temperature gradients in the wall are usually snaaid it is simpler to use a
lumped capacitance 1D problem for the wall. Theegahalgorithm would be

similar to that proposed by Hayes et al. (1992)ictvhs briefly described here.
The 1D energy balance for the solid at steady sfate

Ao d () dTs Tt _ _
e Ll R R r:R + AHR)(NCH4)2 =0 (2.9)

Ac is the cross sectional area of the solid, Bnid the channel perimeter. The

solid temperature obtained by the solution of #gsiation becomes a boundary
condition for the energy balance of the fluid phasaéher than the flux term used
in Equation (2.8). See Hayes et al. (1992) foritfeta

The results from T1 and T2 are first compared gighre conversion of
methane along the channel at different inlet telstpees. The results are shown
in Figure 2.6 for a 15 cm long monolith, where st seen that the agreement
between the two methods is good. Table 2.4 alswslloe increase in execution
speed resulting from the use of T2. Note thatctorsistency, the execution times
in Table 2.4 correspond to the 25 cm monolith vaithinlet velocity of 0.5 m/s.
Generally, we observed about an order of magnitndesase in the speed. This
speed-up factor will be mesh dependent, so whemea mesh is required to

model steep gradients in the washcoat then a lapgeed-up factor would be

expected.
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- Axial conversion profiles obtained lwlbokup tables T1 and T2 at

three reactor inlet temperatures.

For the simulations shown thus far, the effectiwaniactors were all greater
than about 0.7. One might expect that the T2 tadeld be better at higher
effectiveness factors, and therefore the compasiseere repeated with lower
values of effectiveness factor. The inlet veloeitys increased, so that to achieve
complete conversion a higher temperature was reduwhich in turn decreases
the effectiveness factor. The steady state lightenfrves for different inlet

velocities are shown in Figure 2.7(a). Again, we geod agreement in all cases,

which shows that the approximation is valid.
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(a) 2D-axisymmetric model for the fluid and (b) IDodel for the fluid
with Sh=Nu=4.36.
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26  Couplingthelook-up table (T2) to a 1D channel model

It is common in catalytic converter modelling toeus one dimensional SCM.
When a whole converter is modelled (discussed)lat®ng a continuum model,

the fluid phase mass and energy balances are matilcatly equivalent to using a
1D SCM. As an additional test, we compared theltésam a one dimensional

SCM coupled to the T2 look-up table. The 1D masbearergy balance equations
expressed in terms of the surface fluxes are gimethe following. The fluid

phase mass balance is:

d dw dw 4 _
E(DI pd_zlJ - szd—ZI - kme(W|,f ‘Wi,s) =0 (2.10)

The molecular diffusion coefficient in a 1D lamindow is replaced by a
dispersion coefficient, which can be approximatsthg the Taylor-Aris model
(Hayes and Kolaczkowski, 1997).

2 2
+Vz DH

D, =D,
' 192D,

(2.11)

At the solid surface, the flux at the washcoatatefbalances the mass transfer to

the fluid, thus the solid phase mass balance is:

kP (W1 =W s) = (N), (2.12)

The 1D fluid phase energy balance is:

d dT dT 4
—| ki — | - pCpv,— - h—|T; -Tg) =0 2.13
dz(fdzj PCRVz D(f s) (2.13)

The solid phase energy balance, which included earauction in the solid, is:

R S hl 1)+ ()N ), = 0 219
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In this case the fluid and solid phases were calptng a Sherwood number of
4.36, with results shown in Figure 2.7(b). The cansions are very close to those
predicted from the 2D fluid phase models. For timeutations shown here, the

axial conduction term was not significant.

2.7  Look-up tablesfor the non-uniform washcoat

We have discussed the more realistic scenarioeofitim-uniform washcoat, and
this situation was considered in the preliminaryrkvef Votsmeier (2009).
Because it has been shown that the approximatidimedfillet shape by a uniform
washcoat can give rise to errors, we now explorthaus for building a look-up
table that incorporates diffusion in the washcaat d fillet shape. This step
requires some approximation. For example, it has lshown (Hayes et al., 2004,
2005) that the surface concentrations and tempesattary along the washcoat
external surface, and the effectiveness factor lshba considered to be local.
However, for simplicity and to facilitate the consttion of the next look-up table,
which we refer to as T3, we assume that the surfemecentration and
temperature are constant. To compute the averaégena solve an isothermal 2D

diffusion reaction problem over the domain of thiet

0°w  9%w
D | + 1 + = 0 215
eff p I:E axz ayz J S ( )

The solution for the concentration distributionthe fillet was once again
performed using COMSOL, and the average reactioe camputed by the
integration of the total flux along the boundarwidied by the cross-
sectional area of washcoat. As was done with T2,sieee the average
flux along the surface, rather than the average.r&ahe solution domain
was discretized using a non-uniform unstructuredgimef 2016 triangular
elements, with a higher element density near thdase, as shown in
Figure 2.8. Figure 2.8 also shows a typical concdidn profile for

methane in the washcoat fillet. The presence ofceatration gradients is

evident. The look-up table giving the average reactrate in the fillet
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(expressed as surface flux), called T3, was bwslhg the same procedure
used to build T1 and T2. It is advantageous to Tisen the construction
of T3, rather than Cantera, because of the largelbar of computations of
the reaction source terms. It was verified thathbotethods (T1 and
Cantera) gave the same result. We are effectivedpoling axial
conduction in the solid, which makes the comparisobit simpler. To
include axial conduction requires a full 3D solutjowhich adds
significantly to the execution time. The primaryrpase here, however, is
to compare the results obtained for the non-uniféeok-up table. The use
of this table in ECM simulations, including axiabreduction, is shown

later.

Figure 2.8 - Finite element mesh used to compueztfeness factors in the
non-uniform washcoat fillet. The mesh contains 2@l&ments. The bottom
picture shows a contour plot of a typical concdidgraprofile, clearly showing

the presence of concentration gradients.

28 Testingthetablefor thefillet shapein a 3D model

The first testing of the table T3 was done usingatis called the pseudo-3D
model (Hayes, et al., 2004; Votsmeier, 2009). is thodel, the axial dispersion
terms are all ignored, and the solution is obtaibganarching a 2D slice of the
monolith along the axis. From symmetry consideregjove can take the solution

domain to be one eighth of the channel cross seclibe solution domain and the
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finite element mesh, comprised of about 4000 eléspeme shown in Figure 2.9.

The washcoat thickness ranges from 10 to 150 mscron

Figure 2.9 - Mesh used for the pseudo 3D geométrgre are 2002 elements in
the washcoat region and 1753 elements in the gaseph

Following Hayes et al. (2004), the velocity distriion is obtained by
solving a diffusion like problem in the two dimeomssal domain corresponding to

a channel slice. Thus solve:

(azvz L0,

The magnitude of the source term is selected t@ ghe desired average
velocity in the channel. The local velocity in tB® simulation can then
be adjusted to reflect the temperature at that pa@asuming ideal gases.

The mass balance equation for the channel is writte
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v o i(Di %j +9(p 2.17)
0z 0x 0x oy oy

For the washcoat the mass balance is:

0 ow 0 ow
—| D —|+=|D — |+ =0 2.18
ax( eﬁpaxj dy[ eﬁpayj S (2.18)

The energy balances for the fluid is:

oT 0 oT 0 oT
Co) V,— = —| ki — |+ —| ki — 2.19

and for the washcoat it is:

0 oT 0 oT _

The lookup tables were built and the simulatioeeted for several values of the
effective diffusion coefficient. We present theuks from two sets. The first set
used the standard value, whilst the second setaisatlie an order of magnitude
lower. At 900 K the effectiveness factors correspog to these effective
diffusivities were about 0.62 and 0.35 respectivdlje look-up table is used in
conjunction with the channel mass and energy baklnehere the average flux at
the wall obtained from the look-up table is usedadsoundary condition, in the
same manner as with the 2D model. Figure 2.10 shibwsignition curves
obtained for the different models using the stamdealue of the effective
diffusion coefficient. To ensure clarity, we notgaa that the solid line represents
the full 3D model solution, including diffusion améaction in the washcoat, with
the source terms computed from look-up table T2 dilcular symbols represent
the solution for the channel only, with the surfdicexes obtained from look-up
table T3. Table 2.5 shows a comparison of executroas, as well as the outlet
fraction conversion obtained for an inlet tempemtof 900 K for both values of
the effective diffusion coefficient. We see thag thutlet conversion is essentially
the same for the two cases, and that the use dbtikeup table T3 gives of the
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order of a one thousand fold increase in execweed compared to the use of
Cantera. Clearly, there is a large time saving eesalt of using the lookup tables

in this manner.

Table 2.5 - Elapsed time and speedup factor ofldbkup tables for different
models

900K Cantera 2D-uniform 2D-fillet
p3D-T1 p3D-T3 1D-T3 washcoat washcoat
n 00.62 T1 T3
Conversion 71.65% 71.65% 71.52% 72.53% 77.57%  494.3
Error 0 -0.002% -0.180% 1.228% 8.260% -0.435%
Time (s) 29684 169.63 28.24 0.7 144.02 38.54
speed up 1 175 1051 42405 206 770
900K
(Dy/10)
n 0J0.35
(Co/f)’)m’ers'on 50.11% 50.11% 49.80% 50.74% 57.74%  49.49%
error 0 0.001% -0.608% 1.257% 15.227%  -1.233%
Time (s) 30795 167.48 22.47 0.9 142.03 34.45
speed up 1 184 1370 34216 217 894

29 Testingthetablefor thefillet shapein a 2D model

The preceding result, although very impressivdl stguires the use of a 3D
model for the channel. We observe that in the satms presented here, we have
avoided a certain level of complexity by considgrionly steady state
simulations, which allows the use of a pseudo-3[pragmation. However,
transient analysis requires a full 3D spatial mpaehich would still be time
consuming, even though the use of Table T3 woutllige the execution time
significantly. The next step therefore, was to campthe 3D results with a 2D
approximation of the channel, which allows axi-syatm to be used. We test and
compare two cases. In the first case, we solve piteblem using an axi-

symmetrical 2D geometry with the washcoat configuas an annulus with the
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same cross sectional area as the fillet washcdais Wansformation is the

classical one used for this level of model reductiplayes and Kolaczkowski,
1997), and the same as used in the previous seafdhis paper. A new T2 look-
up table was built for a washcoat of equivalentkhess as the non-uniform fillet.
It was seen in this case that the conversion isegpgbly different from the case
with the fillet (see Table 2.5), especially in tiermediate conversion regions.
The ignition curve for this case is representedh®s square symbols in Figure
2.10 (where it is denoted modified T2). This ressiitonsistent with that reported
by More et al. (2006), who showed that light-offwees could be affected by the
shape of the washcoat, everything else being equme. next test was then to
approximate the monolith channel using the samadrytal geometry, but now,

the look-up table T3 was used to compute the aeenage. In effect, we

reconfigure the channel, but use the effectiverias®ors for the real washcoat
geometry rather than that for the uniform washctatthis case we see from
Table 2.5 that the outlet conversion is close @ vhlue for the real channel.
These results are represented by the triangulabasignn Figure 2.10. This result
implies that we can use the much cheaper 2D soldtothe channel, provided

that the real washcoat effectiveness factor is.u8adther conclusion is that the
washcoat shape, and hence the internal diffusifattsf are more important than

the channel shape for this geometry.
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Figure 2.10 - Comparison of the accuracy of then3@lel using the T3 lookup
table. The results are compared to the real solutibthe washcoat, a 2D

representation of the channel coupled to tableal3D channel with an annular
washcoat, and a 1D channel coupled to the T3 lotdlp.

210 Testingthetablefor thefillet shapein a 1D model

The next approximation tested was to couple a 1@l model to the look-up
table T3, in the same manner as was done with €Riqusly. The mass and
energy balances for the fluid are given by Equati¢gth10) and (2.13), whilst the
solid phase mass and energy balances are:

kmp(Wl,f _\NI,S) = (Ni)3 (2.21)

h(Tr -Ts) = (-AHR)(New, )3 (2.22)

The fluid and solid phases were coupled using av@ie number of 4. To

preserve consistency with the pseudo 3D model] arigduction of energy was
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not included. The conversions predicted by this eha@de again slightly higher
than for the real case, however, they are closegmndéor most modelling work.
The result could again be improved by tuning sligithe Sherwood number.
Certainly the speed-up for this final model justfithe approximations used. The
results from these simulations are representedhd@yltamond shaped symbols in
Figure 2.10.

211 Third level model reduction:
I ncor porating exter nal diffusion resistance

The next level for model simplification is to inde all of the diffusion
resistances in the pre-computed look-up table, bils the internal and external
heat and mass transfer resistances are incorpol&@mphasize that this look-
up table would be used exclusively with the 1D nmpiteluding models for the
complete converter. The resulting 1D SCM is a senggdeudo-homogeneous type
model, which will execute very fast, but at the satime allow the correct
inclusion of all heat and mass transfer resistarideis look-up table is called T4.

We can envisage two options for the constructibthe table T4. What is
required to build the table is the ability to cdite the average reaction rate for a
given value of the mixing cup temperature and cotraéion. In principle, these
rates can be obtained by solving the single chamuglel (in either 2D or 3D)
with the appropriate T2 or T3 look-up table for ihéernal diffusion. However,
this method is somewhat time-consuming, because necessary to adjust the
inlet concentrations in such a manner to achieeerélquired mixing cup values.
A more rapid alternative makes use of the masshaadl transfer coefficients to
compute the average rates at specified mixing @lpeg. That is, solve for each

speciesi, the mass balance equation:

knamp(w ¢ ~Ws) = (-R) (2.23)

For the bulk temperature the equation is:
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han (T —Ts) = (8HR)(-R) (2.24)

The average reaction rate in the washcoat can tagneld from lookup table T2 or
T3, depending on the washcoat that is to be usedautse the look-up tables are

used to calculate surface flux, we solve iteragitke following two equations:
kmp(W|,f ‘Wu,s) =N, (2.25)

h(T; -Ts) = (BHR)Ngy, (2.26)

This method has the added advantage in that no CGM®lutions are required,
and the system of non-linear equations can be bdratllely through the use of
an appropriate MATLAB script (or indeed, Fortranather computer language,
according to user preference). It should be poitet] however, that the energy
balance implied by Equation (2.26) is only strictlglid for the steady state
adiabatic case. Indeed, for the transient casesi@ered in the section on
modelling of full scale converters), it is not pikds to compute a general look-up
table T4. For this work, the look-up table is buiing table T2 if the washcoat is
uniform in thickness (to give Table T4a), and TabB(to give Table T4b) if the
fillet shape exists. It was shown that the 1D SGipted to table T3 gave a good
approximation to the full 3D model, thus we expegood result in this step.

The resulting T4 look-up tables are incorporate@dally into the mass and

energy balance equations as source terms. The %P lmadance is:

d d d
E(Di pd—V\ij - pv ﬂz'—am(Ni)4 =0 (2.27)

Again, (Ni )4 represents the surface flux amgl is the surface area per unit of

channel volume, thus making the units consistemé. @hergy balance is:

d dT dT
E(kf Ej =(pCe); vag, + (-8HR)(New, ), 8m = (2.28)
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We should point out that, although all mass and hemsfer resistances are
implicitly included, the solution does not give amformation about the solid
concentration and temperature.

In the first instance we compare the results ftbemm1D model with T4a
with the results for the 2D axisymmetric model (fégures 2.6 and 2.7). Figure
2.11 shows the ignition curves for the result (camepto Figure 2.7). It is seen
that the difference in predicted conversion for fli& model with T4a is very
close to the full model values, showing that theragimation is good. Figure
2.12 shows the conversion as a function of axiasitpm for three inlet
temperatures, with the same values shown as obtaite Table T1. Compared

to Figure 2.6, it is seen that the agreement islgoo
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Figure 2.11 - The light-off curves generated byngdiookup table T1 and T4a
with different inlet velocity and hence differeritextiveness factors.

42



NGRS BLEL LN LN BB RN NLNLEL L LN LI IR
12—~ T1 at800 K -
T T1 at850 K 1
t — T1at900kK
10 o T4a at 800K
c [ (m T4a at 850K ]
S os8F ¢ T4a at 900K _5d
Q - ~—0
© [ P :
g 06[ n/ﬁ .
o [ ]
@) [ /E\/ ]
04 0 -
[ o ]
[ A __o-—0—0~ ]
| P _o.—O"'O J
[ o--Q-—0-©" ]
0.0 r’H"TQT||-|-?-|||||||||||||||||||||||||||—

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Axial distance, m
Figure 2.12 - Axial conversion profiles obtainedhwiookup tables T1 and T4a at

three reactor inlet temperatures.

The same procedure applied to the fillet shapeshwe@at, that is, Table
T4b gave the results shown in Figure 2.13. Theltesbtained from the 1D T4b
model are compared here with the real solutiongeaserated by the 3D model
with lookup table T3. Again, it is seen that theemgnent is acceptable. It is not
meaningful to compare the execution time for thdel. It took about the same
amount of time as the simulations for the 1D modslag T3. However, this time
really reflects the time required to load the lagktable, and access it during
execution. A more meaningful comparison will comighwthe implementation of
the look-up tables in the full scale converter misdehich is the subject of the

final sections of this chapter.
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Figure 2.13 - Comparison of the accuracy of thenmd@lel using the T4b lookup
table for the fillet shaped washcoat. The resukscampared to the real solution
of the washcoat, as given by the 3D model and thiadkup table.

2.12 Inclusion of look-up tablesin full scale converter models
Having demonstrated the efficacy of the look-ugeab the context of the single
channel model, we now turn to its use in a fulllsceonverter model. CFD
modelling of catalytic converters has been theextty)f many papers over the last
decade or so, with various studies being repofed.a recent perspective, and a
summary of the typical model equations required,idayes et al. (2012) or Liu et
al. (2007). A brief description is given here. Ténare two types of solution
domain in a converter system. The first is comprisethe open sections of the
converter that correspond to the inlet and outipesq and the two diffuser
sections. The second domain is the monolith, wisdheated as a porous medium
using the continuum model.

The turbulent flow in the open sections can be elled using the

Reynolds averaged Navier-Stokes (RANS) momentumanical and continuity
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equations. The equations are given in Chapterdiaaanot repeated here.

The momentum balance in a porous medium can bela®ad using a
volume average approach, where extra terms aredunted to account for the
presence of the solid. The total mass conservagpration (continuity equation)

remains the same:

— +0(prvs) = 0 (2.29)

The velocity is the superficial velocity, definesl the channel velocity multiplied
by the porosity. The momentum conservation equasion

%(pf Vs) + D[(pf vsvs) = -Op+ 0T - (%vsj (2.30)
whereK is the permeability tensor. For the monolith tloevfis permitted along
the channel direction only. We impose the Darcynmability in the flow
direction and a low permeability in the transvedsections. It is sufficient to
impose a permeability value in these directions twaers of magnitude lower
than in the flow direction for a monolith to enstiev along the channels (Liu et
al. 2007; Hayes et al., 2012).

The next paragraphs show the formulation of thesnzasl energy balance
equations for the pseudo-homogeneous and the Betezous models in the
context of the look-up table. We will present forariations on the equations,
each of which uses a different look-up table.

In this work we have adopted the pseudo-steadg atgumption for the gas
phase (Hayes et al., 1992). In this approach,ltie énergy balance and the mass
balance equations are steady state (the excepidhei homogeneous model,
which does not have a separate energy balancendosdlid). The method has
been long used, and an early discussion of thengdgn and the relative time
scales is given by Tien (1981). We should pointt, omowever, that the
assumption is not always valid (see, for examplyh& et al., 1985 or

Karagiannidis and Mantzaras, 2010), and in sucascds full transient equations
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might be needed. The use of the lookup table shoatidhe affected in such cases,
however.

The first of our four models is the pseudo-homogesemodel. It should be
emphasized here that the pseudo-homogeneous nadttieligh conceptually the
simplest, is rarely used in the literature. Althbuptraditionally requires the least
amount of execution time, it has been shown thaay not be reliable, especially
for transient simulations (see for example, Liuakt 2007). However, it is
worthwhile to include this model, both for completss and comparison

purposes. The species mass balance is:

@0(D, pOw ) - pvlw +§ =0 (2.31)

Although a 2D equation, it collapses toda facto 1D problem, because the
transverse to flow terms for diffusion and bulkvilalisappear. The diffusion
coefficient is set equal to zero in the orthogotwaflow direction. In the flow
direction, the diffusion coefficient with laminalofv can be approximated using
the Taylor-Aris model (Hayes and Kolaczkowski, 1p%& discussed earlier. The
superficial velocity only has a value in the aXf&dw) direction, and is zero in the
transverse direction. The flow is restricted todimgctional flow by making the
transverse permeability very small (usually abowdg brders of magnitude lower
than the flow direction). The source term accodotsall of the reactions, which
for the case presented here is represented bythbustion of methane only. The
units of the source term in this equation are Rg/rwhere the volume is the total
volume of the monolith, and therefore the valuesnfithe look-up table must be
modified accordingly. For this model, the sourcemtes obtained from the T4

level look-up table. If expressed as a flux, thessnaalance is then written:

@0 (Dy pOVY ) = pvsOw = ay(N;), = 0 (2.32)

The transient energy balance for the homogeneodglnsan be expressed as:
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O(ketOT) = PCoVIT + (-AHR)(Ner, ), am = | 0-£)(pCo)s + £(pCs), ]‘;_I

(2.33)

The area term is the surface area (fluid/washcotdrfacial area) per unit
monolith volume, therefore the units are consistamt the source term will have
the correct basis. The contribution of the fluidtie transient term is minor and
can be ignored. The calculation of effective thdre@nductivities in monolith
structures is addressed in Hayes et al. (2009)e Mwtt the axial and transverse
values are different, and depend on the physiahlg@ometrical properties of the
monolith. Also, note that the velocity in these servation equations is the
superficial velocity.

As noted in beginning of the section, the clagdmanogeneous model
ignores heat and mass transfer limitations, beceag#ion rates are calculated at
the fluid temperature and concentration. Howeverwa have seen, the look-up
table T4 can be used with the homogeneous modéthvgnovides source terms
evaluated at the fluid phase values that nevegheteorporate all heat and mass
transfer effects, even for the non-uniform washcoat

It is necessary to emphasize that the look-upetdldl is constructed as
described earlier, using an assumed value of Nuasdl Sherwood number, and
solving the coupled transport equations betweed #ind solid (Equations(2.25)
and (2.26)). We call this the non-isothermal logk-table T4, and for the
purposes of this study it was built using look-aplé T3. However, the energy
balance represented by Equation (2.26) assumealthbérmal energy generated
at the surface of the catalyst is transported ¢offiid. This balance will not be
true for transient simulations, or if significaimperature gradients occur in the
monolith structure.

The remaining three models presented are variabbriee heterogeneous
model. The heterogeneous model requires a mas®rargy balance for each
phase. There are three options for these equati@pgending on which look-up
table is used. All variations yield information oboth fluid and solid
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temperatures, however, if we want to retain infdfamaabout the solid surface
concentration, we must write the conservation egnatusing look-up table T3,
giving two conservation equations for each phase fluid phase mass balance

is:

@I (D pOw ) — pvglivg — kmamp(Wi,f _Wu,s) =0 (2.34)

At the solid surface, the flux from the washcodbhees the mass transfer to the

fluid, thus the solid phase mass balance is:

kmp(Wl,f _\NI,S) = (Ni)3 (2.35)

The energy balance for the fluid using the steatdyesassumption can be

expressed as:

O(ketOTr ) = (PCp ) VsOTy = hag (T -Ts) = 0 (2.36)
The solid phase energy balance is:

d
O (ke OTg) = ham(Tf —TS) + am(—AHR)(NCH4)3 = (pcp)S% (2.37)

The effective thermal conductivities are selecterbeading to direction and phase.
We remind the reader that the look-up table T3 valwated at the solid
temperature and concentration.

Alternatively, it is possible to use the T4 look-gble in the heterogeneous
model, and thereby eliminate the explicit equatfon the solid phase mass
balance. There are two possibilities here, and'th&able will be slightly different
in each case. In both cases, the fluid phase nalnbe is the same as for the

homogeneous model:

@0 (Dy pOVY ) = pvsOw = ay(N;), = 0 (2.38)

The fluid phase energy balance is given by Equafh6). The solid phase
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energy balance equation uses look-up table Thofltix, thus:

dT

O (ke OT) = ha (T; - Tg) + an(-AHg)(Nen, ), = (pcp)SE (2.39)

As noted earlier with the homogeneous table, saane must be taken using table
T4. In the first instance we generate what we ttal non-isothermal T4 table,
which is generated from T3 using Equations (2.2%) €.26), as done for the
single channel and the pseudo-homogeneous modesstable is evaluated using
the fluid phase concentration and temperature. Weweas noted earlier, the
energy balance of Equation (2.26) is only valid thee steady state case without
strong temperature gradients. Whilst we do not hamether choice for the
pseudo-homogeneous model, there is an alternaiivihé heterogeneous model.
We can build a T4 table from T3 by solving the miagknce equation only (that
is, Equation (2.25)) using an isothermal casedfand solid temperatures equal),
which we call the isothermal T4. However, when thable is used for the
converter solid energy balance (Equation (2.3%, fluid phase concentration
and the solid phase temperature are used.

In the following section, some steady state aaddient simulations are

tested and compared for these four models.

213 Resaultsfor thefull scale converter models

We now consider some results from the four modesy All models will use the
pseudo-steady state assumption for the gas pladescaissed earlier. The models
are (1) Pseudo-homogeneous model, with T4 tableT@Hai)]; (2) heterogeneous
model using T3 table [He T3]; (3) heterogeneous ehoding T4 non-isothermal
table [He T4(ni)] and (4) heterogeneous model usidgisothermal table [He
T4(i)]. All of the tests were performed for one werter geometry with
axisymmetry, see Figure 2.14. The monolith wasrh3ang () and 13.51 cm in
diameter D), which gives arlL/D ratio of 1.11. An insulation layer 7 mm thick

was placed between the monolith and the wall. Heental conductivity of this
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layer was 0.2 W/(m-K). The monolith cell densitysnd00 CPSI with a 7 mil
(0.1278 mm) wall thickness. The washcoat fillet shapthe same as used earlier
in this study. The inlet and outlet pipes are Siediameter DP) and 2.5 cm long
(LP). The diffuser angle is 60 degrees for both ialed outlet. The inlet velocity
profile to the pipe was uniform, with a value o6 /s at 300 K, to give a gas
hourly space velocity (GHSV) of 25 000" hreferenced at 300 K. The velocity
was adjusted to account for a changing inlet teatpes to give a constant mass
flow rate. All tests used this GHSV with a feed sisting of 1000 ppm of
methane with 6 % water and 6 % oxygen (all by v@ym@and the rest nitrogen.
Table 6 shows some properties of the monolith udedt transfer to the external
environment at 300 K occurred by convention, witheat transfer coefficient of
15 W/(nf-K).

Insulation

Figure 2.14 - Schematic showing the converter gégnused in the CFD tests on
the full size converter.
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Table 2.6 - The monolith properties used in the E€)Mulations.

Porosity 0.620
Hydraulic diameterDy, mm 1.000
Geometric surface area, GSA/m® 2479
Bulk density monolith, kg/rh 556.5

Axial permeability, m 1.94E-08

Axial thermal conductivity, solid, W/(m-K) 0.611

Radial thermal conductivity, solid, W/(m-K) 0.383

Monolith heat capacity (average) J/(kg K) 1100

The following tests were done: (1) Steady stateukitions over the
temperature range 600 to 900 K. This result reptssan infinitely slow
temperature ramp. (2) Transient simulation where thitial temperature is
generated by a steady state solution for an irdsttgmperature of 700 K (which
corresponds to an outlet temperature of about 6/@wWng to heat loss to the
surroundings. Then, the inlet temperature was ranfioen 700 K to 1000 K over
a period of one second, using a smooth exponduatiation. This step represents
an extremely fast temperature ramp.

Figure 2.15 shows the steady state ignition cufeeshe four models
expressed in terms of fractional conversion of meéhas a function of inlet
temperature. It can be seen that the four modefgedict a very similar ignition
curve, which is an interesting result. Table 2.@veh some selected points from
the curves for the different models. The executiares are not very different,
and interestingly, the pseudo-homogeneous modklttelongest to run. For the
steady state simulations at an inlet temperaturf@006fK, the times are 229 s for
the pseudo-homogeneous model, 199 seconds foetbeoheneous T3, 149 s for
the heterogeneous T4(non-isothermal) and 157 s thwr heterogeneous
T4(isothermal).
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Figure 2.15 - Steady state ignition curves for flv@ models expressed in terms

of fractional conversion of methane as a functibmtet temperature. See Table
2.7.

Table 2.7 - Selected points for the steady staigiog curve for the four ECM
tested.

Temp., K 700 750 800 850 900

Homogeneous, T4 | 0.0172 | 0.1156] 0.4617 0.8579 0.9816
Ho T4(ni)

Heterogeneous, T3 | 0.0170 | 0.1156| 0.4617 0.8579 0.9816
He T3

Heterogeneous, T4, | 0.0170 | 0.1156] 0.4617 0.8579 0.9816
isothermal,
He T4(i)

Heterogeneous, T4, non-0.0170 | 0.1156 0.4617 0.8579 0.9816
isothermal
He T4(ni)

Figure 2.16 shows the ignition curve for conversagra function of time for

the fast temperature ramp. It is interesting teertbat the results are very similar
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for all of the models tested. The average outlet tganperature as a function of
time is shown in Figure 2.17. We observe thatkesamuch longer for thermal
steady state to be reached, compared to the timeath 100 % conversion. The
reason is that the front of the monolith achievesigih temperature before the
back has started to warm, and most of the methemes in the first few cm of
length. The temperature responses are similar, sathe discrepancy at higher
inlet temperatures. Figure 2.18 shows two perspeotiews of the converter,
each being a snapshot of the temperature profienglthe transient run for the
slow temperature ramp. The pictures corresponduttetoconversions of 25 %
and 75 % respectively. The temperature distributeoilearly seen. The radial
profile is the result of heat losses through thésyas well as the uneven heating
pattern introduced by the variable velocity proféeross the radius of the

monolith.
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Figure 2.16 - Transient ignition curves for the fomodels expressed in
terms of fractional conversion of methane as a fiomcof time for a high
speed temperature ramp.
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Figure 2-18 - Temperature profiles during the slaht-off run. The top picture
corresponds to an outlet conversion of 25 %, wthlgt bottom has an outlet
conversion of 75 %.
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There is some difference in execution times. Fer fist 25 seconds of
reactor time, the CPU times are (1) pseudo-homagener4, 705 s; (2)
Heterogeneous T3, 65,559 s; (3) heterogeneoussotinermal T4, 567 s; and (4)
heterogeneous isothermal T4, 511 s. What is irtiagess the very long time
required for the heterogeneous T3 model, whichrissalt of having to solve the
additional mass balance equation for the solidctvins very slow to converge to a
solution. We point out that we did do some simoladi with slower temperature
ramps, and the there was less difference betweenotliput curves. The
difference in execution times between the hetereges T3 model and the others

did decrease somewhat, but there was still a ldifgrence.

214 Conclusions

In this work we have examined the use of pre-coegbulata stored in look-up
tables to reduce the execution time required fer shmulation of a monolith
reactor. We have extended earlier work to show timateffects of both internal
and external diffusion resistance can be easilgrparated into the pre-computed
values, giving a much larger speed enhancementtitfzrobtained by computing
the rate alone. The effect of complex washcoat gdgmcan be easily
incorporated in this way. Finally, the use of ttype of look-up table allows for
the modelling of full scale catalytic converterstwthe inclusion of the detailed
washcoat diffusion effects in real fillet shapedhet micro level at a reasonable
cost in terms of execution time. These improvemeats readily be adapted to
other reactor types, such as packed beds or dituetiged reactor types to give
similar increases in execution speed.

Having demonstrated the effectiveness of the dataction method, it is
nonetheless pertinent to emphasize a number oftolihe improvements of
CPU time shown depend on the solvers used, the wiimgplanguage, the mesh
size, the underlying model assumptions, operatomglitions, etc. Changes in any
of these could all lead to very different executtimes, which would in turn
affect the speedup factors. We are not claimingh&we achieved the best
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execution time in each case; however, the degrepe#dup should be significant
in all cases. Another point is that for the mechonimodel chosen, we have
assumed a steady state at the catalyst surfacerlfadsspecies in equilibrium
with the case phase). When this is not true, theruse of look-up tables would
be more complicated.
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NOMENCLATURE

Ac cross sectional area of channef, m

an, Surface area per unit volume?/m®

Cp Constant pressure heat capacitkgK
D Diameter of monolith or channel, according toteah m
D, Molecular diffusion coefficientm?/s
DP Diameter of inlet pipem

Dy Hydraulic diameterm

h Heat transfer coefficient/m?K

(AHR) Enthalpy change of reactiod/mol

k Thermal conductivityW/m[K

K Mass transfer coefficient, m/s

K Permeability, m

L Monolith length, m

LP Length of inlet pipe, m

M Molar mass of a substance, g/mol
(N;) flux at the washcoat channel interface, kg&m

Pressure, Pa

p
P perimeter of channel, m

(-R) reaction rate of speciéskg/m’s

(-R) average reaction rate of spediekg/m®s

S source term for speciéskg/(n- s)
t Time, s

T Temperature, K

r radial coordinate, m

Y, Velocity, m/s

X coordinate location, m

58



y coordinate location, m

w Mass fraction

Greek Symbols

[0) Monolith porosity (open frontal area)

p Density, kg/m®
M Viscosity, Pa:-s

Subscripts

eff effective value

f fluid

i species

S superficial

S Solid, surface or superficial

z Axial component
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Chapter 3:

Applications of Multi-scale modelling to Catalytic Converters

Parametric Study of a Recuper ative Catalytic Converter

Overview

This chapter describes a computational study abpagsed recuperative catalytic
converter intended for the catalytic combustionle#n methane streams. The
design is based on the principle of alternatingetayof washcoated monolith
channels through which the fluid passes in coucterent flow. Heat transfer
occurs continuously across the boundary separtdimtayers, thus the exiting hot
gas exchanges energy with the incoming cold gasnditbs composed of
Cordierite and silicon carbide are compared, edahhich had 12 % by volume
washcoat applied. The effects of layer thicknessnatith length and space time
are compared. It is found that the monolith congatisof higher thermal
conductivity material is more effective in enharmgithe temperature in the
reactor. Conversion of methane entering the readtoglatively low temperatures

can be oxidised with some added thermal energy.

This chapter is a modified version of the papeR--Litto, T. Nien, R.E. Hayes,
J.P. Mmbaga, M. Votsmeier, Parametric Study of auRerative Catalytic
ConverterCatalysis Today, 188 106-112 2012.
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3.1 Introduction

The quest for lower levels of exhaust gas emissfmms the automotive sector
has resulted in the successful adoption of thdytet@onverter for stoichiometric
gasoline engines and for lean burn Diesel engihesthe former case the
technology is well developed, whilst for the latbase the lean burn environment
causes special problems for N@eduction. Diesel lean burn engines also have
lower exhaust gas temperatures, making the oxigagactions more difficult.
Recent moves to use alternative fuels with a lowaxbon footprint have led to
increasing challenges. A key alternative fuel ismpoessed natural gas (CNG),
which has the lowest GCemissions per unit of produced energy of all @& th
hydrocarbons. CNG is usually used in a lean bummpression ignition (ClI)
engine. The key hydrocarbon in the exhaust is methand forthcoming
legislation will require its control in such engmeMethane is the most stable
hydrocarbon and the most difficult to activate, mgkits destruction in the
catalytic converter problematic. Methane combustiequires a relatively high
temperature compared to other hydrocarbons and adoo monoxide.
Furthermore, the effort on the part of the engirenufactures to produce lower
in-cylinder combustion temperatures leads to lovhaesst temperature, thus
compounding the difficulty. The design of a cat&lydtonverter for a natural gas
engine thus remains a challenge. Maintaining aaeifitly high temperature for
auto thermal operation is difficult with the relagly small amounts of methane in
the exhaust. In the absence of a significantly namtéve catalyst than the ones
currently known, it is therefore likely that somerrh of thermal management
system needs to be adopted.

Typical thermal management systems, also known est tegrated
concepts, employ some form of combined reactiort Beahange, in which the
thermal energy in the effluent gas is exchangetl Wi¢ influent. In the literature,
many designs of combined reactor heat exchanges baen proposed, and a

summary of some of the options is provided in [Ah interesting design,
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proposed in the early thirties and subsequentleld@ed by many parties is the
reverse flow reactor. This latter system was usea system specifically intended
for a natural gas vehicle [2]. The drawback of gystem in an exhaust stream is
that there are several moving parts. Other typesitefyrated reactor and heat
exchanger concepts have been presented [3, 4]. aNe somewhat arbitrarily
divide the concepts into two groups. In the fitbe reactor and heat exchanger
are not directly integrated, that is, the feed afifuent exchange heat in a
separate heat exchanger. This design has an adeanta that one can
independently control the heat transfer parametach as the heat transfer area,
and the construction may be easier. In the secoodpg the reaction and heat
exchange occur in the same physical unit, thahese is a continuous exchange
of heat with the reactor. This type of system mtgrahe possibility of a smaller
unit size, although the amount of heat transfea areailable will now be a
stronger function of the internal configuration,daaone is constrained by the
materials that must be used to construct the reatkwus careful consideration of
the design is important. This work describes a agatpnal study of a counter
flow monolith reactor, in which alternating layexsmonolith have opposite flow,
and thus exchange heat. Each layer is of the afdean to twenty channels in
thickness. The objective is to determine if thisetyf design offers promise for a
catalytic converter for a CNG engine.

Reducing exhaust emissions of natural gas interm@abustion engines is
critical and new technology is required. The tedbgy that uses engine exhaust
waste heat for auto-thermo reaction in recuperatinamner has a potential for

simultaneously reducing both exhaust waste heatarad emissions.

3.2  Reactor concept

The fundamental concept of the proposed reactdrieshanger is to use the
existing and successful monolith reactor design.employ the counter-current
flow with heat exchange, we have alternating layefsmonolith cells with

opposite flows. Heat transfer occurs in the trarsweto flow direction by
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conduction, and is carried by convection in thewflairection. The three
dimensional view of a section is shown in Figurgé &nd the cross section view

from the side that illustrates the flow patternshewn in Figure 3.2.

HE
H
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"

Figure 3.1 — Perspective view of a counter flowupsrator comprised of
monolith section.
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—> —>
- -
— —
- -

Figure 3.2 — Cross section of recuperator illustgathe flow patterns.

Fresh feed enters at a relatively low temperatuom fthe front, travels along the
monolith sections shown, exits the monolith andniged in the chamber at the

end, and finally enters the alternate monolith tay® travel back to the front.
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Heat transfer by conduction will occur across thenaiith layers, so heat from
reaction can pre-heat the feed. Some energy magded in the mixing chamber
at the end to ignite the reaction and to maintato-dhermal operation if the inlet
temperature or the methane concentration are |ldve. 8mount of such added
energy is a critical design parameter of this cphce

To understand some of the performance issues highdesign, a detailed
parametric study can be performed using computedetting. Although the
reactor is three dimensional in nature, the peréoree can be analyzed with a
good degree of accuracy using a two dimensionaloxppation. A representative
reactor section can be represented by the halfhhefone forward and one

reverse flow section. The resulting sub-domainssamvn in Figure 3.3.

- - >
—> —> '\
X=0 X=L \
Mixing
chamber

Figure 3.3 - Solution domain of the proposed recaipe monolith reactor.

The layout of the rest of the chapter is as follolvsSection 3.3 the model
equations are developed for the case without atldowti chemical reaction. We
then present, in Section 3.4, a detailed studyhefrecuperative performance of
the unit. In the first instance, this study is pemnfied without chemical reaction
present, to allow us to focus on the heat transfeperties of the unit. Finally, the
catalytic combustion of methane is studied usirdetailed mechanistic reaction
model that accounts for the non-uniform washcoapshand the internal

washcoat diffusion resistance.
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3.3 Modd Equations

The classical method to model the monolith sectierts treat them as a porous
medium, thus using a continuum approach. Furtheembis generally considered
necessary to use a heterogeneous model, in whighrate mass and energy
balance equations are written for the fluid andidsqglhases. The general
background on the equations required for the hg&reous modelling of a
monolith reactor system are given in, for exampééerence [5]. Because of the
low Reynolds number in the monolith channels, Dardgw is valid for this
domain. For the case without chemical reaction,sihmuilation requires solution
of the momentum, continuity and energy balance @ops For the monolith, the
momentum conservation equation (also called Voldwerage Navier-Stokes, or

VANS), with the porous inertial term defined usibgrcy’s law is [5]:

%(pf vs) + Dfps vgvs) = ~OP + D[ - (%vsj (3.40)

whereK is the permeability. For a structured monolith fllogv is permitted along
the channel direction only. This uni-directionavil can be imposed by using the
Darcy permeability in the flow direction, with arydow permeability imposed in
the transverse directions. It is sufficient to irmpa permeability value in these
directions two orders of magnitude lower than ia tlow direction for a monolith

to ensure flow along the channels [6]. The velotthe superficial velocity, that
is, the velocity based on the total cross sectianad. In the open space, we use
the standardk —¢ turbulence model with default parameters. The bamnd
conditions used for these equations are no sligliton on the walls, a uniform
inlet velocity, and at the outlet a pressure cooditvith zero viscous stress.

The solid phase energy balance is:

0T,
(1_(P)PSCP,56—,[S = D[qkeff,SDTS) +ha, (T -Tg) + S (3.41)

The subscript$ andf refer to solid and fluid phases respectively. thar solid,
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the effective thermal conductivity in the flow diteon is the solid thermal
conductivity multiplied by the solid fraction. Effeve thermal conductivities
were computed using the methods outlined in [/haqithe electrical model with
parallel resistances. The source term is zeroenatseence of reaction, and with

reaction present it is given by:

S = (AHR)on(-Ren, ) (3.42)
The enthalpy of the reaction in kd/mol is a functad temperature [5]:

(AHR)cp, =-806.9+ 1.586 10°T ~ 8.485 10T ?

-3.963x 10°T3+ 2.18 1041 ¢
(3.43)

For the fluid phase, we invoke the pseudo-steaate stssumption, where the gas
temperature and composition is assumed to be adl\stgtate with the evolving
solid temperature [5]. The steady state fluid pheasergy balance in the monolith
sub-domain is:

O [qkeff,f Ty ) — Pt Cp svs T —ha, (Tf -Ts) =0 (3.44)

The effective axial thermal conductivity of theiflun the monolith is calculated

by analogy to Taylor-Aris dispersion [5],

(Vs Dy P Cp s )2

k = k¢ + (3.45)
et @192k,
The thermal conductivity of the fluid is a functiohtemperature:
] w
ki = 0.01679+ 5.078 18T o (3.46)
m

The transverse thermal conductivity of the fluideés to zero. The heat capacity of
each gas species was described by a third-ordeyngoial function of
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temperature using data from [5]. The mixture hegiacity was calculated using a
weighted molar average.

Co =a+bT +cT? +dT3 (3.47)

The mass balance equation is required when readigoresent. The
equation contains terms for the bulk axial flow andal dispersion. Transverse
flow by advection and dispersion is zero. The stesthte fluid phase mass

balance equation is written in terms of the coati:

0 OWeH OWcH
(pa[Dx,eff of 6X4J‘Vspf Ix * —kna, Py (WCH4,f _WCH4S):O (3.48)

Note the inclusion of the porosity (fractional op&ontal area) termg. The

effective axial dispersion coefficient is calcuthtasing Taylor-Aris dispersion
[5], where the result for circular channels is udedapproximate the square

channels actually present, with the hydraulic diemeD, , replacing the

diameter, thus.

(3.49)

The molecular diffusion coefficienDag, of methane in air is calculated using the
Fuller method. With pressure in Pa and the tempe¥ain Kelvin, the binary
diffusion coefficient is [5]:

175 2
Dpg = 9.99x105 1 M- (3.50)
P S
The fluid is treated as an ideal gas with massitlegwen by:
M P
Pt =5 (3.51)
R,T
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The solid phase mole balance is:

0= rl¢(‘RCH4) +kmay Py (WCH4,f - WCH4,S) (3.52)

Note that in this equation, the reaction rate iegiin terms of the washcoat
volume, and¢ is the fraction of the monolith volume occupiedtbg washcoat.

The partial differential equations governing tleacator performance were
solved using COMSOL Multiphysics version 4.1.

As mentioned in Section 3.2, many simulations weggdormed without
the inclusion of chemical reaction, and in thiseceis®e mass balance equation is
not needed, nor are the reaction source termsdnetfergy balance equation.
Following this study (discussed in Section 3.4) fttatalytic combustion of
methane was included to investigate the effectanversion of the recuperative
operation. If one wishes to include the reactiom ingorous way, then a detailed
mechanistic model can be used. For the catalytrobestion of methane, the
model proposed by Deutschmann et al. [8] is prob#ie best known, and that
model was used in this investigation. This mechranises 24 surface reactions to
model the combustion of methane. Because of the teigperatures that are used
for methane combustion, it is possible that diffuslimitation occurs within the
washcoat, and thus this effect has to be includ@ibd. magnitude of the diffusion
effect depends in part on the shape of the washedath tends to be non-
uniform in thickness when square monolith chaniets used. For this work, it
was assumed that the washcoat forms fillets irctmeer, as shown in Figure 3.4
(which shows one eighth of the washcoat in a chHanvidch is assumed to be
symmetrical). It is necessary to calculate the ayemreaction rate in the washcoat

using a reaction sub-model, which was done in®Hewing manner.
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Figure 3.4 — lllustration of the fillet shape usednodel the washcoat.

Consider the diffusion and reaction occurring invashcoat. The mass

balance equation for a fillet can be written in whimensions as follows:

0(Degr pr DWe, ) = (~Rena) = O (3.53)

This model is in essence a slice of monolith, amdutation of the mass fraction
in the washcoat using this equation implies thatdiffusion in the axial direction
is not significant. This assumption has been regotio be acceptable. The
reaction rate of methane can be calculated fromCiaetschmann mechanism
using methods they have described [8]. In this wavke assumed that the
adsorbed species are in equilibrium with the gessehThe reaction rates were
then calculated using the open source softwaree€aff]. Dirichlet conditions of
constant temperature and mass fraction were impasedthe boundary
corresponding to the gas/solid interface. The waahtllet was assumed to be
isothermal, which has also been shown to be a gesdmption [10]. The solution
for the concentration distribution in the fillet svyperformed using COMSOL, and
the average reaction rate computed by the integratf the total flux along the
boundary divided by the cross-sectional area oha@at.

To use a complex mechanistic model in a non-unifamashcoat is
computationally prohibitive unless special measunestaken. In this work, the
average reaction rate occurring in the washcdat filas pre-computed and stored
in a look-up table that was simply accessed dutiing execution of the
recuperator simulation code. Although the constoncof the look-up table takes
some time, it is built once and for all beforehaag therefore many recuperator

simulations can be performed in a cost effectivemea using this table. The use
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of pre-computed rate data for complicated reaatidtiures has long been used in
homogeneous reaction [11 - 13], and more recentBurface reactions [14, 15].
In essence, the reaction rate is approximated usisgt of multivariate spline
functions on a regular multidimensional grid. Itsheeen shown that multi-
dimensional splines can be effectively used fas fhirpose by pre-computing the
polynomial coefficients and storing them in a datb[14]. In this work we used
cubic splines, which have been shown to give theoshest interpolation of a
given dataset [16]. The spline functions were busiing MATLAB. The method
is equivalent to using the look-up table T3 desatibh Chapter 2.

Section 3.4 presents some results and discusstamed in the presence

and absence of reaction.

34  Resultsand discussion
One of the key design parameter for the recuperatienverter concept,
regardless of design, is the extent of accumulatioenergy, which is quantified
by the maximum temperature attained in the reacldis temperature is
obviously important in achieving the appropriateeleof combustion. For systems
with reaction, this effect is often quantified blyet multiple of the adiabatic
temperature rise corresponding to 100 % conversianis observed. In this first
section of the investigation, we do not considereaction, but rather input a
known quantity of thermal energy in the mixing sactat the end of the reactor
(see Figure 3.3). This preliminary investigatiorsva®ne to explore the reparative
powers of the proposed design without considering tomplexities of the
reaction. The performance of the converter canuamtified by some parameters.
For example, the maximum temperature achievedensitstem is quantified by
an enhancement factor, defined as:

Tmax — Tin

FE = == (3.54)
Tout - Ti

This definition of the enhancement factor may gavenisleading impression of
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the efficiency of the recuperator, because the mam temperature might be
very localized. In general, the highest temperatwecur along the inlet of the
return section, and therefore, to give a more sgalpicture of the enhancement
factor, the maximum temperature in Equation (3\4&3% replaced by the average
temperature along the inlet of the return mondeltion. The difference between
the inlet and outlet temperatures at steady statkeiermined by the amount of
thermal energy added to the system, either by exotic chemical reaction or
addition by heat transfer. For a non-reacting sysét steady state, an energy

balance gives the overall temperature rise forvarginput level of energy:

q = mCp (Tout - Tin) (3.55)

In this case, the mass flow rate is the value lier honolith slice. The equation
can easily be re-arranged to give an explicit aqnafor the added energy
required to give a specified maximum temperaturéhésystem by incorporating

the enhancement factor, viz:

mC
q= = P (Tmax _Tin) (3.56)
E

The maximum temperature in the reactor in operatidhbe limited by the twin
requirements of methane conversion and reactolysatangevity.

To quantify the influence of geometry and velocitgysults are presented
in terms of space time, which is here defined asethe length of monolith (total
monolith flow path) divided by the inlet velocitgferenced at 400 K. Typical
operating conditions for a catalytic converter at®HSV from 25 000 to 100 000
h, which corresponds to a space time of between &n@40.14 s. If we assume
that the recuperative converter will have some taatthl volume, then the upper
limit of realistic space times could be taken asul).5 s.

To gain some physical insight into the competitineat transfer processes

occurring, and as an aid in interpreting the resoifitained, we can write a simple
75



energy balance for the recuperator using a simp&ugn-homogeneous model
without reaction. It should be emphasized here that simple model is only
being discussed to illustrate some underlying patamgroups that will govern
performance. The heterogeneous model presentedereavhs used in all
simulations reported in the paper. We Xetepresent the flow direction and
represent the orthogonal to flow direction. Notthgt the fluid only flows in the
direction, and assuming constant physical propenie can write:

0T 0°T aT

F + ky,ef‘f_ - VS(pCP)_ =0 (3:57)

k
X, eff ayz ox

Define dimensionless distances based on the rebaigth, L, and the section

thicknessH:

X* = —; y* = ﬁy (3.58)

| x

The energy balance can then be rearranged to give:

K 2 k §
ot | 0T [ Kyen (Lj 0T _ 9T -y (3.59)
(PCp)v,L Jax*? ((PCp)v,H J\H Jay*2? oax*

The temperature distribution thus depends on temsvand axial Peclet numbers,

and the aspect ratio of the reactor.

2 2
R A )5
Pea/ax*? \ Pg)\H)gy*2 dx*

We can thus see that the critical variables willthe length, section height, and

the effective thermal conductivities in the trarrseeand flow directions. It should
also be noted that increasing the section thickn@gsrything else being equal,
reduces the area available for heat transfer fgiven reactor volume. It can be
shown that the total heat transfer per unit reaottume is equal to the inverse of

the total section thickness.
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To illustrate the recuperator performance, theysta this case considered
total monolith lengths of 15, 20 and 25 cm. Thetisacthickness for each flow
pass was varied from 10 mm to 40 mm. Two monohtlese used, representing
Cordierite silicon carbide. The substrate thernalduictivities were taken as 1.5
and 15 W/(m-K) respectively. Both monoliths wersuesed to contain 12 % by
volume washcoat with a thermal conductivity of Q\B(m-K). The effective
radial thermal conductivities are thus 0.292 W/(inf&r Cordierite and 4.0
W/(m-K) for silicon carbide respectively. For thesa@mulations, the inlet
temperature was chosen to be 400 K in all caseesiked outlet temperature was
specified and then the necessary added energy alaslated to give this outlet
temperature for the appropriate space time.

We consider first the Cordierite monolith. The igdon of the
enhancement factor with space time for three mtim@@ngths is shown in Figure
3.5. It is seen that the length makes a contributeothe enhancement factor at
longer (unrealistic) space times. (The mean reseletime is likely more
representative, however, it is more complex to detd as a result of the variable
density). The simulations were repeated for thrigeerdnt outlet temperatures
(420, 450 and 500 K) and there was negligible ckfiee between the curves. As
the specified outlet temperature increased furtherwas found that the
enhancement factor had a tendency to fall, howetrer, reduction was only
significant at larger space times, and at thesecespgames the maximum
temperature was excessive. It can be seen fromrd=ig.5 that for a realistic
space time an enhancement factor up to 5 is adhiewehe Cordierite monolith
with a 10 mm total layer thickness.

Figure 3.6 shows the effect of increasing thedagtal thickness from 10
mm to 40 mm, again for the Cordierite monolith wathength of 15 cm. It is seen
that the enhancement factor decreases with inogdayer thickness. The trend
in this result is as expected, however, from thgmtade of the drop it can be
concluded that the use of Cordierite monoliths wdikely only be practicable

with relatively thin flow sections.
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Figure 3.5 - Variation of enhancement factor asfion of space time for a
system composed of a 400 CPSI Cordierite monolith avlayer thickness of 10
mm and different total length. (a) range of spaoetup to 3 s and (b) range of
space time up to 0.5 s.
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Figure 3.6 - Variation of enhancement factor in teactor as function of space
time and thickness of each flow section. The Caoitgienonolith was 15 cm long.

The radial effective thermal conductivity is a kggrameter in making the
proposed design a success. The increased usacohstarbide in auto exhaust
gas after treatment devices has meant that itastipal to consider its use in the
recuperator design. As noted, the thermal condiiiztof the substrate is about an
order of magnitude higher than Cordierite.

Figure 3.7 shows the results obtained for a sulestwéh higher value of
thermal conductivity. Comparing the result to theBewn in Figure 3.6, it is seen
that the enhancement factor rises more quicklywthnfower space time and then
more rapidly than the case for Cordierite. Figurg then shows the effect of
section thickness for the silicon carbide. The samed is observed as with the
Cordierite, but the overall enhancement factorshagaer. A direct comparison

between the enhancement factors for Cordieritesdimdn carbide for the 10 mm
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thick sections is shown in Figure 3.9. The supdyicof the silicon carbide is

evident.
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Figure 3.7 - Variation of enhancement factor ascfiom of space time for a
system composed of a 400 CPSI silicon carbide nitbnelth a layer thickness of
10 mm and different total length.
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Figure 3.8 - Variation of enhancement factor in teactor as function of space
time and thickness of each flow section. The silicarbide monolith was 15 cm
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The second set of simulations shows the conversionethane using the
kinetics presented earlier. The feed to the reambatained 500 ppm by volume
methane in air, and the inlet temperature was 400 ¥{mulate a low exhaust gas
temperature. It is evident that at these condit®ome energy would have to be
added to maintain combustion. We consider the oase15 cm long converter
with a section thickness of 10 mm, with an inleloegy of 1.5 m/s. The resulting
space time is therefore 0.2 s. Figure 3.10 shoestimversion as a function of
thermal energy added in the mixing section. It éers that the conversion
increases as a function of energy added, which setexpected. Furthermore, it
is evident that the higher thermal conductivitycsih carbide requires about one
half of the added energy for the case of the Catdisubstrate.

It is worthwhile to point out that the combustiohmethane produces of
the order of 50 kJ/g. To achieve complete combnsifdhe input methane stream
requires about 100 kJ/kg of feed for the silicorrbade monolith, which
corresponds to about 3800 ppm of methane beingdattdaid the combustion
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process. In an automotive exhaust, some CO woulghrbsent, which would
reduce the requirement for added methane. It shalatnl be pointed out that this
value of 3800 ppm is based on an inlet gas temyeraif 400 K. A higher inlet

gas temperature would require less additional nmetha be added.

10 T 1 1 T I T

0.8

0.6

0.4

—&— Cordierite
—e— Sijlicon carbide

Conversion

0.2

0.0

0 50 100 150 200 250
Energy added, kJ/kg

Figure 3.10 — Conversion of methane as a functfdreat added to the system for
Cordierite and silicon carbide monoliths. The sawiare 10 mm thick and the
monoliths were 15 cm in length.

3.5  Concluding remarks

This study has demonstrated the heat trappingtedfethe recuperative catalytic
converter. For a given space velocity that is tgpfor the operation of a natural
gas powered vehicle, it has been seen that the wsiitoh of added methane is
able to elevate the reactor temperature to a lsu#ficiently high to achieve

catalytic combustion of methane. The actual peréoroe will depend on factors

such as the real catalyst activity and the sizéhefunit. To explore further the
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feasibility of using such a device, a more detajedameteric study should be
conducted based on a specific catalyst. The reshitaild be compared for

efficiency with the design where a separate reambor heat exchanger are used,
to determine which design offers the most promise.
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NOMENCLATURE

(AHR)

kxf eff
kx,eff

|(y,eff

Surface area per unit volume?m®
Constant pressure heat capacitkgK
Hydraulic diameterm

radial conduction factor for a monolith, dimensksd

Heat transfer coefficieniV/m?K
Thickness of a monolith section, m

Enthalpy change of reactiod/mol

Thermal conductivityW/m[K

effective thermal conductivity of fluid, flow diction, W/(m [K)

effective thermal conductivity of monolith, flowrdction, W/(m [K)

effective transverse thermal conductivity of motiglw/(m [K)

Mass transfer coefficient, m/s

Permeability,

length of reactor, m

mass flow rate, kg/s

Molar mass of a substance, g/mol
Pressure, Pa

Energy added to reactor, J

Gas constant, J/(mol- K)
rate of disappearance of metharmaol / (ms)

Average rate of disappearance of methame)| / (m3s)

Source term in energy equation
Time, s
Temperature, K
Velocity, m/s
Mass fraction
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X coordinate in the flow direction, m

y coordinate orthogonal to the flow direction, m

Greek Symbols

p Density, kg/m®

n Effectiveness factor

€ Turbulent kinetic energy dissipation rate
gy  Fraction of monolith occupied by washcoat

Stress tensor

—

U Viscosity, Pa-s

(0} Monolith porosity

¢ fraction of reactor occupied by washcoat
Subscripts

f Fluid

i Species

S Solid, surface or superficial
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Chapter 4.

Applications of Multi-scale modelling to Catalytic Converters:
Effect of cell density on methaneignition in a monolith reactor

Overview

This chapter describes a parametric study of a Hhtbhneeactor for the
combustion of lean methane mixtures. The effecthef monolith substrate cell
density on the light-off curve is examined. Six ralith substrates are examined,
with different cell densities or wall thickness. €llmonoliths are treated in a
consistent manner, with a constant catalyst andheos loading in each case. A
complex mechanistic kinetic model for the combustid methane is used. All of
the internal and external heat and mass transéestaace are treated consistently
at the appropriate scale. The sub-models for taetign rate, internal and external

mass transfer are pre-computed and stored in lpdizhles.

This chapter is a modified version of the paperA--Fadic, T. Nien, J.P.
Mmbaga, R.E. Hayes and M. Votsmeier, A Case StudMultiscale Model
Reduction:Effect of Cell Density on Methane Ignition in Moitbl Reactors,
to be submitted to th€anadian Journal of Chemical Engineering
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41  Introduction

Automotive catalytic converters are used in modticles to meet government
mandated emission limits. The standards are gettighter since their
implementation as the number of cars in circulatrameases and hence, the total
level of emissions due to these sources. The halethese reactors play in the car
is to perform a chemical reaction that is abledstby these compounds in order
to meet the requirements. However, usually theaetiens would not take place
under the exhaust gases conditions unless a dalysed. To be able to use this
solid catalyst efficiently, monolith substrate tygre built, whose surface is coated
with a thin catalytic washcoat. The coated monadktencased in a can, which is
placed appropriately in the exhaust system. Thexerany spatial configurations
possible, which exhibit different flow and temperat patterns. One of these
configurations is the cell density measured by <ekr Square Inch (CPSI).
Another parameter that can be modified in a momakt the wall thickness,
usually measured in thousands of an inch (mil). iiaén objective of this work is
to study the influence of these parameters in b dodle reactor, taking into
account all of the physics involved.

Detailed optimization of converter design is a ticensuming process,
and furthermore, configurations are often restddtg the automobile design. To
evaluate the performances of different configurajophysical models could be
built, but doing this has the downside of beingr@etconsuming process and very
expensive. Another approach to evaluate the pedooa is to use computational
methods, such as Computational Fluid Dynamics (CEBD is very demanding
in terms of computing capabilities, however, commpypower has increased over
the years allowing faster and more accurate CFRutaions with low cost
desktop computers, by using commercially availabte open source CFD
packages such as COMSOL Multiphysics, FLUENT, CFKLOW3d,
PHEONICS, STAR-CD or OPEN FOAM, which solve the servation equations
for momentum, mass or energy by using either thetd=iElements Method
(FEM) or the Finite Volume Method (FVM).
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There are two approaches used to model monolitttoesawith CFD tools. One
approach is based on the single channel model{3fhich only one channel is
considered, and it is assumed that all channelshaile the same behaviour, so
the full model can be computed from that resultwieeer, flow mal-distribution
and energy transfer in a full scale reactor melasthis assumption is not usually
valid [2]. It would therefore seem inevitable ttiae full spatial model for the
converter must be solved in either two or threeetigions, however, to model the
real physical space of a full size monolith coneertvhich even for small units
contain thousands of channels, is very costly imseof computer time. See, for
example, the fully discrete model developed by [@ho used the Lattice
Boltzmann method to solve a converter problem fonanolith with about 7500
channels. They did not include heat transfer effectreactions, and a simulation
took a few weeks on several hundred processorsimgpik parallel. Although
new hardware and software will likely make this ggzh more feasible in the
not too distant future, most converter models ugelame averaging process and
treat the model as a continuous porous medium][4/d@ume averaging causes a
loss of information at the micro-level, but eludi® the macroscopic flow
patterns, which are needed to understand the demveperation. Another
technique is the representative channel methodyhith a few channels are
modelled in detail, and then combined with a mauoadel for the whole
converter [6, 7].

As noted above, the use of continuum model leada ltoss of spatial
resolution at the channel scale. As shown in Figute(from [14]), and discussed
in Chapter 2, to consider the effects of mass agat kransfer correctly, it is
important to take into consideration the shapéhefwashcoat in the channel. To
allow the inclusion of both complex kinetics andadimscale heat and mass
transfer effects, Nien et al. [8] (Chapter 2) immpénted a lookup table
technology, which reduces the computing power regluio run a full scale model
by using pre-computed data, and which retainsfah® small scale information
in the full scale model One of the most remarkabgilts is the reduction of time
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required to compute a solution to a full scale r@amodel using the lookup
tables compared to the computation using a chegmmstdule such as Cantera.
The speed-up factor could be up tp five orders agmitude when modelling a
complete converter with complex kinetics.

The purpose of this paper is to report a full scapproach of the
modelling of the catalytic converter, placing anpdasis on the versatility of the
lookup table approach, which allows the solutioraafery complex problem that
includes a complex kinetics mechanism and inteama external diffusion in a
simple manner. We investigate the effect of celhsity on the ignition of
methane on a monolith with platinum catalyst. Thpegiment was set up as the
transient simulation of the catalytic convertermparing their performances in
terms of the light-off curves and in terms of tleckpressure. It is reiterated that
all internal and external mass and heat transfectsfare handled in a consistent

manner.

Figure 4.1 - Scanning electron micrograph of a niitmavith square cells and a
catalytic washcoat. From [14].
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4.2  Shape optimization of a catalytic converter

As noted earlier, CFD can be employed as a compuotdtdesign tool to aid in
the optimisation of a converter system. Intereshape optimisation to maximise
conversion whilst minimizing such variables as mes metal loading and
pressure drop have been the subject of much inteves the past decade [9], and
some of the more significant CFD studies are disedisn [2]. The design and
optimisation of a converter can be divided into tparts, although they are
coupled. The first part could be considered to 4peats external to the monolith
structure, such as monolith size and shape, camgsiiffuser angle, flow altering
devices, etc., whilst the second part is the mtimaliructure itself. In this second
part we can include such things as cell size aagesh

In recent years there has been considerable interdggh cell density
monolith, as well as thin and ultrathin wall subgts, see, for example [10 - 13].
When changing the cell density, several factordraportant. Considering square
cells in a ceramic monolith, for example, the wastidorms fillets in the corner,
as shown in Figure 4.1 (from [14]). Let us assuha& e use the same volume of
catalytic washcoat, with the same catalyst loadingnonolith substrates with
different cell densities. The following physicalaciges are present: the channel
size (hydraulic diameter) changes, the amount sha@at in each channel will be
different, thus so will its size. An increase irl @ensity will give a reduction in
the channel hydraulic diameter, which in turn wilduce the external mass
transfer resistance in the channel. With less washper channel, a higher
density substrate will have a thinner washcoat.sTgives a lower internal
diffusion resistance [15].

In addition to changing the cell density, it is@lpossible simply to make
the substrate wall thinner. A reduction in the wilickness will increase the
channel diameter, thus giving an increase in thereal diffusion resistance.
However, the washcoat will become thinner, thusicedy the internal diffusion
resistance. For a constant mass flow rate, the mesidence time will also
increase as the velocity is reduced owing to aregse in monolith porosity. The
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reduction in velocity will also give lower back peaire. A change in channel
diameter also affects the monolith permeability.n&ally, a decrease in
permeability will increase the back pressure, whidhgive a more uniform flow
distribution. Finally, changing the cell densitydawall thickness affects the
thermal mass of the system. The thermal mass ipritduct of the bulk density
and the heat capacity. A reduction in thermal massilts in a faster thermal
response. A summary of the properties of six tymoeanolith ceramic substrates
with square channels and a 12 volume % washcodinigas given in Table 4.1.
The geometric data are based on information frormi@g Inc. and from [16].
We emphasize that it is important to maintain cstesicy if the comparison is to
be valid. For example, Lun et al. [17] performedDCétmulations using the CFD
package AVL on monoliths of constant cell densiithwarying wall thickness.
They compared their CFD results with the experimentelocity profile of
Holmgren et al. [18]. They used Voltz [19] kinetiesxd ignored washcoat
diffusion. It appears that the comparisons foreddht wall thickness did not use
the same mass of washcoat in each case.

In the remainder of this paper, we present contjpmal results that
compare these six substrate configurations withcamyerter geometry. Catalyst
loading is maintained at the same level on eaclstgatle, so as to ensure a fair

comparison.
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Table 4.1 — Data for six monolith substrate desigite 12 % by volume catalyst

loading.
A B C D E F
Property Standatd Thin Thin [Ultrathin|Ultrathin|Ultrathin
wall wall wall wall wall

Cells per square inch, 400 400 600 400 600 900

CPSI
ggllssl\/[laer square metre=-0000| 620000, 930000 620000/ 930000| 1395000
Wall thickness, mil 6.5 4.3 4.3 25 3.5 2.5

Wall thickness, mm 0.1651 0.1092.1092| 0.0635| 0.0889 0.063

OT

Substrate channel siz
mm

Substrate volume 0243 | 0165/ 0204 0.097
fraction

\Washcoat volume
fraction

Fluid volume fraction
(OFA)

Average washcoat
thickness, micrometre

Hydraulic diameter, R
mm

Geometric surface arg
GSA nf/m®
Bulk density substrate
kg/m®
Bulk density final,
kg/m’

Axial permeability, M |2.04E-082.6E-08 1.6E-08 3.1E-08| 1.7E-08| 1.2E-08

1105 | 1.161| 00929 1.207 00948 0.783

0.164 0.144

0.12 0.12 0.12 0.12 0.12 0.17

0.637 | 0.715| 0.680 0.783 0.71p 0.736

s 45.68 | 43.30| 36.1§ 41.54 3534  28.50

1.014 | 1.074| 0.855 1.123 0.87/ 0.726

2514 2664 | 3182 2786 3264 405

'396.3 | 268.3] 325.3 158.9 267 2353

528.3 | 400.3| 457.3 2909 399p 3673

Axial thermal
conductivity, solid
Radial thermal
conductivity, solid

0.750 | 0.419| 0489 0.28% 0.418 0.379

0.362 | 0.269| 0.310 0.194 0.26p 0.246
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4.3  Mathematical model

431 General

The geometric domain of the model consists of thadtith, its enclosure and the
inlet and outlet diffusers, as shown in Figure 4t2s a 2D axisymmetric model.
It consists of an inlet pipe of diameter DP, au#fr cone of anglé, a porous
zone where the solid monolith resides of lengtint diameter D. Downstream,
the outlet diffuser cone is located and at the #redoutlet pipe is located. The
parameter values are given in Table 4.1.

A summary of the equations required for the hetenegus modelling of a
monolith reactor system are given in reference.[E8uations are needed for the
conservation of momentum, mass and energy. The fofnthese equations
depends on which part of the system is being censi either the monolith or
the associated pipe work. The model equations ssenéially the same as those

described in Chapter 2, but are repeated hereofopleteness.

e AN

Figure 4.2 — Schematic of the typical catalytic\enter studied with key lengths
identified.
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Table 4.2 — Geometric parameters for Figure 4.2.

Name | value Comment

DP 0.0254 [m] | Pipe diameter

D 0.0675 [m] | Reactor diameter
LP 0.0254 [m] | Inlet pipe length

L 0.163 [m] | Porous zone length
0 40° Diffuser angle
w 0.005 [m] Insulation width

4.3.2 Modelling the open sections
The open sections of a monolith reactor consigh@inlet pipe and diffuser. Here
the flow is turbulent, and the Reynolds averagedi®eStokes (RANS) equations

can be used to model the flow. The continuity eiguats:

aaitf + D[@pfv) =0 (4.61)

The Reynolds averaged momentum transport equation i

+Difpsvv) = -Op + 0 - Ofp; VW) (4.62)

To provide closure for the equation set, the addéi turbulence term must be
guantified. The most common relation is the eddyt@obulent) viscosity model
based on the Boussinesq assumption, where thdeattairess is given by:

- 2 T
psVV = -1, = :—3kl —pt(Dv+Dv ) (4.63)
This relationship forms the basis for the RANS tlelhce models, which are

distinguished by the way in which the eddy visgos# calculated. The two
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equationk —w model was chosen for this work. It is one of thesthrwidely used
turbulence model in engineering practice, alonghwiite k—€ model. We used
the k—¢& model in earlier work (reference [2] and in Chaf@e The two models
give essentially the same results, however it wasd that thek —w model was
more numerically stable. Thie—w model is a semi-empirical model based on
model transport equations for the turbulent kinetiergy k) and its turbulence

frequency (). They are obtained from the following transpatiations:

o(pk) , (pujk) _ 9 Hwﬁjﬁ
J

0X 0X; 0X; O ) 0X;

}H(—B'pkooﬂ% (4.64)

j 0x

d(pw) , 9(PU;®) _ 9 Hiﬁﬁj 0w
j j

W 2
— |t0a—FR —Bpw” +PR, 4.65
0x 0x 0X; O, } e be «b (4.65)

The eddy or turbulent viscosity, , is assumed to be as follows:

k
My =p— (4.66)
W

The following constant values, which have been tbtmwork in a wide range of

flows, were used in this work.

B =0.09 a:g B= 0.0750, = B, = (4.67)

The Reynolds stress is computed as follows:

— aui au] 2 auk
—ouu; =p | 2+ T | 2 (o, M 8

The effects of buoyancy, quantified by the ter®g and R,,, were

neglected. The production of turbulent kinetic eyePy, is defined as:
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ou OU; |gu 20u ou
R = (| i _ <YM K + Kk 9
k = Ht {axj ox Jaxj 3 0%, (3Pt %, Y ] 9)

Turbulent species mass and energy transfer irople® sections can be
modelled by analogy to turbulent momentum trangfe turbulent species mass

balance equations are:

oW
Pfa—t""prD]W. = O{pDyOw) (10)
The turbulent energy balance is:

oF c:paa—r+pf CpvIT = O{kOT) (11)

The effective dispersion coefficient and apparbatmal conductivity are:

_ H¢
D = D _— 12
t im™t sq (12)
Cp My
=k b 13
ki £t Py (13)

4.3.3 Modelling the monolith
The laminar flow in the channels is modelled usthg continuum approach,
which uses the volume averaged Navier-Stokes emuaipressed in terms of the

superficial velocity. The steady state equation is:

0

Sc(Prvs) + Olfpr vsvs) = ~Op + 01 - [%Vsj (4.68)

The continuity equation is:

—-+0ffpsvs) = 0 (4.69)
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K is the permeability tensor. For a structured mitmahe flow is permitted
along the channel direction only. This uni-direnaib flow can be imposed by
using the Darcy permeability in the flow directiomith a very low permeability
imposed in the transverse directions [2].

As discussed in [8] (see Chapter 2) there arerakgptions for the type of
reactor model, depending on the number of phased. uis this work we use a
heterogeneous model in which the temperatures eoffithd and solid are both

solved for. The energy balance for the fluid carekeressed as [2, 8]:

dT;
O(kerOT¢ ) = (PCp ) VsOTy = hay (T =Ts) = (pCp), T (4.70)
The transient solid phase energy balance is:

O (ke OTg) = ham(Tf —TS) + am(—AHR)(NCH4)4 = (PCP)S%S (4.71)

The effective thermal conductivities are selectexbading to direction and phase,

with values computed using the methods of Hayes. §21]. In Equation (4.71),

(NCH4)4 represents the mass flux at the gas solid interfatis value is

extracted from the look-up table, discussed shofihe heat transfer coefficient is

calculated from the Nusselt number:

_ hDy
K

Nu (4.72)
The Nusselt numbers was assigned a value of 41seasin Chapter 2. Note that
we have ignored surface to surface radiation imtbaolith channels.

Following the methods developed in Chapter 2 (ezfee [8]) the effect of
external mass transfer was included in the lookalgbe, and thus a single mass
balance equation is used for each species in thid fihase. The Sherwood

number was set equal to the Nusselt number at 4.0
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@0(D pOw) = pvgaw = a,(N;), = p—+ (4.73)

Diffusion is not allowed in the radial directiom the axial direction, the diffusion

can be approximated by the Taylor-Aris model fonilzar flow [22], where:
2
D
D, =Dim RECLIS (4.74)

The area to volume ratio for a monolith is calcedhusing the fractional open
frontal area, or porosity, of the monolith struet@and the hydraulic diameter of

the channels.
40

a. = —t 17
Dy (7

The chosen reaction was oxidation of methane witlPtlayAl O, catalyst,
represented by the following overall reaction:

CH,+20, -~ CO,+ 2H,C (22)
The enthalpy change of reaction in J/mol is [16]:

AHg = -8.025¢< 16 + 1.587 - 8.48 18T?

(22)
- 4.087x 10°T% + 2.168 10°T*

Note that other physical properties had the sarheesas given in Chapter 3.

4.3.4 Boundary Conditions
For the flow boundary conditions, the velocity gesified at the inlet to the
system. The inlet velocity was adjusted with chaggemperature to maintain a

constant mass flow rate. Dirichlet boundary coodsi of specified temperature
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and species concentration were also imposed aintée At the reactor outlet,
pressure outlet boundary conditions were usechi®flow.

The temperature boundary conditions imposed wengesiion conditions
at the outside surface of the reactor. An imposelliey of the heat transfer
coefficient and surrounding temperature was used.al surfaces a value of 10
W/(m’K) was used, which is typical for natural convesti@nd the external
temperature was 293 K. Zero flux conditions wereposed for the mass
conservation equations at the external surfaces.

4.3.5 Development of the look-up tables

As mentioned, the reactor model was heterogeneoughé temperature and
homogeneous for the concentration. To use thisoeawdel and retain all of the
heat and mass transfer resistance terms, requiedide of the look-up table
referred to as T4 non-isothermal in Chapter 2. ach change in channel
configuration, either cell density or wall thickseshe channel hydraulic diameter
of the channel changes, as does the washcoat sizestape. Therefore it is
necessary to build a look-up table for each mona@ldnfiguration. This was done
using the procedure outlined in Chapter 2, with shene Deutschmann kinetic
model for the oxidation of methane.

All monolith substrates were assumed to include%d 2y volume of
washcoat. From this value of 12 %, the amount cfheaat in each channel can
be computed for a given cell density, which canelpressed in terms of a
washcoat frontal area (normal to the flow directidfor each washcoat geometry,
a fillet shape washcoat was constructed that coedlathe appropriate surface
area. The diffusion reaction equations were thévesdor a one eighth section of
the channel with the Deutschmann kinetics, andattezage reaction rate in each
case expressed as an average flux at the surfhese Values were then used to
construct the six look-up tables required. The detepprocedure is given in
Chapter 2.
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4.3.6 Domain discretization
The unstructured finite element mesh used for thblpm is shown in Figure 4.3.
The total number of triangular elements was 3508nA grid was used near the

wall to capture accurately the flow in that region.

Figure 4.3 — Computational domain used for the &tran. Top: full domain and

bottom: zoomed view of inlet region.

102



44  Equipment

The simulations were performed using COMSOL Mulyigibs Version 4.3 on an
Intel i7 3820 3.6 GHz with 10 MB L3 cache. This gessor contains four cores,
which can be efficiently used by COMSOL, effectivemeaning parallel
operation.

45 Resultsand discussion

Transient light-off simulations were performed fathe six monolith
configurations. The simulations started from atiahtemperature of 300 K, and
was then ramped linearly to 950 K at either 5 K/2® K/s. The fluid velocity
corresponded to a GHSV of 25,000" heferenced at 300 K. The outlet
temperature and fractional conversion of methane wenitored as a function of
time.

Prior to presenting the light-off curves, we shavew illustrations of the
temperature and velocity patterns. Figure 4.4 shawsoomed picture of the
velocity streamlines in the inlet diffuser for th80 CPSI monolith with 6.5 mil
walls at the inlet temperature. This flow pattesrtyipical [2, 7] and, although not

evident from the picture, there is a recirculazome present.

Figure 4.4 — Velocity streamlines of 400 CPSI/6.3@0 K.
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Figure 4.5 shows the corresponding pressure disioib in the monolith, again at

the initial temperature of 300 K.

Time=0 Surface: Pressure (Pa)

A 1.016x10°
x10°
1.016

1.0155

F 11015

F11.0145

1.014

1.0135

1.013

¥ 1.0128%10°

Figure 4.5 - Pressure distribution 400 CPSI1/6.50&t K.
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Figure 4.6 shows the fluid temperature distributadter 8 s of heating at 20 K/s.
It is seen that there is a higher temperaturéencore of the reactor compared to

the outer walls, due to the effect of the heatdess

Time=& Surface: Temperature (K)

A 450

420

400

380

240

320

¥ 30224

Figure 4.6 - Fluid temperature distribution 400 @BS at after 8 s at a heating
rate of 20 K/s.
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The light-off curves for the six different monolitbonfigurations are
shown in Figure 4.7 for the two ramp rates. Forpaates it is found that the 900
CPSI/2.5 performs the best and that the 400 CPSpétforms the worst if the
time taken to reach essentially complete conversiarsed as the criterion. Note
that the latter monolith is the standard formatdusemost catalytic converters
today. The higher the temperature ramp rate, tigetathe difference observed
between the two monoliths.

Table 4.3 shows the inlet gas temperature thaespands to 25, 50 and
75 % conversion at the outlet. These numbers nfakedamparisons clearer. The
interesting point is that for the 25 and 50 % cosim levels, the 400/2.5 is the

best performer.

Table 4.3 - Inlet temperature (°C) correspondinthtee outlet conversion levels.

A 400/6.5 | B 400/4.3| C600/4.3 D 400/2/5 E 600/3/%900/2.5
25% Conversion
5K/s | 541.6 537.8 538.3 533.4 536.3 534.7
20 K/s| 171.2 169.0 169.0 166.1 168.0 166.6
50% Conversion
5K/s | 574.9 570.6 570.2 565.8 568.4 565.9
20 K/s| 181.2 178.5 178.3 175.2 177.1 1754
75% Conversion
5K/s | 607.2 601.9 599.8 596.3 598.3 594.4
20 K/s| 190.8 187.5 186.9 183.7 185.5 183.6
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Figure 4.7 — Light-off curves for the six monolitbnfigurations for 5 K/s (top)
and 20 K/s (bottom).
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Another useful performance measure is the totalumnof methane released
during the entire warm-up period. This amount cancbmputed by integrating

the effluent concentration over time, using théofwing formula:

Moy, = Mot I (1_WCH4) dt (4.75)

The results for this calculation can be found ibl€at.4. It is seen that the lowest
emission is achieved with the 900/2.5, emittings@.5 and 2.032 g of methane
for 20 K/s and 5 K/s ramp respectively. Howeverthat same time, it is the one
that produces the highest pressure drop. The peafore in terms of conversion
of the 400/2.5 does not differ considerably from 890/2.5, although it produces

the lowest pressure drop.

Table 4.4 Total emissions and pressure drops ftarent cell densities.

A 400/6.5| B 400/4.3| C 600/4.3| D 400/2.5| E 600/3.5| F 900/2.5
Methane emissions (Q)
20 K/s| 0.595 0.584 0.576 0.569 0.571 0.562
5K/s | 2.074 2.058 2.051 2.039 2.044 2.032
Pressure drop (Pa)
1359 1113 1726 960 1576 2164
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4.6  Conclusions

In this chapter we have seen that the use of arci@cal multi-scale model

reduction can be applied to a catalytic convertenjch allows a consistent
comparison of various substrate configurations. @lemkinetics and small scale
heat and mass transfer phenomena can be incorgparsitey an appropriate look-
up table. The case study presented here demomsstthte versatility and

usefulness of this approach.

For the comparisons of cell density and wall thiess presented here for
this reaction, it is seen that although the 900g28orms the best from an overall
emissions perspective, the 400/2.5 is nearly asl,gobile offering a much lower
back pressure. Considering the huge price thatics ip fuel economy as a result
of even small increases in back pressure, thisvsrghwhile result.

The differences in overall emissions observedlice test case are small,
although even small differences can be importdns know that the light-off is
especially important in current gasoline enginesgithree way catalysts, and the
extension of this work to that case should provethvehile, especially now that

the tools are available to do the job.
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Nomenclature

an Surface area per unit volumes/m®

Cp Constant pressure heat capacikgl K

D Diameter of monolithm

DP Diameter of inlet pipem

Dy Hydraulic diameterm

D, Effective axial diffusivity in fluid,m?/s
Dim Diffusivity of species in the mixture,m?/s
DX Effective dispersion coefficientn?/s

h Heat transfer coefficient/m?K

(AHR") Standard heat of reaction, spec¢ie¥mol

k Turbulent kinetic energy

k Thermal conductivityW/m[K

k Turbulent kinetic energy, J

Keff Effective thermal conductivity of monolith anditi, W/m[K
K Effective turbulent thermal conductivity of fthiW/mK
K Permeability,

L Monolith length, m

LP Length of inlet pipe, m

L Characteristic length, m

M Molar mass of a substance, g/mol

Nu Nusselt number

p Pressure, Pa

Pr Prandtl number

Ry Gas constant, J/(mol-K)

Sc Schmidt number

t Time, s
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T Temperature, K

Y, Velocity, m/s

Vs Superficial velocity, m/s
w Mass fraction

W Insulation thickness, m
Greek Symbols

p Density, kg/m3

€ Turbulent kinetic energy dissipation rate
T Stress tensor

M Viscosity, Pa:-s

w Turbulence frequency

Hy Turbulent viscosity, Pa-s

(0] Monolith porosity

0 Angle, degrees

Subscripts

f Fluid

i Species

S Solid, surface or superficial

Turbulent
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Chapter 5:
Modelling of a Gauze Reactor for Ammonia Oxidation

Overview
This chapter describes the development of a cortipotd model for a gauze type
structured reactor as used for the partial oxithattb ammonia to produce NO.
Complete parametric studies are reported for bathh &and three dimensional
cases of single and multiple wires. Particular easph is placed on an
investigation of the selectivity of the reactionr fdlO (desired) and D
(undesired). A mechanistic model is used to desdfile kinetics, with both the
model and parameter values for the rate constakentfrom the literature. A
look-up table was used to enable the parametridieguto be performed in
reasonable amounts of time.

It is seen that the selectivity depends not omiyhee temperature, but also
strongly on the geometry. The selectivity variesuad the perimeter of each wire

and, in the case of multiple wire simulations, fraumne to wire.

This chapter is a modified version of the paper--Donoso-Bravo, T. Nien,
J.P. Mmbaga, R.E. Hayes and M. Votsmeier, CFD Muodglof a Gauze
Reactor for Ammonia Oxidation, to be submitted
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5.1 Introduction

It has become increasingly recognized over the festdecades that reactor
technology offers solutions to many environmentabfems relating to undesired
emissions from various sources, including autonesbidnd chemical process
plants. In emission reduction applications, stririggovernment regulations are
usually the primary driver, and very good contrbthe effluent composition must
be maintained.

Renewed interest gorocess intensification has led to an increase in use of
structured reactors. A structured reactor contaisfructured internal inside of it.
One key advantage of this type is that the intemaly be designed in detail,
including the hydrodynamic environment surroundihg catalyst, and the final
configuration is achieved by design, rather thappleastance. A good knowledge
of the hydrodynamic and transport parameters iskéheto a good structured
reactor design, as is an understanding of the iosadtinetics. Examples of
structured reactors include monoliths, extensivebed in automotive exhaust
applications (Heck and Farrauto, 2009) and gauaetoes, used in such key
industrial applications as the synthesis of HCN qAmssow process) and the
oxidation of ammonia (Ostwald process).

The catalytic oxidation of ammonia over platinum pdatinum-rhodium
catalysts is a crucial reaction for both the macowifiee of nitric acid, and in the
catalytic exhaust gas after treatment systems dan lburn engines (e.g. with
Diesel and natural gas fuels). Focusing on the &pplication, the oxidation of
NH3 to NO is typically carried out industrially usimggauze type catalyst, which
is composed of an alloy of platinum and rhodiume Téason for this design is the
desire to have relatively short contact times betwthe reactant stream and the
catalyst. The reactor feed is typically of the ardB10 % ammonia in air, which
is passed over multiple gauze layers (between @058 that form a bed a few
millimetres in thickness (Hickman and Schmidt, 199lhe reactor diameter is
usually quite large, with sizes up to several ngetreing used. The reaction is
highly exothermic. The feed enters at approxima#dp K, and the catalyst
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surface temperature is maintained around 1200 K assult of the extreme
exothermicity of the reaction. This process hasnbesed for a relatively long
time. In recent years, more sophisticated wovenzegadesigns have been
proposed by, for example, Katator and Microlithe$& designs have been studied
by various researchers (Ahlstrom-Silversand andnBdand, 1999; Lyubvsky, et
al., 2003). Knitted gauzes have also been repgHeid et al., 2005).

Nitrous oxide is a byproduct of the ammonia oxioiatprocess. pO has
historically been considered harmless, and emissgnlations for it have been
low to non-existent. However, recent attention tobgl warming and ozone
depletion has led to an interest in this gagO Mas a global warming potential
310 times that of C& and contributes about 6% of the planet's greesbaas
emissions (Pérez-Karez, et al., 2003). It also leads to formationN® in the
upper atmosphere. Currently, to minimize emissiohsN,O from ammonia
oxidation reactors, an auxiliary catalyst may belead after the gauze layers
(Kopperud, 2006). This catalyst is often in thenfoof pellets or Rashig rings.
There is currently great interest in this procdsscause significant greenhouse
gas emission credits can be claimed fgDMbatement.

Because the reaction is extremely exothermic, laeat mass transfer
limitation plays a significant role at higher temgteires and pressures. As a
result, most mechanistic studies have been condluateler ultrahigh vacuum
(UHV) conditions and primarily on single crystalhese model catalysts provide
much needed insight, although it has to be appextidhat a complex
restructuring of the catalyst surface occurs und@ustrial operating conditions.
The reaction has been studied by research groupsexpertise covering a wide
range of fields, including chemical engineeringrfate physics and quantum
chemistry. In addition to the aforementioned modhhlysts, studies have been
performed on wires, foils and supported catalystbihl et al. (2007) provided an
in-depth comprehensive investigation of this reaciver a variety of catalysts,
and have presented one of the more detailed wardis @ variety of temperature

and pressure ranges. They used a UHV system, ar@@d®or, as well as a small
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micro-structured reactor for the higher pressurBsey have noted that the
mechanism does not change significantly over tessure range of UHV to high
pressure. The exception is the formation @ONwhich is relatively insignificant
at low pressure. Thus;® is formed in very small quantities in ultrahighcuum
conditions, where many mechanistic studies areopmdd. It has been suggested
that NO formation results from secondary NO reactionst tis, NO is the
primary oxidation product, which is then furtheacted to NO. Isotopic labelling
studies have indicated that two different reactjpathways exist for pO
formation. The first is the reaction between two N@lecules, whilst the second
is the reaction between an NO molecule and an Nidgnfient. The reaction
between adsorbed N atoms and adsorbed NO was dedcloot to be very
significant(Kondratenko and Baerns, 2007).

Knowledge of mechanisms usually enhances the wbiiit build
representative kinetic models. At the most fundaalelevel, the mechanism is
used to develop the micro-kinetic models. Microetio modelling is a technique
that represents the reaction mechanism as a funatio elementary steps
(Dumesic, et al., 1993; Broadbelt and Snurr, 20@@nerally, one would expect
micro-kinetic models to be more generally applieathlan the common lumped
kinetic models, although care should still be esed in extrapolation. Recent
modelling studies using mechanistic micro-kinetiodels for the ammonia
oxidation reaction can be found (Votsmeier et2010; Scheuer et al., 2011).

For the most part, modelling studies on gauze tggetors have relied on
plug flow type continuum models (Hickman and Schmi®91; Waletzko and
Schmidt, 1988). There have recently been a numbegublications that have
reported on pressure drop studies for differenzgaypes. Usually they result in
an equation similar in form to the classical Ergemuation for packed beds
(Kolodziej et al., 2009; Kolodziej and Lojeswka,d8) 2009). Kolodziej et al.
(2012) also studied flow and heat transfer arouitd gauzes. However, studies
of the flow patterns around gauzes with surfacectr@a are lacking in the
literature.
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Computational fluid dynamics (CFD) as an area aeaech and as an
investigative tool has been around for many ye@rgginally it applied to fluid
flow modelling, but now encompasses all transporocesses, including
momentum, energy and mass balances. With eachngagsar, techniques and
computer power improve, giving this tool more powemreveal and understand
fundamental processes. The modelling of chemicattoes has also been done
using this method in recent years, and indeed therenow reference books on
the topic (e.g. Ranade, 2001). There are many appes used in CFD modelling,
which reflect the multi-scale nature of the reagbooblem. The use of a fully
spatially discretized CFD model allows the compatabf flow, temperature and
concentration in boundary layers near the fluiddsioiterface without resorting to
the use of mass and heat transfer coefficientss TBwel of discretization is not
always practicable, and sometimes, lumped modealscdban volume averaging or
continuum approaches are used. Regardless, forRialapproaches allow for the
more realistic inclusion of fundamental informatiavhich in turn should give a
more realistic understanding of the reactor (Diebal., 2006; Dixon et al., 2010;
Behnam et al., 2010). In one study of note, CFD wsed to investigate flow
patterns and temperature profiles around a wire@dar the catalytic partial
oxidation (CPO) of methane (Quiceno et al., 2007).

There are many spatial scales present in the meaetnging from the
molecular to the full size reactor scale, which nbayof the order of microns to
metres. Larger scale issues, such as hydrodynaréss,be modelled using
computational fluid dynamics (CFD), as mentionedwah The integration of
micro-kinetic analysis with computational fluid dymics in a computationally
efficient way requires new computing paradigms. Ppheposed solution to the
computing conundrum is to use the solution mappeegnique recently reported
in the simulation of automotive catalytic convest¢Nien et al., 2013). In this
method, we pre-compute the reaction rates over st#fieed solution space, and
store the result in an efficient manner in a logktable. The defined space covers

all expected combinations of temperature and cdretgons encountered in the
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reactor simulation. During the execution, the lagktable is simply accessed for
the solution. Although the look-up table can beeaxngive to build, once built it
can be used for many applications, provided thatfficiently broad range of
parameters is selected. We use multivariate sfilinetions to represent the rate
data on a regular multi-dimensional grid (Votsmei2009). Multi-dimensional
splines can be efficiently evaluated if the coédints of the individual
polynomials are pre-computed and stored in a datgabihe use of these look-up
tables for ammonia oxidation has been reportetercontext of the ammonia slip
catalyst following a selective catalytic reducti®CR) reactor for automotive
applications (Votsmeier et al., 2010; Scheuer gfalll).

52  Mathematical Model

The mathematical model must consider the relevearisport (conservation)
equations, which include source terms to accounttie appropriate chemical
reactions. We show the simplest solution domairrééerence purposes, a single
wire immersed in fluid in two dimensions, see Feyarl.

To build this geometry we use symmetry to consaler half of the wire,
represented by the semi-circle. The area withirstmi-circle represents the solid
wire, and the remainder is the flow domain. Thedflanters from the left and
exits from the right. The top and bottom boundae<xept for the wire surface)
represent symmetry boundaries. The chemical reactocurs on the surface of
the wire. We now consider the relevant mathematicahulation required to

solve the problem.

Inlet Outlet
Flow Flow

Wire surface
— /_\i/ —

I

Figure 5.1 — Representative domain for a single wira flow, 2D representation.
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5.21 Transport equations

The transport model must deal with the momenturariza in the fluid phase, the
energy balance in both the fluid and the solid wered the mass transport in the
fluid. The momentum balance equation used was theiddStokes equation,

which is appropriate for the laminar flow regimegent (Kolodziej et al., 2012).

The steady state equations are:

p(uM)u = D[E—pl + p(Du + (Du)T) - %p(D m)l} (5.76)
Opu) =0 (5.77)

For the boundary conditions, at the inlet, a flaloeity profile was
imposed, and the outlet used standard outlet boyrudenditions. The top and the
bottom used symmetry conditions, whilst a zero @&o(no-slip) was imposed at
the wire surface.

The viscosity of each gas was computed using ademtyre dependent

polynomial based on data from Perry and Green (1984

w=a, +hT+cT? (5.78)

The coefficients used are given in Table 5.1. Theture viscosity was then
calculated using a weighted average based on thke fdnaction of each
component. Although this is an approximation, itswealt sufficient, as most of
the mixture is nitrogen. The fluid density is giviaynthe ideal gas law.

The energy balance must be completed for botffidlceand the wire. The
conservation of energy for the fluid phase is repnéed by the advection-

diffusion equation, viz:

OQkOT) - p Cp ullT = 0 (5.79)
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The heat capacity of each species was computed asfifth order polynomial.
The mixture heat capacity was computed as a wealghtelar average of the

components present.

Co =a +bT+cT?+d.T3+eT? (5.80)

The coefficients for the species are given in T&®(Hayes and Mmbaga, 2012):
The thermal conductivity of the gases were expresa® temperature
dependent polynomials using data from Perry an@i®&(&984):

k =a +bT+cT?+dT? (5.81)

The coefficients in the polynomial are given in Talb.3 . The thermal
conductivity of the mixture was computed using aighted average of the
components based on the mole fractions of each coemp.

In the wire, heat is transferred by conduction aJactcording to:
OkdT) =0 (5.82)

The thermal conductivity of platinum used was astant value of 71.6 W/(iK).
The temperature gradients in the platinum were dotnbe very small, and the
wire has a nearly uniform temperature, therefoie itot necessary to use a more
complicated expression.

The interface between the fluid and the solid fednby the surface of the
wire is an internal boundary within the system. dasence the domain is
continuous, and thus we do not impose boundary itond as such on it.
Therefore, to incorporate the thermal energy geedrhy the reaction, and the
heat transferred from the surface by radiationjmgose a source term along the

boundary.
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Table 5.1 — Coefficients used in the viscosity poiyial.

Species a, x10° b, <108 c, %102
NH3 -0.7874 3.67 -0.447
NO 3.9921 5.37 -12.4
O, 4.4224 5.62 -11.3

Ny 4.2606 4.75 -9.88
H.O -3.682 4.29 -1.62
N,O 3.228 4.454 -7.708

Table 5.2 — Coefficients used in the heat capgotynomial.

Species | a. b.x100 [c.x10 |d.x 10 e x 10

NH; 33.573 -1.2581 8.8906 -7.1783 18.569
NO 33.227 -2.3626 5.3156 -3.7858 9.1197

O, 29.526 -0.88999 3.8083 -3.26259 8.8607

N, 29.342 -0.35395 1.0076 -0.43116 0.25935
H,O 33.933 -00.84186| 2.9906 -1.7825 3.6934
N>O 51.05957 | -5.121764| 11.5374 -8.874911 23.46p61

Table 5.3 — Coefficients used in the thermal cotiditg polynomial

Species| ax 10 | byx 10 | ¢ x 10 | d, x 10°
NH3 4.57 2.3239 1.481 0
NO 1.76 8.2369| -0.12527 0
0} 1.21 8.6157| -0.13346 0
N2 3.09 7.593 -0.11014 0
H.O 0.53 4.7093 0.49551 0
N.O -7.835 8.903 -0.0897 -2.668

Table 5.4 — Coefficients used in the enthalpy atten polynomial.

Reaction| A B Cx1 [Dx1F |Ex10
NO 230598 | 18.251] -2.13 2.2403  -1.1303
N, 398 441 | 16.106] -0.174| 5.3 -0.28
N,O 274309 | 7.356 | -4.315| -1.572| 1.317
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The first part of the source term arises from tmh&py change of
reaction. The general global reactions that takegbn the wire surface given in
the following. Nitric acid (NO) is the target practuhowever, undesired products,

N> and NO, are also produced.

4NHz +50, O 0. 4NO+ 6H,C (5.83)
4NHz + 30, OO, 2N, + 6H,C (5.84)
4NH; + 40, OO 2N,0+ 6H,C (5.85)

The enthalpy of reaction for each of the reactias expressed as a temperature
dependent equation, calculated from the enthalpyoohation and the heat
capacity data, and was based on a reference ahoteof NH; reacted, with the

result expressed in J (Hayes and Mmbaga, 2012)g&heral expression is:

AH®.) =A+BT +CT2+DT3+ET? 5.86
R .

The coefficients are given in Table 5.4.

Radiation from the surface to the surroundings masdelled, while gases
were assumed to be transparent to radiation, aegas absorption. Radiation
between the convex surfaces (for the case of nhltipres, discussed shortly)
was also captured by this model. The methodologytfe radiation calculation is
the same as used by Amiri et al. (2013). It wasidbthat the effect of radiation
was to lower the surface wire temperature by aboub 60 Kelvin, and thus it is
important to include it.

At the inlet to the system a Dirichlet boundary dition of constant
temperature was used, whilst at the outlet a zeropérature gradient was
imposed, standard Neumann outlet condition.

For the mass conservation, we only need to condiefluid phase. The

species transport equations are given by:
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D[@pD{“ Dw,) +p(U)w =0 (5.87)

The diffusion coefficient of the species in the tane is then computed from the
binary diffusion coefficients (Taylor and Krishri93):

1-w

D.m = 1
P
k#i Dik

(5.88)

The binary diffusion coefficients were computed using the equation of Fuller

etal. (1966):

2 1.75
1.01310% [T /%/'ﬁ%/lj
D. = (5.89)

ij P(Zviu3+zvj1/3)2

WhereT is the temperature in K is the pressure in Paschl,is the molar mass
of the speciesandj andyv is the diffusion volume of each species.

The boundary conditions for the mass balance exjuate as follows. For
the lines of symmetry, a zero normal flux was ingEbsA zero concentration
gradient was imposed at the outlet (outflow coodili At the inlet a constant
inlet concentration was imposed (Dirichlet condi)ioAt the wire surface, the rate

of diffusion is set equal to the rate of reactibar species,

pD —n' = (-R) (5.90)

The rate in this equation has units of kg&jn

5.2.2 Kinetic model
The kinetic model used was a multi-step mechaneponted earlier (Votsmeier,
et al., 2010; Scheuer, et al., 2011). This react@thanism used was based on

the work of Krahnert and Baerns (2008), and a cetepllescription can be found
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in Scheuer et al. (2009). It is summarized in Tdbke and the parameter values
used can be found in Table 5.6. These valueslsoetaken from Scheuer et al.
(2009). These parameters represent a referensgtyattivel, which was adjusted
to illustrate the effect of catalyst activity orethonversion and reactor selectivity.
It is well known that the activity of the catalydtanges with operating time on
stream. For example, “cauliflower” type nodules édeen found to appear in the
Pt wire reconstruction process, which may incraasereaction rate through an
increase in apparent surface area. (Nilsen e2@0]; Hannevold et al., 2005)).

Table 5.5 - The reaction mechanism for ammonia atiod reaction. This
mechanism uses two different adsorption sitesdabafirom Scheuer et al. (2009).

Reaction Reaction Reaction
numb description
er
R1 NH; adsorption NH; + b - NH3-b
R2 NH; desorption NH3-b — NHz +b
R3 G, adsorption O, +2a - 20-¢
R4 G desorption 20-a - O +2¢
RS NH; activation | NH;-b +1.50-a» N-a +1.5H O +0.5a +
R6 NO desorption NO-a - NO + &
R7 NO adsorption NO +a - NO-g
R8 N, formation 2N-a - N, + 28
R9 NO formation N-a + O-a - NO-a +
R10 NO formation NO-a + N-a - N, O + 2¢
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Table 5.6 — Parameters used in the rate express@mnprising the mechanism.
(from Scheuer et al. (2009).

Reaction Reaction ko, m/(smol) for R1, R2 and E, kJ/mol

numb description R7, s' otherwise
er

R1 NH; adsorption 3.3x1¢ 0
R2 NH; desorption 1x10° 70.9
R3 G adsorption 3 1x1d" 0
R4 O desorption g8.8x 16 199.4
R5 NH; activation 1.7x 166 122.9
R6 NO desorption 1.6x1087 105.3
R7 NO adsorption 2 ox 1¢f 0
R8 N, formation 8x10? 164.9
R9 NO formation 5.2x 164 118.5
R10 NO formation 1.5x 12 145.9

5.2.3 Sdectivity

To evaluate the system performance in terms of amara@nversion and product
generation, the selectivity on the surface wirealsulated. The local selectivity at

any point on the wire surface is calculated usiregreaction rates:

r
S = 20 N0 (5.91)
_rNHS)
The overall selectivity at the system outlet isdzh®n the concentration of the

desired component relative to the total amount &f; Monsumed. Thus the

selectivity for nitrous oxide is:

126



S= 2[( (WNZO)outlet (5.92)
NH3)in|et - (WNH3)outIet

5.24 Operating conditions

The operating conditions selected are summarizezl fie inlet fluid velocity
was imposed as flat profile with a value of 1.5ni/he inlet temperature was
423 K. The inlet gas was composed of 10 mole p¢@@amonia and 20 mole
percent oxygen, with the remainder nitrogen. Therajing pressure was
maintained at five atmospheres at the inlet. Td atgimulation, the initial

temperature of the solution domain was set at 900 K

5.25 Model methodology and software

Simulations were performed using COMSOL Multiphgs#.3a. The computer
used had an Intel quadcore i7 processor and 64fGBM. The reaction source

terms for the three reactions, based on the mestmanere computed using the
Umicore chemistry module, a proprietary softwarekage that performs the
same function as the Cantera package used in Ghapté for the methane
oxidation. The interface between the chemistry nmdund COMSOL was built

using Matlab. The calls to the chemistry module everplaced by calls to the
look-up table when the latter was used. The looktalple development is

described in the following section.

5.2.6 Development of the look-up tables

The inclusion of detailed multi-step microkineticodels in CFD simulations

results in a model that is computationally expeadiy solve. To alleviate this

issue, a solution mapping procedure was used. dgpsoach consists of the pre-
computation of the reaction rates over the dessetlition space, and the
consequent storage of the result in a so-calleld-igotable. Multivariate spline

functions to represent the rate data on a reguldti-dimensional grid were used,

using a similar methodology as developed in Chaptéor methane oxidation
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(Votsmeier, 2009; Nien et al,, 2013; Scheuer, gt28l11). Look-up tables were
built with the help of Matlab and the Umicore chstry module. The look-up
table has four dimensions, for temperature anaddneentrations of Ng NO and
O,. As done in Chapter 2, linear, quadratic and cudpilines were tested and
compared. Figure 5.2 shows the error propagatidhesize of the look-up table
increases. For a final size of (33,33,33,9) theramas deemed acceptable (about
0.3 % for both quadratic and cubic splines) thidgavas used in all subsequent
simulations. Quadratic spines were used in all<aBee size of the look-up table
was 517 MB for quadratic splines and 1275 MB f@r tlbic splines.

The speedup given by the use of the look-up table be measured in
several ways, and depends on many factors. Thekelenthe method of passing
information among the modules comprising the sitaujaas well as the actual
execution time to extract data from either the dsémn module or the look-up
table. The comparison of the chemistry module ® Itok-up table shows the
best speed up factor. To execute 100 sets of ¢onsgliusing the look-up table
requires 0.022 milliseconds, whilst it required at®34 milliseconds for the
chemistry module. The chemistry module was stomec cRamdisc to minimize
execution time. For 10,000 sets of conditions, ithgpective times were 0.73
milliseconds and 51 seconds. This huge differemceexecution time is not
reflected in the speedup of the simulation, howeVle observed speedup factor
depends on the amount of time spent in the reghefcalculations. For 2D
simulations the observed speedup factor was inmaghge 60 to 100. For the 3D
simulations, the speedup factor was larger, butetiable numbers are available
owing to the length of time required to perform B 3imulation with the
chemistry module.

A comparison of solutions with the look-up tablaedathe chemistry

module will be shown shortly.
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Figure 5.2 - The relative error vs. the numberrefgomputed data for the lookup
table of the ammonia reaction rate.
53 Resultsand Discussion
The investigation of the system was performed stepwise fashion. In the first
instance, a single wire in two dimensions was stidwith the geometry shown
in Figure 5.1. The next step was to investigate sets of five wires in two
dimensions, with a comparison of staggered andnenlgeometries being
compared. In the final investigation, a three disienal geometry was used, with
both a single gauze and then multiple gauzes hewestigated. The results are

presented here for these cases.

5.3.1 2D singlewire parametric study

The first set of simulations was performed usirgggle wire. This geometry was
selected as being the simplest, and was therefed m the model development
process. The model was first developed in COMSOihgusimple first order
arbitrary kinetics to establish such things as eogence criteria, numerical
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stability etc. These results are not presented. li@nee a methodology had been
developed that was numerically stable, the mecharsimonia oxidation kinetic
model was implemented. Initial tests were performeging the Umicore
chemistry model and the look-up table to compaeeréisults, thus demonstrating
that the look-up table was able to give the samalt® as the chemistry module.
The mesh used for the single wire simulations @ashin Figure 5.3. The mesh
was unstructured, and used a finer discretizatear the wire surface to capture
the sharp gradients present in the boundary layer.

A detailed parametric study was performed for tBesthgle wire problem
to gain some insight into the effects of wire dig@ngwire spacing and catalyst
activity on the conversion and selectivity. Theeviize and separation distance
were based on typical values from the literaturefeRing to Figure 5.1, the wire
diameter was varied from 0.05 to 0.10 mm, in st#g&01 mm, whilst the height

of the inlet domain was varied from 1.0, 1.5 arfdl\®ire diameters.
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Figure 5.3 — Finite element mesh used for the simgie problem. The top view
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the wire surface, whilst the bottom shows a higluerm of the boundary layer.
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The first few figures shown simply illustrate thgpical velocity, temperature and
concentration profiles obtained around the wire dovariety of configurations.
We show first some colour contour plots of the egloprofile around the wire.
Figure 5.4 shows these plots for wire diameter®.66 and 0.10 mm, with a
domain height of 1.0, 1.5 and 2.0 wire diametersteNhat these domain heights
correspond respectively to centre to centre wiracislg of 2, 3 and 4 wire
diameters.

It is evident and intuitive that for a lower domdieight that the fluid is
accelerated more as it passes over the wire. Fortre, we see the formation of
vorticies behind the wire. We see a stable vontéhich is normally expected for
the Reynolds number present in these simulatiohg;hnis about 60. A zoomed

view of the fluid vortex is shown in Figure 5.5 migivelocity vectors.

h
Figure 5.4 — Velocity contours for wire diametefO®5 mm (left) and 0.10 mm

(right). From top to bottom, the domain height ¢aial to 1.0, 1.5 and 2.0 wire
diameters.
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Figure 5.5 — Velocity contours for wire diametefO®5 mm (left) and 0.10 mm
(right). From top to bottom, the domain height i8,11.5 and 2.0 wire diameters.

max: 1171.34
1100

1000

max: 1154.44
1200

max: 1179.27

ma: 1171.67

max: 1182.59

max: 1169.65

Figure 5.6 — Temperature contours for wire diansetér0.05 mm (left) and 0.10
mm (right). From top to bottom, the domain heightegual to 1.0, 1.5 and 2.0
wire diameters.
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Figure 5.6 shows the temperature pattern in timadlp, again for the same
wire and domain sizes used in Figure 5.4. Notrsingly, the temperature is the
highest on the wire surface. The outlet gas tentypexgrofile is more uniform as
the domain height decreases, which again is exgpediee temperature of the
wire is very uniform, which is a result of the sindlameter and the relatively
high thermal conductivity of platinum.

(NOTE: Although it is not physically meaningfuljnmailations were
performed when the thermal conductivity of the wwas zero, and a strong
temperature variation around the perimeter wasrabde

One of the main motivations of this work was téedmine the selectivity
of the reaction towards X production, and see if this selectivity was action
of geometry and if it varied around the perimetiethe wire. Figure 5.7 shows the
concentration (mass fraction) contours for ammowiai|st Figure 5.8 shows the
same for NO. The geometries are the same shown in Figuresnsl4.6.

mitel 2"
-~

0.02
0.01

Figure 5.7 — Mass fraction contours of ammoniahi@ s$olution domain for the
same system geometries mentioned in Figure 5.4 &nd
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134



0.008
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0.005
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max: 0.0050

0.003

max: 0.0040
0.002

0.001

max: 0.0047

max: 0.0039

Figure 5.8 — Mass fraction contours of ammoniahi@ s$olution domain for the
same system geometries mentioned in Figure 5.4 &nd

Both figures show strong concentration gradients lee wire surface, showing
the strong mass transfer limitation of the reactidfe also observe that as the
spacing between the wires is reducing (decreasmmath height) the total
conversion of ammonia increases. However, in tagecthere is also an increase
in N2O concentration at the surface.

As mentioned, we are very interested in knowings tbe selectivity to
NO and NO changes as we move around the wire perimethasitalready been
shown that the flow patterns around the wire areumiform, with a stagnation
point at the front and flow recirculation behine tivire.

Figure 5.9 shows the selectivity around the petemtr wires of 0.05 mm
and 0.10 mm in diameter, with the same three wieeisig used previously. We
observe: (a) more JD is produced at the front of the wire than at baek,
relative to the NO production. Furthermore, aswhi@ spacing is reduced, then
the selectivity becomes worse.

Following Figure 5.9, we present the results & tomplete parametric
sensitivity study, showing the total system selégtito N,O production as a
function of wire diameter, wire spacing and catehdivity.
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Figure 5.9 — Selectivity towards,® production for wire diameters of 0.05 and
0.10 mm. The three domain heights of 1.0 (blu&,(@reen) and 2.0 (red) were
used. It is clear that there is a strong effec¢hefgeometry on the selectivity.
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bottom, two wire diameters.
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It is seen that conversion increases as the viemeter is decreased, and
the outlet temperature is corresponding higher. Sdree is true for an increase in
catalyst activity. Initially, at relatively low caltyst activity, the selectivity to XD
decreases as the catalyst activity increases. Hawewce it reaches a critical
point the selectivity to NO improves rapidly. Thelestivity is the highest for
larger wire diameters. Overall, it can be concluttest the system geometry can
play a key role in the §}D production. Conversion is also favoured by a lowe
wire spacing.

5.3.2 2D parametric study for multiple wires

Having gained an appreciation of the rate and Beigceffects for a single wire,
we turn now to the case of multiple wires. Two agaments were selected, inline
and staggered, as shown in Figure 5.13. A numbstudfies were performed for
these two geometries. The wire diameter was vdirged 0.05 to 0.10 mm as with
the single wire study. The spacing of wires in divection orthogonal to the flow
was three wire diameters measured centre to cenirbe effective catalyst
activity was varied from an activity factor of 1 0. The effects of these
parameters on the conversion and selectivity apgvshin the following figures.
The mesh used for each simulation is given in Edui4.

The two arrangements obviously have different floatterns. These are
shown in the vector plot of Figure 5.15. Colour toom plots of the velocities are
then shown in Figure 5.16 for the two shapes.

Figures 5.17 and 5.18 show the selectivity towaMl® and NO
production as a function of wire diameter and gatahctivity. Figure 5.17 relates
to the inline arrangement and Figure 5.18 to thggdtred one. These values are
based on the production of each species evaluatéte axit. It is evident from
the figures that the selectivity towards NO imprewggnificantly as the catalyst
activity increases. Furthermore the selectivityNl@ also increases as the wire

diameter increases.
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Figure 5.13 — Two arrangements for the five witeslied, inline and staggered.

Figure 5.14 — Finite element meshes for the twatipialwire arrangements. The
meshes had 12058 and 11961 elements for the imtidestaggered respectively.
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NO.
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The total conversion of the ammonia decreases.ebheny as the wire
diameter increases, see Figure 5.19 for the refultthe two geometries. The
outlet temperature, which is a direct functionla# tonversion, tracks the trend in
the conversion, as shown in Figure 5.20. It is ificant to note that the overall
conversion is higher for the staggered arrangensnis the outlet temperature.
Note that the temperature values are close torias reported in the literatife

Prior to a discussion of the selectivity effecs éach wire in the array, we
present now some colour contour plots of the comaton of NH and NO for
the two geometries. Figure 5.21 shows the two aanagon profiles for the
inline geometry, while Figure 5.22 shows the saardle staggered arrangement.
It is evident in all cases the concentration of;Nirelatively low at the surface,
confirming the results obtained for the single waase. All wires show strong
mass transfer limitation, with the largest gradsefotr the first wire in both cases.
Both of these figures pertain to a site conceranatif 5.

It has been shown that selectivity depends on Hwghwire diameter as
well as the catalyst activity. It was also obsertret the selectivity varied around
the wire perimeter (as it did for the case of timgle wire). Furthermore, the
selectivity changed from wire to wire, with the beslectivity to NO generally
being seen on the wire that was nearest to thetoutl

It was shown for the single wire scenario thatg&lkectivity varied around
the perimeter of the wire. Figures 5.23 to 5.26snshow the selectivity varies not
only around the perimeter of the wire, but alsa thaaries from wire to wire.
Generally speaking, the selectivity is the worsthat front of the first wire. The
downstream wires show a similar profile, with a rdasing selectivity towards
N2O. Obviously the wake from the upstream wires hmasféect on the selectivity.

The staggered arrangement is overall superioreantine one.
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Figure 5.19 — Conversion as a function of catadysivity and wire diameter for
the two wire arrangements. Top, inline and bottstaggered.
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Figure 5.20 — Outlet temperature as a function athlgst activity and wire
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catalyst site concentration is five.
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wire diameter is 0.05 mm.
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5.3.3 3D singlewire parametric study.
The main features and trends of the reactor pedoo®m have been illustrated

using the 2D configuration. However, the three disienal case allows us to
determine if there is an effect on the selectiafythe crossing of the wires, for
example. The results shown here are based on gesebarrangement of screens.
The conceptual picture of this setup is shown guFe 5.27. The top picture in
this figure shows a frontal view of the screenst &ayiven layer of wires, the
separation between two parallel wires is denotedthsy distance 12 The
separation between two parallel wires in altermayers is thud., because of the
staggered arrangement. Geometric symmetry allowthéfrontal area described
by the red box in Figure 5.27 to be used. The bogcture in Figure 5.27 shows
a perspective view, illustrating the total depthtloé solution domain as twelve
wires.

We show first the results obtained when only thist fgauze layer (two
orthogonal wires) are used. In this case the wiaendter was 0.10 mm and the
spacing,L, was 0.15 mm. The activity factor was varied frano 10 as before.
The colour contour plot of the selectivity is givenFigure 5.28. The magnified
view in the forefront illustrates that the seleityiwaries in both directions. The
flow patterns clearly have an effect on the selégti

Figure 5.29 shows the total ammonia conversion fametion of catalyst
activity and wire spacing for the case of a sirggieeen. As for the 2D case, we
see that conversion rises as the wire spacing @seseand the catalyst activity
rises. Figure 5.30 then shows the selectivity fdd lnd NO as the same
variables are altered. In this case, over the rarigearameters studied, there is
not a significant change in selectivity with wiggasing.

Overall, the trends with the 3D single wire case @imilar to the 2D case,
except that we see a more complex geometrical dieper on the selectivity. In

the next section, the case of six gauzes (twelvesyis studied.
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Figure 5.27 — 3D conceptualization of multiple sor® with staggered
arrangement. Top view shows the front view, whitst bottom view shows the
section used to form the 3D computational domagd gguare).
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5.3.4 3D multiple wire parametric study.

In this section we show the results obtained framssreens of two wires each
(total of 12 wires) that are arranged in a stagj@reangement, see Figure 5.27.
We present a series of results from a parametuntysdf this geometry. The wire
diameter was fixed at either 0.05 or 0.10 mm, &edwire separation (distanté
was varied between one and two wire diameters.sitkedensity range was 1 to
10 as before.

Figure 5.31 shows a colour contour plot of selétifor the case of 0.100
mm diameter wire for a wire spacing of 0.175 mm arsite factor of 10. The plot
clearly shows regions of high and low selectivigiggure 5.32 then shows the
conversion of ammonia as a function of activity amde spacing. Figure 5.33
gives the details of the selectivity to@ and NO for the range of wire spacing
and catalyst activity.

The next set of figures shows the performanceHersix gauzes when the
wire diameter is 0.05 mm. Figure 5.34 shows a aotmntour plot of selectivity
for the case of 0.050 mm diameter wire for a wpacing of 0.175 mm and a site
factor of 10. The plot clearly shows regions ofthind low selectivity. Figure
5.35 then shows the conversion of ammonia as aiftumof activity and wire
spacing. Figure 5.36 gives the details of the s®igcto N,O and NO for the
range of wire spacing and catalyst activity. Tlemtls are the same as before.
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Figure 5.31 - Contour plot of selectivity for thase of 0.100 mm diameter wire
for a wire spacing of 0.175 mm and a site factod©@f The plot clearly shows
regions of high and low selectivity.
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regions of high and low selectivity.
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54  Look-up tablevalidation

In this section we compare the results from theé-op table to the chemistry
module. Figure 5.37 shows a colour contour plotthar 2D five wire staggered
arrangement. The mole fractions of ammonia are shamd the results are
virtually indistinguishable. The minimum mole framt of NH; was 2.7217x19
for the chemistry module and 2.7322%1@r the lookup table. The relative error
is about 0.3% which is acceptable. The executioe twas about one hour with
the chemistry module and about one minute witHdbk-up table.
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Figure 5.37 — Contour plots of ammonia mole fractior the chemistry module
(top) and the look-up table (bottom). The resulesesssentially the same.
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55  Conclusions

In this chapter, we have developed a detailedy flidcrete, mathematical model
for a gauze reactor used for the catalytic oxisated NH;. By using pre-
computed rate data stored in a lookup table, it p@ssible to use a detailed
mechanistic model which can give a guide to thedpecd distribution. In
particular, the execution of full three dimensiorsaiulations was very time
consuming if this table was not used. With thes®staleveloped, we have the
ability to perform detailed and realistic CFD segliof the gauze reactor. Such
operating parameters as the gauze design, numl&yess, mesh design, etc can
be investigated.

It has been shown that the selectivity is a strimmgtion of the geometry
of the wires. Not only does the selectivity vargrr wire to wire in the multiple
wire case, but it also varies around the perimeftéine wire. In three dimensional
simulations it was also seen that selectivity \sakng the length of the wire.

It is clear from these results that shape optitiiracan be used to
determine a wire shape and gauze arrangementdula give some ideas on how
to minimize the emissions of,®. A serious consideration of gauze design could
therefore be extremely beneficial.
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Nomenclature

Cp constant pressure heat capacity, J/(K)ol
D; binary diffusion coefficient, fts

DM diffusion coefficient of in mixture, nf/s
(AH OR)i enthalpy of reaction, J/mol

k thermal conductivity, W/(rK)

M molar mass, g/mol

P pressure, Pa

S selectivity, dimensionless

T temperature, K

u velocity, m/s

w mass fraction

X mole fraction

Greek symbols

Y diffusion volume of a species

P density, kg/m

H viscosity, P&
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Chapter 6:

Conclusons and Recommendations

6.1 Summary

The focus of this thesis is on the use of look-aplds for the multi-scale
modelling of heterogeneous catalytic reactors. dt heen shown that by
appropriate selection of sub-model for complex #ase or heat and mass transfer
phenomena, considerable reductions in computatiaoal can be achieved
without significant loss of accuracy. Thus in Cle@2 it was seen that using a
hierarchical approach for model reduction in algéitaconverter, it was possible
to retain complex information about the smallertispacales in full scale reactor
models. Cost savings of orders of magnitude caachésved. Some of the more
complex simulations can simply not be achieved gisitassical computing
algorithms. In Chapters 3 and 4 two applicationscatfalytic converters were
examined using the principles expounded in Chahtér Chapter 5, another type
of structured reactor was examined, the gauze oeémt ammonia oxidation. In
this case, a slightly more complicated look-up ealvhs developed to model the
various reactions that occur in this system, anstudy the effects of geometry on
the selectivity of the reaction. It has been shdhat the selectivity is indeed a
strong function of geometry, and this finding ipegted to lead to a major new

research direction.

6.2 Recommendationsand futuredirection

The power of the look-up table has been shown. @aeback of this method is
that the size of the look-up table grows signifitaas the number of dimensions
increases. For the work presented here, the maxisiaenof the look-up table
was four dimensions, and it was possible to obgaifficient accuracy with a
reasonably sized table. As the number of dimensioneeases, the memory
requirement also increases dramatically. Duringatgrse of this work, look-up

tables were built with dimensions of six or sevdmach is possible with about 64
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GB of RAM, however, it can also take a long timétold the table as the number
of simulations required increases. It is recommdrttiat for larger tables, the use
of Matlab be avoided, and the splining functionvréten in a language such as
Fortran. The use of parallel systems may also bearddgeous for the

construction of larger systems.
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Appendix A:
Example
Here is an example of the smallest lookup tabl2 222] in Chapter 2.

First, the following equation shows one-variablegewise polynomial form of a
spline of ordek.

It provides a description in terms of its breaks -¢,, and the local polynomial
coefficientsc; of its | pieces.

In Chapter 2, there are four variables so thatiwarsiite tensor product is
used to evaluate.

Fiin (% %,) = Ij B (%)

F...;. isthe objective value (i.e. reaction rate forkop table T1) obtained by

the polynomial, andj is the order of the spline method.
Ky Ko =i
pm,i(x):Z(xm_fm,i) Crn,ji

i=1

In the simplest casen=4; k =k, =k, =k,=2 for linear spline.j =1
9=(x-¢;)

F1,1,1,1(X1, XZXQXQ =
c(Dagep.+c(depprc(Jopprc(dopic(Jopgrc(foe
+c'(7) @@, +c'(8) @ +c (9 pog,+c (10 pp.+c ( Lopc ( 1o+
c(19ap+c(19p+c(19a+c (19

The coefficients obtained by MATLAB spline toolbaxe shown in Table A.1
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Table A.1 The 16 terms of the smallest lookup tdldlen Chapter 2
c'(1:16)
-1.7491E-01 HAHPY,
9.3410E-06  PPLY,
2.6350E+00 ALY,
-1.4766E-04 @,
9.5038E-01  9%Y,
-4.2265E-05 2
-1.7868E+01 ae,
-5.0682E-04 2
6.2143E+01  HULE
1.4490E-02 21

-9.9615E+02 a9
-2.9771E-01 %
-3.5359E+02 )

9.1427E-01 .
-1.2126E+04 a
-2.0264E+01 1
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