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ABSTRACT

Various problems regarding the behaviour of fixed bed catalytic

reactorsinvolving highly exothermic reactions have been studied in

relation to optimal design and control.

Steady and unsteady state mathematical models of various degrees
of complexity have been used from those considering axial and radial
diffusion to the simple one dimensional representation neglecting both
mechanisms. Since these models would be used repeatedly, they must be
relatively simply solved by a computer in a reasonable time and without
loss of detail necessary to take full advantage of coatrol or

optimization processes.

Orthogonal collocation has proved a very efficient method of solution
for golution of the radial diffusion and axial diffusion models. It has

been shown that in the former case, an optimal distribution of the

collocation points in the radial direction requires the minimum number
of points. Double collocation, under certain conditions, is an efficient

integfation procedure both for steady and unsteady state models. In the

case of the axial diffusion model, some orthogonal polynomials converge
faster than others depending on the profiles to be approximated.

It has been recognised that further reduction in computing time 1is
ﬁsually coupled with a redué:tion in model dimensionality. A model
reduction technique has been used to lump the radial profiles il:.'. the
unsteady state radial diffusion model. This lumped model has the ability
to regenerate the radial profiles from simple algebraic expressionswith
reasonable accuracy compared with the distributed parameter system.

Studies on the transient behaviour of the reactor have indicated
that the m?,jor dynamic factor is the solid heat capacitance and that the
inlet temper;.ture and concentration may be manipulated to effectively
control the reactor in a multi-variable mode. Congideration has also

been given to the response of the reactor to sinusoidal and damped
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sinusoidal perturbations at the inlet. It has been found that for
certain frequencies severe hot spots may be formed over a paxrt of the

radial profiles before a safe quasi-stationary state is reached. A

detailed examination of this behaviour has shown that the differences in
the speeds of propagation of the concentration and temperature waves
along the reactor were significant factors in determining the resulting

behaviour.

A steady state axial diffusion model in which the radial variation
in temperature is approximated by a parabolic radial temperature profile
has been considered; The limitations of this approximation have been
jidentified and treated by the model reduction technigque. Thus the model
develoPed gives adequate representation of axial and radial dispersion
processes. Axial dispersion becomes important if the axial temperature
and concentration gradients increase beyond a certain value. This value
may be calculated from the axial profiles of the one dimensional model
which neglects axial diffusion.

Consideration has been given to a dynamic model based on the above
~and the collocation and the reduction technique used to solve the m;éel.
The solution time is reduced to reasonable levels making it suitable for
detailed studies. Including the axial dispersion in the dynamic model
did not alter the qualitative behaviour of the reactor.

The exceptional cases are those related to parametric sensitivity
or temperature runaway studies. Instability arising from parametric
sensitivity or multiple states in either the radial or aﬁ.al diffusion
models has been considered. The criteria developed indicate that if

instability is to occur in the reactor, it is likely to originate from the
solid phase regardless of the mechanisms considered in the fluid. Thus,

conditions of catalyst particle stability are essential in establishing

local stability of the reactor.
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CHAPTER 1

INTRODUCTION AND RESEARCH OBJECTIVES

In recent years an increasing amount of effort has been expended
in attempting to simulate chemié:all. processes. Simulation has been made
possible by the wider availability of electronic computers and the work
has been stimulated by the ever-increasing cost of experimental woxk,
which is time consuming and often gives no real insight into the
behaviour of the process teing exsmined. This is particularly true of
the complex systems when strong interaction occurs between some of the
physical and/or chemical phenomena. Such interaction makes optimization
of the process virtually impossible using experimental data only, and
.gatisfactory control strategies must be developed largely by trial and
error.

Mathematical modelling, however, is relatively inexpensive and it
is possible to perform many simulations :Ln a relatively short time.

Moreover, it is necessary to examine at least some of the undexrlying

effects in the process, and this enables a greater understanding of the
system to be developed. In general, the more complex the process, the

more benefits are potentially available from a succescsful mathematical

model,

It is unlikely that many processes can be completely and accurately
modelled without any experimental woi-k being required. Whenever a
simple mathematical model is available, however, it is possible to use
calculations from the model to determine the best way of tackling the
experimental programme so that the maximum benefit can be obtained from
the minimum amount of practical work.

If a mathematical model of g proc'ess' can be developed which 1is

capable of solution in a very short time, then it may be possible to
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incorporate it into a control strategy designed to improve the
profitability of the system as well as using it as a basis for some
optimization procedure at the design stage. In general, the initial
models of processes are unsuited to this type of use, since they are
primarily designed to provide information about the way the system works
and to examine the dominant processes involved. Once this hag been done,
it may be possible to use the results to simplify the model to a stage
vhere it can be solved rapidly enough to meet the requirements necessary
for on-line control or optimization. Such model reduction has been
attempted in a limited way and on steady state processes only. OSince
these reduced models are‘ primarily designed to be put to practical use,
it ie essential that they are based on realistic and reliable mechanistic
models of the process if they -a.re to have the requisite flexibility. The
wider use of reduced models will, therefore, tend to increase the number
of complex models which are necessary, rather than reduce the demand for
themn.

In the past, chemical reaction enginzering has posed considerable
problems in both design and operation and has received a corresponding
amount of attention in the development of mathematical modelling techniques.
In particular, heterogeneous systems such as the packed bed catalytic
reactor has received much of the attention since they often form the basis
of new manufacturing processes.,

The packed tubular reactor is particularly useful for carrying out
exothermic or endothermic catalytic reactions, and has been in widespread
use for many years. The rcactor normally consists of a number of small

diameter tubes, the extermal surfaces of which are cooled or heated by

a flowing or boiling liquid. In the case of endothermic reactions, the
heat 1s necessary to keep the reaction going at an acceptable rate, and

hence 1o keep down the size of resctor required for a given production
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rate, whereas for exothermic reactions the heat removal is necessarxy
either to minimize the production of unwanted by-prodvcts, or to
prevent overheating, which may cause damage to the reactor or catalyst.
Tklis overheating is commonly referred to as "temperature runawvay" and
can lead to hazardous conditions.

One of the major problems with tubular reactors has been the
difficulty of predicting the performance of the reactor from mechanistiic
models, since these are necessarily complex, and the sysiem is very
sensitive to changes in some of the parameters involved. In particular,
the addition or removal of heat through the tube walls may set up severe

thermal gradients in the radial direction and since the chemical rate

terms are normally a highly nonlinear function of temperature , their
values may vary by an order of magnitude across the tube radius. This
makes it very difficult to work in terms of radial mean values of the
state variables, and initially at least, a two dimensional model of the
reactor is necessary. The heterogeneous nature of the system may also
cause difficuities, since there are resistances to heat snd mass transfer,
both around and within the catalyst pellets and these will generally have
to be included in any realistic model of a reactor.

Although much information exists on the steady state behaviour of
the reactor, it is insufficient to predict its performance since the
state of the reactor variables, when subjected to any kirnd of change,
depends on its previous history as well as its environmentzal conditions.
Sometimes a small perturbation in reactor parameters can lead to a very
high temperature inside it with consequential burn out of the catalyst
or even an explosion. It is also possible for the reactor variables to
exist in two different states for the same set of operational parameters
or for a small change in one of them and usually one state is an order of
magnitude larger. Such multiple states, or in the former case temperature

runaway, can lead to the undesirable effects mentioned agbove. Failure o

Va
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allow for adequate heat removal is perhaps the greatest source of
dangerous conditions which arise industrially. Thus studying the
conditions under which the reactor can be considered stable (i.e. a
small change in the parameters can only bring about a small change in
reactor state variables) is vital for the safety of indusfrial processes
and has to be considered in design or deciding on a control strategy for
a reactor. Moreover, in any detailed study required for reactor design
or control, informagtion on the transient behaviour of the reactor should

preferably be available as well.

A mathematical model of the complexity needed to describe the
effects which have been mentioned is clearly unsatisfactory for use in
either optimization or control and may well require too much computatiocn

even for routine design problems. Consequently, there are many

difficulties to be overcome before the full capability of on-line control
becomes feasible for reactors of this type. The conventional approach
of using empirical 'black box' models is in many ways an unsatisfactory
approach,- Particularly since there may be internal constraints on -the
operating conditions, such as a maximum temperature, and also because
many of the effects in the system arise from the distributed parameter
nature of the problem and may not be capable of analysis using a simple
lumped parameter epproximation.

To try to discover the exact nature of the problems involved in
perfectly general terms is likely to be an impossibly difficult task
because of the large number of dégrees of freedom. A more profitable
approach is to conduct a series of case studies which, hopefully, will
indicate some general properties. The work reported here covers some
aspects of such a study and relates to the catalytic oxidation of benzene
'l%o maleic anhydride in a tubular fixed bed recactor. 'Ilh.ls reaction, which

contains congsecutive and parallel reaction steps is highly exothermic and
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is normally carried out in the presence of a large excess of air. A
suitable objective of the control strategy would be to maximise the
profitability of the whole process, but this could often involve a sub-

optimal problem, such as optimizing the production rate or yield of

maleic anhydride from the reaction itself,

The requirements of a mathematical model to be used in design and
control, of such complex problems, are somewhat different., The design
model must have general application over a wide range of conditions.

The control model, however, must be caﬁable of very rapid solution but
may only need to be applied over a narrower range of conditions, but
with frequent up-dating of the parameters. However, in both cases, the
models have to give an accurate representation of the important state
variables in the reactor. Preferably the control model should be
obtained from the design model using suitable model reduction techniques.

Much of the basic groundwork for the formulation of design model
and the identification of the transport phenomena which occur in the
heterogeneous reactor has been done by Cresswell(14) and Thom’con(46)
and the application of the model reduction technique on the steady state
model has been tried successfully by Turnerg78) Al though there is much
information on the steady state behaviour of the heterogeneous reactor,
no parallel studies have been carried out on the dynamic behaviour of
fixed bed reactors, except on simplified one dimensional models, which
are of limited use. This is because increasing complexity of the reactor
model A% usually results in an increase in computing time, which in turn

makes such detailed studies difficult.
One of the aims bf this research ig to introduce more efficient

numerical methods to solve the reactor models and to develop dynamic

models to take into consideration the radial and/or axial transport of
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heat and mass. Another objective is to extend the application of the
model reduction technique to the transient models of the reactor and
identification of some of the dynamic characteristics of the complex
system. The degree of sophistication required, with particular reference
to the flexibility of using these models as a basis for optimal design
and control, is also outlined. The reactor instability problem which
may exist as a result of some of the parameter values and/or to the
dynamic behaviour of the reactor is also considered.

such a generai approach to the examination of the general problem
of the highly exothermic heterogeneous reactor contributes to the control
a.nd/o:c design policies. Since it pays particular attention to the
accuracy of representation, the need for small computation times, and
understanding of the interaction of the physical and chemical processes
taking place in the reactor. In short, it identifies the essential
structure of the problem and the influence this has on exploiting the
capability of the system to the maximum extent within the practical .

constraints.
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CHAPTER 2

PREVIOUS WORK AND BASIS OF THE PROPOSED MODELS

2.1 General literature

In recent years a wealth of literature has been published on

heterogeneous catalysis and its relevance to reactor design. Among

the books covering general aspects of the subject are those by Thomas

3 (4)

and Thomas(1), vatterfield and Sherwood(z) N Aris() ) and Petersen’’,

Denbigh and E’L‘u_:rnex'(5 ) and Perlnmtter(6). Several review articles have
(7,8),

also been published, the more recent ones being those by Froment
Hlavacek(g) and Ray(10).
The methods of obtaining data for the models are not discussed in

detail within this thesis, since there have been several excellent reviews
publis}'.u».-'.-wzi('11’"2’39 ). A1l the data required in the proposed modals (other
than kinetic and thermcdynamic data) can be found or estimated using
information in the boc;ks or papers by Satterfield and Sherwood(2),
Hougen(“),' Beek(?’g), Carberrj(m) and Paris and Stevens£13 )

Since the majority cf published work has been concermned only with
specific aspects of reactor modelling or catalysis, it is convenient %o
discuss the main body of the work under headings vhich reveal the
strucvure of the problem and the significance of relevant contributions

and which are related to the present research.

2.2 Catalyst pellet studies

Recent work on the performance of single catalyst pellets has been
concerned with non-isothermal systems, particularly where the rates of
reagction are differenv from those which would be expscted from purely
kinetic considerations. The importance of such studies stems primarily

from two considerations. Firstly the presence of the catalyst particles
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in the reactor causes considerable distortion for the flow patterms in

the reactor. Secondly, the catalyst pellets are usually porous to
increase the surface on which the reaction can take place, and the
reactants therefore have to diffuse inside these pores to react and
the products then diffuse back again. These processes are normglly
clasgified as transport resistances and the most general models of
catalyst particles have been developed to include the following effects§14)
1. Mass transfer resistance within the pores. This is expressed by
means of an effective pore diffusion coefficient.

2. Mass transfer registance, at the exterior pellet surface between
the solid and the gas pl.la.se, expressed as a film mass transfer
coefficient.

3. Heat transfer resistance within the pellet expressed by means of
an effective thermal conductivity coefficient. '
4. Heat transfer resistance across the boundary layer surrounding
the pellet, expressed as a film heat transfer coefficient.

The pellet model which takes into consideratiorn the above four items,
as well as the reaction rate and the heat generated by the exothermic
reaction, is given in Appendix (ﬁ...1.1). This model gives rise to a
simultaneous set cf non-linear two point boundary valuve differential
equations, the sclution of which can only be oblained by numerical methods.
Besides requiring large amounts of computation time, the numerical method
used to solve this system is by no means simple to apply. Nor should it
be forgotten that the pellet model when incorvorated in a reaztor model
has to be solved at each point inside the reactor to provide the temp-
erature and concentration at the pellet surface. Due to the heat and
mass resistances mentioned above it ig to be expected that the temperature

1gnd concentration would have different values from those in the fluid.

A measure of these differences has been formulated in terms of the
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. : actual reaction rate at pellet conditions
‘effectivenegs factor 7 =

reaction rate evaluated at fluid conditions

rate of reactants consumvtion

and the selectivily V/- rate of products production

I

Once they are known, they can be used in the fluid equations.
It is apparent that a considerable amount of computation would be
necessary, and most of the work done has been therefore concentrated
on two fronts. An immedigte problem is to find more efficient numerical
methods than the finite difference method(M); in this respect the
recent development of orthogonal collocation method(15 ’16)for solving
the differential equations have proved to be very efficient as will te
shown in Chapter Three. The other alternative is to make assumptions
vhich would simplify the model. Obviously the two procedures are
- related, and a significant part of this thegis is concerned with this
problen.

Much of the early work appears to deal with simplificd models.
The effect of transport phenomena on the performance of the catalyst
pellets was initiglly studied to help the experimentalist in his efforts
to measure the true kinetic rates so that the kinetic constants might
be calculated. It is clearly desirable to measure rates undisturbed
by transport effects and vhere diffusion can be ignored as in the case
of nonporous catalysts. However, in the case of a porous catalyst, it
has been demonstrated that(46’18) diffusion is an important factor in
catalyst performance. The influence of diffusion (effect (1) above) on
the performance of an isothermal catalyst was first examined by Thiele (19)
and Zeldowitsch£20) The studies were extended by Wheeler(m) and by

Weisz and Prater(zz) wno suggested a criterion for avoiding the region

where diffusion changed the rate of reaction by more than 5%. Weisz(23’24)
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predicting an upper bound on the Thiele modulus, below which the effective-
negs factor would vary from unity by less than a specified amount. These
criteria were shown by Schh2ider and Mikchka.(25) to be inappropriate for
reactions subject to product inhibition, such as those obeying a
Langmmuir-Hinshelwood type of rate expression. However, Hudgins(26)
showed that a similar criterion could be developed which is valid for
any type of kinetic expression and any order rcaction. The criterion

reduces to the Weisz-Prater form for a first order reaction. A model of
the catalyst pellet which has a non-uniform pore structure was proposed
by Mingle and Smith£27) The pellet was considexred to have a system of
micropores branching from macropores, and the authors succeeded in
evaluating effectiveness factor for a single irreversible first order
rcaction. This type of model is particularly useful for a catalyst made
by compacting powder Linto pellets. The treatment of Mingle and Smith
was extended by Carberry to include reversible(29) and consecutive(ze)
reaction schenes.

Non-isothermal systems have been studied by a number of authors
and 1n many cases effectiveness factors much larger than unity have been
repc:.l:cted.g"2’30"3 1) Wheeler(3 2) and Prater(35) considered pellets
subject to effects (1) and (3) and demonstrated the possible existence
of severe thermal gradients. The latter showed that for given surface
condi‘bions,‘ the concentration and temperature within the catalyst pellet
are linearly related and that this relationship is independent of pellet
geometry and of the form of the kinetic rate expression.

The effect of reaction order in exothermic systems was examined by

Tinkler and Metzner(34) who showed that, in general, second order

reactions are much less sensitive to temperature than are first order.
j}’.*)'s‘l:e:x:*ga.a::'cl(35 ) studied the effect of fluid temperature on the apparent

reaction rate, and demonstrated that the apparent activation energy can be
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very sensitive to small changes in temperature when the reactions are
exothermic., The exothermic case was also studied by'Carberry(12)
including, for the first time, the interphase resistances (effects (2)
and (4)). However, the vast majority of published work has been concerned
with systems where the interphase resistances (2) and (4) may be ignored.
Thig is unfortunate, since in most practical cases, the interphase heat
transfer resistance is considerable and often controls the behaviour of
the system. On the other hand, the resistance to mass transfer is
relatively small and can often be ignored without loss of accuracy.
Inclusion of a heat and mass transfer resistances (effects (2) and (4))
between the phases means that for most of the published work, it is
necessayy to find the appropriate surface'conditions'by'an.iterative
procedure., This clearly adds considerably to the computational effort
required to solve the pellet models which do not already include these
resistances. In the case of complex reactions such as used in this
regsearch, ignoring*the intexrphase transport resistances can only be
construed as an attempt at mathematical or model simplifications a.nci 'must
be regarded with suspicion for non-isothermal systems.

Several methods of simplification have been proposed, besides those
mentioned above. Schilson and Amunﬁson(37’38) congidered the pellet underxr
non-isothermal conditions, approximating the heat generation function by
one or two straight line segments. The method was found to be fairly good
for the system they considered but is unsuitable for extension to ccuplex
reactions where interphase transport resistances are present. Beek(ag)
considered a system where interphase heat transport resistance is included.
The model can be solved very rapidly, but is based on the gssumption that
the-reaction.rate varies linearly with tempsrature, and this severely

restricts the range of application over vhich the model is valid.

0
Peterson(4 4141) used the relationship developedby'Prater(sa) as the
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basis of an approximation method which is asymptotically valid under
conditions of diffusion control where the reactant concentration falls
to zero in the outer layers of the catalyst pellet. This method was
extended by McGreavy and Cresswell(74’ 31,14) to the case where inter-
phase transport resistances are important. Hatfield and Aris(43) have
also used this approach in a general parametric study of the catalyst
pellet. Gunn(44) assumed that the temperature profile within the pellet
could be represented by a straight line and Tinkler and Pigford(45 )
allowed for small, but significant, temperature rise by using a pert-
urbation series technique. Both these methods are only useful over a
narrow range of conditions.

Numerical computations performed by Cresswell(M) have shown that,
over the whole range of practical operating conditions (when the fluid
is a gas) the catalyst pellet is essentially isothermal, the temperature
rise between fluid and pellet centre being concentrated almost entirely
in the interphase region. Tnis result was anticipated by Beek(sg) and

also suggested from the results of Hutchings and CarberrySBS)

Cresswe11(14) proceeded to assume isothermality within the pellet,

thus allowing an analytic solution of the mass transport equation for

a firgt order reaction. Later Ihomton(46) extended the isothermal
pellet assumption to include the complex reactions with 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. His model is

(46)

shown in Appendix (A1.2) and is used in this thesis. Thornton has

shown that the isothermal model gives an accurate estimate of the steady
state and over a wide range of parameter values. This conclusion
is also confirmed by Hlavacek and Kubicek$47’48) The consequences of
these simplifications are very significant, resulting in the pellet mecdel
being reduced to a single nonlinear a1l cebraic equation in temperature to

be solved, instead of the original system of differential equations.
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While considerable effort has gone into attempts to simplify the
description of the single catalyst pellet, a few attempts have been
made to relax some of the assumptions on which even the more conplex
models are based. In particular, the shape of the pellets has received
some attention. Most studies reported in the literature have been
concerned with spherical pellets, but Aris (49) showed that by using the
volume/surface ratio as a characteristic dimension, the asymptotes of
charts (i.e. kinetic control and pore diffusion control) coincided for

various shapes. Extensive calculations have been performed by Gunn(so)

for finite and hollow cylinders, and by Luss and Ammdson'?!) for finite
cylinders and parallel—;[)ipeds. Their results hgve been summarized and
compared by Rester and Aris..‘(5 2) Attempts to simulate the effects of
particle shape away from the asymptotes have been made by Rester et alg53)
Whereas all previous papers had assumed symmetry in the fluid
conditions, Copelowitz and Aris(54) considered the behaviour of a pellet
situated in steep gradients in the axial direction. Soluticen of the
relevant equations is not straightforward and introduction of interphase
transport resistances would increase the diff‘icul'by. Moreover, steep
axial gradients commonly imply steep radial gradients (in the fluid)
and in this case not even axial symmetry can be assumed in the fluid phase.
It therefore seems unlikely in the near future that such models will be
used in reactor design.
Comparatively little experimental work has been carried out on
single catalyst pellets, and the results are somevwhat contradictory.
This 1s not surprising since the experimental difficulties are 5reat,
particularly in the measurement of intraparticle temperature profiles,
Cunningham et a1g55 ) demonstirated the existence of large temperature
difference between the fluid and pellet centre, and found experimental
values of thé '7 as high as 25, Miller and Deans(56) also reported

large temperature rises and 4/ greater than unity. Probably the most
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reliable work on radial temperature gradients was reported by Irving
and Butt(5 7) who carried out measurements on several pellets using
extremely fine thermocouples (0.001 in. diameter). Very large temp-
erature rises across the boundary layer were measured, with relatively
small ones occurring within the pellet. This work showed the same
features as that of Fulton and Crosser(58) who demonstrated the
importance of film resistances by using catalyst pellets of various
sizes. They also reported the work of Ramzla.s'«JraJ:P_“'i.(5 9) who is alleged to
have obtained fluid film temperature rise of up to 420°C.

Little attention has been given to the transient behaviour of the
catalyst pellet and most of the research done in this area has been
concerned with stability studies. McGuire and Lapidus(60) used a
transient single pellet model within g transient model of the reactor.
They ignored the interphase transport resistances vhich were shown to
be of importance in any realistic model by Feick and Q10n£62) Wei(61)
also examined the transient problem and showed that the maximum temp-
erature achieved may be considerably greater than the steady state
maximum which is predicted by the Prater(33) relationship.

The equations describing the dymamic behaviour of the catalyst
pellet and which include all transport resistances are given in
Appendix (A1.2.2). This model has been studied by Uﬂlornton(46) for the
highly exothermic reactions in which adsorption effects are unimportant
as in the partial oxidation of hydrocarbons. He showed that the heat
capacitance is much larger than the mass capacitance and therefore the
rate of change of concentration within the pellet is much faster than
that of temperature. This result, which has been confirmed
computationally, means that the changing temperature drives the
concentration profile, which may be considered to be at a pseudo-steady

state. In systems where strong surface adsoxrption occurs, Nussey(105 )
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has shown that its effect may be accounted for by modification of the
diffusion coefficient in the mass balance equation. Thus when Henry's
law applies to the adsorption equilibrium, the parameter, ]ZIPA in equation
(A1.1) becomes:
(DPA + K'DS)
(1 +K')
vhere K' is an adsorption equilibrium constant and Ds is a surface

diffusion coefficient. The reaction rate term is similarly modified

so that Aoi becomes Aoi .

Z1 +Ki

Thus the form of the unsteady state pellet equations under these
circumstances is unchanged, although the numerical values of the
coefficients are different from those used in the steady state. OSome

(10’106) have inferred from the results of Kabel et a.l.(107) that

workers
strong adsorption will cause the adsorption time constant of the catalyst
pellet to become greater than the thermal time constant. Kabel et al£107)
studied the effect of temperature disturbances on the dehydration of
ethanol over an ion exchange resin catalyst in an isothermal reactor.

The interpretation of their results is, however, open to question for
several reasons. No attempt appears to have been made to establish the
lack of importance of the heat transfer effects within the system. Also,
because the system was designed to operate isothermzlly, the perturb-
afions were applied to both the reactor inlet and the coolant so that

the effect was distributed throughout the system. Perhaps the most
important point about this work is that virtually all of the concentration

disturbances occurred during the temperature perturbations and not

subsequent to them and to infer from this that the concentration changes
are driving the response is open to question. There is no evidence that
thig is the case with the highly exothermic reactions of interest here.

Indeed the experimental results of Kehoe and Butt(64) and Horak and
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Jiracek(108) 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 pellet may be treated

as if they pass through a series of pseudo-steady states which are

determined by the changing temperature profiles.

Applying the assumption of pellet isothermality, Thornton(46)
demonstrated that the catalyst pellet also remains essentially isothermal
in the transient state. Although a slight temperature gradient within
the pellet has been noticed at the beginning of a transient response,

it is rapidly flattened indicating isothermality. Kehoe and Butt(64)
measured the temperature profiles in the pellet when subjected to fluid
perturbations. They found that pellet isothermality might be obtained
through the transient period for a relatively high thermal conductivity.
Hughes and Kcuh(65 ) have demonstrated experimentally that a small intra-
particle temperature rise during the transient response of the catalyst
particle is possible. However, most of this rise occurred near the
surface with the bulk of the profile in the pellet being flat. They

also found that the film heat transfer resistances are far more important,
and during the transient response the intraparticle temperature gradient
has very little effect on the effectiveness factor. These conclusions
have also been confirmed by Thornton§46) In this respect the approx-
imation of isothermality of the pellet is as good in the unsteady state
as it is in the steady state. Treating the pellet as isothermal and

considering the mass transport equation to be at a pseudo-steady state
and therefore can be solved analytically. The dynamic model for the
catalyst pellet then becomes a single first order differential equation
as shown in Appendix (A1.2.2). The advantages of this formulation are

clearly evident, the model gives an accurate estimate of the reaction rate

limitation imposed by the catalyst pellet and may be solved rapidly enough

to be included in a dynamic model of the reactor.
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2.3 The tubular reactor

In the fixed bed reactors, which are of interest here, the reactor
normally consists of a cylindrical tube packed with catalyst particles
with the gaseous reactants passing through the length of the tube. The
reaction is assumed to take place only on, or within the catalyst pellets.
If the pellet conditions (i.e. its temperature and species concentration)
are considered as that of the fluid, the packing is taken purely from the
point of fluid dynamics and its effect on the fluid flow. This type of
treatment is categorized as a quasi-homogeneous reactor. On the other

hand if the differencesin solid and fluid conditions are allowed in
addition to the fluid dynamical effects, the rates of reaction are
modified by an effectiveness and selectivity factors which are obiained
by the solution of the catalyst pellet model, the term heterogeneous
reactors is then used. Many of the chemical reactions which occur in
packed bed reactors are associated with large heats of reaction and it
is often necessary to take into consideration the limitations imposed
by the solid Phase(7’46’14’62) i.e. they should be treated as hetero-
geneous reactors. In order to retain control of the reactor and to
prevent irreversible damage to the catzlyst, external cooling around the
tube is usualiy utilized. In such a situaticn radial temperature gradients
eﬂst perpendicular to the direction of reactant flow, and as a ccn-
sequence, concentration gradients. Also, due to axial temperature and
concentration gradients as well as the turbulent effects of the packing,
an axial diffusion of heat and mass opposing the fluid flow may occur,
Therefore, to describe the spatial distribution of heat and mass inside
the heterogeneous reactor, the mathematical model required should take
into account the effects of the axial and radial gradients.

The packed bed reactor is essentially discrete in character and an

exact model would need to describe the fluid on a microscopic scale,
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taking into consideration the spatial distribution of individual catalyst
pellets. A rigorous analysis on this scale which would take account of
the discontinuous nature of ithe bed, is impossible at the present time,
and is not really warranted. In practice the fluid must follow the
random passages in the bed, whereas the chemical reaction occurs only
within the catalyst pellets. The problem is therefore best tackled as
if the properties of the bed were averaged out to give ajpséudo;homogeneous
structure. The transport of heat and mass within the bed may then be
described in terms of differential equatibns, using effective transport
paramsaters. Such reactor models are of a continuum nature and although
the bed properties are space averaged, the equations describing the heat
and mass transfer within the catalyst pellets are solved for the actual
size of the pellet being used. This means that the rates of reaction and
heat production per unit volume may be calculated at any pcint in the
reactor as if a catalyst pellet and its associated average voidage were
acting at that point. |

In contrast to the continuum models which have been described above,
Deans and Lapidus(66) proposed a mixing cell model in which the reactor
is treated as a two-dimensional network of stirred tanks. Each cell has
the dimensions cf one catalyst pellet and its associated bed voidage.
such models have been used ty several otherworkers(60’67) and although
they have certain mathematical advantages, the computing time was found to
be excessive. This is because to get accurate representation a large
number of these cells must be employed and itiié'then corresponds to the

finite difference representation for solving the continuum:modelg68) For

this reason the continuum representation of g reactor is used in this

research,

Wnen heat is removed through the walls of a tubular reactor, radial

temperature gradients are set up ang these cause radial concentration
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profiles to develop. The system can therefore only be described in
detail by a model which is at least two-dimensional. The first models
proposed were concerned with homogeneous or quasi-homogeneous systemg?o’69)
Beek(71) gives an excellent review of the design of reactors based on
quasi-homogeneous models, and also discusses some of the transport

effects which occur in the models. Nickley and Let'ts(72) extended the
model to include multiple reactions with arbitrary rate terms. An

attempt was made to discover the size of yield losses due to radial

mixing and failure to withdraw the reactant stream at the points where
local yields are at their maximum. A two-dimensional transient model

of the homogeneous reac;tor was solved analytically by Amu.ndsongu) but
since the rate of reaction was assumed to be independent of the concen-
tration and linearly dependent upon temperature, the solution can be

considered to be of mathematical interest only. McGreavy and Cresswe11(74’14)

(46)

and Thornton proposed a heterogeneous model taking into ccnsideration
the radial transport of heat and mass. The equations describing the
behaviour of the system were of a quasi-homogeneous form, but thé rate
terms were modified at each point in the bed to take account of the
influence on the reaction rate of the resistances to heat and mass
transfer in and around the catalyst pellets. The results were shown 1o
be significantly different from those predicted by models taking account
of pure kinetic rates only. In particular, it was shown that in many
cases, where the quasi-homogeneous model predicts tempersture runavay,
the heterogeneous model predicts stable profiles. Such g model generzlly

consists of a set of nonlinear partial differential equations which

describe the distribution of heat and mass in the reactor. Thesge

equations are coupled with the catalyst pellet equations and because
of their nonlinear nature they have to be solved nuuerically. The most

‘generally applicable method is the Crank-Nicholson finite difference

.ﬂ' -
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representation. Although the finite difference method is reliable, it

is not an efficient method for solving the reactor model of such
complexity and takes large computing times. If, in addition, transient
models are considered, the computing time increases enormously(éz) making
these methods of solution unsuitable for design or'control of reactors,

or even for a detailed study related to reactor problems., For these
reason_s; two‘ main approaches have been developed to tackle these difficulties.
Th_e first approach is to use a more efficient solution method such as the
'alternating direction explicit method(62) or the relatively new collocation
methods(63’75’76) (see Chapter Three in this thesis). The second approach
is to reducec the comple:;;ity of the original problem by, for example,
reducing its dimensionality. Since it is the axial concentration and

temperature profiles which are of principal importance, it is possible

to eliminate the radial and axial diffusion derivatives. However, it

(46,77)

has been shown that this kind of simplification of the reactor

r;odel is unappropriate in many cases. Thornton(46) developed a one-
dimensional model based on the assumption of a parabolic radial temp-
erature profile vhich results in a modified wall Nuscelt number. Although
such a medel takes a small amount of computational effort, it has limit-
ations regarding the accuracy of profile representa.tionSW) Such a model
has becn used extensively in transient studies by Adderley(109) who
identified its limitations and tried to increase the model accuracy.
'I‘urner(78) used a semi-enpirical method of model reduction to approximate
the radial profiles. His method has been shown to be adequate in the

steady state models. An attempt to extend the method to the dynsmic case

can be seen in Chapter Four.
In the above models the radial diffusion of heat and mass has only
been considered and most workers tend to neglect the axial diffusion of

heat and mass as unimportant, This tendency has been widely accepted,

because neglecting the axial diffusion terms simpli\fies the equations
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considerably and thus many criteria and conditions have been put forward
to justify neglecting it.

Generally the mixing in the axial direction which is due to the
turbulence and the presence of packing, is accounted for by superposing
an effective mechanism upon the overall transport by plug flowg']) The
flux due to this is described by an expression analogcus to Fick's law
for mass transfer and Fourier's law for heat transfer. The respective
proportionality constants are effective diffusivities and conductivities.
Because of the assumptions involved in their derivation, they implicitly
contain the effect of a radial velocity profile and the short circuiting
effects due to packing. The principal experimental results concerning

the effective diffusivity and conductivity in the axial direction(131’1’2’

.133_ 154,159, 160) show that the Peclet number based on the particle diameter
for heat and mass lies between 1 and 2. The addition of a mixing term in
the equations describing the heat and mass transport in the reactor
transfer a first order ordinary differential equation, i.e. plug flow
model, to a second order ordinary differential equation of the boundary
value type. The form of these boundaries has given rise to extensive
discussiong161’92’93’162’163’120) However, the gencrally acceptable
forms are those of the derivative type based on the Fick and Fourier laws.
Thig type of unsymmetrical nonlinear boundary value problem poses a

-

number of difficulties in methods of sgolution.

Carberry and Wende1(79) developed a nonisothermal gteady state model
based on the parabolic radial temperature profile assumption and
neglected the interphase resistances between the fluid and solid. They
solved the system by implicit finite difference procedure and concluded
that the axial diffusion can be considered unimportant if the bed length

exceeds 50 particle diameters. It was also reported that the axial

diffusion can be neglected for high flow velocities(79’80), a case usually



DD

attained in industrial practice. On the other hand Liu and Amundson(125)
studied the effect of axial diffusion in an adiabatic reactor and
concluded that its effect cannot be ignored when dealing with multiple
states. They solved the equations by the implicit finite difference method
and reported a ccmputation time of gbout 2 hrs. for a transient run.
Lee(127) utilized the quadratic conversion of the quasilinearization
technique and reduced the computing time. In the case of isothermal

(164,165,166)

reactions s where the number of equations can be reduced to
one, it can be integrated backwards with the aim of satisfying the
boundary condition at the reactor inlet. However, apart from the numericsl

instability problems, in the case of adiabatic or nonisothermal cases which
are of industrial importance and where the number of equations is more than
one, the method of solution becomes infeasible, and may require optimis-
ation methods to promote convergence. As an alternative method of solution,
collocation procedures have shown to be more suitable and can deal with
such unsymmetrical problemsgwo’ao) *

Considerihg the axial and radial diffusion, the problem becomes even

(66) (60)

more complex. Deans and Lapidus and later McGuire and Lapidus

used the concept of mixing cell arrays in formulating such a comprehensive
wodel. However the computing times were prohibitive. Ranzi et a.l$130)
used an integral transformation method and indicated that under certain
conditions axial diffusion may affect the temperature and concentration
profiles in the reactor. The most comprehensive dynamic model has been
solved by Feick and Quon£62) They included the axial and radial
diffusion terms and the particle inter and intra particle transports

and employed the alternative direction explicit finite difference method.

The computing time was again excessive to the extent that no detailed

gstudies have been carried out.

It is clear that the problems imposed by considering the axial
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diffusion are considerable and the criteria and conditions for neglecting

120)

it have not been definitively establishedg The collocation method

together with the model reduction technique will be employed in Chapters

oix and Seven to solve such comprehensivé models including axial and
radial diffusion, and extensive investigations of the basic assumptions
made.

It is worth examining some of the other assumptions implicit in
the formulation of reactor models., In all the models, axial symmetry
of the concentration and temperature profiles is 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 axis,

- temperature gradients may, under some circumstances, occur in the
coolant flow direction£109) 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
description,‘the temperatures and heat transfer coefficients around all
the tubes would have toc be measured or estimated. Even if sufficient
data existed to estimate these variations to any degree of reliability
the results would certainly not be reproducible in other systems or even
in the same systemn.

Similar reasoning may be applied to conditions inside the tube so
that 1t 1s generally assumed that within the bed every point on the
surface of each catalyst particle is in contact with gas of uniform
concentration and temperature and is also equally accessible for the
purposes of hecat 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
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pellet shapes may be considered without much difficulty by defining an
appropriate characteristic radius.(.4) The effect of varying the pellet
size throughout the bed, in an attempt to optimise the reactor performance,
has been invegstigated by Brusset et alg104) Calderbank and co-workers(wz)
(76)

and Stewart and Sorensen have modelled reactors in which the packing

is diluted with inert spheres, and Shadman-Yazdi and Pe'l:erson(mB) have
considered the effect of varying the catalyst activity within individual
pellets in order to obtain better yields in cases where the product can
be consumed. Catalysts are usually subject to deactivation with time and
more lmportantly with temperature. ILittle is known, however, about the
exact mechanism of ca.'ta,l;yst deactivation 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 is the principal factorg111’83 )
When temperature runaway occurs, deactivation can take place so that the
kinetic model is no longer applicable. Since one of the purposes of
reactor modelling is to identify regions of operation where such un-
desirable behaviour occurs, inclusion of catalyst deactivation effects

in the models used here is not really necessary.

A common 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 practics,
but usually the increase in computational efforts required to solve a
model which includes such variations (even when they are known) is not
Justified by the increase in accuracy which is obtainedgﬁ'G) This 1is
e'specia,lly true in, for example, the case of heat transfer coefficients

which can usually only be estimated to about 10% accuracy in any case.

Perhaps the most doubtful of assumption is that of plug flow of the gas
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through the reactor which is related to the assumption of uniform bed
voidage. The voidage of a packed bed is not uniform, being greatest
near the tube wa11g81) Since the gas will tend to take the path of
least resistance through the bed, its velocity profile will therefore
be deformed. This in turn will also cause a variation in the values of
the mass and heat transport parameters. 'Ihornton(46) has shown that
the performance of a reactor can be significantly affected by small
variations in value of the voidage. Valstar(ez) found similar dis-
agreement between the predictions of é. reacter model which contain a
velocity profile expression and one in which plug flow was assumed.
More recently Stanek and Szekely(112)have suggested that significant
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 temperature gradients. These results appear to some
extent to conflict with those of Hoiberg et alST?) 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
specified velocity profile with a large peak near the tube wall. They
concluded that in their system, at least, the radial heat and mass
transfer occurred rapidly enough to counteract the effects of tane
higher local velocities. Clearly then, more investigation of this
problem is required. As Valstar(82) and Hoiberg et alg77) have shown,
inclusion of a velocity profile in the reactor model is not difficult.
However, the validity and applicabilit&'ofboth}themodel and its
predictions is uncertain. The distribution of voidage within the bed,

and therefore the form of the velocity profile, is very SYStem'dependent.(81)

Since one of the aims of this work is to contribute towards a general

picture of reactor behaviour, there seems to be little alternative to
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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 models,
in general, becomes a set of simulations, non-linear orxrdinaxry or partial
differential equations describing the spatial variation of temperature
and concentration within the bed. One equation consists 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., In the solution of
the reactor equations at each point in the bed, where the gas concentration
and temperature are calculated, the catalyst pellet model must also be

solved to obtain the reéction rate and heat generation rate.

2.4 Reactor stability

If a small change in reactor inlet conditions can bring about large

changes either within the reactor bed or at the exit, then the reactor

ig said to be unstable. This instability may be due to parametric

sensitivity, in which case removing the perturbation causegs the system

to tend to return to its original state. The other cause for insta.b-ility

is the existence of mmultiple steady states in the reactor whereby the

original state camnot be restored by merely removing the inlet pert-

urbationg46) Multiplicity may occur in the catalyst pellets or may bte

present in the reactor without packing. The existence of possible multiple

steady state for the catalyst pellet creates considerable difficultics in
= the reactor design and operation, since the performance of the reactor is

uncertain unless the history of each pellet is known. The reactor is also

likely to be unstable in the transient case, since the pellets tend to
change from one state to another under these conditions. Even more
important, however, is the fact that the reaction rate at one steady

state is often several orders of magnitude greater than at another.

Nevertheless instability due {o parametric sensitivity or multiplicity
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can lead to several undesirable results, such as bad selectivity,
catalyst deactivation or reactor burn out. Therefore the primary motive
for identifying the regions of potential instability is that operating
conditions of the reactor can be kept away from these regions, thus
avoiding the associated undesirable effects.

The vast majority of published literature on the catalyst pellet
gtability or multiplicity has been concerned with systems where the
inter- and intra-phase resistanrces were not taken into consideration.
Since these investigations cannot be extended to zllow for the phase

(10,46)

resistances they are of academic interest only. Use can be made,

however, of stability criteria for catalyst pellets with no intraphase
resistances(w’us) when gpplied to nonporous pellets or catalytic wires.,
For models developed which include all transport resistances there
appear 1o be three possible steady states of which the middle one is
metastable. However as high as five steady states have been reportedg43’85)
These results lie outside the practical range of operating conditions and
occur only over a very narrow range of parameters.
For unpacked reactors or even quasi-homogeneous systems when radial
cr axial diffusion of heat and wass are included in the reactor model,
the possibility(87) of three steady states for the same inlet conditions
exists. This kind of multiplicibty and its relation to the system sigbility
has been discussed by Perlmutter(6) and reviewed by Raygw) If axial
diffusion is considered in the reactor model, multiplicity may arise,
as Froment has pointed outgs) However, the magnitude of the back mixing
which could produce multiple steady states is greater than that usually
encountered in industrial fixed bed reactorsg%’%) Instability may also
occur due to recycling in the reactor system(88’89’9o) or to using counter
(91)

current cooling fluids. Recently the effects of the cooling medium on

the stability of the packed bheg reactors has been investigated by
' Adderleyg109)
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In an attempt to relate the pellet multiple steady states with the
general stability problem of the fixed bed reactor, McGreavy and
Thornton(94) and 'I'homton(46) developed a method in which the region
of multiple steady states of the pellet may be plotted on g phase diagranm,
then the reactor trajectories can be plotted on the same diagram to
indicate whether they pass through a region of multiplicity or not.
Howevexr it has been shown that in fact parametric sensitivity near regions

46,109)

of multiplicity( could pose more serious problems.
Most of the studies stated above have been concerned with the simple
recaction of the type A—+B., Extension of the available methods or

criteria to the complex reactions of the type under study is either in-

valid or gross assumptions have to be made, which in turn gives very
conservative estimates on the stability or multiplicity of the reactor.

This point is discussed in more detail in Chapter 8 of this thesis.

2.5 Concluding comnents

The widespread use of high speed computers has enabled increasi.pgly
sophisticated models of chemical reactors to be solved and some of the
assuuptions usually made to be relaxed and tested. Studies concerning
asymmetrical heat and mass profiles within the catalyst pellet(95 96,97)
or catalyst pellets exists in non-uniform fluid concentration and temp-
eramre(98’99’1oo) have been carried out. This kind of study is impossible
to verify by the present state of experimental techniques and appears to
be of little practical value. Attempts to control the hot s?ot formation
in the reactor have been suggested, for example, by using larger cata.lysit
pellets near the hot SPO’G£1O4) since this will tend to slow the reaction

down. Dilution of the bed with inert spheres is also possible$102’76) or

even considering the effects of varying the catalyst activity within

individual pellets has been studieg by Petersen et al£105) The cooling
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jacket may also be divided into several sections each at g different

tempera.ture£101) However, such a strategy may add to the mechanical

problems congiderably.

Although the trend has been towards increasingly complex models,
it seems likely that in the future, the emphasis will be on the develop-
ment of models of reducing complexity or on more efficient solution
methods, while retaining the detailed description which is associated
with the more complex medels., " Such efficient models can thus be uged

in design and improvements of practical systems with minimum expense.

Also as basis of control algorithms using state and parameter estimators.
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CHAPTER 5
SOLUTION OF THE RADIAL DIFFUSION MODEL WITH COLLOCATION METHOD

3.1 Introduction

Many catalytic systems of industrial inportance involve transport
effects in and around the catalyst particles of the reactor bed, and
this can cause apprecidle variations in the reaction rate predicted.
Therefore it is desirable that heterogeneous models distin@ishing
between solid and fluid should be employed. Moreover, in many industrial
systems the catalytic rcactions are highly exothermic and a cooling medium
is needed at the outer walls of the reactor tubes to remove the excess

heat generated. This will induce radial variations in temperature and

consequently in concentration. Thus, a two dimensional model is needed
to describe the radial temperature and concentration profiles at various
axial positions.

McGreavy and co—workers(14’46) have proposed a suita'blé heterogeneous
model. Although the equations describing the system are essentizliy in a
quasli-homogeneous form, the rate terms are modified at each point in the
bed to take account of the influence on the reaction rate arising from
the resistances to heat and mass transfer in and around the catalyst

pellets. Their proposed model will be used in the following work. The

treatment which follows will deal with a reaction scheme of the following

form: A—B-—C

N

D

where B is the desired product and it is typical of a wide range of
reaction schemes found industrially. The set of partial differential
equations which represents the above scheme is given below (equations

3.1 to 5.5)- These are coupled and nonlinear equations and can

only be solved numerically.  Unfortunately, quite often in such a
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complicated system, large computation times have to be used in the
solution, and this cannot really be justified.

In the presentm study, orthogonal collocation as an alternative
nunerical procedure to the finite differ<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>