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ABSTRACT .

Various aspects of the behaviour of fixed bed reactors
supporting highly exothermic reactions, relevant to stable
optimal design and control, have beenétudied'using detailed
mathematical models.

In order to establish the form of the simplest.basic
structure, two methods of describing radial heat transfer in
two dimensional packed beds have been examined. It is shown
that a lumped parameter single phase heat transfer model
which impliecitly incorporates the heterogeneous structure can
account not only for the radial heat flux associated with
both the fluid and solid phases but is also the more approp-
riate formulation since it allows the important reaction
rate limitations due to intraparticle mass transfer to be
- properly estimated. Using this two dimensional, heterbgen—
eous dynamic model of the reactor it has. been possible to
evaluate'a simpler oné dimensional formulation. It is shbwnl
that the latter gives an adequate description of the dynamic
behaviour of the system, provided that the overall heat trans-
fer coefficient between the fluid and the coolant is suitably
defined, and may, therefore, be used for general studies of

reactor performance.

Consideration has been -given to the respbﬁsé'of the
reactor to sinusoidal perturbations of the inlet conditions.
It has been found that at certain frequencies of oscillation

temperature runaway may -develop before a safe quasi-stationary
state is reached. A detailed examination of this behaviour

. has shown that in addition to the non-linear effects the

difference in the speeds of propagation of the concentration
and temperature waves along the reactor as a result of the
heterogeneity of the system is also very significant.

fﬁe effect of both cocurrent and countercurrent cooling
of a single reactor tube has been examined. The benaviour
for perturbations in coolant teuperature is similar to that
for inlet temperature and indicates potential difficulties °
in the design of control systems.

A mathematical model of a multitubular reactor with
crossflow .cooling has been developed and used to identify some
of the problems:which may arise in these systems. In



ii,

particular, considerable interaction between the individual
reactor tubes occurs when significant conversion of the re-
actant takes place. This causes tubes in different parts

of the bundle to exhibit different behaviour and with counter-
current cooling this may give rise to multiple steady states
‘due to the feedback of heat within the system.

A technique has been developed for predicting regions
of parametric sensitivity and temperature runaway in hetero-
geneous fixed bed reactors. The ‘relationship between this
form of instability and that due to multiple states of the
catalyst pellet has been demonstrated. Application of this
method to both the design and control of a reactor is dis-
cussed and it is shown that it provides an insight as to the
behaviour of the system since it makes possible the establish-
ment of a relationship between local and global reactor stab-
1l1ity and the operating variables.
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CHAPTER 1

INTRODUCTION

Whilst the basic principles of most unit operations
were developed as many as forty or more years ago, it is
only comparatively recently that systematic methods have
been applied to the study of chemical processes 1n general
and chemical reactor engineering in particular. The
central feature of this approach has been the formnulation
and use of mathematical models in an attemnpt to simulate
the chemical and physical processes which occur within
these systems. The stimulus for this developmeunt has
been provided by two factors. PFirstly, economic pressures
have brought about the need to design larger and more
efficient plants and also to improve the efficiency of
existing planté. This has meant that more reliable design

nethods have teen required and more understanding of systen
performance has been needed in order that better control

of these systems may be effected. The second factor has

been the parallel development of low-cost high speed computers
and improved numerical and mathematical techniqgues which

have enabled engineers to tackle increasingly complex problems.

It has long been recognised that informatioa obtained

from pilot plant studies, although in many respecis very
useful, generally gives no real insight into the behaviour
of a particular process. without this understanding the

wrong conclusions may often be drawan from a particular
experiment or insufficient information may be obtained be-
cause the experimental measurements do not tell the wiaole

story. this is particularly true of complex distributed
parameter systems typified by the fixed bed catalytic reactor

in which serious disturbances may occur with no immediately
apparent effect on the measureable variables.  Besides
facilitating a deeper understanding of the behaviour of the
system, mathematical modelling also has other more easily
recognised advantages over an extensive program of experi-
mentation. These are that it is relatively cheap and 1%
permits the study of the system performance over a whole range
of conditions in a comparatively short time.

Simulation may also be used to indicate undesirable or



dangerous modes of operation and so avoid damage to expensive
equipment. In fixed bed reactors supporting highly ex-
othermic reactions apparently safe perturbations of the
systen can cause very unsafe behaviour due to the complex

way 1n which the physical and chemical processes occurring
within the reactor interact and because of the very large
amount of heat which is generated. This may result in damage
to the reactor itself as well as the catalyst and can put the
operating personnel at risk if any of the reactants or products
are explosive. For these reasons extensive study of this

and many other similar systems by simulation using a mathe-
matical model offers considerable benefits.

This does not mean, however, that mathematical modelling

renoves the need for experimentation. On the contrary, this

1s always necessary especially to measure those parameters
in the model which cannot be estimated by other nreans. Also

since any nathematical model can only be regarded as an
approximation of the physical and chemical processes within
the system, its predictions must at some stage be checked

against experimentally determined results. In this respect
the role of the model is that of a tool to aid the experi-
mentalist in the interpretation of his results and to pre-
determine undesirable operating conditions so that they nay

elther be avoided or approached with care.

A further application of mathematical modelling is in

the design and implementation of computer control schemes.

An optimal control policy may be easily determined using
suitable mathenatical models of the system. Also in modern
control stratcgies the control action must be rapidly det-
ermined frcm as few measurements as possible and to do this
without viclating the various system constraints is only
pogssible by the use of a model which reliably predicts the

system behaviour.

Because of its very complex behaviour, the fixed bed
reactor is particularly well suited to mathematical modelling.
As has been indicated above, the nature of the interactions
between the various physical and chemical processes within
the sysiem cannot be easily understood and therefore may not
be reliably ﬁredicted without sinmulation. Mxed bed reactors

are widely used industrially for perforuing a variety of



chenical reactions. the application of interest in this
thesis is that of carrying out strongly exothermic reactions
between gaseous reactants on the active surface of catalyst
pellets. Such reactions are typified by the partial air
oxidation of hydrocarbons using a transition metal catalyst

on a high temperature support. Beeause of the large amounts
ol heat generated and the exponential dependence of the
reaction rate on temperature this class of reactions poses
some very difficult problems both in the design of the reactor

and in its subsequent control.

Much of the basic work in the identification of the

important phenomena which occur in the packed bed reactor
and the formulation of suitable mathematical models to describe

this system has been carried out by Cresswell13 and Thorntonl2.
However, althouzh considerable information exists on the

steady state performance of a single reactor tube, no real
attempt has been made to study either its dynamic behaviour
or the effect of the external environment (i.e. the coolant)
taking into account all the significant physical and chemical

processes which occur within the reactor. Consideration
of the effect of the cooling mediur is particularly important

in large industrial scale reactors which usually consist of
many individual reaction units interactively connected by

the flow of a coolant.

One of the aims of this work is to examine the pattern

of dynamic behaviour of a single tube fixed bed reactor in
which a strongly exothermic reaction takes place, principally

in terms of the important thermal effects which may occur.

This study is carried out in perfectly general terns using
a simple reaction scheme and data vhich, although it refers

to no particular process, is typiceal of that found with many

reactions of industrial importance (e.g. the partial oxi-
dation of hydrocarbons) and well illustrates the problems

associated with these systems. Consideration is given to

reactor instability, particularly that ascociated with
parametric sensitivity, to determine under what conditions

this phenomenon occurs and to exanine its effect on reactor

performance and control.

It is also intended to pay some attention to the develop-

ment of a mathematical model of a multitubular reactor in



order to investigate the nature of the interaction of the
individual reactor tubes. Because of the complexities of
this system, this study necessarily takes the foru of a
preliminary investigation of steady state behaviour. Never-
theless it should still be possible to identify some of the
important problems encountered in both the mathematical

description and the operation of these systems.

By examination of the general pattern of behaviour of
the fixed bed reactor in this manner, the essentlial charac-
teristics of the system which must be taken into account 1in

the design of a control strategy may be determined.



CHAPTER 2
PREVIOUS #ORK AND DEVELOPMENT OF THE MODELS

2.1 Introduction

The interest in chemical reaction engineering has in-
creased so rapidly in recent years that a voluminous amount

of literature about reactor design and heterogeneous catalysis

18 now available. Amongst the useful textbooks dealing with
the well-founded aspects of the subject are those by Aris}

Petersen? Levenspiel? Denbigh and Turner? Thomas and Thomas?
Coulson and Richardson? and Perlmutter? Several "state of
the art" reviews have also appeared, the notable recent ones
being those by Proment?’g Hlavaceklo 11 Thornton12

and Ray.
has also given an excellent critical review.

Much of the recently published literature has tended to

deal either with rather simple models of little practical
application or else with complex nodels which are not pertinent

to the reactor configurations of interest here. For example,
stability analyses using quasi-homogeneous models and axial
dispersion in adiabatic reactors have lately received con-
slderable attention. whilst such analyses have involved some
elegant mathematical techniques and are indeed, in themselves,
very interesting, the results can usually only be applied to
certain specific systems and have l1little or no general appli-

cation to industrial reactors. ror this reason, it 1s not
intended here to survey all the recent literature concerning

catalysis and fixed bed reactors and in any case this would
only tend to duplicate the efforts of the reviewers mentioned
above. Instead, what is attempted in this chapter is to show
how the basic reactor and catalyst pellet models used in this
thesis have heen developed and thereby set them in perspective.
Some consideration is also given to the use of various mode.s

in the study of reactor stability.

2.2 The Catalyst Pellet

Consideration of the catalyst pellets in a packed bed
reactor is necessary for two important reasons. The first
reason, although perhaps obvious, is that the presence of the
pellets significantly affects the flow distribution inside
the reactor and therefore influences the dissipation of both



heat and mass. The second is that the catalyst pellets
provide the surface on which the reaction takes place.
Generally the pellets have an irregular porous structure so
that the surface area available to the reacting gases may be
very large. In order to reach the catalytic surface, however,
the reactant gas molecules must overcome certain resistances

to both mass and heat transport within the system. The effect
of these resistances is generally to cause conditions within
the catalyst pellets (i.e. reactant concentration and temp- -
erature) to differ from those in the surrounding gas phase

and thereby inhibit, or enhance, the rate of reaction. Thiele
and Zieldowitsch17 were the first to recognise and mathemat-
ically formulate the effect on the reaction rate due to react-
ant diffusion within the pores of the catalyst pellet. Their
work on isothermal catalysts was extended by WheelerlBand
welisz and coworkerslg"?o’21 mainly in an attenpt to quantify

the regions in which the reaction rate limitations due to pore

diffusion were less than a specified amount. ;!heeler22 and

Prater23 demonstrated that when heat was generated by reaction
vhroughout the catalyst pellet the heat transfer resistance

provided by the pellet caused a temnpecrature gradient which
also afrfected the rate of reaction. Carberry24 was thg first
to consider the finite rates of mass and heat transfer between

the catalyst pellet and the surrounding gas phase and their
effects on the reaction rate in a mathematical description

of the catalyst pellet.
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The transport resistances within the system are now

generally identifiedl2’13as:
(1) A mass transfer resistance within the

catalyst pellet pores.
(2) A mass transfer resistance at the exterior

pellet surface between it and the gas phase.
(3) A heat transfer resistance due to the
structure of the pellet.
(4) A heat transfer resistance between the
catalyst pellet and the surrounding gas.
ALl of these resistances affect the transport of heat and mass
to and from the interior surface of the pellet and therefore
influence the rate of reaction on that surface.

A general mathematical description of the catalyst
pellev in the gteady state which includes these four resistances,



as well as the reaction rate and heat generation rate ex-
pressions, results in a pair of non-linear, simultaneous,
second order, ordinary differential equations describing the
variation in reactant concentration and temperature with
position inside the pellet. These equations are given in
Appendix(l).The intraparticle heat and mass transfer resist-
ances are described respectively by lFourier and Fickian type
expressions and the interphase resistances form the boundary
conditions of the resulting equations. Inevitably, to solve
these equations a numerical method is necessary!‘3 Within

a mathematical model of the reactor, the object of solving the

equations describing the catalyst pellet is not, however, to
compute the concentration and temperature distribution within

each pellet since this information is generally of little use:
by itself, even if it can be obtained accurately. what is

required is an estimate of how the transport resistances
affect the reaction rate and heat generation rate relative %o

the gas phase conditions which can be measured. That is to
say, a knowledge of the effectiveness factor,'?l , 18 required
so that the actual rate of reaction in each catalyst pellet
may be expressed in terms of the gas phase conditions around

the pellet. The effectiveness factor is aefined as:

2. _ Actual reaction rate at pellet conditions
~ Reaction rate at fluid conditions.

Once xnown at each point in the bed, ‘L may then be used

in the equations describing the gas phase conceatration and
temperature throughout the bed to "correct" the reaction rate
expression. Although the effectiveness factor is a very

powerful concept, in non-isothermal reactors it varies with
position in the bed since it is a function of concentration

and temnperature and this usually means that the pellet con-
ditions must be computed at each point in order to evaluate it.

As mentioned above, solution of the general catalyst

- pellet model which includes a description of all the transport
resistances 1s complex and tends, theretore, to be too time
consuming to be included in a. two dimensional or dynamic model
of the reactor}z the relatively recent development of ortho-
gonal collocation rethods for solving differential equations
indicatest412612T¢pay the use of the general pellet model for
these purposes is at least feasible with a very powerful modern

computer. However, the tendency in the past has been to attempt



to simplify the catalyst pellet model thereby making its
solution on small inexpensive computers more tractable.

Since computing costs are usually directly related to the size
of the computer this is probably a more acceptable approach

and the use of the sophisticated pellet model need only be
enployed in cases where the validity of approximate models is
in doubt. Also, the approximate form may be used for a survey
of feasible operating conditions which may subsequently be
examined in nore detail with the complex model.

105t published work appears to deal with systems in
which either both interphése resistances (i.e. resistances
(2) and (4)) or both intraphase resistances (i.e. resistances
(1) and (3)) have been neglected without any attempt at just-
1fication. The intraphase resistances may, of course, be
ignored without question when the catalyst pellets are non-

porous and the reaction, therefore, only occurs at their
exterior surface. If pore diffusion does occur, however, then

its limiting effect on the rate of reaction can be substantial
so that neglecting it will lead to completely wrong conciusions
12’35. This point is demonstrated in the next chapter.

The interphase mass transfer resistance is relatively small'

compared with the other transport resistances and can often

be ignored witnout serious loss of accuracyg5 The interphase

heat transfer resistance, however, is quite large in most
practical cases and it therefore has a significant effect on

the pellet temperature.

Several methods of approximation have been proposed
either to simplify the solution of the catalyst pellet equations
or to enable direct computation of the effectiveness factor
given the fluid conditions.Beek29 expressed the reaction rate

2s a linear function of temperature and a somewhat similar

technigque was employed by Gunn?2 These methods are of limited

use since in most highly exothermic rcactions the reaction rate

is an extremely non-linear function of temperature. Rester
and Ari336 have shown how upper and lower bounds on the
effectiveness factor may be predicted byvariational techniques
in the absence of both heat transport resistances. Theilr
technique is potentially useful to the experimentalist who is
interested in obtaining absolute values of the kinetlic para-

nmeters for a particular reaction and it is applied to the case
of a spatially non-constant internal mass transfer resistance



due to a non-uniform pore structure. Petersen’ 15112

developed what is known as the asymptotic method of estlmatlng
effectiveness factors. This assumes that the reaction is
confined to a thin layer of the catalyst under conditions of
strong intraparticle mass transport resistance, and negligible
interphase resistances. liore recently Patterson and Cresswell”
have used the similar concept of an effective reaction zone

but including both the interphase and intraphase transport
resistances to reduce the effectiveness factor calculation to

the solution of a single algebraic equation. They have shnwn
that for highly exothermic reactions, where the reactant is
rapidly consumed before it can diffuse very far into the cat-
alyst pellet, the approximaticn is very good. In sore respects,
however, this method lacks generality since it has only been
developed for the steady state and the case of a single irre-

versible reaction. S>imilar criticisms can be made of the
method of Jouven and Aris’? by which effectiveness ractors

are estimated to within 5 and 10% accuracy using a best fitting

lnterpolation formula.

Beek29 noted that the principle factors affecting the
reaction rate were the intraparticle mass transport resistance
and the interphase heat transport resistaice. The results
of Hutchings and Carberry25 showed that the ratio of the
pellet Sherwood and Iiusselt numbers is typically of the order
of 1:1000 which therefore confirmed Beek's 23 observation.
Computations performned by Cresswelll3 for a single irreversible
reaction and later by Thorntonl2 for a complex reaction schene
involving both consecutive and parallel reactions showed thet
in the case of gaseous reactants the pellet is essentially
isothermal over the whole range of practical operating con-
ditions and thermal conductivities. On the basis of these
results Cresswelll3 developed the lumped parawmeter catalyst
pellet model given in Appendix (1). In this model the cata-
lyst pellet is assumed to be 1isothermal but at a temperature
different from the surrounding gas due to the interphase heat
transport resistance (i.e. the intraparticle heat transport
resistance is neglected), In the case of first order react-
lons this assunption allows analytic solution of the equation
describing mass transport to and within the catalyst particle
and so the peitlet model is reduced to a single non-linear

algebraic eqﬁation in temperature. This allows very rapid
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evaluation of the catalyst performance. Thornton showed

that the same simplification may be applied in the case of
competing parallel and consecutive reactions as well as in

the case of non-first order reactions with the use of a pseudo-

first order rate expression. The use of pseudo-first order
rate expressions in the isothermal pellet model has been
studied in some detail by Rawlings?7Hlavacek and kubicek
have further shown that the isothermal pellet model gives an
accurate estimate of the steady state effectiveness factor

over the whole industrially important range of parameters.
They also proposed an algorithm to facilitate its solution

in the case of non-first order or non-Arrhenius reaction rate

28,39

expressions.

Sseveral investigators 40,41,42,45,44 have experimentally

studied the single catalyst particle in the steady state

and demonstrated the existgnce of large temperature differ-
ences between the particle surface and the surrounding fluid.

In particular, Irving and Butt43 have shown that this inter-
phase temperature rise is generally much greater than the
intraparticle temperature rise. Hughes and Koh44 measured
steady and unsteady state temnperature profiles within single
pellets for the bvenzene hydrogenation reactlon. They also
found that the intraparticle temperature rise was quite small
in comparison with the interphase rise and not sufficient by

itself to affect the overall effectiveness factor to any

large extent.

Only recently have single catalyst particles in the un-
steady state received much attenticn, and most of this has

been concerned with stability rather than an examination of
the nodel structure. . MNcGuire and Lapidus45 used a dynamic
model of the catalyst pellet which igriored the interphase
sransport resistances. This type of model has been shown to

be inappropriate for the steady state description of exo-
thermic reactions and it is, therefcre, unsatisfactory in the

unsteady state. relcx and Quon46 examined three different

dynamic moaels of the catalyst pellet in a study of the tran-
sient behaviour of a fixed bed reactor. These models were

of increasing complexity; +the first ignored all of the trans-

port resistances, the second considered only the interphase

regsistances and the third took account of all the resistances.

The results showed that the predicted transient behaviour of

e/



made to establish the lack of importance of the heat transfer
effects within the system. Also, because the system was
designed to operate isothermally,the perturbations were
applied to both the reactor inlet and the coolant so that the
effect was distributed throughout the systemn. Perhaps the
nost important point about this work is that virtually all of
the concentration disturbance occurred during the temperature

perturbations and not subsequent to them and to infer from

this that the concentration changes are "driving" the response
18 not possible, There is no evidence that this is the

case with the highly exothermic reactions of interest here.
Indeed, the experimental results of Kehoe and Butt48 and

Horak and Jiracek49 show that the mass capacitance of the
catalyst pellet is much less than the thermal capacitance so

that the concentration changes within the pellet occur faster

than the temperature changes. In these circumstances the
concentration profiles within the pellets may be treated as
if they pass through a series of pseudo-steady states which

are determined by the changing temperature profiles.

By applying an analysis similar to that used in the
steady state, Thornton12 demonstrated that the catalyst pellet
also remains essentially isothermal in the unsteady state.

- Although a slight intraparticle temperature gradient was
evident at the beginning of the transient response the profile

rapidly flattened indicating isothermality. The effective~
ness factors predicted by both the fully distributed catalyst
pellet model and the isothermal model were 1n excellent agree-~

ment throughout the transient response. This is not sur-
prising since the magnitudes of the transport resistances
inside and outside of the pellet are the same in both the stead;
and unsteady state. {ehoe and Butt481measured {emperature
srofiles in catalyst particles subject to perturbations 1in
the surrounding gas. They found that in certain cases the
intraparticle temperature rise was significant and in pellets
of relatively high thermal conductivity isothermality was
obtained throughout the transient period. This is to be
expected since, as they point out, the reaction approximated
to the special case of zero order kinetics in most of their
xperiments, and Paterson and Cresswell33 have shown that
under these circumstances appreciable intraparticle tempecrature

gradients can exist since the heat balance is independent of

L
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the mass balance. Hughes and Koh44 have demonstrated
experimentally only a small intraparticle temperature rise
during the transient response of a catalyst particle; 1ost
of this occurred near the surface and the bulk of the profile
was flat. As mentioned above, these authors found that the
interphase heat transfer resistance is far more important and
during the transient response the intraparticle temperature
gradient has very little effect on the effectiveness factor.
In this respect the approximation of isothermality of the
pellet is as good in the unsteady state as it is in the steady

state.

Lumping the heat transfer resistance at the pellet sur-
face and thefefore treating the pellet as isothermal allows
the mass transport equation to be solved analytically.. AS
shown in Appendix (1), the dynamic model of the catalyst
pellet then becomes & single fifst order, ordinary differen-

tial equation describing the change of pellet temperature

with tine. The advantages of this formulation are clearly
evident; the model gives an accurate estimate of the reaction
rate limitations imposed by the catalyst pellet and may be
solved sufficiently rapidly to be included in a dynamic model
of the reactor suitable for an extensive study oi its un-

steady state behaviour.

2.3 The Tubular Reactor

Having discussed the catalyst particles in isolation,
attention is now directed at the mathematical description of

their assembly in a reactor tube.

Broadly speaking, reactor models may be divided into two
categories; quasi-homogeneous models in which no allowance is
made for the difference between the fluid and pellet conditions
(i.e. temperature and reactant concentration) and hetero-
geneous models where the rcaction rate limitations due to the
transport resistances in and around the catalyst pellets are
explicitly described. In the heterogeneous models, these
rate expressions are modified by an effectiveness factor which
is obtained by solution of the catalyst pellet model. In
the quasi-honmnogeneous nodels the presence of the catalyst
pellets is acknowledged only by their effect on the mass and

heat dispersion throughout the bed. For the reasons given
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previously, it is often necessary to take account of the

reaction rate limitations imposed by the catalyst pellets and
several workersa’lz’l3 46,53 have shown that with many highly

exothermic reactions of industrial importance a heterogeneous
model is essential to adequately describe the systemn.

The single tube reactor is essentially a length of pipe
into which catalyst pellets are packed. In most cases with
exothermnic reactions this tube is immersed in some form of

cooling mediun. The reaction gases enter at one end and
leave with the products at the other. There is, therefore,

a bulk movement of gas in one direction. The processes of
reaction and heat generation due to reaction cause temperature

and concentration gradients along the tube parallel to this
bulk movement of fluid and heat removal by the coolant through
the walls of the tube causes temperature, and therefore con-

centration gradients, perpendicular to the bulk flow (i.e.
radially). In some circumstances a diffusive heat and mass

flux may also occur in the axial direction, parallel to the
bulk flow. Although this diffusive axial flux has received

considerable attention, especially from the point of view of
determining reactor stability conditions, several 1nvest1gator£
have shown 1%?27124 that for the flow velocities used in
industrial practice axial dispersion of heat and mass has a
negligible effect upon conversion when the bed length exceeds
approximately one hundred catalyst particle dianeters. Since
this is usually the case, a descripiion of axial heat and moss
dispersion is not included in the reactor models used here.

To describe the spatial variations of temperature and
reactant concentration within a reactor tube therefore requires
a model which in some way accounts Tor both axial and radial
cradients. In adiabatic reactors, which is not the case of
interest here, there will, of course, be no need to consider
radial gradients since heat is not removed or supplied through

the tube walls.

Although the pellet distribution throughout the bed is

random and the bed is discrete in nature, the problem of
measuring transport coefficients and other bed properties, sucl
ag voidage, is best tackled by treating the bed as a continuum
for the purposes of gas flow. This means that only average

bed properties need be measured for use in the reactor model



and so reproducability of these values in other systems is
then possible. The transport of heat and mass by the fluid
in the bed may then be described in terms of differential
equations making use of averaged or effective transport para-
meters.In some cases the local patterns of concentration and
temperature may differ significantly from those obtained by
the solution of differential equations and a better des-
cription may then be obtained by regarding the bed as a coll-
ection of individual void spaces containing catalyst pellets:
and connected to each other by small channels.55 This type

o finite-stage or mixing-cell model was first proposed by
Deans and Lapidu356 and has been used by several other workers
45’57. In these models the interconnected void spaces are
described as stirred tanks containing a catalyst particle.

This type of formulation has certain mathematical advantages
and has been exploited in fixed bed reactor optimisation studies
59. Generally, however, the finite stage models lead to
rather unrealistic discontinuous profiles, especially ia the
radial direction?5unless a large number of mixing cells is
considered. In this case the computational effort required
for solution of the model is greatly increased and as Feicksa
has shown it then corresponds to the finite difference rep-
resentation of the differential equations used in the continuux
model. for these reasons the reactor models used in this work
are of the continuum type. The radial heat transport 1s des-

cribed by a Fourier type expression using an effective radial

thermal conductivity referred to the gas phase and the radial

mass transport by a Fickian type expression using an effective
radial diffusivity, in a manner analogous to that used in the
catalyst pellet model. It has recently been suggested60 that
this fornulation is inappropriate for the description of radial
heat transport in the packed bed. Since this has very imp-
ortant implications on the reactor model structure and on the
identification and subsequent description of the important
physical processes, radial heat trausport in packed beds and
1ts descripiion are examined in detail in the next chapter.
Specifically it is shown that the continuum model which employs
an effective radial thermal conductivity referred to the gas
phase is, for several reasons, a more useful formulation of the

heterogeneous recactor model.

It 1s worth examining some of the other assumptions implicit
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in the formulation of reactor models. In all the models,
axlial symmetry of the concentration and temperature profiles
18 assumed. In single tube reactors this is usually the
case since the coolant conditions do not vary around the tube
circumference. In the larger industrial units where the
coolant may flow perpendicular to the tube axes, the results
of chapter 8 show that large temperature gradients may, under
some circumstances, occur in the coolant flow direction.

There will also, of course, be variations in the coolant
velocity around the tubes. The difficulties of describing these

variations are very great-and to obtain an accurate descrip-
ion the temperatures and heat transfer coefficients around

all the tubes would have to be measured or estimated. Even
if sufficient data existed to estimate these variations to
any degree of reliability the results would certainly not be
reproducable in other systems or even in the same systemn.

Similar reasoning may be applied to conditions inside
the tube so that it is generally assumed that within the bed
every point on the surface of each catalyst particle is 1in
contact with gas of uniform concentrationamd temperature and
is also equally accessible for the purposes of heat and mass
transport. This further implies that the rates of reaction
and heat generation at each point in the bed may be calculated

as if a catalyst particle is acting at that point.

For the purposes of the work described in this thesis
the catalyst pellets are assumed spherical and of uniform size
and activity. Other pellet shapes may be considered without

much difficulty by defining an apprcpriate characteristic
radius? The effect of varying the pellet size throughout the

bed, in an attempt to optimise the reactor performance, has
Jeen investigated by I‘i'aim.l4 and 3Brusset et al?3 Calderbank
and coworkersGl and Stewart and Sdrensen72 have modelled
reactors in which the packing is diluted with inert spheres,
and Shadman-Yazdi and Petersen62 have considered the effect of
varying the catalyst activity within individual pellets 1in
order to obtain better yields in cases where the product can
be consumed. Catalysts are usually subject to deactivation
with time and more importantly with temperature; 1little is
known, however, about the exact mechanism of catalyst deact-

ivation except that a rapid increase in temperature will usually
enhance it. In most studies of the dynamic behaviour of




reactors the perturbations last for a relatively short period
compared with the time needed to cause significant deactivation.
Over longer periods deactivation may need to be considered

and studies have been made of long term performance where it

18 the principle factor?9’7odhen temperature runaway occurs
deactivation can take place so that the kinetic model is no
longer applicable. Since one of the purposes of reactor mod-
elling is to identify regions of operation where such undesir-
able behaviour occurs, inclusion of catalyst deactivation ef{-
ects in the models used here is not really necessary.

A connon assumption employed in reactor modelling is that
all of the physical and chemical parameters in the system are
independent of position, concentration and temperature.

Clearly this is not the case in practice, but usually the in-
crease in computational effort required to solve a model which
includes such variations (even when they are known) is not just-
ified by the increase in accuracy which is obtained}2 This 1s
especially true in, for example, the case of heat transfer co-

efficients which can usually only be estimated to about 10%
eccuracy in any case. Perhaps the most doubtful of assump-

‘tion is that of plug flow of the gas through the reactor which
is related to the assumption of uniform bed voidage. The -
voidage of a packed bed is not uniform, being greatesi near
the tube wall?3 gince the gas will tend to take the path of
least resistance through the bed, its velocity profile will

therefore be deformed. Phis in turn will also cause a vari-
ation in the values of the mass and heat transport parameters.
Thornton12 has shown that the performance of a reactor can be

significantly affected by small variations in even a uniform
value of voidage. Valstar55 found similar disagreement betweer

the predictions of a reactor model which contained a velocity
profile expression and one in which plug flow was assumed.

lore recently Stanek and Szekely65 have suggested that signi-
ficant gas flow maldistribution may occur not only due to local
variations in bed voidage but also because of the variation in
properties caused by the radial teumperature gradients. These
results appear to some extent to conflict with those of
Hoiberg et al64 who found that the steady state and transient
response predicted by a plug flow model was no different from
that predicted by a model which included an arbitrarily spec-

ified velocity profile with a large peak near the tube wall.,
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They concluded that in their system, at least, the radial heat
and mass transfer occurred rapidly enough to counteract the
effects of the higher local velocities. Clearly, then, more
investigation of this problem is required. As Valstar’” and
Hoiberg et 3164 have shown, inclusion of a velocity profile

in the reactor model is not difficult, however, the validity
and applicability of both the model and its predictions is
uncertain. -~ The distribution of voidage within the bed, and

therefore the form of the velocity profile, 1is very system
dependent.63 Since one of the aims of this work is to contri-

bute towards a general picture of reactor btehaviour, there
seems to be little alternative to using the assumption of plug
flow, at least until more is known about the fluid dynamics

of packed beds.

As a result of these concepts and assumptions the reactor
model becomes a set of simultaneous, non-linear partial diff-
erential ecuations describing the spatial variation of temp-

erature and concentration within the bed. One equation con-
sisfs of a heat balance over the reactor and the others are
mass balances on each reactant. These equations are coupled
with the catalyst pellet model and because of their high non-
linearity a numerical method of solution 1is necessary:.'.'3
Various numerical methods of increasing sophistication have
been used; for examnple the alternating direction explicit
method46 and the recently developed orthogonal collocation pro-
cedures.14’47’66’72 The most generally applicable method,
however, is the Crank Nicolson finite difference represent-
ation of the differential equations. This is not only reliable
and easy to program but is also the method against which the
approximate solutions are checked:.'.'4 In the solution of the
reactor equations, at each point in the bed where the gas con-
centration and temperature are calculated the catalyst pellet
model must also be solved to obtain the reaction rate and heat
generation rate. This increases the computational elfort
considerably and can make the model quite unsuitable for a
comprehensive study of reactor behaviour. (Note: In quasi-
homogeneous models this is not necessary since the pellet con-
ditions are assumed to be the same as those in the fluid and
the solution is therefore greatly simplified). For this
reason several methods have been developed to simplity the scl-

ution by reducing the number of pellet calculations wbich need




to be performed. Since it is the axial concentration and temp-

erature profiles which are of principle interest, the obvious
method is to eliminate the radial derivatives in the mcdel.
olmply to ignore the radial gradients is, however, inapprop-
riate in many systems because the radial temperature profile
especially significantly influences the reactor performance by
determining the rate of heat removal from the bed+2?%% fhe
preferred approach, therefore, is to reduce the reactor model
to a one dimensional form which incorporates some allowance for
the effects of radial variations and from which it is possible

to regenerate the radial profiles when these are required.

Turner7l used a semi-empirical method of model reduction
based on the use of pseudo-parameters to approximate the radial

profiles and Naiml4 has recently extended this method to the

unsteady state. Thornton12 developed a one dimensional nodel

based on the assumption of a parabolic radial temperature
profile which results in a modified wall heat transfer co-
efficient. He showed that this formulation gives good agree-
ment with the steady state predictions of the two dimensional
model and proposed its application to the unsteady state. This
model, which is described in Appendix (2), is particularly
attractive for an extensive study of reactor performance be-

cause of the small amount of computational effort which it re-

quires. It has, therefore, been evaluated in the dynamic form

and used extensively in this thesis.

2.4 Stability

If very small changes in the inlet conditions of a reactor
can cause very large changes to occur within the bed, then
the reactor may be described as unstable in operation. Such
instability may‘be due solely to parametric sensitivity, in
which case removal of the disturbance will generally restore
the original state, or to parametric sensitivity accompanied
by the bed to exhibiting multiple states. In the latter case
simply removing the disturbance will not always cause the

reactor to return to its original state unless certain condit-

ions are fuli‘illed}2
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