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A man would do nothing if he waited until he could do
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ABSTRACT

Steady state and dynamic mathematical models of the fixed bed catalytic
reactor have been developed for exothermic (or isothermal) reactions which may
involve consecutive and parallel steps. At the steady state, itis shown that
& one~dimensional model gives an adequate description of the system for most
purposcs, provided that the overall effective heat transfer coefficient between
the fluid and coolant is suitably evaluated.

The models, which are of the continuum type, take account of tho hetero-
geneous nature of the system by modifying the rates of reaction and heat gen-
eration at ecach point in the bed toallow for the effects of transport processes
on the performance of individual catalyst pellets. The models of the catalyst
pellet have been formulated initially in a fully distributed form, taking
account of transport resistances around and within the particles, and are then
simplified by lumping the thermal resistance at the boundary between solid and
fluid. These simplified models of the pellet are found to glve excellent
rgsults over all controlling regimes for practical ranges of the system para=-
meters, and are capable of very rapid solution.

The proposed dynamic model of the rcactor is one-dimensional and has been

used to examine the basic transient characteristics of the system. It is

demonstrated that some unexpected difficultics may arise in attempting to
control the reactor. In particular, very high peak temperaturcs may occur
when the inlet temperature is reduced. These are specifically associated with

the heterogeneous nature of the model,

A method has been developed which is capable of determining the ranges of
fluid conditions over which multiple steady states are possible for the catalyst
pellet, and it is shown how this may be extended to enablec local and global
stability to be related under steady and transient operating conditions, Whereas

previous work on non-uniqueness in reacting systems has been concerned either

with single catalyst pellets, or with quasi-homogeneous reactors subject to

axial diffusion effects, the present work enables, for the first timgy reactor

stability to be studied in terms of the behaviour of the catalyst pcllets,
without roference to axial diffusion, which is likely to be unimportant in

most practical systems.
ﬂi-
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CHAPTER 1

INTRODUCTION AND RESFARCH OBJECTIVES

In recent years an increasing amount of effort has been expended in
attempting to simulate chemical processes. Simulation has been made
possible by the wider availability of electronic cm;lputera and the work
has been stimulated by the ever increasing cost of experimental work,
which is time-consuming and of'ten gives no real insight into the behaviour
of the process being examined. This is particularly true of complex systems
when strong interaction occurs between scme of the physical or chemical
phenomena. Such interaction makes optimisation of the process virtually
impossible using experimental dats only, and satisfactory control
strategies must be developed largely by trial and error.

Mathematical modelling, however, is relatively inexpensive and it is
possible to perform many simulations in a relatively short time. Moreover,
it is necessary to examine at least some of the underlying 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 successful mathematical model.

It is unlikely that many processes can be completely and accurately
modelled without any experimental work being required. When even 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 work
so that the maximum benefit can be obtained from the minimum amount of

practical work.

If a mathematical model of & process can be developed which is capable

of solution in a very short time, then it may be possible to incorporate it

into a control strategy designed to improve the profitability of the system,

or into an optimisation procedure at the design stage. In general, the

initial models of processes are unsuited to this type of use, since they

-1—



are primarily designed to provide information about the wey the system
works, and to examine the dominant processes involved. Once this has been
done, it may be possible to use the results to simplify the model to a stage
where it can be solved rapidly enough to meet the requirements necessary
for on line control or optimisation. Such model reduction has been
attempted in a limited way, and only recently have the results begun to
look ezrlcc:ura.g:‘ir.tg....64l Since these reduced models are primarily designed to
be put to practical use, it is essential that they are based on realistic
and accurate mechanistic models of the process. 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 them.

In the past, chemical reaction engineering has caused considersble
problems in both design and operation and has recceived & corresponding
amount of attention in the development of mathematicel modelling techniques.
It is on heterogeneous systems in general, and the packed bed catalytic
reactor in particular, that much of the attention has been focused.

The packed tubular reactor is particularly useful for carrying out
exothernmic or endothermic catalytic reactions, and has been in widespread
use for many years. The reactor normally consists of a number of small
diameter tubes, the external surfaces of which are cooled or heated by a
flowing or boiling liquid. In the case of endothermic reactions the heat
is necessary to keep the reaction going at an acceptable rats, and hence

to keep dovm the size of reactor rcquired for a given production rate,

whereas for oxothermic reactions the heat removal is necessary either to
minimise the production of unwanted by-products, or to prevent overheating,

which may cause damage to the reactor or catalyst, This overheating 1s

commonly referred to as "temperature runaway'.

One of the major problems with tubular rcactors has been the difficulty

of predicting the performance of the reacter from mechanistic models, since

-'2_‘



theseﬂara necossarily complex, and the system is very sensitive to changes
in some of the parameters involved. In pariicular, the addition or removal
of heat through the tube walls may set up severe thermal gradients in the
radlal direction, and since the chemical rate constants are normally

highly non-linear functions of tempsrature, their values may vary by an
order of magnitude across the tube radius. This makes it very difficult

to work in terms of raedial mean values of the state variables, and initially
at least, a two-dimensional model of the reactor is necessary. The hetero-
geneous nature of the system may also cause difficulties, since there arse
resistances to heat and mass transfer, both around and within the catalyst
pellets and this will generally preclude the use of a quasi-homogéneous type
of model for the reactor.

Inclusion of the performance of catalyst pellets into a model of the
reactor also introduces problems of stability, since, under some conditions,
the pellets may be capable of existing in more than one steady state. In
these circumstances, a steady state model is insufficient to predict the
performance of the reactor, since the state of each catalyst pellet depends
on its previous history, as well as on its environmental conditions.

A mathematical model of the complexity neceded to describe the effects
which have been mentioned is clearly unsatisfactory for use in either
optimisation or control and may well require too much computation even for
routine design problems. There are, therefore, many difficulties to be
overcome before on-line control becomes feasible for reactors of this type,
other than by using the conventional 'black-box' type of model. This is in
many ways an unsatisfactory type of approach, however, particularly since
there may be internal constraints on the operating conditions, such as the
maximum temperature, and also because many of the effects in the system are
of a distributed nature and may not be capable of analysis using the lumped

parametor model.



To try to discover the exact nature of the problems involved in

perfectly gencral terms, is likely to be an impossibly difficult task,

because of the large number of degrees 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 oxidation of benzene to maleic

anhydrlide, which has the following rcaction scheme:-
CelHg + 40 =y C H;04 + CO + CO; + 2H;0
20405 + 50; ey 6C0; + 2C0 + H0
2CsHs + 130; ey 8C0; + 4C0 + 6H,0

These rcactions are s8ll highly exothermic and are normally carried out in

the presence of a large excess of air. The object 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 optimising the production rate

or yileld of maleic anhydride from the reactor itself.
Since the reactions are carried out in a large excess of air, the

rate of cach reaction can bo treated as a function of the concentration of

benzene or maleic anhydride only, and the reaction scheme may be regarded

as follows:-

A e——y B o C
\ D
For the rcaction scheme previously outlined, it 1s clear that ¢ and

D are tho same, but since there may be examples of other reaction schemes
where this is not the case, or where B is not the desired product, the

scheme shown above will be considered in order to retain as much gencrality

as possible.

The requirements of a mathematicel model to be used in design and

control arec somowhat different. The control model must be capable of very

rapid solution, but may only need to be applied over a narrow range of

conditions. The design model, however, must hé.ve general application over
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& wide range of conditions although the solution time is less critical.

The control model may be obtained from the design model, using model
reduction techniques at present being developed as another aspect of the
64

overall case study.

The basic groundwork for the design model has been done by Cresswell?B
who confined his attention to developing the numerical techniques suitable
for solving the steady state model for the A ———) B reaction, and to
developing some approximation methods for describing the behaviour of
catalyst pellets.

The aim of this research is to extend the mathematical models to cover
the complex reaction scheme outlined above and to develop a transient model
of the reactor. It is also intended to investigate the regions of potential
operating difficulties with particular reference to the occurrence of

multiple steady states for the catalyst pellet, to determine the conditions

under which this can occur, and to examine the implications on the global

stebility of the reactor.



CHAPTER 2
PREVIOUS WORK AND THE BASIS OF THE PROPOSED MODELS

2.4 Gonoral literature
In recent years, a wealth of literaturc has been published on hetero-

geneous catalysis and its relevance to rcactor design. Among the books

covering general aspects of the subject are those by Denbigh3 y Frank-

Kamene1:.31ci:"i’.53 s, Thomas and Thomasy" y, Satterfield and Sherwood5 2 3 Aris5 6 ’

and Petersen29. The more notable review articles covering the field are

those by li‘x‘camcn'ls2 and Carberry5 7. A goneral discussion of the selection

and application of mathematical models to chemical reactors has recently

been published by Valstar72.

Tho methods of obtaining data for the models are not discussed in detail

within this thesis, since there have been several excellsnt reviews

published. All the data required in the proposed models (other than

kinetic and thermodynamic data) can be found or estimated using information

in the books or papers by Satterfield and Sherwood55 ’ Hougen1 R Beek62 ’

76

Carberry26 and Paris and Stcvens ~.
Sinco the majority of published work has been concerned only with

specific aspects of reactor modelling or catalysis, it is convenient to

discuss the main body of the work under headings which reveal the structure

of the problem and the significance of relevant contributions.

2¢2 Single pellet studies
Recent work on the performance of single catalyst pellets has been

concerned with non-isothermal systems, particularly those where the rates

of reection are different from those which would be expected from purely

kinetic considerations. These variations are normally caused by the

trensport resistances in the system, end the most general models have

been devecloped to include the flollowing effects:-35

b



(1) A resistance to mass transfer through the pores of the catalyst pellst,
expressed by means of an effective pore diffusion coefficient.

(2) A resistance to mass trensfer across the boundary layer surrounding
the pellet, expressed by means of a film mass transfer coefficient,

(3) A resistance to heat transfer within the pellet, expressed by means of
an effective thermal conductivity.

(L) A resistance to heat transfer across the boundary layer surrounding

’

the pellet, expressed by means of a film heat transfer coefficient.

In contrast to these sophisticated models which have become potentially
useful since the general availability of electronic digital computers, the
early models were relatively simple. The effects of transport phenomena on
the performance of catalyst pellets were initially studied to help the
experimentalist in his efforts to measure true kinetic rates, so that the
kinetic constants might be calculated. It is clearly desirable to measure
rates undisturbed by transport effects, and much of the early work was
therefore concerned with developing criteria for operating conditions where
diffusion is unimportant. It is only comparatively recently that the

emphasis has changed towards using models of catalyst pellets in the design

of a reactor.

The influence of diffusion (effect (1) sbove ) on the performance of an

isothermal catalyst was first examined by Thiele18 and Zeldowitsch,’ 7 The

20

. 8tudlies were extended by Wheeler ? and by Weisz and Prater  who suggested

a criterion for avoiding regions where diffusion changed the rate of

reaction by more than 5%. Weiszz1 22 also examined non-first order reactions,

and developed a criterion for predicting an upper bound on the Thiele
modulus, below which the effectiveness factor would vary from unity by loss
than a specified amount. These criteria were shown by Schneider and

Mitschlca% to bo inappropriate for reactions subject to product inhibition,

such as those obeying a Langmuir-Hinshelwood type of rate expression.

T



However, Hudgins% showed that a similar criterion could be developed which
is valid for any type of kinetic expression and any order reaction. The
criterion reduces to the Weisz-Prater form for first order reactions,

A model of the catalyst pellet which has a non-uniform pore structure
was proposed by Mingle and Smith§2 The pellet was considered to have a
system of micro-pores branching from macro-pores, and the authors succeeded
in evaluating the effectiveness factor for a single irreversible first order
reaction. This type of mbdel is particularly useful for catalysts made by
forming powder into pellets. The treatment of Mingle and Smith was extended
83

by Carberry to include reversible ~ and consecutive&" reaction schemes.

Non-~isothermal systems have been studied by a number of authors and in
nany cases effectiveness factors much larger than unity have been reported
(e.g. 26, 30, 33). Wheeler75 and Prater23 considered pellets subject to
effects (1) and (3) and demonstrated the possible existence of severe thermal
gradients. The latter showed that for given surface conditions, the conc-
entration 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 oxothermic systems was examined by

Tinkler and ]!-lc:at'.:mer3 3 who showed that, in genersl, second order reactions

I

are much less sensitive to temperature than are first order. @stergaard

studied the effect of fluid temperature on the apparent reaction rate, and
demonstrated that the apparent activation energy can be very sensitive to
small changes when the reactions are exothermic. The exothermic case was
also studied by Carben'y,26 including for the first time the interphase
resistances (effects (2) and (4)). For this work, a numerical procedure was
used which was subsequently reported by Carberry and Wendello The same
numerical procedurc was also used by Bui:‘l;'31 in a study of exothermic

consecutive reactions in which the interphase resistances were neglectod.

—8-



The models proposed by Carber:'y'26 and Bu‘c:’c3 1 glve rise to simultaneous
sets of non-linear two-point boundary value differential equations, the
solution of which can only be obtained by finite difference methods. Besides
requiring a large amount of computation, the numerical method used to solve
the two-point boundary value problems is by no means simple to apply, since
convergence of the finite diffeerence representation can only be obtained
with care. Neglecting adequate precauticns has given rise to the publication
of some results of doubtful validity;ﬂ Even before these models were proposed,

it was spparent that a considerable amount of computation would be necessary,
and for this reason attempts had already been made to make assumptions which

would simplifly the model.

The vast majority of published work has been concerned with systems
where the interphase resistances (2) and (.) may be ignorsd. This is
unfortunate, since in most practical cases the interphase heat transfer
resistance is considerable, and of'ten controls the behaviour of the system.
The resistance to mass transfer is relatively small, however‘?'" and can of'ten
" be ignored without serious loss of accuracy. Inclusion of a heat transfer
resistance (4) between the phases means that,for most of the published work,
it 1s necessary to fird the appropriate surface conditions by an iterative

procedure such that they satisfy the boundary condition:-

aT
Kp 3| = h(Tf-Tp _, )

This clearly adds considerably to the computational effort required to

solve pellet models which do not already include this resistance, even if
such a solution is feasible. For simple reactions, inclusion of the inter-

phase mass transfer resistance adds no difficulties, since the surface conc-

entration may be found from the heat balance:-

h(Tp =, Tf) = ke, (Cf, - Cey, _b) (- &aH)

Calculation of Cp, (etc.) from Tp ., for more complex reaction
S=

>



schemes 1s not possible, since the rate of heat generation cannot be
predicted from one surface concentration. (This point is pursued in
Chapters 3 and 4.) In general it can be considered that, for a single
reaction, ignoring the interphase resistances means that the proposed
pellet model forms only part of a complete model of the pellet and must be
solved simultaneously with the appropriate interphase transport equations.

In the case of complex reactions, ignoring the interphase transport resist-
ances can only be construed as an attempt at mathematical or model simplif=
ication, end must be regarded with suspicion for non-isothermal systems.

Another simplification is to evaluate the performance of the catalyst
pellet as if it were isothermal and at the fluid temperature. While such
simplifications are not common among the proposers of mathematical models,
the results from isothermal cases have been applied to non-isothermsl
systemséa’% without any apparent attempt to use the criterion for negligible
heat sffects developed by Weisz and Hicks‘?o or indeed any sttempt at

justifiication whatsoever.

Several methods of simplification have been proposed, other than the
2h 925

ones mentioned above. Schilson and Amundson™ '~ considered the pellet
under non-isothermal conditions, approximating the heat generation function
by one or two straight lines. The method was found to be fairly good for

the system they considered but is unsuitable for extension to complex

reactions where interphase transport resistances are present. Beel:cz7

considered a systom where the interphase heat transport resistance is
included. The model can be solved very rapidly, but is based on the
assumption that the reaction rate varies linearly with temperature, and this
severely rostricts the range of application over which the model 1s valld,
Peterson28’29’ 72 used the relationship developed by Pre.ter'z:5 as the basis
of an approximation method which is asymptotically valild under conditions

of diffusion control, where the reactant concentration flalls to zero in the

outer layers of the catalyst pellet. This method was extended by McGreavy
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and Creaswe1132’35 752 to the case where interphase transport resistances
are important. Hatfield and Aris&‘ have also used this approach in a
general parametric study of the catalyst pellet. Gunn65 assumed that the
temperature profile within the pellet could be represented by a straight
line and Tinkler and Pigf'ord66 allowed for small, but significant, temp-
erature rises by using a perturbation series technique. Both these methods
are only useful over a narrow range of conditions.

Numerical computations performed by Cresswe1135 have shown that, over
tho 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 inter-

phase region. This result was anticipated by Beakg7

and also suggested
from the results of Hutchings and Carberry?l" Cresswe113 = proceeded to
assume isothermality within the pellet itself, thus allowing analytic
solution of the mass transport equation for a first order reaction. This
method is attractive, as it was shown to have a wide range of validity and
it enables the performance of the pellet to be evaluated very rapidly by
solving a single non~-linear algebraic equation.

While considerable effort hos gone into attempts to simplify description
of the single catalyst pellet, a fow attempts have been made to relax some of
the assumptions on which even the more complex models are based. In part-
icular, the shape of the pellets has received some attention. Most studies
reported in the literature have been concermned with spherical pellets, but
Arisz*o showed that by using the volume/surface ratio as o characteristic
dinmension, the asymptotes of effectiveness factor charts (i.e. kinetic
control and pore diffusion control) coincided for various shapes. Extensive
caleulations have been performed by Gumi* for finite and hollow cylinders,
and by Luss and Axrmmils::anl"2 for finite cylinders and parallelpipeds. Their

results have been summarised and compared by Rester and A::-:i".sl.f'3 Attempts to
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simulate the effects of particle shape away from the asymptotes have been
made by Rester™* et al.

Whereas &all previous papers had assumed spherical symmetry in the
fluid conditions, Copelowitz end Ari395 considered the behaviour of a
pellet situated in steep gradients in the axial direction. Solution of
the relevant equations is not straightforward, and introduction of inter-
phase transport resistances would increase the difficulty. 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 foreseeable future that such models will
be used in reactor design.

Very little experimental work has been carried out on single catalyst
pellets, and the results are somewhat contradictory. This is not surprising
since the experimental difficulties are great, particularly in the measure-
ment of intraparticle temperature profiles. Cunningham et al?s demonstrated

the existence of large temperature differences between the fluid and the

pellet centre, and found experimcntal values of the effectiveness factor
as high as 25. Miller and Dean386 also reported large temperature rises
and effectivenoss factors greater than unity. Probably the most reliable
87

work on radial temperature gradients was reported by Irving and Butt, who

carried out measurements on several pellets using extremely fine thermo-
couples (0,001 in. diameter). Very large temperature rises across the
boundary layer were measured, with relatively small ones occurring within
the peliet. This work shows the same featuros as that of Fulton and
Crosser88 who demonstrated the importance of film resistance by using

catalyst psllaets of various sizes. They also report the work of Rama.:wura.rr.x.’u.?9

who is alleged to have obtained fluid film temperature rises of up to 120°C.
Transiont models of the catalyst pellet have received little attention.

McGuire and Lapidus16 used a transient single pellet model within a transicnt
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model of the reactor. Wezi37 8lso examined the transient problem and showed
that the maximum temperature achieved may be considerably greater than the

steady state maximum which is predicted by the Prater23 relationship.

2¢3 Multiple solutions of the catalyst pellet model.

The existence of possible multiple steady states for the catalyst
pellet creates consideresble difficulties in 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 ong state to another
under these conditions. ZEven more important, however, is the fact that the
reaction rate at one steady state is of'ten several orders of magnitude
greater than at another. This can lead to several undesirable results,
such as bad selectivity, catalyst deactivation, or reactor burn~-out. The
primary motive for determining limits on uniqueness is so that operating
conditions can be kept within these bounds, thus avoiding undesirable
effects. For models developed which include interphase resistances, there
appear to be three possible steady states, of which the middle one is

metastable. (Note: There has been evidence published which indicates the

possibility of 5 steady states existing§1 These results lie outside the
practical range of operating conditions and occur only over a very narrow
rangs of parameters. In such cases, all the even numbered steady states
are metasteble. )

As was the case with the single pellet models previocusly discussed,
the vast majority of published literature has been concerned with systems
subject to Dirichlet boundary conditions (i.e. no interphase resistances).

This 1is particularly unfortunate, since the results are of no practical

use whatsoever. It has already been stated that the Dirichlet formulation
of single pellet models is at least potentially useful for single reactions,

since this can be solved iteratively to match up with the appropriate
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boundary conditions. In the case of multiple solutions predicted by the

Dirichlet problem, however, this extension to include boundary effects
cannot be done, since each of the steady states corresponds to a different
total reaction rate. Now the total reaction rate for a catalyst psllet is
given by:-

Total rate of consumption of A = l;.‘rrb’kcA(CfA - CPAs-b)'

Each different steady state predicted from the Dirichlet formulation

therefore corresponds to a different fluid concentration, and a similar
result gpplies for temperaturs.

There have been several elegant treatments of the Dirichlet problem
but, since they cannot be extended to the Neumann problem, they are of
academic interest only. Some of the results obtained from mathematical
analyses of the equations are rather surprising. For instance, Copelowitz
and Aria5o have shown that as many as 14‘1 solutions are possible for a first
order irreversible reaction, and Horn et a.l...96 have shown that some
asymmetrical solutions exist in the multiple solution region, even when the
pellet is in a constant environment. .Ar:’m3 7 has reviewed and discussed
many of the published criteria in a recent paper.

Of the analyses which have included interphase resistances, Hla.vsu:,ekz"9
ot al. considered a system where these were equal for heat and mass transfer
(i.e. Nu' = sh')). Since the value of Sh'y/Nu' is commonly of the order of
1000 for real systems, this method is not really of any more use than the
solutions of the Dirichlet problem. Cresswe1135 has also worked on the
problem whero interphase resistances are present, and developed a method

for predicting the bounds on the non-unique region for single reactions.

The method can be applied to cases where the order of reaction is an integer,
or certain fractions for which in inteé.l is tabulated. The method 1is
unsultable for extension to more complex rcaction schemes, and it is not

feasible to use it for an analysis of the global stability of the reactor.
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2.4 The tubular reactor.

24 One-~dimensional models.

Many of the problems encountered with reactors are due to the high
temperature sensitivity of the reaction rate constants. Bilous and
Amundsonz" examined the response of an unpacked tubular reactor to a
sinusoidal input perturbation, and found that small changes in the system
parameters produced large variations in performanc'e. They referred to this
phenomenon as ‘parametric sensitivity's. The results from a large number of
steady state runs were examined by Barkelew, and he suggested that the
transient response of the reactor should be stable if the region around
the steady state does not display parametric sensitivity. Coste6 and co-
workers exemined the sensitivity of the reactor to random fluctuations in
the inlet conditions, and defined the sensitivity of the system as the
ratioc of the standard deviation of the input to that of the output.

Liu and Amundson7’8 studied the stability of a heterogeneous system
in which a reaction occurred on the outer surface of the catalyst pellets.
Although sccount is taken of the trensport resistances to the pellet, the

model is essentially quasi-homogeneous in character. The reactor was shown
to have multiple steady states, and the model was tested to see if the

profiles return to their initial steady states aftor the removal of a

perturbation. The models used for these studies were adiabatic, and the

latter8 included the effect of axial mixing. Liu et 31.9 carried out a

similar study on the non-adiabatic reactor without axial mixing.

Carberry and Wendef‘o developed a model of the flxed bed reactor
which was the first attempt to contain any distributed effects dues to the
heterogencous nature of the system. The catalyst model which was used
within the recactor model included inter- and intra-phase resistances to
mass transfer and an interphase resistance to heat transfer. The results

showed that axial diffusion in the reactor is unimportant except for very
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short reactors.

A model of the reactor was proposed by Vanderveen et a1.1,1 which
considered it to be composed of a series of stirred tanks, and the model
therefore contains no derivatives in the axial direction. The effect of
coupling between pellets was examined. Representing the reactor as a series
of stirred tanks is equivalent to writing the differential equations of the

continuum model in finite difference f orm1 02 and the continuum and finite

stage models can therefore be regarded as intrinsically similar.

The stability of an adisbatic reactor was examined analyticelly by
Crider and F053103 but the reaction was assumed to take place in the gas
phase and the packing was considered merely as a heat capacitance. An
adiabatic study of stability was also performed by Agnew and Narsimham1oz"
for a non-catalytic reaction occurring between a solid and a gas. Both
these papers1 03,104 considered locally linearised rate constants and this,

as well as the assumption of adiabatic conditions, severely limits the

range of applicability, even for the systems for which they were intended.

2.4.,2 Two-dimensional models.

When heat is removed through the walls of a tubular reactor, radial
temperature gradients are set up, and these cause radial concentration
profiiles to develop. The sy's;tem can therefore only be described in detail

by a model which is at least two~dimensional. The first models proposed
X

were concerncd with homogeneous or quasi-homogeneous systems. Von Rosenberg

described theo use of a Crank-Nicholson method for solving the reactor
equations and investigated the effect of step sizes in this type of system.

Froment12 also used the Crank-Nicholson method for solving the equations,
but in the inlet region a semi-analytic solution was used, to overcome any

potential difficulty caused by a singularity at the point z = 0, r =1,

62

Beek™ = gives an excellent review of the design of reactors based on quasi-

&

homogeneous models, and also discusses some of the transport effects which
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occur in the models. Mickley and Lett313 extended the model to include
multiple reactions with arbitrary rate terms and stoichiometry. An attempt
was made to discover the size of yileld 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
reactor was solved analytically by Amundsonz but since the rate of reaction
was assumed to be independent of the concentration and linearly dependent

upon temperature, the solution can be considered to be of mathematical

“interest only.,
McGreavy and Cresswell“"’ 52 proposed a heterogeneous model. The

equations describing the behaviour of the system were of a quasi-homogeneous
form, but the rate terms werc modified at each point in the bed to take
account of the influence on the rsaction rate of the resistances to heat
and mass transfer in and around the catalyst pellets. The results were
shown to 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 temperature runaway,

the heterogencous model predicts stable profiles. |

In contrast to the continuum models which have been described so far,
Deans and Lapidus15 proposed a mixing cell model in which the reactor is
treated as a two-dimensional network of stirred tanks. Each cell has the

dimensions of one catalyst pellet and its associated bed voidage. A4n

external surface reaction was assumed. McGuire and Lapidus1 extended this

model to include diffusion and reaction within the catalyst pellets, and

the stability with respect to input disturbances was examined. Although

this type of model offers certain advantages in the numerical analysis,
the computing time was found to be excessive, making it impractical for use

on routine problems. Crider and Foss77 uvsed a mixing cell model to examine

a liquid phase non-catalytic reaction occurring under transient inlet
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conditions. It was found that sometimes the concentration initially moved
in a direction away from the final stcady state velue. For the system and
operating conditions thoy considered, the effect of axial mixing was found
to be small, but radial mixing was almost complete, indicating that a simple

one~-dimensional continuum model is satisflactory for describing the behaviour

of the reactor.

In spite of the apparcnt differences between the continuum models and
the mixing cell models, they are essentlally the same, since it may be shown
that the latter corresponds to a finite difflerence representation of the
continuum model. Carberry and Whitew" considered a two-dimensional model of
the reactor for the Aeeee—ey) B ——3 C reaction. The model is based on several
simplifications relating to the evaluation of the rate of production of the
intermediate. In particular, events within the catalyst pellet have been
exomined in terms of the rate constants evaluated at the fluid conditions,
and the heat of reaction of the B3y C stage appears to have been
ignored. The model is allso based on the assumption that radial gradients
of concentration do not affect the rate of production of the intermediate,
and recent WOI‘I{61 indicates that there are many cases where this will not
hold.

A two-dimensional transient heterogencous model of the reactor has
recently been proposed by Feick and Quon?g which is the most -comprehensive

yet reported in the literature. The model includes radial and axial diffusion

of heat and mass in the fluid phase, and resistances to hcat and mass transfer
in and around the catalyst pellets. Unfortunately the computing time is
excessive, about 90 minutes being required on an IBM 360/67. Even this

time is optimistic, however, since the step size used in the finite

difference network within the catalyst pellet was too large. In fact, the
step size was at least eight times as large as that which is required to

obtain convergencc of the equations under the reactor conditions described,*

* sec Appendix 4.
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where there was a 200°C temperature differcnce between the fluid and the
pellet centra. The long computing timg was unfortunate in that it
prevented the authors from carrying out more than onc or two runs, and no
detailed rcsults arc avallable., At the present time there is therefore
little information about the transient behaviour of reactors, except for

very special situations, and this information is clearly nscessary for a

better understanding of the way the system works.

2.5 Concluding comments on previous work.

The widespread use of high speed computers has enabled increasingly

sophisticated models of chemical reactors to be solved, and some novel

featurcs to be tested. Paris and 3tevens58 have suggested controlling the

hot spot by using a cooling jacket in several sections at different temp-
eraturcs. l'}a.lc‘.lerbank5 7 et al. have attempted to optimise the temperature
profile through the reactor by diluting the bed with inert pellets. Some
of the computations for this were donc using a three-dimcnsional stochastic
model, and another stochastic model was proposed by van den Blcek et al?.oo
Although the trend has been towards increasingly complex models, it
seems likely that in the future, the emphasis will be on the development

of model reduction techniques and the application of models to the design

or improvement of practical systems. Hawthorn ot all? have shown that it

is possible to get good agreement between theory and practice. Model
reduction techniques are aimed at reducing the complexity of the system
by approximating certain properties by algebraic expressions, while
retaining the detailed description which 18 associated with more complex

models. Preliminary attempts have met with some success, and have enabled

substantial rcductions in computing time to be madeéo’ &



2.6 The assumptions on which the proposed models are based.

(1) The packed bed reactor may be represented by a continuum model.
The packed bed reactor is essontially discrete in character and an

exact model would need to describe the fluid on a microscope scale, taking
into account the spatial distribution of individual catalyst pellets. A
rigorous andlysis on this scale, which would take account of the discontinuous
nature of the bed,is impossible at the prescnt time. In practice the fluid
nust follow the random passages in the bed, whereas the chemical recaction
occurs only within the catalyst pellets. The problem is therefore best
tackled as if the properties of the bed were averaged out to give a pseudo-
homogeneous structure. The transport of heat and mass within the bed may
then be described in terms of differential equations, using 'effective'
transport parameters. (Note: These models are still referred to as hetero-
geneous, since they distinguish between conditions in the fluid and soligd
phases. Although the bed properties are space averaged, the equations
describing the heat and mass transfer within the catalyst pellet are solved
for the actual size of pellet being used.)

(2) The rates of reaction and heat production per unit volume may be

calculated at any point in the reactor, as if a catalyst pellet and
its associated voidage were acting at that point.

This assumption is necessary as a consequence of assumption (1),
although similar assumptions are still necessary for non-continuum models,
For example, in the finite stage (mixing cell) modelsls 16 a catalyst pellet
is assumed to be situated at the centre of each cell. The assumption implies
that every point on the external surface of the catalyst pellet is in contact
with fluid of constant composition and temperature and that each point is
equally accessible for the purposes of heat and mass transfer.

In practice the concentration and temperature will be non-uniform

around individual catalyst pellets, and the resistance to both heat and mass
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transfer will increase in the direction of flow. The validity of the
assumption is clearly doubtful in the presence of steep gradients, but

for most cases it should be a fairly good assumption. If it does not hold,

then the profiles within the catalyst pellet will be asymmetrical and solutionl

of the resulting differential equations would be extremely difficult, even
if they could be formulated.

(3) The catalyst pellets are assumed to be spherical and of constant size
throughout the bed.

If the catalyst pellets are not in fact spherical, it may still be
possible to define an effective radius, as is shown by Petersen?9 If it is

not possible to define an effective radius, it may be difficult to set up

or solve the appropriate differential equations, particularly if' the catalyst

pellets have no symmetry.

Having catalyst pellets of non-uniform size present no real problems,
provided that each size is known and is confined to a particular section of
the bed. For example, it may be desirable to have larger catalyst pellets
near the hot spot, since this will tend to slow the reaction down. If the
catalyst pellets come in a continuous range of sizes, however, or in a
random mixture of specific sizes, greater problems arise, since in general
1t will be shown that the performance of the reactor is very sensitive to
the pellet size. Using the mean value is therefore unlikely to be satis-
factory. It may be necessary, in this case, to solve the pcllet equations
for each size of pellet at each point in the reactor, and then to apply an
appropriate weighting factor to each of the results. This process would
increase the computation time roughly in proportion to the number of pellet

38izes used.

(1+) The rcactions are irreversible and obey rate expressions of the

Arrhenius type:-

- | Ei
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This form of the rate expression has been used throughout the present

work. There are no problems involved in using other types of rate
expression, although it would not be possible to use the simplified pcllet
model described in Chapter 4, unless the rate of reaction was (approximately)
linearly dependent upon concentration.

(5) The reactions may be treated as first order (Chapter L4 only).

This assumption applies only to the method used for simplifying the
model of the catalyst pellet, and is not as restrictive as it might appear
at first sight. It is only necessary that a pseudo~first order rate constant ‘
may be defined, which is valid over the range of concentrations existing
within any single catalyst pellet. It is not necessary to define a pseudo-
first order rate constant which applies throughout the reactor.

For this reason, all the reactor models have been developed for reactions
of any order, whereas the pellet approximation has been developed only for

first order reactions.

(6) The ratc of reaction aiong any path depends on the concentration of one
reactant only, (i.es tho reactant being consumed in that step), and the

reaction scheme may then be represented by:-

Ay B C
\JD

where species A and B are the limiting reactents for the reaction

steps in which they are consumed.

This reaction scheme is typical of many reactions of industriel
importance. It is of'ten the case that all but onec of the rcactants involved
in a particular step are present in excess. Examples of this are the vapour
phase partial oxidation of hydrocarbons, where there may bec an explosive
(or other) limit on the concentration. (This is often less than 2% in air.)
(7) Diffusion of heat and mass in the axial direction may be neglected.

Carberry and Wendel10 showed that axial dispersion could be ignored if
the bed length is greater than 50 particle diasmeters, and a similar result

was obtained by Marek and lewéi:"elr:..s1 If this assumption is relaxed, the
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computational effort required to solve the reactor model increases con-
Sider&blyi

(8) Radisl heat transfer within the bed is due only to convection caused
by mixing of the fluid strean.

The components which make up the effective radial conductivity of packed
beds have been identified by Yagi and Kuni:'i?0 Kunii and Smith36 analysed
the static components, such as conduction between pellets at the point of
contact, and radiation. They developed a complex expression for the total
effect of the static components, but this is small compared with the dynamic
contribution' for conditions found in industrial catalyst beds.

Where temperature runaway is predicted by the models, it is possible
that radiation may become important., Since one of the reasons for developing
models of the reactor is to help to avoid conditions which lead to temp-
erature runaway, it is not essential to be able to predict exactly what

does happen in this case. It 1s usually sufficient to know that the resulting

conditions are undesirsble.

(9) A1l physical and chemical properties are independent of position,
concentration and temperature.

This is & fairly common assumption to make in systems of this nature,
since in general any errors caused by neglecting variations in the properties
are small when compared with the overall errors due to uncertainty in the
data. In practice, rclaxation of this assumption would introduce few
problems for parameters such as the heats of reaction, but more serious
problems would arise if the pressure were allowed to vary, since tho mass
and heat balances must be accompanied by e momentum balance.

Therc is also some doubt about the validity of assuming constant bed
voldage, and if this is not constant, then the velocity, radial conductivity
and radial diffusivities will also vary. Thierney71 hes shown that for
regularly shaped pellets, the porosity is greatest at about two pellet

diameters from the tube wall. The exnct distribution of the voidage was
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shown to be very dependent upon the ratio of pellet/tube diameters, tho
exact shape of the pellets, and thc way in which the tube was packed. For
e given mass flowrate the velocity profile will be deformed, since the flow
will tend to take place along preferred directions (i.e. where the voidags
is highest), and the velocity is reduced in the region of the tube axis.

As this is the hottest part of the tube, it is to be expected that in real
systems the conversion will be greater than that predicted using the
assumption of plug flow. Valstar72 imposed a velocity profiile on a model
of ths rcactor and suggested that the results were sufficiently different
from those obtained for plug flow to warrant further investigation. In the
absence of satisfactory data on the actual radial velocity profile likely
to arise in any given situation, it is not possible at present to draw any
positive conclusions as to the best way to approach this problem. This is
perticularly true in the presence of heat generation, since this also tends
to alter tho velocity profile, as the fluid mearest the axis of the tube
expands most. This would tend to counteract the variation in the bed
voidage, but since even the order of magnitude of these effects are unknown,
any cancellation of errors in this way camnot be relied one In the light

of prescnt knowledge, however, there seems to be little alternative to using

the assumption of plug flow.

(10) The coolant temperature is constant along the length of the reactor.
This assumption commonly applies in practice, particularly when the
coolant is flowing perpendicular to-the tube axis or when it is a boiling
liquid. Relaxation of this assumption introduces no new difficulty,
however, since any (known) coolant profile can easily be incorporated into
the finite difference solution of the reactor modsl. When cooling is by
co~current flow, a heat balance must be carried out on tho coolant, and tho
same applics to countercurrent-flow, but in the latter case an iterative

process is necded, since it is then necessary to assume a coolant temperature
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at the reactor inlet (z = 0) and then to match the inlet coolant temperature
with its known value at the reactor exit (z =1).

(11) 1In the transient models it is assumed that the catalyst properties

are independent of time.

This assumption of no catalyst deactivation etc. would hold well under
normal operating conditions, since the transient changes predicted by the
model take place over a period of minutes, whereas deactivation usually
occurs over a period of days, months or years, An exception to this might
be where the model predicts temperature runaway. In this case there is a

1

possibility of rapid deactivation occurring, but it is probably sufficient

to know that temperature runaway has occurred and that the transient change

which brought it about is undesirable.

2,7 The effect of relaxing the assumptions.
In the event of sufficient information being available, it is clearly

possible to relax some or sll of the assumptions which have been made in the
formulation of the models. In general, dropping each of the assumptions
makes the model more complex and increases the computational effort required
to reach a sclution. An even more important consideration, .however, is the
large additional quantity of data which is required as the model becomes
more complex.

At the present time, very little of the data which would be necessary
is available in any general form and much of the information would be
extremely dif'ficult to acquire e<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>