COEN AN SR

MODELLING OF HETEROGENEOUS - HOMOGENEOUSZ:REACTION
SYSTEMS

BY

ROBERT DOUGLAS HOLTON, B.Sc.(Eng.), A.C.G.I.

A thesis submitted for the Degree of Doctor of Philosophy
in the Faculty of Engineering of the University of London

Dept. of Chemical Engineering October, 1974.
and Chemical Technology,

Imperial College,

London, SW7.

TN



o

For my parents and for Sue.



7‘

CONTENTS

Acknowledgements

Abstract

Nomenclature

Introduction _

Physical and M athematical models for fixed bed catalytic reactors
Application of reactor models to the thermal decomposition of
nitrous oxide

Application of reactor models to the catalytic oxidation of
methanol by air

Mathematical model for complex reaction and diffusion in a catalyst
pellet .

Diffusion and chemical reaction in a catalyst pellet with hollow
cylindrical geometry-

Conclusions

Suggestions for future work
Appendix Al

Appendix A5 - appendix to Chapter 5
References

3



ACKNOWLEDGEMENTS

Many people have contributed, wittingly or otherwise, to the
completion of this thesis.

My particular thanks are due to Dr. David Trimm for his support,
encouragement, help and friendship throughout this project.

I am grateful, also, for the help, at all times cheerfully given,
by the technical staff of this department and for the many useful
discussions and the friendly and happy working atmosphere provided
by all my colleagues past and present, particularly Alan, Frank,
José and Massoud.

Finally, I would 1like to thank my parents for their love and
encouragement throughout my education and to thank Sue, my fiancee,
for her love and support during this difficult time.



ABSTRACT

This thesis reports some aspects of the modelling of reaction
systems with both heterogeneous and homogeneous characteristics.

Several systems of this type are identified and classified. Some
available models for fixed-bed catalytic reactors are reviewed, |
together with correlations required to predict transport phenomena
within the reactors. Numerical methods are presented for the
integration of the models.

Two heterogeneous-homogeneous reaction systems, the thermal
decomposition of nitrous oxide and the catalytic air oxidation of
methanol, are considered. The models are integrated for a wide range
of operating conditions. Instability, originating in the solid-phase
energy balance, has been found in some integrations of the two-phase
model. In most cases the predictions of a two-phase, two-dimensional
model; a one-phase, two--dimensional model and a one-phase, one-
dimensional model were significantly different. When a two-phase
model is necessary, i.e. when fluid-solid transport resistance is
significant, it is important to distinguish between solid-phase and
fluid-phase sources. _

Considering axial profiles of reactor temperature, cases were found
where a reactor appeared stable with respect to the heterogeneous reaction
and then became unstable because of the increasing importance of the
homogeneous reaction. The differences in activation energies and heats
of reaction that promote this situation are typical of many heterogeneous-
homogeneous systems.

An.investigation of the sensitivity of the two-dimensional models to
variations in the heat transfer parameters is reported.

A model has been established for thermal effects duking the oxidation
of butene over a single pellet of supported tin/antimony oxide. Use of
the model, particularly for the prediction of product yields in a fixed-
bed reactor where homogeneous reaction may also occur, is discussed.

Simplified models are presentéd for the prediction nf the behaviour
of hollow cylindrical catalyst pellets. It is shown that such pellets
may be used advantageously in some heterogenecus-homogeneous situations.

Suggestions are made for future work on the modelling of
heterogeneous-homogeneous reaction systems.



NOMENCLATURE

A - pre-exponential factor in rate-expressions.

' - chemical species in Chapter 1.
A' - constant in (6.11)
A* - chemical species in Chapter 6. .
Ap - external area of catalyst particle (mz)
a - degree of hollowing of equivalent hollow sphere
a' - parameter in (2.43)
ag - 4arS/R2 (3T
a, - external catalyst surface per unit volume of packed bed (m~ )
B - chemical species in Chapter 1
B' - constant in (6.11)
B* - chemical species in Chapter 6
Bi - Biot Number
b - external radius of hollow cylindrical catalyst pellet (m)
C - chemical species in Chapter 1

- concentration (Kmole m'3)
C* - chemical species in Chapter 6
C+ b
C+o .
CT > - parameters in Chapter 5
‘ry
Cr2
Cr3 )
Eb - parameters in correlation of Darr
CD - dimensionless concentration
Cp - fluid heat capacity (J kg_1 K'])
D - chemical species in Chapter 1
- vradial mass diffusivity (mzsec-])

D’ - bulk diffusion coefficient (mPsec™)
De - equivalent hydraulic diameter of annular tube (m)
Dogg - effective diffusivity of catalyst particle (m sec I)
Dy - radial thermal diffusivity (mzsec ])
Dy - external diameter of annular tube (m)
d - forcing vector in matrix representation of differnece equations
d - member of vector d '



T M M m a
o] .

Qo -h

(Nu),

‘pellet effective thermal conductivity, (Wm

catalyst particle diameter (m)

equivalent catalystparticle diameter - 6Vp/Ap (m)
reactor diameter (m)

chemical species in Chapter 1

source term in conservation equations (m—]) or(Km'])'

...'l)

general source termin finite difference equations, (m_]) or (Km
source term in catalyst particle balance (2.8), (kg m S sec—l)
constant in (1.1)

superficial mass flow rate (kg m2 sec-]

)

mass fraction (-)

parameter defined by (2.52) and (2.53)
heat content (J kg !)
heat of reaction (J kg-l)

axial steplength in implicit finite difference method

axial steplength in explicit finite difference method

fluid-solid heat transfer coefficient (Wm'zk—])

overall fluid-solid heat transfer coefficient (Chapter 2)(wm_2k- )
fluid-wall heat transfer coefficient in annulus (Chapter 5)(wm-2k'])

1

thermal j-factor
NTaN S

1,-1

-
radial steplength in finite difference method

)

rate constant
1

1

fluid-solid mass transfer coefficient, (msec”

)
fluid molecular thermal conductivity, (wm“]k" )
solid thermal conductivity, (wm_]k-])
reactor tube length, (m)

mixing length in Chapter 5, (m)
number of radial steps in finite difference equations for the reacto
molecular weight, (kg/kmole)

radial index in finite difference equations, Chapter 2

shapé factor in Chapter 5

dimension less group hvavth/Ar

number of axial steps in ~“inite difference squations for the reactor
h/h' _
jth number of a series for Ns

Nussellt number

Nussellt number for radiation in Chapter 2,

number of steps in difference equations for a catalyst pellet



Pq - parameter in (2.36)

Py - parameter in (2.36)

Pr - Prandtl number

(Pe)mr - radial mass Peclet number

- index in difference equations for a catalyst pellet
- number of iterations in solution of catalyst pellet equations
~ - radial heat flux, (W™ %) -
v - heat removed per unit volume of bed, (Wm—3)
, - heat flux through wall, (Hn™%)
- universal gas constant
t - reactor tube radius, (m)
- radial co-ordinate, (m)
' - rate of reaction, (kgm_3sec']) or kmole m> sec'])
o - radius of equivalent hollow sphere, (m)
Ree - Reynolds number based on De
Rep - Reynolds number based on dp
Rép - Reynolds number defined by (2.30A)
ReT - Reynolds number based on DT ‘
Sc - Schmidt number
Sh 4 Sherwood number
Sy - surface area of sphere of radius y (m2)
s -~ number of chemical species
- temperature, (K)
Tw - reactor wall temperature, (K)
t - dimensionless temperature
U - overall heat transfer coefficient me'ZK'])
u - modified radial co-ordinate, u=r2/Rt2 ‘
VP - volume of catalyst particle, (M%)
v - superficial axial velocity, (M sec—])
Xs - heat transfer group in (2.36), (Wm_]K_])
Y - general state variable
y - dimensionless radial co-ordinate.
z - = axial variable, (m)
GREEK SYMBOLS
o degree of pellet hollowing
oW wall heat transfer coefficient, (Wm—ZK'])

% parameter in (2.50)
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T e <

B length to external radius ration of cylinder
B parameter in (2.50)
Y rate term in conservation equations
Y parameter in (2.50)
Yp shape factor in Chapter 2
€ effectiveness factor
n utility factor
¢] dimensionless group in Chapter 5
) Thiele modulus in Chapter 6
modified Thiele modulus, defined by (6.2)
modified Thiele modulus defi T;ad_?y \=r W
r radial bed conductivity, (Wm 'K ')
variable defined by (6.7)
fluid viscosity, (kg m| sec'1)
fluid density, (kg m_3)
Py bulk density of catalyst pellets
0 bed voidage ’
dimensionless group in Chapter 5
¢H bed voidage with hollow cyTindrica] pellets
¢5 bed voidage with solid cylindrical pellets
0 parameter defined by (2.52) and (2.53)
dimensionless concentration in Chapter 5
SUBSCRIPTS
A - referring to species A* in Chapter 5
B - referring to species B* in Chapter 5
het - referring to heterogeneous reaction
hom - referring to homogeneous reaction
in - referring to reactor inlet conditions
max - maximum or optimum value
0 - referring to initial conditions
S - referring to pellet surface
SUPERSCRIPTS -
Bd - referring to butadiene

C - referring to thermal events in the continuum phase
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1.1 CATALYTIC CHEMICAL REACTORS

Catalytic chemical reactors may be found in a number of geometries
and configurations. The reactor may contain one, or more, phases and
it may be operated either statically, as a batch unit, or continuously,
as a flow unit. In this thesis the following working definition of a
catalytic chemical reactor will be used.

A catalytic chemical reactor consists of a tube containing a
continuous, usually gaseous, phase and an evenly distributed, discrete
solid-phase, the catalyst particles. The reactor is operated as a flow
unit by passage of the continuous phase through the tube. The reaction
takes place on either the external or the internal surfaces of the
catalyst particles. _

If the reaction occurs on the internal surface of the catalyst
particles there are five identifiable stages in the reaction.

(i) Diffusion of reactants from the fluid to the pellet surface.

(i1) Diffusion of reactants to the reaction site through the pellet

. pores. A

(iii) Surface Reactijon.

(iv) Diffusion of products from the reaction site through the pellet
pores.

(v) Diffusion of products from the peliet surface to the fluid.

- In general, all of these steps may in%]uence the overall rate of reaction
although, under certain conditions, not all of the steps will be rate
controlling. ,

Step (ii1) may be quantified in terms of the intrinsic reaction
kinetics. Steps (ii) and (iv) may be accounted for by effective
diffusivities through the porous material (e.g.1) and steps (i) and (v).
may be quantified in terms of film mass transfer coefficients (e.g. 1).
Analogous considerations exist for the generation and transfer of heat
during the reaction. Petersen (1) has presented criteria enabling the
determination of the relative importance of the various steps in the
overall reaction rate. The criteria are presented in terms of
effectiveness factors for intra-pellet effects and transportation factors
for inter-pellet effects. These effects may be referred to as transport
phenomena relative to the pellet. '

Transport phenomena relative to the reactor are also important.
Mass will be transferred radially by turbulent and molecular diffusion
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and heat will be transferred by turbulent convection in addition to
conduction through the solid and fluid phases and by radiation. An
extensive review of these transport phenomena relative to the reactor
is given later in Sections 2.5 and 2.6.

1.2 NON-CATALYTIC CHEMICAL REACTORS

A non-catalytic chemical reactor will, in general, differ from a
catalytic chemical reactor in that there is no solid phase. Exceptions
to this distinction immediately arise in that not only may a non-
catalytic reactor contain a distributed solid-phase, possibly to enhance
heat removal or to promote radial mixing, but the solid-phase may be
absent in a catalytic reactor and the reaction catalysed either by a
trace gase or by a liquid phasé.

Usually, however, a non-catalytic reactor may be considered as a
homogeneous tubular reactor. This type of reactor has received
considerable attention in the literature and has been well treated in
. a text by Levenspiel (2). The reaction occurs throughout the continuous
phase and the rate of reaction at a particular point in the reactor will
depend on local values of temperature and concentration which will, in
turn, depend on transport phenomena relative to the reactor.

An intermediate class of reactor exists which is geometrically
similar to the homogeneous reactor but which includes a reaction
occurring at the reactor wall. This may, or may not, be in addition to
a gas-phase reaction in the bulk of the reactor. Such reactors may have
a catalytically coated wall or the wall may act as a quenching surface
for radicals during a gas-phase radical chain reaction (see below).

A further hybrid reactor is possible having the exact geometric
characteristics of a conventional catalytic chemical reactor, but
supporting a gas-phase reaction in the voids between the catalyst
particles. This type of reactor forms the basis of the present
investigation. |

Multiple reactors may also be envisaged to accommodate systems
having both heterogeneous and homogeneous properties. For example, a
conventional catalytic reactor may be used in series with a
conventional non-catalytic reactor so that catalytically formed
intermediates may undergo gas-phase reactions to final products.
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1.3 MODELLING CHEMICAL REACTORS

The objective in modelling a chemical reactor is to predict the
performance of the reactor for a given set of operating variables.

The modelling procedure has two principal stages: the formation
of a physical model for the reactor, and the provision of a mathematical
model to describe quantitativzly the physical model. The two stages are
inseparably interlinked as it is possible to generate a physical model
of such complexity that its mathematical representation is either
insoluble or impossible.

The detailed requirements of a model will vary according to the
application. In general the model may be required to reproduce and
predict one or more of the following features.

(i) Outlet conversion.

(i1) Outlet selectivity.

(ii1) Outlet stream temperature.

(iv) Maximum temperature existing within the reactor.

(v) Temperature difference between fiuid phase and catalyst particles
in catalytic reactors.

(vi) Radial temperature and composition profiles within the reactor.
(vii) Axial temperature and composition profiles.

(viii) Selectivity and conversion profiles/throughout the reactor.

) The T1iterature is rich with studies of chemical reactor modelling
(see Chapter 2. ) and, in principle, all of these properties are
obtainable. A1l models, however, suffer from the dual, and sometimes
mutually exclusive, problems of accuracy and tractability. However,
nature has been prévident and some phenomena become unimportant under
certain conditions. For example, film, heat and mass transfer resistance
between the pellet and the continuous phase becomes unimportant as
turbulence develops in the reactor and, when very small catalyst
particles are used, the diffusional limitations within the pellet become
unimportant.

Thus a further divisios is introduced into the mode1ling procedure.
The phenomena to be modelled tall into intra-pellet effects and inter-
pellet effects, each of which have been the subject of considerable
research (e.g. 1). The phenomena are linked by film effects such
as fluid-solid heat and mass transfer.

Mode1ling homogeneous reactors is somewhat simplified by the
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absence of the solid-phase and the consequent necessity to consider
only bulk phase phenomena. When a non-catalytic reactor contains
solids to promote turbulence or to enhance heat transfer, it is only
necessary to consider those phenomena, related to the solid-phase,
which are concerned with turbulence and heat transfer. Intra-particle
diffusion may be neglected.

1.4 HETEROGENEOUS-HOMOGENEOUS REACTION SYSTEMS

1.4.1 General

It is becoming increasingly evident that an important
class of reaction system is formed when homogeneous ‘
reactions occur in the presence of heterogeneous :
catalytic or non-catalytic reactions. Reports of the occurrence,
or possible occurrence of such systems are becoming more frequent.
It will be worthwhile to apply some broad ideas concerning the
classification of such systems before reviewing the literature
of the subject.

The systems of interest will be defined as those in which
at least one gas-phase reaction and one surface reaction occur
within the same reacting volume. Two major sub-classifications
are immediately suggested. / '
(i) Concurrent Reactions
(i1) Consecutive Reactions .
Further subdivision,is, of course, possible. Considering
concurrent reactions, these may be divided into dependent-concurrent
reactions and independent-concurrent reactions. The three
concurrent reactions shown schematically. below illustrate the point.
Reactions (I) and (II) are examples of dependent-concurrent reactions.
In reaction (I) the product is the same for each reaction, whereas
in reaction (II) different products are formed during the gas- and

w8 s B ASS
A A
SOE:\\sB ‘ s;;;\*c. C:sbha D

(1) (11) (1)




17

" solid-phase reactions and it is evident that, in principle, the
amount of surface present could be used to manipulate the
selectivity of the conversion of A to C.
It is probable that the gas- and solid-phase reactions would
predominate under different reaction conditions and that a range
of conditions might exist in which the two reactions would be of
equal importance. Under these conditions there will be competition
for the reactant A between the gas- and solid-phase reactions and
the two reactions will be interdependent. ,
Reaction (III) is an independent-concurrent reaction scheme
as may occur when, for example, a reaction mixture is passed over
a catalyst. Some reactant might react in the gas-phase and some on
the catalyst surface but the reactions would be essentially
independent. It should be noted, however, that if thermal effects
are present in the reaction'space, then the reactions may become
inter-dependent by virtue of an increased, or decreased, temperature.
Subdivision of consecutive reactions is also possible.
Consider the reaction shown schematically as:

aSolid g gas, .
If B is an intermediate towards a desired product C, the reactions
may be classified as consecutive-desirable. However if B is the
main product and C is essentially a by-product, then the reactions
may be classified as consecutive-undesirable.
, It is unlikely that all real reaction situations will fall
neatly into one of the above classifications. For example, the

reactions shown schematically below exhibit the features of -all
four classifications. In this scheme, E is the desired product.

A D
: q

as V

C

Eg//’1a§::f \;:E;?\\Q E
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1.4.2 Particular Systems

Evidence for the occurrence, or possible occurrence, of -
homogeneous effects in catalytic reaction systems is summarised.
in Table (1.1). This 1ist is not exhaustive but shows a number
of different reactions in which these effects have been reported.

Gorokhovatskii (3) has attempted to idemtify branched-chain
(homogeneous) contributions to heterogeneous systems by varying
the catalyst granule size. He studied the following systems:
Oxidation of i) ethylene on silver '

ii) propylene on cuprous oxide

iii) acetylene onAmanganese dioxide

iv) naphthalene on a vanadium exide catalyst
and synthesis of methanol on a zinc-chromium catalyst.
He found no important homogenous effects for any of these reactions.
It will be seen that in at least one case - the oxidation of
propylene - this is in disagreement with the findings of other
workers (16, 18, 19).

Surface influence of gas-phase free-radica] reactions has
received much aftention in the past and perhaps the work of Hay,
Knox and Turner (4) is typical. The surface may affect the overall
reaction in two ways. Firstly by the formation at the surface of
free radicals that participate in the homogeneous chain reactions,
and secondly by surface quenching, where active free radicals .
recombine to form inert products. 1I1'chenko et al. (5) have shown
that the gas-phase oxidation of hydrogen in the presence of a V205
catalyst proceeds by a gas-phase chain reaction initiated by H. or OH.
radicals formed heterogeneously. o

Svintsova et al. (6) have proposed a siwmilar mechanism for
Carbon Monoxide Oxidation over platinised catalysts, with
heterogeneously formed atomic oxygen acting as the chain initiator.
Boldyreva et al. (7) have studied CO oxidation over V205 and Cr203
catalysts and propose 0. and OH. radicals as the chain initiators.
They attribute the source of these radicals to water vapour.
Farthermore, they have found that the reaction passes intc the gas-
phase at a certain temperature. Below this temperature the reaction
mechanism is principally heterogeneous, indicating that thermal
'kick-off' of homogeneous reaction mechanisms may be an important
effect in industrial situations.



TABLE (1.1)

HOMOGENEOUS EFFECTS IN.CATALYTIC REACTIONS

Oxidation of Propylene

Godin and McCain (16)
Daniel and Keulks (18)
Keulks, Rosynek and Daniel (19)

Oxidation of Butenes

Popova (24) Lozano (26)
Schukin (25)
Corrie (26)

Partial Oxidation of Benzene to Maleic Anhydride .

Brown (33)

Thermal Decomposition of Nitrous Oxide

Halladay and Mrazek (8)

Oxidation of Methane and Methanol to Fdrmaldehyde

Cullis et al. (9)
Keene (10)

Mann et al, (11, 12, 13)

Oxidation of o-xylene

Irshad and Trimm (21)
Satterfield and Loftus (22)

Oxidation of Hydrogen

I1'chenko (5)

Oxidation of Carbon Monoxide

Svintsova (6)
Boldyreva (7)

67
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A good example of a simple dependent-concurrent reaction is
the thermal decomposition of nitrous oxide. Halladay and Mrazek (8)
have studied the kinetics of the system under conditions where both
homogeneous and heterogeneous decompositions occur. They have
compared the results with studies for pure homogeneous and pure
heterogeneous decompositions and have found good agreement.
Consideration of the homogeneous and heterdgeneous rate expressions
(Section 3.2) shows that, up to about 900K, the heterogeneous reaction
occurs almost exclusively and that the homogeneous reaction becomes
more important as temperature rises until it predominates at around
1150K. The principal reactions in both phases give the same products
although there is a homogeneous reaction of less importance that
does not occur heterogeneously.

The oxidation of o-xylene over MoO5 catalysts has been studied
by Irshad and Trimm (21) and Satterfield and Loftus (22) and it has
been found that the heterogeneous and homogeneous reactions lead to
quite different products. The principal catalytic product is
benzoic acid, whereas the homogeneous reaction yields mainly
o-tolualdehyde and phthallic anhydride. V

Further gas-phase oxidation of formaldehyde during the catalytic
oxidation of methane or methanol to formaldehyde may be considered
as an example of simple consecutive-undesirable reaction scneme.
Cullis et al. (9) have reported gas-phase overoxidation of
formaldehyde to CO2 during the oxidation of Methane over a palladium
oxide catalyst. Keene (10) has shown that the overoxidation is a
fadical reaction and can be quenched by the addition of inert surface.
Mann et al. (17, 12, 13) have studied methanol oxidation on different
catalysts and considered the variation in the selectivity to .
formaldehyde with temperature. He has found that the selectivity is
constant with temperature up to about 630K, after which the conversion
continues to increase while the yield decreases indicating
overoxidation of the formaldehyde and again suggesting the possibility
of thermal "kick-off" of homogeneous reactions. Gas-phase formaldehyde
oxidation has been studied trequently (e.g. 14, 15) and has been
established as a branched-chain radical reaction.

0f course, not all heferogeneous*homogeneous reactions schemes
can be classified as purely consecutive or purely concurrent. For
example, the oxidation of propene over a mixed catalyst proceeds by
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a heterogeneous-homogeneous route which exhibits characteristics of
both these classifications (16). In this case a heterogeneously
formed product initiates further homogeneous reaction of the
reactants. Acrolein has been shown to be the principal reaction
product at around 700K(17). Godin and McCain (16) have found propene
oxide and acetaldehyde as products at low propene conversions and
have considered these to be formed by homogeneous reaction of
propene initiated by heterogeneously formed aldehydes. Similar
conclusions have been made by Keulks et al. (18, 19). There is
evidence that the small amount of acetaldehyde formed heterogeneously
may be most important in initiating the homogeneous reaction and

it has been shown (20) that acetaldehyde is a more efficient chain
initiator than acrolein.

A similar situation appears to exist during the oxidation of
n-butenes. Blundell and Skirrow (23) have shown that homogeneous
oxidation of butene prodeeds readily in the temperature range
560K - 700K. Popova et al. (24) have detected surface initiated
homogeneous reactions during the oxidation of n-butenes over copper
catalysts. Schukin et al. (25) have studied the oxidation of butene
over iron/antimony oxide catalysts and have deduced that the only |
role of this catalyst is the production of active radicals for
initiation of homogeneous reaction. Additionally they have . found
that the homogeneous reaction only occurs below a certain surface-to-
volume ratio, and.attribute this to surface quenching of the chain
reaciion when the surface-to-volume ratio becomes large. It appears
that, as for propene, the main chain branching agent is acetaldehyde.

Corrie (26) has observed homogeneous effects during studies of
the oxidation of butene to butadiene over single pellets of tin/
antimony oxide. A previous kinetic study over packed beds of the
same catalyst (27) failed to detect any homogeneous reaction. With
a single pellet, the homogeneous reaction appears to be initiated
by catalytically formed intermediates, or by thermal effects. Corrie's
study was performed at n22K higher than that of Gabbay (27) and
this could be sufficient to cross an explosion limit, which are
usually well defined with respect to temperature: Corrie did observe
ignition under certain conditions. Lozana (28) found similar effects
in a shallow bed of tin/antimony oxide pellets. It is probable
that the homogeneous reaction is initiated by acetaldehyde and other
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aldehydes, and proceeds by a chain mechanism which can become
véry sensitive to variations in temperature.

As a final example, the partial oxidation of benzene to maleic
anhydride over vanadia-molybdena catalysts may be considered. The
mechanism of this reaction is not yet fully understood. but there
is a certain amount of evidence that homogeneous effects may be
important (29, 30, 31, 32). Brown (33) has proposed the mechanism
outlined below. '

CO, + H,0
" COZ 908 :
S CO, + Ha0
(CeHo), .+ 02 (Com-0) =B MAR ~Co,
colalyhic l bcﬁo |ner\—

(:6l46 + 0,
(Cé H6 - Oz)wls

The route from benzene to maleic anhydride is via the
catalytically formed species (CeH 6" 2), a benzene-oxygen 'adduct'.
This is an example of a consecutive-desirable heterogeneous-
homogeneous reaction. Gas-phase decomposition of the adduct to
002 is a consecutive-undesirable reaction. Considering just the
reactions subsequent to adduct formation, then these are an- »
example of dependant-concurrent reactions. The situation exhibits
further complexity in that the products of one of the solid-phase
reactions of the adduct are the initial reactants, benzene and
oxygen. At later stages in the reactor bed, benzene and the adduct
are experiencing 1ndependent-éoncurrent reactions. This example
shows how one system can cut across almost all of the classifications
for heterogeneous-homogeneous reactions. ‘

1.5 Aspects of Reactor Modelling irelating to Heterogeneous-Homogeneous
Systems

The existence of simultaneously occuring neterogeneous and
homogeneous reactions may present prcblems in reactor modelling that
are not so significant when only pure heterogeneous or pure homogeneous
reactions occur.



There has been some attention in the Titerature to the case where
a reaction occurs on the wall of a tubular reactor. Lupa and Dranoff
“have considered chemical reaction on the wall of an annular reactor (34)
and Katz (35) nas considered chemical reactions catalysed on a tube wall.
Pancharatnam and Homsy (36) have treated a similar situation at high
Peclet numbers. Hudson et al. (37, 38) and Maloney and Rabinovitch (39)
considered wall reactions in the presence of homogeneous reactions. In
the latter case the example considered is wall activation in a thermal
unimolecular reaction, the isomerisation of ethyl isocyanide.

Valstar et al. (40) have investigated the dimerisation of butadiene -
a gas phase reaction - occuring in a packed bed reactor. They have thus
been able to investigate inter-pellet effects free from the complications
of ihtra-pe]]et effects. ‘

Investigations of purely heterogeneous systems are numerous and are
reviewed frequently (e.g. 41). Various models (see Chapter 2) have been
compared from the point of view of accuracy and tractability and studies
have taken account of such topics as thermal stability theory (42) and
the dynamic behaviour of a packed bed (43). Recently investigated topics
include the dynamics and control of propagating reaction zones (44).

It appears that there has been no investigation of simultaneously
occuring heterogeneous and homogeneous reactions in packed beds.

Before outlining the scope of the present work, possible areas of
interest in the modelling of such systems will be considered.

It is well-known that the reaction rates are exponentially dependent
upon temperature and that the degree of this dependence is related to Ep,
the activation energy. If the rate of reaction is written:

r' = f exp (—-EA) (1.1)
RT

then, considering two reactions with activation enekgies Eal and Ep?

the ratio of their reaction rates may be written:

r f -
__._L = ._]. exp (E.A_Z_._E_A_]) (].2)

r,, f2 RT

and the rate of change of this ratio with temperature is given by:

r f1 EA2-EA1, _ EA2-EAT | |
Sy o - IR oy (SRZEAL (1.3)
§T r', 2 RT2 RT

23
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Thus, as the temperature rises, the reaction with the Targer
activation energy will be selectively favoured.

Homogeneous reactions tend to have activation energies which are
larger than those for heterogeneous reactions, typical values being 30 Kcal/
mole for a homogeneous reaction and 10-15 Kcal/mole for catalytic reactions.
It must be remembered, however, that these values are only typical and
both figures can show wide variation. _

Using the theory of absolute reaction rétes, Laidler et al. (45) have
been able to calculate the difference in activation energies necessary
for the heterogeneous and homogeneous reactions to have comparable rates
under the same conditions. Generally the activation energy of the
heterogeneous reaction must be lower than that for the homogeneous
reaction by an amount that depends, amongst other things, on temperature
and the amount of surface present. For example, for a surface to volume
ratio of 1 sq.cm. per cubic cm. of gaseous reactant the heterogeneous
reaction must have an activation energy that is lower by 16.5Kcal/mole
at 300K and by 27.5 Kecal/mole at 500K for the heterogeneous reaction to
be as fast as the homogeneous reaction. For instance, gas phase radical
recombinations can proceed with zero activation energy and their rates
are thus independent of temperature. Nevertheless, in general,
temperature increases in the bed will favour homogeneous reactions. It
will be noted that all the reactions cited in Table (1.1) are oxidations,
and as such are exothermic - leading to temperature increases in the bed.
The degree of temperature increase will depend, of course, on local heat
transfer conditions. Lozano (28) has observed radial temperature
gradients of 40K cm']. Thus, for Ephet = 15Kcal/mole and Ephom = 25 Kcal/
mole, the difference in reaction rates between the bed centre and the bed
wall at 700K would be:

r'hom v hom ~ 1.2
r'het centre r'het wall

and the selectivity varies by about 20% across the tube radius. This
sensitivity to temperature is further compounded when the homogeneous
reaction is an overoxidation to products of complete combustion (e.2.
Methanol—> formaldehyde —carbon dioxide) as these reactions tend to be
very exothermic and lead to increased local heat release, increased
homogeneous reaction and a “snow-balling" effect that may lead to local
temperature runaway (Section 3.6). For example the heat of reaction for
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methanol to formaldehyde is ~48 Kcal/mole whilst the heat of reaction
for formaldehyde overoxidation is ®7O Kcal/mole depending upon the
final products.

Such considerations also apply to purely catalytic overoxidation,
although in this case the disparity in activation energy may not be so
significant.  However, the difference in the present situation is that
the different reactions, and corresponding heat release, occur in
separate phases. In a real situation, heat is transferred by both phases
in proportions that depend upon the reaction conditions (46, 47). It
would thus seem desirable to study two-phase heat transfer in relation
to heterogeneous-homogeneous reactions.

It has been emphasised in Section (1.4) that very small amounts
of catalytically formed products, e.g. aldehydes and relatedspecies,
can lead to large homogeneous reaction effects. Consequently it is
important .that methods exist for the accurate prediction of minor
products in the heterogeneous reaction and for accounting for their
" transfer to the fluid phase by film mass transfer. '

An ultimate test of such an investigation would be the preparation
of a model for a heterogeneous-homogeneous system and to test it
against experimental results under conditions where:

(i) the heterogeneous reaction is dominant

(i1) the homogeneous reaction is dominant . e

(iii) both reactions are of equal importance

Condition (ii) above only applies, of course, in the case of concurrent
reactions.

1.6 Present Work

Available models for prediction of the behaviour of packed bed
catalytic reactors have been reviewed in Chapter 2. Particular
attention has been paid to the evaluation of two-phase heat transfer
and simplifications that may be made by considering a pseudo-homogeneous
reaction medium. Both one-dimensional and two-dimensional models have
besen considered. Extensions have been made to the models to account
for gas phase reactions. In Chapters 3 and 4 these models have been
applied to the thermal decompdsition of nitrous oxide and to the
catalytic oxidation of methanol with gas-phase overoxidation respectively.
The decomposition of nitrous oxide is a typical concurrent reaction whilst
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methanol oxidation is a typical consecutive reaction. Both reactions
exhibit differential activation energies and heats of reaction. The
predictions of the models are compared and discussed.

In Chapter 5 the heterogeneous reactions of butene and oxygen over
a single tin/antimony pellet have been modelled as part of a continuing
study of the butene oxidation system. The catalytic reactions show great
complexity, and the principal concern has been the modelling of thermal
effects. Nevertheless, it is to be hoped that continued refinement of
the model will lead to more accurate predictions of the aldehydic products
and, with this in mind, incorporation of the pellet model into a full
model for the heterogeneous-homogeneous butene system is discussed. It
becomes apparent that, with incréasing system complexity, the modelling
of homogeneous-heterogeneous systems may become computationally
prohibitive.

Anticipating that hollow catalyst pellets may find a role in
homogeneous-heterogeneous reaction engineering, existing work on
predicting the effectiveness 0s such a pellet has been reviewed. A
simplified model has been advanced and tested against present models.
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~ differential equations
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2.1 INTRODUCTION

In attempting to model the behaviour of fixed-bed catalytic reactors
one is faced with conflicting aims - those of tractability and accuracy.
The reactor performance is affected by complex interactions of
hydrodynamic, kinetic and transport phenomena, and any attempt to account
for all possible phenomena would result in mathématica] formuiations of
a prohibitive nature. Consequently there has been much research into
effective but representative physical models for the system that could
lead to tractable mathematical formulations. A broad classification of
available models is presented in Table (2.1).

The distinction between a physical and a mathematical model can
be clarified at this stage. A physical model for a system is a
-collection of phenomena - real, hypothetical or both - which form a system
that simulates, in a specified manner, the behaviour of the system to be
modelled. A mathematical model is a set of mathematical relationships
which represent the physical model for the system.

Ideally, an increase in the significant phenomena considered in the
physical model leads to more accurate (and more complex) predictions from
the associated mathematical model. ‘

The models are principally divided between one- and two-
dimensional models and between one - and two-phase models. Genérally,
any interphase concentration or temperature differences may be accounted
for in two ways. In a two-phase model they will be accounted for by inter-
phase heat and mass flux terms involving the relevant heat or mass transfer
coefficient. In a one-phase model such differences are commonly
accounted for by effectiveness factors relating the actual rate of reaction
within the solid to that which would obtain if all reaction in the solid
occurred at bulk phase conditions of temperature and concentration. The
evaluation of this factor is a somewhat complicated procedure particularly
in the case of fluid-solid temperature and concentration differences. It
is necessary in this case to solve the intra-pellet mass and energy
conservation equations subject to boundary conditions that express
continuity of mass and energy flux at the solid boundary {e.g. 48). The
situation is even more time consuming when complex and interacting
reactions occur within the pe11et.

The most elaborate model that will be considered in this work is the
two-dimensional, two-phase model in which distinction is made between

solid- and fluid-phase temperatures and concentrations. It will be shown
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Table 2.1

Available models for fixed bed catalytic reactors

Phases - -
dimensions One-Phase Two-Phase
One-dimension 1-D 1-D
Continuum Model- Heterogeneous Model
(Section 2.4) (Not Considered)
Two-dimension 2-D 2-D
Continuum Model Heterogeneous Model
(Section 2.3) (Section 2.2)

Table 2.2

-

Parameters required to describe heat transfer

Model One-dimension. Two-dimension Two-dimension
One-phase One-phase : Two-phase
Heat U - uﬁ—wa11 heat ' a@-so]id-wa]] htc
Transfer |-overall heat transfer coefficient qﬁ-f]Uid—wa11 ht
Parameters| transfer coefficientjA -effective | Ar3-s0lid conductivity
bed conductivity _Arf—f1uid conductivity

hv—solid—f1u1d htc
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in subsequent sections how assumptions may be introduced in order to
simplify the model. . _

The general conservation equations for a two-phase reacting medium
may be obtained by considering that the transfer of heat and mass in
both axial and radial directions are the result of the superpositions of
two processes: a convective flow, and a diffusive flow described by
Fick's Law. Convective flow in the radial direction may be neglected so
that the conservation equations obtained at steady state are:

. . Gg'. . Dip i i
Component i: d1V(M@ ) = - div (- ﬁa— grad g ) + F
i=l—>s

fluid phase energy: div(CpGTf) = -div(-pCpD, grad Tf) +Ff 4 hvaV(TS—Tf)

H
solid phase energy: div(-Djj grad T%) = FS-hyay(15-T7) (2.1)

If certain assumptions are made, this set of equations may be

- reduced to the forms used in the fixed-bed reactor models considered in

the following sections.

2.2 TWO-DIMENSIONAL, TWO-PHASE MODEL

2.2.1 General description of model

The following assumptions are made in estdb]ishing this model.

(i) No external forces are present '

(i1) The system is at the steady state

(111)The pressure drop across the bed is negligible

(iv) Cylindrical symmetry exists in the bed

(v) The bed wall is at a constant temperature

(vi) The properties of the bed and the heat capacity of the fluid are
constant

(vii)The transport parameters aro constant throughout the bed

(viii)The velocity profile is flat

(ix) There is no heat or mass transferred by diffusion in the axial
direction
Assumption (ix) needs closer attention. A great deal of effort has

been spent in evaluating axial dispersion in fixed-beds (e.g. 49, 50, 51)_
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Although Paris and Stevens (41) state that radial diffusional transport
may be neglected before axial diffusional transport, their reasoning

is not complete. However, a number of authses (52, 53, 54, 55) have

shown that the effect of axial mixing can be omitted in commonly operated
industrial reactors. This conclusion is, of course, based on a continuum
model. _

A quantitative assessment cf the importancé of ‘the effect may be
obtained by applying criteria recently developed by Young and Finlayson
(56) for non-isothermal reactors. They present a criterion for the bed
entrance and also an“a posteriori”criterion which may be used throughout
the bed. They show that in at least one case, the moderately exothermic
oxidation of sulphur dioxide, axial mixing should not be neglected.
However, it is convenient to assume that axial mixing is unimportant for
a two-phase model (for both phases), as the introduction of an axial
mixing term into the conservation equations results in a two-point
boundary value problem which requires iterative solution.

Assumptions (i) to (ix) allow the conservation equations (2.1) to
~ be written in the following form:

i 2.1

Mass balance on component i: 39~ = dp¢ S g + 1 49
8z (Pe)mr sr r sr
el f 15
+F (g, Ty T°) (2.2)

i=l—rs

.F
Energy balance §T' _Ar s1f + 1 s1f

N .
5 ) + Vav" (TS - Tf) + Ff(gs Tf)

on fluid phase &z CpG &r r ér GCp (2.3)
Energy balance ,-s f S 62TS 1 6T° s S

(15 - 1) = W (F + = =) + F(g, T°) (2.4)
on solid phase ér r ér

f

The functions Fi, F', FS, are of the following form.

Fizz(rate of chenge of mass fraction of component i) x (fluid density)

superficial mass flow rate per unit area

Fﬁ__(rate of heat release in the fluid per unit volume of reactor bed)

" (superficial mass flow rate per unit area) x (mass specific heat of fluid)

Fszzrate of heat release in solid per unit volume of bed
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These functions will be elaborated upon when specific examples are
considered.

The initial and boundary conditions for the two-dimensional
heterogeneous - model are:
‘mass balance on component 1:

z2=0 0<r&R, g =gl i =18
: i
0<z4L r=0 89 .9 i =18
ér
i
0<z&4L - r=Ry 89 -9 i=1-S (2.5)
. ér :
Fluid energy balance:
z=0 OéréRt 1 - T‘;n
f
0<zgL r =0 QL.:o
ér , 5
6Tf %y f
0<zgL ro=R, LI S o (2.6)
sr  arf '
 Solids energy balance:
s
0<z&L ro=0 S22
ér
T8 2. -
0<24L ro= R S8 (10 - ) (2.7)
sr Ar

It will be noted that there is no initiail condition given for the
solid temperature, and that the boundary conditions for the solid
temperature include the equality at z=0. It may be intuitively supposed
that the solids temperature profile at the reactor entrance - z=0 - is
flat and equal to the fluid temperature. However this is invalid in that
the conservation equation (2.4) is then violated. The profile must be
obtained by solution of (2.4) at z=0 subject to boundary conditions (2.7).

So far no provision has been made for solid-fluid mass gradients and
intra-particle mass and energy gradients. In the general case the
following phenomena wiil also exist in the fixed-bed environment.
(i) a concentration difference between the bulk fluid and the solid.
(ii) a temperature gradieht within the pellet.
(iii)a concentration gradient within the pellet.

The first effect may be described by the algebraic relationship:
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-kg'a,(gEg™)p = Fp'(g, T5)  i=l-es | (2.8)

F; is a measure of the generation of component i within the pellet

and will be of the form:

Fp1§5 Mass of component i produced per unit volume of pellet per second.
In practice, for the convenience of computation, this effect will be
iteratively quantified prior to the calculation of the functions Fi, Ff,
F5. It has been shown (e.g. 1) that in most practical cases the internal
solid temperature differences may be neglected as they are likely to be
considerably lessthan the differences existing between the pellet and the
bulk fluid (57, 58): the assumption of constant temperature within the
pellet will therefore not lead to any great inaccuracies.

In the Tight of the previous paragraph the third effect may be
characterised by a lumped parameter, the isothermal effectiveness factor
(e.g. 1) which relates the total rate of reaction in the solid to that
which would obtain if the solid reactions occured under conditions of
concentration and temperature existing at the external solid surface.

2.2.2 Previous work on this model '

The two-dimensional, two-phase model for the fixed-bed reactor has
received relatively little attention in the literature. The work of
Wilhelm and Singer (59) relating to heat transfer in a packed tube,
considered the presence of two phases. Deans and Lapidus (60) proposed
a two-dimensional cell model for the fixed-bed which considers temperature
and concentration differences between the bulk fluid and the solid surface.
Subsequently McGuire and Lapidus (43) used the model to study the stability
of a fixed-bed reactor. A serious drawback encountered in this model is
that heat is considered to be transferred radially by the fluid alone.
Whilst this might approximate the truth in cases of fully developed
turbulence - say Rep> 100 (49, 61) - it restricts the use of the model
considerably. Ohki et al. (62) have extended the model to overcome this
restriction by considering a cell -to-cell heat transfer coefficient.
McGreavy and Cresswell (63) have proposed a diffusional two-phase model
but, 1ike Deans and Lapidus, have neglected radial heat transfer by the
solid. Carberry and White (64) also consider a two-dimensional two-phase
model, but describe the radial heat transfer by using the concept of
effective thermal conductivity based on a single lumped phase.

More recently Wasch and Froment (46) have presented a model which
distinguishes between both phases but does not have the restrictions of



the previously mentioned models. This model is the basis of the two-
phase>mode1 used in this work. Olbrich et al. (47, 65) have studied
heat transfer in small tubes and other geometries using two-phase
transport mechanisms. Their findings are reviewed in Section 2.6.

2.3 THE TWO-DIMENSIONAL, ONE-PHASE MODEL

2.3.1 General description of model

It has been shown that for moderately exothermic heterogeneous
reactions, the fixed-bed catalytic reactor may be well represented by a
hypothetical continuous phase for which effective transport parameters
may be assigned. This concept is valid for reactors when more than 10
paftic]es are packed across the tube and the number of particles exceeds
six in the axial direction (42). Thus the radial conductivity of the
hypothetical phase is given by Aﬁ and the heat transfer at the wall is
characterised by awc. In this model temperature and concentration
differences between fluid and solid are neglected, although they may be
partly accounted for, as previously described, by the use of a suitably
calculated pellet effectiveness facter (e.g. 48). It should be noted,
however, that this factor will describe the pellet temperature and
fluid-solid temperature and concentration differences relative to the
hypothetical continuum phase whereas, properly speaking, they should be
described relative to the true fluid-phase.

The preceding paragraph may be summarised by the following additional
assumption:

(x) The continuous (fluid) and distributed (solid) phases existing in
the fixed bed may be modelled by a single hypothetical continuous
phase. _

With this, and the previous nine assumptions, the model may be represented

by the conservation equations:

i . ’
Mass balance on component i: 9. . 4o (87g 1489, , F'(g, 7%

8z (Pe)mr sr r ar
i=1—-S (2.9)
Energy balance on continuous phase:
c c . 2¢C c
sT- _ Ar (5 -, 1eT

> ) + FC(g, T9) (2.10)
8z CpG ¢or r §r - A
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subject to initial and boundary conditions:

z = 0 0<r&Rt  gj = gip i=1=S:  T¢ = 1§,
5q" 8T¢
0<z4L r=0 8 =0, i=1=s; & -0
ér or c
i . oC
0<¢z4L r=R 89 -9, islos; ST s (TC-Tw)
st At

(2.11)

The parameters Xg andtks may be deduced from the transfer parameters
for the two-phase model (Section 2.6).
2.3.2 Previous work on two-dimensional one-phase model

Wasch and Froment (46) compare the predictions of their two-phase
model with the predictions of the cne-phase model - this model - for
the heterogeneous oxidation of o-xylene to phthallic anhydride and found
rather close agreement between the two models., It would appear that
there has been no comparison between the two models to date for the case
of a homogeneous-heterogeneous system. .

The two-dimensional, one-phase model has been considered in extensive
-detail by Mickley and Letts (66, 67), in reviews by Beek (52), Froment, (68)
Paris and Stevens (41) and Hlavacek (42) and in texts by Aris (69),
Petersen (1) and Smith (70).

2.4 ONE-DIMENSIONAL, ONE-PHASE MODEL

2.4.1. .Description of model

The mathematical representations of the two-dimensional models
involve second-order, two~dimensional partial differential equations. It
would be attractive to be able to represent the system by ordinary
differential equations which are, in general, more easily solved.

This may be achieved by making the assumption:

(xi) The temperature and composition of the continuous medium are
constant across a cross-section of the fixed-bed.

This implies chat all radial gradients are neglected and that the
transfer of heat from the bed to the wall is characterised by an overall
heat transfer coefficient based on the difference between the wall
temperature and the mean bed temperature as predicted by the one-dimensional
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model.
With this additional assumption the mass and energy balances in the
fixed bed reactor may be represented by:

i

mass balance component i: 89 . Fi(g, TC);1=1—9S (2.12)
8z - '
o€
energy balance: L F(g, T) -4——22— (TC-Tw) (2.13)
‘ 8z - GCpRt :
Subject to the initial conditions:
z=0 0$r$Rt f =92n i=1->S
C .
z=0 0&réRy T = 1%, (2.14)

2.4.2 Previous work with the one-dimensional model

The authors referenced at the end of Section 2.3 have considered
the one-dimensional model. In particular, Froment (68), considering
heterogeneous o-xylene oxidation, has compared the one-dimensional and
two-dimensional models. '

The 'mean' temperatures predicted by the one-dimensional model are
compared with the radial mean temperatures, or flow averaged values,
predicted by the two-dimensional model. For the system investicated the .
agreement between the predicted temperatures was found to be rather gbod.
However, no comparison between predicted product yields or selectivities
are given. In general, the_one-dimensional predictions for an exothermic
reaction will always be low. An extensive treatment of this model was
given by Carberry and Wendel (54). Equation (2.13) contains an overall
heat transfer parameter U. This has been correlated by Leva (71) and
Colburn (72) amongst others. It may also be obtained by amalgamation
of the parameters AYF anda“f (Section 2.6).

2.5 MASS TRANSFER IN PACKED BEDS

Packed beds are known to be anisotropic with respect to mass transfer
effects. As was previously noted (Section 2.2.1) the diffusive contribution
to mass transfer in the axial direction may be neglected compared to the
convective contribution. It will be assumed that there is no bulk
convective flow radially and that radial mass transfer may be represented

by an effective diffusion coefficient to describe the radial mass flux
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by a Fick's law analogy. Generally, the effective diffusion coefficient

will have a molecular diffusion component and a turbulent diffusion

component. In practical situations only the secord effect is important (41).
The radial mass diffusion coefficient is conveniently correlated as

the mass radial Peclet number and as such appears in the conservation

equations (2.2) and (2.9). This dimensionless group is defined by:

(Pe) . = Y& - 2 | (2.15)

Several authors have reported values for this group.Bernard and
Wilhelm (61) give a semi-empirical correlation, namely:

1.15 .
- 0.15 dpy1.8 _ ,
(Pe) . = ¥p_ Re (4.28(—-—dt) 0.05) (2.16)

0.065 + 17.4(32y2-7
dt

Yp is a shape factor. The expression is reported valid for ( )( 0.17
and (Pe)mr>v2150 dp/D. This correlation displays a rather

complex dependence on particle to tube diameter ratio. Fahien et al.
(73, 74) retain a dependance on this ratio when they adopt the group:

(Pe) /(]9 4( ) + 1)

as an ordinate in their correlations and find that within reasonable
accuracy this group has a constant value of about 8. They have also found
that the radial mass Peclet number shows a variation with radial position.
This reflects findings by Roblee (75) and Schwarz and Smith (76) who
report radial variations in bed porosity and fluid velocity respectively
which would both affect the Peclet number.

Although there is some disagreement as to the precise value to be
assigned to the radial mass Peclet number, all authors agree that it lies
within the range 8 to 14. It has been reported that computed concentration
and temperature profiles are insensitive to moderate changes in this
parameter (40, 77) and Froment (€8) used values of 8 and 10 for (Pe)
and obtained identical results.

mr

In view of thzse findings Fahien and Smith's (73) correlation of:

(Pe), . = 8 [19.4(3—2)2 " 1:] | (2.17)
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has been used in this work.

2.6 HEAT TRANSFER IN PACKED BEDS

The literature is rich with correlations for the various parameters
that may be used to predict the transfer of heat in fixed bed catalytic
- reactors. Recent reviews by Beek (52) and Smi th (78) give a goad summary
of the correlations presently available. Virtually all correlations refer
to the effective transport parameters used when the bed is modelled as a
hypothetical continuous phase. Relatively little attention has been paid
specifically to two phase heat transfer in packed-beds.

As the physical and mathematical models for the packed bed become
more sophisticated, more parameters are required to describe the heat
transfer. The basic parametric requirements are shown in Table (2.2)

The following sections show how the parameters for the two-phase model

may be amalgamated to give the effective parameters for the one-phase
model and how these may be subsequently amalgamated to give the overall
heat coefficient of the one-dimensional model. The available correlations
for the two-phase parameters are also discussed. '

2.5.1 Relationship between heat transfer parameters for the three models

In the one-phase model the packed bed environment is represented by
a hypothetical continuous medium and the transfer of heat from this
medium is calculated from the effective heat transfer parameters uwc and
AR |
Considering, first, the effective radial conductivity of the bed,
_ Ar®, it has been recommended by Olbrich (47) and Wasch and Froment (46)
that the relationship:

S = anh e s | (2--18.).

adequately describes Arc.
c . .
If the total heat flux through the two-phase bed, Qr, is considered
to have solid- and fluid-phase components:

f
rc“,= st“ +Qr

Q

then:
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T¢ T

Nﬂc 6. = Aﬂf ST i*Nﬁs 8 (2.19)
sr sr ér ’

Therefore

sTC stt  s18

sr sr ér

Published radial profiles (46, 47) show that the radial temperature
‘gradient in the solid phase is, in fact, the same as that in the fluid
phase over most of the radius. This indicates that the radial
conductivities may be regarded as additive. .

The situation at the wall is less well understood. It may be
surmised. that:

0 = 4+
and so:

| o S(T%Tw) = a >(T°-Tw) + « f(Tf-Tw)' ' (2.20)
W W W '
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Thus the wall heat transfer coefficients are only strictly additive

if the fluid- and solid-phase temperatures are the same.

If the group Ts-Tf is fairly small, then:
T -Tw
C .
(TC-Tw) & (TS-Tw) & (TT-Tw) (2.21)
and:
c _ f s : '
o = o, +a, (2.22)

Relationship (2.21) will probably be true in the major part of the bed
although it will not be so near to the bed entrance when T§1= Tw
Nevertheless (2.22) provides a useful and straightforward working
relationship.

Olbrich et al. (47, 65) have ccasidered the problem of two-phase
transfer to the wall and.propoée the relationship:
B? asdp

(2.23)

e
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B = 2.12 | (2.23a)

for close packed spheres against a flat wall. The solid-phase Biot
number, B?, may then be used in the following relationship:

[
% 3 nfef 4 Bfkes + lNs
o i LT U 2 o (2.24),
Q. B.N NSB? + K* + N'B;

(] - 1

Equation (2.23a) gives unacceptably large values for u; despite the
assertion (47) that it forms a lower bound for B Consequently, (2.24)
gives values for aw which are much h1gher than thase reported in the
literature (e.g. 52).

However, (2.24) may be used retrospectively. Reasonable correlations
are available for &, (79) and q; (52). If (2.22) is assumed to hold,
mws may be calculated. If AfF, Ar® and h, are known, uwc may be predicted
from (2.23) and (2.24). This may be compared with the original prediction
for avf.to asses the error introduced by assuming (2.22) to be true.

The overall heat transfer coefficient, U, is defined by:

Q, = u(%Twa, | (2.25)'

where Qv is the total rate of heat removal per unit volume of reactor bed.
The relationship between U, awc'and Ar® has heen'considered by

Froment (68), Crider and Foss (80) and Beek and Singer (81) who have shown

that U may be calculated from: ‘

1.1 Re - (2.26)

U owc '4}\r‘c '

2.6.2 Heat transfer parameters for the two-phase model

Sihger and Wilhelm (59) and, more recently, Yagi and Kunu (82) have
considered the mechanisms by which heat is transferred through a packed
bed. Heat transfer, in contrast to mass transfer, occurs through both
the fluid- and solid-phases. The following mechanisms for radial heat
transfer were considered:

1. Solid Phase

(a) Conduction through the particle

(b) Conduct1on through the particle contact po1nts

(c) Conduction through stagnant fiuid adjacent to particle
contact points
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(d) Radiation from particle to particle
2. Fluid Phase |
(a) Conduction through the fluid
(b) Energy convection by the fluid
(c) Energy transfer from fluid to solid
(d) Radiation from void to void
If each of these mechanisms is assumed to be a heat transfer resistance,
their inter-relationship is shown in Figure (2.1).
Application of the methods of Yagi and Kuniiyieldthe following
expression for the solid-phase radial conductivity:

ar® = {1-¢)htksdp ' (2.27)

2kg + htdp

The parameter hi is an overall transfer coefficient between the
solid particles and amalgamates the parallel mechanisms transferring heat
from pellet to pellet.

It is, however, rather difficult to assign a value to ht and an
alternative approach to the problem is desirable. It has been reported (83)
that the solid phase conductivity can in fact be considered as the stagnant
conductivity of the bed. Wakao and Kato (84) have calculated the stagnant
conductivity from an elaborate model for the packed bed and correlate their

results by:

S S -
L + 0.707(Nu), 0 9 (ksy1-11 (2.28)
ke K¢ (Nu) =0 ks |

‘This expression is a composite of the stagnant conductivity in the
absence of radiation added to the radiation effect. The quantity
Ars

. e—

ke (Nu)r =0

may be obtained from Figure 8. of the paper by Wakas and Kato who also
present an expression for (Nu)r, the radiant Nusselit Number. Equation
(2.28) is the correlation for arS used in the present work.

Equations (2.27) and (2.28) have been compared using the data of
Froment and Wasch (46). The estimates for the solid-phase conductivity

were:
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Equation (2.27) (46) ar® = 0.301 w/m sec K

Equation (2.28) | Ar® = 0.319 w/m sec K

Thus, there is a discrepancy of only n5% between the two estimates.
The evaluation of the fluid phase radial conductivity is a

]

relatively straightforward matter. The three mechanisms, namely molecular
conduction, convection and radiation operate in parallel and so the fluid
phase radial conductivity is given by (78).

CpGdp 4ecdp(Tf)3) (2.29)

A = o(ke +
f ‘¢(Pe)mr 2-¢

g 1s the particle emissivity and may be assumed to be 0.5 for most
catalyst materials (85). '
o is the stefan Boltzman constant, 5.68x10™8 w/m
The Peclet Number for radial mass transfer, (Pe)mr, is given by
Equation (2.17) for Rep>'40. Also, when Re_» 40 the contribution by
molecular conduction becomes negligible (52) and k¢ may be removed from
Equation (2.29). X :

The experimental data for the fluid-particle heat transfer coefficient,

2,4

hy, has been the subject of a thorough analysis by Whitaker (86). For
Reynolds number, based on particle diameter, greater than 40 he proposed
the correlation:

e

hydp'e  _ [o.sRep'é - O.2Rep‘2_é] Pr (2.30)
kf(]’¢) . o

_ Where dp' is defined by Whitaker as dp' = 6Vp/Ap and is thus equal
to the particle diameter for a sphere. The modified Reynolds number,
Rep', is defined by: ‘

Rep' - Gdp'o (2.30a)
ul-¢

Beek (52) has modified the Thoenas and Kramer (87) correlation to heat
transfer in propcsing an expression similar in form to Equation (2.30).

Y V ' .
hydp _ 3.22Reg3 et 4 O.H7Rero'8Pr‘0'4 (2.31)
ke |

Equations (2.30) and (2.31) give similar results over a wide range of
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values of the parameters (78). Equation (2.30) has been used in the
present work. Whitaker states that the scatter of experimental data
about this correlation is at worst 30%. In most cases it is of the order
of 10%. _

Having discussed the evaluation of ArS, Ar
evaluate awf

f and hy, it remains to

and oyf. The Titerature shows much disagreement in the
correlation of these parameters (88). When it is required to discriminate
between solid-wall transfer and fluid-wall transfer, as in the present
case, the situation is even less clear.

Wasch and Froment (88) have correlated the continuum wall heat
transfer coefficient, awc, by considéring static and dynamic contributions
which correspond to aws and awf respectively.

However, the static contributions were determined experimentally.and
are not generally applicable. Yagi and Wakag (79) report the following
correlation:

c
g = 2y Pr
CpG

2f3 20

-0.
f 0.20Rep Rep 7 20 (2.32)
| The restriction on fhe particle Reynolds number and the fact that a
completely analagous correlation is presented for mass transfer to the
wall indicates that (2.32) is more properly written:

-

£ L |
aw p® - 0.20 Rep, 020 (2.32a)
CpG

It might be expected that uws is independant of the Reynolds number
and any dependence of u& on Rep is due to the dependence of uwc, on Rep.
wF’ Wasch and Froment report a linear dependence on Rep whereas
Calderbank and Pogorski (89) favour an exponent of 0.365, Hanratty (90) a
value of 0.5 and Yagi and Kunu (82) a value of unity. These figures

For o

illustrate the discrepancy in the literature.

No correlation is available for aws. However, as is shown elsewhere,
(2.22) may be uscd to predict aws, provided a correlation is available
for awc.

The correlations for awc also show wide disagreement. Smith (78)
recommends that of Beek .(52).

o C A ) -
cylinders ”nfﬂ - 2.58Rep’3 prid 0.094Re, ) Epr0+4

.F



C 1 |}
spheres 4 . mmm%&wh+ozmmfﬁw&4 (2.33)
k
f

These relationships are of a semi-empirical nature and it will be
noted that the conductivity of the solid phase, ks, is not involved.
Nevertheless, they are used in the absence of a better correlation.

For the conditions considered by Wasch and Froment (46), Equation
(2.33) predicts a value of 125.4 Kca]/mzhrl< which compares favourably
with their value of 122 Kca]/mzhr K. awf is calculated, for the same
conditions, to be 105.6 Kca]/mzhr K and so, from (2.22), aws is 19.8
Kca]/mzhr K. These figures differ markedly from those of Wasch and
Froment who use: '

of = 78.2; @5 = 47.8 -Keal/n‘hr K

Using their figure of 185.5 Kca]/mzhr K for h,, and noting that:

a, = 6(1-¢)/dp

for spheres, it is possible to calculate the following groups for use
in Equation (2.24) when o, = 19.8 and oy, = 105.6

B = 0.94 B? =3.29 N

f 2

= 86.52 N° = 134.29 K- = 220.8]
resulting in a value of 1.15 for awF/awf which leads to a value of
121.4 Kcal/m3hr K for awF which shows excellent agreement with the two
previous values for awf.
Thus the correlations for the two-phase heat transfer parameters
are consistent with respect to the wall transfer theory of Olbrich (47).
A summary of correlations used in the present work is given in
Table (2.3).
2.6.3 The effect of pellet hollowing on heat transfer in a packed bed

46

The heat transfer characteristics of a bed of hollow pellets will be

expected to differ from those of a bed of similar sol1id pellets. The
greater proportion of less conductive fluid in the bed will lower the
amount of radiai heat transfer.but this will be compensated by increased
turbulence and a corresponding increase in the convective transfer. An
understanding of the effect of pellet hcllowing is best obtained by

considering the effective radial conductivity, ar€, to be represented by

(52):



TABLE (2.3)

Heat Transfer Correlations
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PARAMETER | EQUATION| CORRELATION REFERENCE
S S
A A k. 1.1
% (2.28) | - = X +0.707Mu 0% S 84
kg kg Mus0 kg
£ f Cpedp  , AeadpT®
A, (2.29) [ A7 = ok, + + ) 78
9 (pe),. 2-¢
h,dp'¢
h, (2.30) | Y = 3Re'® + 0.2Re'2/3 86
Pr k_{1-¢) P P
g
£.1/3
f o, Pr
CpG P
(o
dp
o, (2.33) | cylinders - 2.58Re;/3Pr1/3 + 0.094Rep0'8Pro‘4
g ) | 52
C
o - dp
spheres = 0.203Rep]/3Pr]/3 + 0.22Rep0'8P1r*0'4
k
g 52
o S (2.22) | a5 =a%-af
w . %y % T %
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CpGdp , (1-on)htdpks  4eodp(T°)3

(Pe)mr 2kg + 0.7htdp 2-¢

e o= gk (2.34)
¢y is the total voidage of the bed of hollow particles. - The amount of
hollowing is characterised by o which is the ratio of internal to external
dimensions of the pellet. When o is zero, the situation is that of a bed
of solid particles and when o is 1, it corresponds to an empty tube. The
radiation term in (2.34) will be neglected as it is only important at
high temperature and is not essential to the argument. Each of the other
three terms is affected by pellet hollowing.

If the bed of solid particles has a voidage bss then by is related
to the degree of hollowing, o, by:

by = dg + (1=0g)o (2.35)
With the following data:

ke = 0.083 J/m sec K; Cp = 1000 J/kg K3 G = 1.3 kg/m’sec

dp = 6Vp/Ap = 0.003m; ks = 1.16 J/msec K3 p = 3.1x107° kg/m sec; ¢ = 0.4

the values of the three contributions to»ArC, for a=0, are:

¢ka = 0.017 J/m sec K

CpGdp  _ 4.381 a/m sec k
(Pe)yy |

(1-9H)hedpks - .17 J/m sec K
2kg +0. 7hy dp

The equivalent particle diameter, dp, refers to the solid pellets.
The Peclet number, (Pe)mr’ is calculated from (2.17). These fjgures
indicate the relative importance of the three terms under these, typical,
conditions.

The last term, in gross simplification, represents the series addition
of the solid conductivity, kg, and tke resistance to particle-particle
heat transfer, hg, This is emphasised by writing the term as:
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y = {1-¢n)hsdpk 1.1 [2 . 0.7
2kg+0.7htdp Xs  (1=¢y) Lhedp Ke

or in more general terms:

1.°
XS htdp

+ (2.36)

-~ K?
\(n

Gunn (91) has found that the number of particles per unit volume of
reactor bed is approximately the same for solid and hollow particles.
If the rather more sweeping assumption is made, that the number of
particle contact points per unit volume is the same, then it may be
argued that the factor Py is the same for hollow and solid pellets.
However, in a real situation the number of particle contact points will
be increased by interpenetration of the particles (see Figure (2.2))

- and the particle-particle heat transfer will be enhanced as there is
one point of contact between the particles in the so]fd case and two
points of contact in the hollow case. This will result in a lower value
for P]. The amount of interpenetration will increa;e as the degree of
hollowing increases. . _

The factor P, would be expected to increase in a hollow pellet
situation indicating a reduction in the heat transfer through the solid
between points of contact. In the example just considered, P2 has a
value of 0.7. If this is doubled, Xs is only reduged by about 10% as this
contribution is not the controlling step in the overall transfer process.

Furthermore, X_. is decreased by hollowing by virtue of an increase in oh

and a correspo;ding decrease in (1-¢H).

The qualitative arguments of the preceding paragraphs are rather
difficult to quantify, particularly the effect of interpenetration. It is
therefore assumed that the various effects compensate one another. In
any case, this term is smaller than the convective term and the effect of
any error in this assumption will be reduced in the overall correlation.

' Thé molecular conduction term, ¢yks, is considerably smaller than
the other terms, but increases as « increases. In the limiting case of
a=1 it is the only contribution to radial transfer.

It remains to evaluate the effect of particie hollowing on the

convective heat transfer term

CdeEv
(Pe)
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Fig(2-3) Effect of pellet hollowing on bed heat-transfer.
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Gunn (92), discussing dispersion in packed beds, has found that (Pe)mr

is reduced for beds of hollow cylindrical pellets compared with beds of
similar solid particles and that the amount of the reduction is

independant of the degree of hollowing. Thus, for a given Reynolds number,
the effect of hollowing is to enhance the radial turbulent mixing. In
concept, the turbulence will be maintained as o is increased to the point
where the hollow peliet walls are infinitely thin, i.e. a=1", as long

as solid material is actually present.

The form of the dependance on o of these three terms in the
correlation for Ar® is shown in Figure (2.3). It may be concluded from
these arguments that the heat transfer from a packed bed will be increased
by particle hollowing but, provided the hollowing is sufficient to promote
increased turbulence, increasing the degree of hollowing will not increase
the rate of heat transfer significantly. Furthermore, the increase in
rate of heat transfer is confined to the fluid phase so that if a two-phase
model is considered, arf s increased but Ar® remains constant.

Pellet hollowing should not affect the wall heat transfer coefficient
as the geometry close to the wall will not be greatly changed.

2.7 INTEGRATION OF THE MATHEMATICAL MODELS

Each of the three models for the fixed-bed catalytic reactor are
described by a set of ordinary or partial differential equations. The
behaviour of the reactor is predicted by the integration of subject to
their respective initial and boundary conditions. '

2.7.1 The one-dimensional model '

The model is described by Equations (2.12) and (2.13) subject to
initial conditions (2.14). These form a set of S+l first-order ordinary
differential equations which may be solved by the Runge-Kutta-Merson
method (42, 93). This is a step-wise integration method requiring five
derivative evaluations at each step and providing also an estimate of the
truncation error so that step-length variation may be employed as
required. A standard library subroutine was used to herform the integration.
The subroutine, which was originally developed at the Kjeller computer
installation, Norway, is Subroutine D208 in the CERN Tibrary.
2.7.2. The two-dimensional models '

The one-phase and {wo-phase two-dimensional models are very similar
in their mathematical structure, the only difference being that the two-



phase model has an additional equation, the solid phase energy balance,
which is implicit in the solid-phase temperature. Thus the one-phase
two-dimensional model will be considered initially and the modifications
necessary for the incorporation of the additional equation of the
two-phase model will be subsequently discussed.

The one-phase two-dimensional model is described by a set of S+l
parabolic partial differential equations, (2.9) and (2.10), subject to
boundary conditions (2.11). An analytical integration is not available
owing to their highly non-linear and interactive nature. Therefore the
equations have been integrated by a procedure based on the finite
-~ difference method described by Beek (52).

It will be shown in the following section that the equations are
more easily handled if the following variable substitution is made.

u = r2/Rt2 | (2.37)

When (2.37) is substituted into (2.9), (2.10) and (2.11) the following
set of working equations are cbtained.
Mass balance on component i

2

i i i . _
59" _ 4dp¢7(usg + 29 4 Fl(g, T =1 (2.38)
8z (Pe)ert su su -

Energy balance on the continuous phase:

c c 2+C c .

| 4 5 5 v
L (T L Y A T L (2.39)
sz CpeRS e su :

Subject to initial and boundary conditions:

z = 0 04ug] g = g =15
c c
.i
0< Z$L u = 0 .6.&-: 0 i=1—*S
Su :
c
ST~ g

52
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.i
0<z4L u =1 S i=1=3S
' : Su
(o} (o}
S - YL % (2.40)
au 2xr

2.7.3 Finite difference methods for the solution of partial differential
equations

In any finite difference method the region of integration is replaced
by a grid of points. The partial differential equations, and, where
applicable, their boundary conditions, are represented at each of the
points by difference equations involving the values of the dependent
variables at that point and at some, or all, of its neighbours. This
concept is well known and has been successfully applied to catalytic reactor
problems (46, 52, 68, 94). Only those features of the method relevant
to the present usage will be discussed.

The difference eguations may be established in two ways. If the
axial derivative is replaced by a forward difference formula and the
radial derivatives by central difference formula calculated on the old
profile, an explicit difference scheme is obtained. If the axial
derivative is replaced by a central difference formula and the radial
derivatives by a central difference formula averaged between old and new
profiles, an implicit formulation results. The stability requirements
of the explicit method are generally more stringent than for the implicit
method, whereas the calculation algorithm for the explicit method is
usually simpler than for the implicit wmethod. =~ The grid notation used
is as shown in Figure (2.4). The dependent variables are known at points
with an axial index of n or less. The relationship between the indeces
and the independent variables is: ' .

z =0 , n=1 3 u=1L , n-=0A
u = 0 , m=1 3 wu =1 , m = M

With this notation the cerivative substitutions, in tefms of a general
variable Y, are:

- EXPLICIT

8Y, _ b -
Slm,n = — (Ym, - Ym,n )
6z
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Fig(2-4) Finite difference grid notation.
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§.Y_m)n l (Y - Y )
su 2k - W M
2
us m-1
_,_2_6u mea - _k ) (me';\'\ - 2Y'm,n + Ym'l,ﬂ) (2.41)
IMPLICIT
8Y. 1
_—mn = - (Y - Y ~ )
Iy oh ﬁ’},nH myn-i
Y
§'m,n _ 1 ) i
Su _.;L (Ym+],n+1 * Ym+1,n-1 Ym-],n+] Ym—],n-])
2Y'
§ m,n _  (m-1) _ oy
6u2 ) ok (Ym+1sn+} 2Ym','n+1 * Ym-'I,n+1+Ym+1,n-1 2"m,n-]‘Ym-Ln-])

(2.42)

Substitution of (2.41), into (2.38), (2.39) and (2.40) results in the
following set of working equations for the explicit finite difference
method (52). The subscripts for F' will be discussed later.

3h'a’ 2h'a’ _h'a'

Y = (- 2% Y¥in* K Y20 N Yan t 0Py,

L h;zl (2m3)¥pq,n * (0 - ghléiéﬂtll) Ym_,n * h;zl(zm-])Ym+1,n
1<m<M

Vynel = tha'(M-l)zYM_]’n + (1-2h'a’ (M-1)%- h'Bia’ (2M-1)Y,,

L DB o)y 4 h'Fy o (2.43)

2

For a mass balance

Y=_g13 'i:]——‘)S; a'= '4—'d—E"j)——'— ’ BL = 0; F' = Fc(g’Tc)

(Pe).Re2 B

+h'F MmN



For the energy balance

2
Y o= 1% a2 A g L SR
| CpGRy Z

; F' o= FY(g,TS)

When (2.42) is substituted into (2.38), (2.39) and (2.40) the formulae
for the implicit finite difference scheme result (52).

th +'E)Y1,n+1 - (ij - :%)Yz,n+1

_.it (20 = 3y g+ g%h + m-l a'y Vo] --it(Zm-])Ym+]’n+]
='it(2m‘3)Ym_],n_] + (ét'" iﬂtigéqum;n—] +'%t (zm_1)Ym+1,n—1 + FIm,n

| 0<m<M

- alz(M'1)2Ym-],n+1 + (% r21)% + B'a'é2'v1"]))YM’n+]

= @% -2(M-1)%a" - fﬁiifiﬂfill)vm’n_] + Z(M-132a'Ym-1,n-1

+ a'Bi (2M-1)Tw +2F'M,n (2.44)

For a mass balance

Y = gi, i=l—»s; a‘' = Adp

2° 2
(Pe) Ry

For an energy balance

c CR
CPGR ¢ r¢ =

Again, the subscript on F'n will be discussed later.

The form of the radial profiles indicate the reason for making the

Bi =0; F' =Fi(g,T%)
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substitution (2.37). The radial gradients, for both mass and temperature,
change rapidly near to the tube wall and decrease to zero at the tube
centre. The accuracy of the difference formulae for the radial derivatives
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increases as k decreases, becoming exact as k tends to zero. It would
be desirable for the grid spacing with respect to r be small near the
tube wall and become large towards the centre of the tube where high
accuracy in approximating the radial gradients is less important.
Introducing a variable radial steplength into the finite difference
scheme results in rather complicated formulations. It is far more
straightforward to rewrite the balance equationé in terms of the squared
radius, u. Equal grid spacing with respect to u results in the desired
grid spacing with respect to r.

In the case of implicit finite difference equations the question
arises of the proper choice of mesh points where the non-linear source
terms in (2.43) and (2.44) should be evaluated. The difference equation
may be thought of as an approximation to the corresponding differential
equation at a specific point, usually a grid point. From this point of

'view, the approximation to each term arises naturally from considerations
of symmetry or convenience, and just as naturally the error in the
~ approximation can be related to the Taylor expansion of the term in
~question about the reference point. | _

In the present formulation the difference equétion approximates the
corresponding differential equation at the grid point (m,n). The
estimation of all the derivatives are symmetrical about this point and
thus the source termis alsocalculated at this pointgiving a consistent
difference analogue to the differential equation. It is stated by Beek
(52) that this formulation is stable in the mathematical sense and is
not subject to magnifying fluctuations. This assertion will be tested
and disucssed in a later section.

Beek also states that a large radiation effect can cause difficulties
in this formulation. This is because of the dependence of the radiative
conductivity upon temperature, one of the principal dependent variables.
These difficulties would appear to be caused by the separation of effective
radial conductivity in Beek's formulation into a .radiation contribution
and an eddy diffusion contribution. The eddy diffusion flux is
evaluated at the mean of the (n+1)th and (n—])th
radiative diffusivity is evaluated at the nth profile. This lead: to
instability in the sclution of the difference equation when the two-terms

profiles whilst the

become comparable. However, in the present formulation, the radiative
term occurs on the LHS of the difference equation and, hopefully, will not
contribute to instability of this kind. This is particularly important
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since at least one of the examples considered in this work has a high
radiative contribution. It is not generally possible to predict"a priori”
the stability of the scheme. One“a posteriori”check is to repeat the
calculations with vastly reduced steplengths and compare results.

A disadvantage of the present implicity formulation is that two
previous radial profiles are required to calculate a new radial profile.
At the beginning of the integration, only one pfofi]e, given by the
initial conditions, is known. The procedure adopted is to calculate the
first new radial profile by an explicit method and then to continue the
integration with the implicit method using these two profiles.

The values of h and k, the steplengths in the axial and radial
directions respectively aregoverned solely by the desired accuracy and
computation time as the imp]icit/ method is unconditionally stable.
However h', the axial steplength for the explicit method, has to be
chosen with a regard to both accuracy and the stability requirements of
the method. The formulation is only stable if, for a particular
differential equation (42),

h!< — ' (2.45)

2a'
Thus (2.45) must be satisfied for all equations in the set. h' will be
less than or equal to h in order to satisfy (2.45) and to maintain the
desired accuracy. Thus, it is necessary to devise a practical relationship
between h' and h and a procedure for changing the steplength after the
first explicit calculation. h' is chosen such that (2.45) is satisfied
and that the implicit steplength, h, is achieved by successive step
doubling. This idea is illustrated in Figure (2.5) and Table (2.4). The
step doubling is continued until the integration has proceeded as far as
z=h. The radial profile is then calculated for-z=2h, using the known
profiles at z=0 and z=h. The implicit method may then be used row by row
with constant steplength until the integratation is completed.

Writing the relationship between h' and h as:

™N
IS
(@2}
o

hr = h/NS

and extending (2.45) to:



Table (2.4)

Basic step-doubling and solution procedure for the case where Ns=10

Row No | n Method | Known Rows | Row used to | Row used to Step

used Avge. Rad. |evaluate the | length
Grads. non linear
term
n n n

1 2 | Explicit 1 1 1 h'

2 3 | Implicit | 1,2 1,3 1 h'

3 4 | Implicit 1,3 1,4 3 2h'

4 5 | Implicit 3,4 3,5 4 2h'
5 6 | Implicit 3,5 3,6 5 4h' -
6 7 | Implicit 1,6 1,7 6 10h*=h

59
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h' ¢ _1 | ' 2.47
;2 Za;naX - . '( )

To ensure that all integrations are stable:

Ng > _@E%m C (2.48)
However, in order to allow for successive step doubling, NS may only
assume specific values. The admissab]e»values of NS depend on whether
z=h is desired to coincide with an odd or even numbered row (see

- Figure (2.5)). The choice is arbitrary and, in the present work, even
rows have been chosen. The admissable values for NS are thus:

N = 1, 4, 10, 22, 46, 94, 190 ....

The 3" term of this series is

Noe = 3x2371 - 25 §=1,2.3 ....

sJ
N, is the smallest integer to satisfy (2:45) and so
3> 1.443 log, [-z—améﬁ + 0.67] 1 (2.49)
3K . .

Thus the required value of j is the smailest integer to satisfy (2.49).

The implicit finite difference formulation yields a set of M Tinear
simultaneous equations at each axial step for each of the partial
differehtia] equations. These linear equations form S+1 tridiagonal seis
which allows them to be solved by a highly efficient algorithm based on
Gaussian elimination (95). This is usually referred to, in the
Armefitan Literature, as the Thomas algorithmfi4o).

For the dependent variabie, Y, the equation (2.44) may be written:

-y Y = dm (2.50)

=Y i BmY m m+1,n+]

wom=1,n+} mM,ri+]

which, in matrix form, may be written



~\7/\,n+l—_

Kz Ba - S Yo d.
-z B3 -3 Y3, 00 ols
N o \\\ \\\ : - :
N ~ ~ \
~N N ~ |

N N v
O Bm —Em
._c(nd

L Pm]

This system may be solved by the Thomas algorithm provided that:

»/m'-)J r’|+| OCWH
L Y, L_A m +Xm\/mw

-

B> 05 Y2 O (2.51)

o> 03

B > (% +Yp)

Consider the following two-parameter difference relation between Ym-1
and Ym.

Ym—] = “’m—]Ym + 9. (2.52)
Similarly:
Yo = Qa¥me * 9n (2.53)
Substitution of (2.53) and (2.52) into (2.50) leads to:
R 4 Y d +& g
Ym = m_érwm+1 + :mu mm-1 (2.54)
B %fm-1 A %nn-1
Comparing (2.53) and (2.54)
- dt %9~
W -_B_I__"l_g__, 9, =§m‘:§h'zai"—l (2.55)
m % m-1 m mm-]

When m=1 it is required that

Yo =0oY1 %9,

for all Y]. Thus:

61
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A = 03 gO = 0 (2-56)
and so, from (2.55) and (2.56)

Starting from (2.57) and using (2.55) all the(Qm and g, may be calculated
successively from m=1 to m=M. When this has been performed for a1Trn)Ym,
for all m, may be calculated by back substitution. In the present case

Ym+] is zero and so:
and Ym—] =g.)m_]Ym + G- m = M=
In this way the entire radial profile may be generated. It is necessary

to limitu) in order to prevent the build up of errors (95), It is
necessary that

l“’ml <1 - (2.59)

If (2.51) is satisfied then (2.59) is also satisfied.
2.7.4 The Two-Phase Model

The additional ordinary differential equation required by this model,
(2.4), may be represented by a finite difference relationship after making
the substitution (2.37) to obtain:

2+S S
;wr® 8T ST FS(g,T°) (2.60)

TST =
h(T7T) = 2= (U .

R¢

Using central difference formulae for the radial derivatives:

| s _g
(hva ) T] Jn+1 7: T2,n+1

£ 3, 1.,
el ¥ F1,n+1 *Z F2,n+1

hVaVT

- “‘S (m-3)T>

m+] ,n+1

asg 3\+S 2as
7:(m—'§)Tm—1,n+1 + (a h + " (m 1)Tm n+1

.f.‘
ahT + F' 1< n<M
V'V m,n+l man+1
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_ 235 +s ~ 2as , Bias , Bia S
k2 TM—],n+1 + (hvaV +-E?— + —E-—-+ EE?S) T°M,n+l]

f aghBi aski . -
=ah T + (—=—— + Tw + F -
MTina * 6=+ 2 50) Mol (2.61)
S
where B = 2RE: Pl pSgrS) ;5 o B
rs T Ry

The solution procedure for the fluid-temperature and component mass-
fraction in the two-phase model is exactly the same as in the ohe-phase,
two-dimensional model, the working equations being (2.43) and (2.44).
However, for both equations, the general variables are now defined as:

For a mass balance:

Y=g, = les a =,5§39———§; Bi =03 ' = Fl(g,7,7%

(Pe)ert

For the fluid-phase energy balance:

f,-
f y R hya
GC,RY Ar = GCp

-

When the profiles for fluid temperature and component mass-fraction have
been computed at the n+1thaxia1 step, the solid temperature profile may
be computed. F°(g,T®) is unknown in the right-hand side of (2.60) and so
an iterative solution is necessary. The initial guessed profile may be
either the fluid temperature profile at the n+1th1eve1 or the solid
temperature profile at the nth level. In both cases the convergence is
rapid taking, usually, three or four iterations. Equation (2.61) forms

a tri-diagonal system and so it may also be rapidly solved by the

Thomas algorithm.



64



Chapter 3

65

APPLICATION OF REACTOR MODELS TO THE THERMAL DECOMPOSITION OF NITROUS OXIDE

3.1
3.2
3.3.
3.4

3.5

3.6
3.7
3.8

Introduction

Kinetics and Thermochemistry

Choice of Operating Conditions

Computational Aspects

3.4.1 Source terms in tubular reactor models

3.4.2 Temperature dependence of fluid properties

3.4.3 Temperature dependence of heat transfer parameters
3.4.4 Computer Programs )

Stability and Accuracy of Model Integration

Calculations on the Three Fixed Bed Reactor Models
Sensitivity of Reactor Models to Heat Transfer Parameters
Conclusions

-



66

3.1 INTRODUCTION

The first system to be studied in the context of heterogeneous-
homogeneous reactions was the thermal decomposition of nitrous oxide.
This system is suitable for consideration as a typical concurrent
reaction system exhibiting both heterogeneous and homogeneous effects.

The reactions, catalysed by gold surfaces, have been the subject:
of a recent kinetic study by Halladay and Mrazek (8) who have considered
simultaneous heterbgeneous and homogeneous reaction paths. Their
experiments were performed on a gold strip, and the homogeneous
contribution was quantified by varying the surface-to-volume ratio. In
the present study the reactions are assumed to proceed in the presence
of gold coated particles. Thus the system is not complicated by intra-
particle diffusional effects.

The reasons for considering the thermal decomposition of nitrous
oxide are summarised by:

(i) It is an example of a concurrent heterogeneous-homogeneous reaction
scheme.
(ii) The system has received a kinetic study from the standpoint of
heterogeneous-homogeneous effects and kinetic data is available.
(ii1) The effect of heat and mass transfer in a tubular reactor may be
. studied without the complication of {ntra-pe11et diffusional effects.
(iv) The activation energy for the homogeneous reaction is approximately
twice the value for the heterogeneous reaction. Temperature
differences in the bed will thus affect the heterogeneous and
homogeneous reactions to different extents.

The system was.investigated with three aims. Firstly the system was
used to investigate the stability and accuracy with respect to radial and
axial steplength of the mathematical models for a tubular reactor described
in Chapter 2. Secondly, the predictions of these three models were compared
for a range of heat transfer conditions and the applicability of the
models was investigated. Finally, the sensitivity of the two-phase, two-
dimansional model was investigated with respect to the two-phase heat
transfer parameters.
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3.2 KINETICS AND THERMOCHEMISTRY,

The reactions considered are:

N20 ——— N2 + %02 - Homogeneous !
Nyd ————>NO + 3N, Homogeneous IIA
N20 —~————————>N2 + %02 Heterogeneous ITI

It has been reported (96) that nitric oxide is instantaneously
oxidised at room temperature to nitrogen dioxide. The reaction has a
zero activation energy (97) and so reaction IIA is replaced by:

i/ N0+ 30, —> NO, + iN, Homogeneous I1

\\\\\\\ For this simplification to be valid there must be sufficient oxygen
i present in the system to support reaction II, either initially or
subsequently produced by reactions I and III.
The rates of the three reactions are given by (8):

1 1 N2 ' N i

rp. = kp(C ) /(14K C7)

' ' N,2

rrpo = k()

Y" = -—-C . (3.])
111 _ IIIVp .

The heterogeneous rate is expressed as a rate of change per unit volume
of the solid pellets for direct application to the reactor models.

In a fixed bed of solid spheres the total rate of disappearance of
nitrous oxide is given by:

M

rate = ¢kjp?(g")?/ (14} 09

¢ki102(gN)2

dp IT1

+

(3.2)
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The rate is expressed as rate of disappearance per unit volume of reactor
bed. The rate constants are in the kg-m3—sec system of units and gN
is the mass fraction of nitrous oxide in the fluid phase.

Rg is a peilet roughness factor and is defined as:
Rg = 1000dp™
The factor was introduced into the analysis to ensure that the relative
amounts of heterogeneous and hbmogeneous reaction at the reactor entrance
were not influenced by variations in the pellet size.

The rate constants are given in Table (3.1) and have been converted
to the kg—m3
Mrazek.

-sec system of units from the published values of Halladay and
»Similar]y, the rate of appearance.of nitrogen dioxide is given by:
rate = 1.046007k1; (g")? (3.3)

; \\\\ The factor 1.046 is the ratio of the ﬁo]ecu]ar weights of N

\\\\ii\necessary because (3.2) and (3.3) are written in mass units.
The heats of reaction for the three reactions were calculated from

20 and N02and

standard heats of formation and heat capacities (102) and the values
obtained at 1000K were:

(-aH;) = 1.98x10°  JkgT!(N,0) )
(-aH; ) = 1.05x10°  Jkg™'(N,0)
(-ahypp) = 1.98a0%  gkg™l(N,0)

3.3 CHOICE OF OPERATING CONDITIONS

The models were integrated for a range of different operating conditions.
The choice of operating conditions was such that each of the integrations
represented the performance of a tubular reactor under different conditions
of heat transfer. ‘

The operating variables that were used to determine the heat transfer
characteristics were: o

# because \‘\u‘\fw* Qa— for the smatlest Me}— considered s wiby,
L\ c.z«esws to & Srmeotk betet



Table (3.1)

Rate Constants for Thermal deccmposition of N20

Rate Constant LogmA' -EA
Kcal fgmole
Ky 16.48 81.8
Kia 6.99 | 28.4
kII 13.88 - 72.4
Kirt 3.55 34.6

kl

Rexp (—)
R
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G mass flow rate per unit area kg m Zsec”!
dp pellet diameter | oom
Rt Reactor Tube radius K

The temperature was not considered as a primary operating variable
in this context although it influences heat transfer through radiative
contributions. An allowance for the variation of radiative contributions
with temperature has been made. This is described in Section 3.4.

The absolute values of the effective conductivity of the bed and of
the wall heat transfer coefficients are governed chiefly by G and dp.
Variation of Rt alters the relative importance of bed heat transfer
resistance and wall heat transfer resistance.

The heat transfef regime was characterised by three dimensionless
groups, namely:

OthRt _)lr.f. and ﬂ’.’f
A€ Ars oz

The first group, the continuous phase Biot number, is an indication
of the relative importance of the effective heat transfer at the wall
and the effective conductivity in the bed. The last two groups fepresent
the relative quantities of heat passed by each phase in the bed and at the
wall respectively. For these groups to be strictly comparable it is
necessary that the radial gradients in each phase be equal or that the
groups be modified to, for exampie:

.f.'
f,dT
_AY' (EY'_-

s,8TS
AT (e

It has been'shown in Section 2.6 that:

is a reasonable assumption to be made throughout most of the bed and so
the groups are satisfactory as first defined.

It would be desirable to be able to define a group which relates hvaV
and arf, ars, or ar®. For such a group to be dimensionless, a squared
length variable must be introduced. For example, one dimensionless group
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might be:
2
hvavdp

_ Ar©

However, this group, and other similar groups, have Tittle meaning without
reference to fluid-pellet and bed radial temperature gradients which are
not, generally, available "a priori”.

The heat transfer regimes may be envisaged to encompass the following
situations: '
(i) high and low values for bed conductivity
(ii) high and low values for wall heat transfer coefficients
(iii) high and low values for fluid-pellet heat transfer coefficients.

Ideally, it would be desirable to consider all possible combinations
nf these situations Teading to 23=8 distinct cases. However, some of the
situations are mutually exclusive. For example, it is very difficult to
choose a set of conditions such that the fluid-pellet heat transfer
coefficient is high but the wall heat transferbcoefficients are low.

A ‘parameter sweep' was performed over realistic values of the variables
G, dp and Ry. Combinations of these variables were chosen to give a
reasonable range for the dimensionless groups prewiously mentioned. Due
regard was paid to the requirement that the ratio of tube diameter to
pellet diameter should be at least 10 for validity of the assumptions
leading to the pseudo-continuous phase model. Seven sets of conditions
were chosen and are shown in Table (3.2). The range of values covered
for the three dimensionless groups is shown in Figure (3.1) where it may be
seen that both the Bi®- Ki/li space and the Bicf ax/az space are well
covered. It is also evident from Figure (3.1) that there is a high
positive correlation between lj/li and a;/aa-

3.4 COMPUTATIONAL ASPECTS OF THE THERMAL DECOMPOGSITION OF N20

3.4.1 Source terms in the tubular reactor models

In the integration of this system three deperdent variables were
considered viz. temperature, mass fraction of nitrous oxide and mass
fraction of nitrogen dioxide. By integrating the equations for nitrogen
dioxide some indication is available of the role of homogeneous steps
in the overall decomposition.



Table (3.2)

Operating Conditions and Heat Transfer Parameters

*Heat Transfer parameters are evaluated at 1075K

No. Egm‘zsec'] gp rcrlxt Rep | wh s faf fou® | o :¥8Y5 | ;:: B;° %wdé
1 1.8 0.001 { 0.03 42.1 0.27 10.35 {210.1 {210.1 0.62 | 420.3 [1.61 119 {10.77 {10.2 [1.00
2 0.9 0.002 | 0.05 42.1 0.31 {0.44 {105.0 |105.0 { 0.75 | 2710.1 10.80 76.60.70 |77.0 {1.00
3 11.7 0.004 | 0.05 |158.9 } 0.92 {0.64 |152.3 | 35.1 } 1.56 | 187.4 {0.87 |107 ].44 3.0 14.34
4 | 0.5 0.006 | 0.06 70.1 0.56 {0.84 52ﬁ7 34.1 1.40 86.8 [0.36 59.2/10.67 | 1.9 |1.55
5 11.1 0.00310.04 77.1 0.50 }0.54 1113.9 } 67.0 | 1.04 | 180.9 0;76 96.810.93 | 3.5 |1.70
6 (2.1 0.004 0.Q4 196.3 | 1.04 (0.64 |180.3 | 26.5 | 1.68 | 206.8 {0.98 |128 1.63 | 2.5 6.80
7 1.7 0.004 y 1.155 1 158.9 || 1.00 j0.64 {152.3 | 35.1 1.64 | 187.4 10.87 58.3941.56 | 8.9 |4.34
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~ In the two-phase, two-dimensional model for the fixed-bed reactor,

the following source terms must be defined:

i) Two expressions for F1, one for N20 and one for NOZ'

ii) An expression for Ff, the rate of heat release in the fluid-phase
heat balance. .

iii1) An expression for FS , the rate of heat re]ease in the solid-phase
. heat balance. '
‘The appropriate expressicns are:

S __9 (kip?(gN)z / (1+k‘apg ) + kIIp (ah)?)
f] ¢ 6R kl
*‘E‘L‘Jl 108"
Ao = &, ("2
G .
2
LI %%E (k3 (-8H) ()2 / (1%} 0g") + kip(-oH) 5 (g")%)
-3)6R ' |
P 1dp (- AH)IIIkIIIgN (3.4)

‘In these expressions kI’ kIa and kII are evaluated at temperature
Tf and kIII is evaluated at temperature TS.
The expression for F includes the heterogeneous contribution to

N in this expression

the disappearance of nitrous oxide. The use of g
implies that there is negligible mass transfer resistance between the
bulk phase and the pellet surface. '
A mass balance at the pellet surface yields:
N N,s v N
kg(g of - g ) = kIIIg >

-1
where kIII’

mass transfer resistance will be most evident under condijtions of low

the rate constant per unit surface area has units ms . Film
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flow rate and large pellet diametar. In this respect the worst conditions

encountered in the present study were:

G = 0.5 kg m'zs'] . dp = 0.006m

The coefficient, k_, may be estimated from a suitable.j-factor correlation.

Using the following typical data at 1100K.



<5

4x107%g mls™! D' = 7.5x10 °nls”]

=
[}

0.3 kg m>

kel
I

then Re, 75 and Sc v1.5

Using the j-factor correlation of Aris (69) where:

k d
ip = —Sh _ ond sh = g%P
Sc . Re D'

the following values were calculated.

jp = 0.12 Sh = 10.3 .kg = 0.13
and so Sfikgﬁjgﬁfi = 0.002
or - ﬁ;;é = 1,002

| N,s

Therefore, to all pract]cal purposes, g is equal to gN’* and (3.4)
is validated.

In the one-phase, two-dimensional model Ff and FS are replaced by:

c P v N '
e . 9(dY’ (Ky(-8H)g 7 (1-k}_od") + K (-oH) ;)
GCp
. (-0)6Rg eg" Kirp(-8H) g (3.5)
GCpdp :
FN20 and FNOZ remain as before with the exception that a]] rate constants
are now evaluated at temperature TC.
For the one-phase, one-dimensional model the source terms required

are F\, F92 and F®. In this case F° is defined by:

o2, N2
¢ - %07 (9 ) (ky(-aH)p / (1+ki‘pgN) + kip(=8H) 1)
GCp 2
1-4)05' 6Rg km( M) gy - 2y (1%1) (3.6)
GCpdp Ry

A1l rate constants are, again, evaluated at temperature TC.
Thus, Equations (3.4),(3.5) and (3.6) are substituted into the



relevant conservation equations (Chapter 2) to yield the mass and energy
balances for the two-phase, two-dimensional; one-phase, two-dimensional
and one-dimensional tubular reactor models.

3.4.2 Temperature dependence of fluid properties

Most of the fluid properties are, strictly speaking, temperature
dependent. The nature of the calculations reported in this chapter is
iliustrative rather than predictive and it is not essential to use precise
values for the fluid properties.

The fluid heat capacity, fluid molecular conductivity and fluid
density were assigned values based, loosely, on data for air. The
values used were: |

1,-1 -1 3

k. =0.04 Wm 'k cp = 103 J kg 'k

kf and Cp were assumed to remain constant with temperature and p, the
fluid density was assumed to vary linearly with the reciprocal temperature,
following the perfect gas laws.

The fluid viscosity was calculated from the linear relationship

u o= 1.05x107° + 3.08x10781

This expression,is, again based on daﬁa for air. During the calculations
the viscosity is used to evaluate Rep, the particle Reynolds number which
is then used to determine the heat transfer parameters. As these
parameters are assumed not to vary withfn the reactor except as described
in the following section, the value of viscosity at the reactor inlet was
used. 4

3.4.3 Temperature dependence of heat transfer parameters

Considering the heat transfer parameters to consist of radiative and
non-radiative contributions, the non-radiative contributions have been
calculated at reactor inlet conditions and have been assumed to be
insensitive to temperature. However, the radiative contributions display
a third-order temperature dependence which, at the high temperatures
encountered during NZO decomposition, would lead to significant error if
neglected. For example, if radiation were to account for 3% of radial
heat transfer and there was a 300K temperature rise within the reactor bed
to 1400K, then the radial thermal conductivity would be 32% in error at
1400K if the radiative contributions were calculated at 17100K.
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Consequently the radiative heat transfer contribution has been updated
after each axial step.
3.4.4 Computer Programs

The principal subroutines required for the integration of the models
were: _
Two-phase, two-dimensional model - SUBROUTINE PHASE?2
Or.e-phase, two-dimensional model - SUBROUTINE CONTI2
One-phase, one-dimensional model - SUBROUTINE RKINT
Explanatory details relating to these subroutines are given in Appendix AI,
The following FORTRAN IV subroutines were written in order to obtain the
results for this chapter.
SUBROUTINE CMSYST: This was the controlling subroutine for the model
comparison calculations. Its function was to:
i) Read all input data
i1) Calculate heat transfer data and set model parameters

iii) Integrate each of the models for the tubular reactor

iv) Extract values for the maximum solid and fluid temperatures, the fluid
exit temperature and the conversion and selectivity of the reactions
and print them.

v) Assemble the stored profiles for temperature, conversion and selectivity
and present them graphically '

SUBROUTINE PVSYS1: This was the controlling subroutine for the heat transfer

parameter variation calculations. Thé subroutine was able to perform

calculationsaccording to either the one-phase or two-phase models and,
having calculated the true heat transfer data once, was able to re-integrate
either of the models as many times as was desired for perturbed values of
this data. "

SUBROUTINE RSSYS1: This calculated source data relating to the solid-phase
as required in the two-phase, two—dimensiona1 model. Called by PHASEZ.
SUBROUTINE RFSYS1: This calculated source data relating to the fluid-phase
as required in the two-phase, two-dimensional model. Called by PHASEZ2.
SUBROUTINE RCSYS1: This calculated source data relating to both solid-

and fTuid-phases as required in the one-phase two-dimensional model. Called
by CONTI2.

SUBROUTINE R1SYS1: This calcu]gted source and heat removal data ivelating

to the pseudo-continuous phase as required by the one-phase, one-

dimensional model.
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3.5 STABILITY AND ACCURACY OF MODEL INTEGRATION

The degree of comparison between the performance of a tubular
fixed-bed reactor and the predictions of a mathematical model intended
to represent the reactor depends on three factors. It will depend on
whether the physical model correctly represents the phenomena occuring
in the reactor, on the ability of the mathematical model to represent
the physical model and, when the mathematical model is to be integrated
by finite difference techniques, on the comparison between the solution
of the difference equations and the 'correct' solution of the differential
equations that they represent. It is this last factor that is to be
investigated in this section.

The difference equations representing the two-dimensional models for
tubular packed-bed reactors (Chapter 2) include as parameters h, the axial
steplength and k, the radial steplength. It is axiomatic of finite
difference methods that the error between the difference solution and the
‘true' solution tends to zero as h and k tend to zero. In other words,
as h and k tend to zero, the difference equations become the exact replica
of the original differential equations.

It was decided to study'the effect of h and k on the solution of the
difference equations for a 'severe' case, i.e. in a reactor exhibiting
large thermal gradients. Therefore the reactor modelled in order to .
assess the accuracy of difference equations had dimensions and was subject
to operating conditions as shown for case 4 in Table (3.2). It will be
noticed that this set of conditions leads to the lowest value for the
overall heat transfer coefficient and that, for similar conversions, other
sets of conditions would be expected to yield thermally less severe
situations. In that sense the 'worst case' has been investigated. The
inlet temperature used was 1100K and nitrous oxide had an inlet mass
fraction of 0.667. The steplengths h and k have been characterised by M
and NA which are the number of radial and axial steps respectively. The
model predictions at a reactor length of 5cms (0.05m) are shown in
Table (3.3). A number of criteria could be used to assess the model
predictions. Five reactor characteristics were chosen foi comparison.
They were: - |
(i) Maximum Solids Temperatd}e Rise (MSTR)

(ii) Corresponding Maximum Fluid Temperature Rise (MFTR)
(ii1) Fluid Exit Temperature Rise (FETR)

(iv) Conversion of N,0 (C)



Table (3.3)

Variation of model predictions with axial and radial.steplength

f o . N . gNO2 _
i = Tw=T100K: g;. =0.667; g; 2=

Reactor length = 0.05m

T 0; dp = 0.006; Rf = 0.03m; G = 0.5

M Ny - TWO-PHASE MODEL ONE -PHASE MODEL
radial steps| axial steps
MSTR MFTR FETR C% S% MSTR FETR C%
5 39 72.48 169.45 | 57.75 1 5.30 | 3.58 67.74 | 56.10 | 5.13
5 - 289 72.46 |69.44 | 57.75 | 5.30 | 3.59 67.75 | 56.11 | 5.13
11 19 73.03 [69.95 | 57.98 | 5.31 | 3.59 67.69 | 56.13 | 5.13
11 109 73.06 |{69.98 | 58.02 | 5.31 | 3.59 67.77 | 56.17 | 5.13
15 19 73.10 |70.02 | 58.01 | 5.31 | 3.59 67.70 | 56.14 | 5.13
15 29 73.13 }70.04 | 58.04 | 5.31 | 3.59 67.74 | 56.16 | 5.13
15 109 73.14 |70.05 | 58.05 | 5.31 | 3.59 67.77 | 56.18 { 5.13
21 139 73.19 |70.09 | 58.07 | 5.31 | 3.59 67.78 | 56.18 | 5.13
31 39 73.21 [70.12 | 58.07 | 5.31 | 3.59 | 67.76 | 56.17 | 5.13
31 89 73.22 {70.12 | 58.08 | 5.31 | 3.59 67.78 | 56.18 | 5.13
5 1 70.43 167.43 | 56.3 5.19 | 3.42 65.35 | 54.89 | 5.05
5 4 71.50 |68.49 | 57.03 | 5.24 | 3.50 66.14 | 55,29 | 5.08
5 6 72.06 |69.03 | 57.41 | 5.27 | 3.55 67.02 | 55.73 | 5.11
5 9 72.23 169.21 | 57.54 | 5.27 | 3.56 67.42 | 55.93 | 5.12
5 11 72.34 169.30 | 57.61 | 5.28 | 3.57 67.53 | 55.99 | 5.12
5 14 72.42 |69.39 | 57.69 | 5.29 | 3.58 67.61 | 56.03 | 5.13
15 1 71.62 | 68.55 | 57.02 | 5.23 | 3.47 65.76 | 55.18 | 5.07
15 4 72.08 |69.01 | 57.29 | 5.25 | 3.50 66.13 | 55.38 | 5.08
15 6 72.66 |69.57 | 57.69 | 5.28 | 3.55 67.02 | 55.80 | 5.11
15 9 72.94 169.85 | 57.89 | 5.23 | 3.57 67.44 | 56.00 | 5.12
15 11 73.01 169.93 | 57.94 | 5.30 | 3.58 67.55 | 56.06 | 5.13
15 14 73.06 |69.98 | 57.98 | 5.30 | 3.58 67.63 | 56.10 | 5.13

WWWLWWLWWWWWWLWWLWwWwWwwwwwwww
e = & & & & s s e 4 & 8 e s e e e s e & & a
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(v) Selectivity to NO, (S)
The conversion of a reactant is defined by:

Cy = amount of reactant reacted x 1002

amount of reactant originally present

The se]ectivity to a particular product is defined by:

sy = amount of product formed . 4509

amount of reactant reacted

FETR, C and S are all flow averaged properties whereas MFTR and MSTR
invariably refer to the centreline. For the one-phase model MFTR and MSTR.
will, or course, be identical and, in the two-phase model, the difference
between these values is a measure of the fluid-solid temperature
differences existing in the bed.

Table (3.3) shows the results of integrations with M ranging between
5 and 31 and NA ranging between 1 and 289. It is evident that both models
are converging to 'true' solutions as M and NA become large. Also the two
models are converging to different solutions. This implies that any
differences in predictiohs given by the one-phase and two-phase models are
due to inherent differences in the differential equations describing the
models rather than to differing degrees of accuracy in the solution of the
difference equations resulting from the use of finite values of M and Np-

It is of interest to consider the relative sensitivity of the models
to M and NA‘ Considering the two-phase model predictions of MSTR for
NA=39 and M=5 and 31, a six- fold increase in M has resulted in a 1.01%
improvement in the prediction of MSTR. A similar calculation for M=15 and
NA=6 and 29 shows that a six-fold increase in N results in a 0.65%
improvement in the prediction of MSTR. In each case the upper value of the
varying parameter results in a prediction within 6.01 of the converged
value. It would thus appear that the two-phase madel shows similar
sensitivity to M and NA' Comparative values for the one-phase model are
0.03% and 1.07% respectively. Thus the, one-phase model shows increased,
but similar, depnendence upon NA but is very much Tess dependent upon M.
Similar conclusions result from calculations between other pairs of
predictions. |

Both models give conservative predictions foy temperature rise at
lower values of M and NA' This is to be expected when &T/8§z and 62T/622
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are both positive, as is the present case.

instabi]ity can appear in the solution of difference equations used
to solve partial differential equations, arising from a spurious or sattelite
solution. A good discussion of this kind of instability is given by
0'Brien et al. (98) and a more rigorous treatment is given by Lowan (99).
The essential point is that the step from one profile to the next is made
by calculating each value on the new profile as a linear combination of
the values on old profiles, together with any source term involved. An
equivalent representation of a step, then, is to say that the set of values
on the old profile is multiplied by a square matrix to get the set of
‘values on the new profile. If the set of values on a profile is thought
of as a linear combination of characteristic vectors of the matrix, it may
be seen that one contribution to the solution after a Targe number of steps
is the same linear combination of characteristic vectors, each now
multiplied by a large power of the correspdnding characteristic value.
From this value it may be inferréd that if any characteristic value of the
matrix of coefficients in the difference equation is.greater in magnitude
than unity, the solution cannot be stable. Beek {52) has stated that the
solution of the difference equations for the one-phase model are stable
in this sense. The one-phase model .and the two-phase model have been
integrated to a length of 5cms for M=5, Nj=4 and M=5, N,=400. In the
former case the whole of the integration, as monitered by solids temperature
rise and radial mean fluid temperature, is shown in Figures (3.2) and (3.3).
In the latter case the last ten steps are shown in Figure (3.4).

Instability has not been found in either case for either model.

The model predictions at a reactor length of 10cms (0.10m) are shown
in Table (3.4). AS‘NA is the number of axial steﬁs in the integration,
a value of, for example, NA=30 in Table (3.3) and Np=60 in Table (3.4)
correspond to the same steplength. By the time the integration has
proceeded to a length of 10cms the thermal conditions in the reactor have
become very much more severe, particularly at the tube cnetre. Nevertheless,
Table (3.4) shows that the solution still converges as M and Ny grow large.
It is apparent, however, that much shorter steplengths are now required,
both radially and axially. Figure (3.5) shows MSTR as a function of M at a
length of 10cms: 90 Axial steps have been used in this calculation.
Convergence with increasing M is clearly demonstrated. Figure (3.6) shows
MSTR as a function of NA at a length of TOcms: 11 radial steps have been
used in this calculation. Convergence with NA is also demonstrated.
Figures (3.5) and (3.6) refer to the two-phase two-dimensional model.
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Table (3.4)

Variation of model predicfions with radial and axial steplength

fo Ty = .
Tin = Tw = 1100K; g

N
in

Reactor length = 0.1m

= 0.667;

NO2 _
9in

= 0; dp = 0.006m; Rt = 0.03; G =0.5

TWO-PHASE MODEL

ONE-PHASE MODEL

M N .
radial steps axia1Asteps MSTR MFTR FETR C% S% MSTR FETR C% S%
5 1 226.44 1 214.77 1163.64 | 16.89| 5.77 || 197.25 | 153.11 | 16.02 | 5.88
5 19 386.51 | 355.21 |242.79 |23.99 1 11.01 || 288.04 | 204.59 |20.38 | 9.65
5 60 438.48 1 399.11 [ 260.55 | 25.71 | 12.67 || 307.17 | 212.16 | 21.07 | 10.42
5 180 447,21} 406.83 |263.30 | 25.98 ] 12.99 || 309.75 | 213.05 {21.15 |10.52
5 260 447.33 | 407.08 |263.42 [ 26.00 | 13.00 || 309.89 | 213.10 |1 21.16 | 10.53
5 360 447.10 | 406.92 {263.40 | 25,99 13.00 || 309.93 | 213.12 {21.16 | 10.53
5 410 447.02 | 406.86 |263.38 125.99; 13.00 || 309.94 | 213.12 {21.16 |10.53
7 30 440.68 | 398.84 |258.29 | 25.34112.17 || 300.31 {208.94 | 20.75 {10.03
7 180 492.15| 441.54 |271.50 | 26.62 ; 13.54 || 311.33 | 212.77 { 21.09 {10.44
7 360 492.56 | 342.03 |271.68 | 26.64 | 13.57 || 311.52 | 212.84 { 21.10 |10.45
11 30 511.65| 453.63 |273.18 | 26.65] 13.45 || 309.53|211.78 | 20.99 |10.30
11 180 538.02 | 475.15 {278.25 ;27.15| 14,02 || 312.64 | 212.76 | 20.08 {10.41
11 360 539.60 | 476.56 [278.56 |27.18 | 14.06 || 313.02 | 212.87 { 21.09 |10.42
11 400 539.52| 476.51 |278.55 |27.18| 14.06 || 313.03 | 212.87 | 21.09 |10.42
15 4 253.68} 238.93 {176.73 |17.85] 6.51 {{ 207.01 | 158.94116.39 | 6.32
15 19 426.96 | 385.48 |250,96 |24.53 1 11.34 | 290.41 | 204.41 | 20.32 | 9.56
15 . 90 546.07 | 479.06 |278.56 |27.13]13.94 | 312.11| 212.45 | 21.04 |{10.36
45 60 553.56 ( 481.49 }278.14 {27.04 | 13.78 || 311.44 | 212.05 | 20.99 |10. 31
45 90 576.911 499.18 [281.79 127.39| 14.18 || 313.40| 212.66 { 21.05 {10.37

v8
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Figures (3.7)and (3.8) show the results of similar calculations for the
one-phase model. The percentage figure adjoining each 1ine in Figures
(3.5) to (3.8) represents the difference between the highest and lowest
points on each line and is indicative of the relative importance of M and
NA in the two models. In Figure (3.9) the radial profiles in the plane
of the maximum solids temperature are shown with M as a parameter. The
profi}es are seen to converge to a single, presumably 'true', profile as
M becomes large. '

Again, no instability or oscillatory behaviour has been observed
during this calculation. _

However, if the integration is allowed to proceed a little further,
two new features of the mathematical model emerge.

The first feature is that before this length is reached, both models
predict a negative value for the mass fraction of nitrous oxide at the
centre line. At this point the integration was automatically terminated.

The second, and more significant feature , is that there is
evidence of instability in the solution. In this example, the two
effects mentioned above seem to become apparent at about the same reactor
length and so the nature of the instability is somewhat obscured.
Consequently another set of conditions, those of case 1 in Table (3.2),
have been integrated in order to study the phenomenon of instability more
closely. .

For an inlet temperature of 1025K, the solution -was found to exhibit
oscillatory instability for a range of values of M(5 to 45) and NA(39 to
335). The effect on the parameters M and Ny on the solution is monitored
by the amplitude of the oscillation at a length of 3.75m. The amplitude
is shown as a function of N, with M as parameter in Figure (3.10) and as a
function of M for N,=400 and Np=60 in Figure (3.11). The dependence on M
and Ny appears complex. However, if the instability were of the type
described earlier in this section, the amplitude would be expected to
increase monotonically with NA for a particular value of M. This is clearly
not the case for any of the values of M investigated. For M=11, 25 and
45 the amplitude at first increases with NA and then decreases rapidly as
NA increases to large,values. IL is interesting to note that the solution
of the two-dimensional one-phase equations remained stable over the range
of values of M and NA considered and that no instability was found in this
solution during the entire investigation of packed bed reacter models.
Figures (3.10) and (3.11) indicate that the solutions become more stable

as M and NA increase which reflects the earlier finding that the accuracy



500

400

300

200

[V,

Fig(3-9) Radial solid temperature profile.

2p model
L:O"]m' .NAZ 90
M as parameter.

(plane of MSTR)

o4

0.6

1.0

L8



T e Fig(3-10) Two-phase
A solution instability.
500 - Amplitude of instabilily as a gunchon
of axial skep-length.
O =5
oo 1 o Ml
@ s M =25
t. O 3 M =45 .
300
200 - : \
dl ' )
100 -
g
o 100 200 300 Na 400

Fig(3-1) Two phase

AT solution instability.
o Amplitude of inskability as a
Func!:‘non of radiak siep— fenﬂ‘"\.
400
300~
200~ 0; Na= 60,
o 3 Na =400,
o0
T T T 1 }
0 1o 20 20 40 M %0

88



89

of the finite difference analogies increases with M and NA' The stability
appears to depend upon M to a greater degree than NA' These considerations
lead to the conclusion that the instability originates in Equation (2.61),
the solids energy balance, which is independent of NA’ and the variation
witﬁ|NAnmre1y reflects the accuracy of the solutions.

Anticipating the results shown in Tables (3.5), (3.6) and (3.7) and
considering Figure (3.1), instability has only been found in those cases
where solid-phase transport is the greater contribution to the radial
effective thermal conductivity and this lends further credence to the
conclusion that instability originates in the solid phase energy balance.

The curves for M=5 in Figure (3.10) and for Np=60 in Figure (3.11)
show anomolous behaviour. Inaccuracy in the solution for these relatively
Tow values of M and NA is a possible explanation of this effect.

A detailed analysis of the stability of the solution procedures used
in outside the scope of this thesis. However, it is very important to
understand how the solution accuracy is affected by choice of steplength
and to recognise that instability can occur under some conditions. During
subsequent use of the two-phase, two-dimensional model the solutions have
in all cases been checked for stability and accuracy. It will be noticed
from Figure (3.9) that radial temperature gradients in the solid-phase
need not necessarily be small near the tube centre although, of course,
they will fall to zero at the tube centre. This will be particularly true
if there is a thermal 'kick-off' of a homogeneous reaction at the tube
centre leading to enhanced conversion and, consequently, to heat release
in that region. It is apparent, therefore, that the substitution (2.37)
described in Section (2.7.2) may not be as beneficial as was at first
thought. Indeed, when the substitution is used, for M=5 the first radial
| grid point is at a dimensionless radius of 0.5, and even for M=45 the
first point is at 0.15. This wide grid spacing near to the tube centre
may well be the source of the observed instability. For future use of the
two-phase, two-dimensional model it would possibly be safer to revert
to the practice of writing the differential equations in terms of the
radial co-ordinate rather than its squared value.

3.6 CALCULATIOMS ON THE THREE FIXED-RED REACTOR MODELS FOR THE THERMAL
DECOMPOSITION OF NITROUS OXIDE

Three models for a packed-bed tubular reactor have been considered viz
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. the two-phase, two-dimensional (2p) model, the one-phase, two-dimensional
(1p) model and the one-phase, one-dimensional (1d) model. For a given

set of inlet conditions each model was integrated for a certain length

by the numerical methods described in Section (2.7). Forty-five steps

were used in the radial direction and up to 500 in the axial direction.

The results of these integrations are shown in Tables (3.5) to (3.9). The
abreviations in these tables (e.g. MSTR, FETR etc.) have the meanings given
to them in the preceeding section. In order to facilitate comparison and
discussion of these results each run is assigned a code. For each set of
operating parameters, three integrations, one for each model, constitute a
run. The code for each run contains four characters. The first, in this
case N,indicates that the results refer to the nitrous oxide system. The
second, in this case C, indicates that the results refer to model comparison
calculations. The third character, a number between 1 and 7, refers to a
particular heat transfer situation as described in Section (3.3) and the
final character refers to a particular calculationr under those conditions.

‘ " Because of the multi-parameter nature of the problem, rigorous
comparison of models under different conditions is not possible. Comparison
could be made on the basis of same temperature rise, same conversion, same
reactor length and so on. A further problem, briefly alluded to in the
preceeding secticn, is that a particular, fairly Jow, flow averaged exit
conversion may not be achievable without reactant exhaustion on, say,

the reactor centre line where reaction may be occuring at much elevated
temperatures. In order to prevenf negative concentrations occuring during
the numerical calculation procedure, this situation automatically stops the
integration. It is difficult, if not impossible, to predict "a priori"

such a situation. A similar problem exists when integrating to a given

flow everaged fluid exit temperature. Thus a great many useless integrations
may have to be performed to achieve one set of comparable results. In

view of the very time consuming nature of the calculations - each run took
about 100 seconds of central processor time on a CBC 6400 computer - this

is not a desirable approach. Consequently the following policy was adopted
in obtaining the results in this section. For runs in which the final

digit is 1, 2 or 3 the integration was either stopped automatically by
finding negative concentrations or, where a dafinite 'hump' occurred at the
temperature maximum, the integration was stopped after this hump had been
passed. Runs terminating in a Figure 3 are at the highest inlet temperature
(1110K) and are thus terminated at a shorter length than comparable runs

(at 1025K and 1075K) terminating with a figure [ or 2. Runs terminating in



Table

(3.5)

Comoarison of 2p, 1p and 1d models

Inlet Temperature = 1075K. g?n = 0.667 M=45 Ny= 400
RUN Length 2p 1p \d
(M) lustR | MFTR [FETR c s |mstR |FETR | ¢ s |msTR [FETR | ¢ s

net1| 2.2 | 58.3] s58.1 | 20.3 | 36.12 | 2.12] 58.0 | 20.3 [ 36.05 [ 2.12 [ 20.4 | 19.7 | 34.98] 2.00
NC12| 0.31 |506.6| 493.0 {193.7 | 24.70 | 9.51 | 407.9 | 175.5 | 22.92 | 8.17 |126.3 {126.3 | 18.94 | 4.34
Nes1| 1.0 |271.5) 269.3 |175.6 | 41.23 | 6.09| 217.9 | 143.1 | 36.81 | 5.22 |101.0 {101.0 | 31.44 | 3.89
Nca1| 0.149(409.6 | 382.7 |242.5 | 25.41 | 9.2 |292.0 |199.9 | 21.50 | 7.4 |187.4 |187.4 | 20.51 | 6.30
NesT| 1.0 [133.8(133.1 | 62.1 | 44.59 | 3.66 | 127.1| 60.0 | 43.22 | 3.58 | 69.6 | 49.8 | 38.91 | 3.03
Ne61| 2.5 | 63.6| 63.2 | 26.8 | 39.35 | 2.35| 60.3| 26.1 | 38.51 | 2.32 | 41.6 | 25.5 | 37.90 | 2.25
Nc71| 0.41 | 49.4| 48.9| 35.8 | 6.50 | 2.30| 47.7| 34.7 | 6.42| 2.30 | 34.7 | 38.7 | 6.43] 2.29

T6



Table (3.6)

Comparison of 2p, 1p and 1d models

Iniet Temperature = 1025K gt.ln = 0.667 M= 45 No= 400 ~ indicates an unstable solution
RUN Length . 2p 1p 1d
(M T ustr |me7r | rFeTR c s | msTR |FETR | ¢ | s |mstR[rETR | ¢ | s

NC12 | 3.75 iy n iy iy 21.7| 9.4)25.22|0.8 ] 12.0] 9.1 |25.0710.79
NC22 | 1.6 n iy n n 94.6 | 43.3132.09]1.41] 43.9| 34.6 {29.04]1.18
NC32| 1.65| ,40.2| 40.0| 26.5 | 15.19 | 1.04| 39.2| 25.9|15.05(1.04| 26.1| 24.8 |14.91 ] 1.01
NC42 | 1.0 [ 239.81236.5170.2 | 29.82 | 3.07 | 209.8|151.8]27.72{2.78| 128.2{128.2 |25.48 1 2.25
NC52f 1.5 | 34.6| 34.41 19.9 | 19.80 | 0.96 | 34.1| 19.7|19.700.96| 22.2| 19.0 |19.52|0.95
NC62| 3.0 | 22.4| 22.3] 13.6 | 19.02 [0.87| 21.8| 13.3{18.88|0.87| 15.5| 13.1 |18.83]0.87
NC72 | 0.86| 465.5|451.5|173.3 | 16.75 | 5.44 | 390.7 |163.7 |15.93 | 4.71]151.3/151.33114.77 | 2.66

c6



Table (3.7)

Comparison of 2p, 1p and 1d models

Inlet temperature 1110K, g;

M =45 Ng = 400 ~ indicates an unstable solution

n = 0.667

Run Length 2p 1p 14
) wsR | mrR | FETR | g Sy |MSTR | FETR | cy |Sq |MSTR |FETR | cC ¢ |s%
NC13 1.5 | 176.7| 174.2| 29.1] 55.28 | 5.62 | 170.8| 29.4 | 54.79 | 5.57 | 60.6 | 29.9 | 46.47| 4.07
NC23 | 0.16 | 420.9 | 404.0 | 177.4] 19.42 | 11.21 | 302.7| 163.0 | 18.04 | 11,72 |148.0 |148.0 | 16.76 | 7.44
NC33 0.3 | 408.4| 3v6.4| 226.8] 8.1 | 12.32 | 314.2| 189.6 | 24.68 | 10.35 |161.8 [161.8 | 22.36| 8.00
NC43 0.087 | " n N v | 326.2] 2196 | 21.31 | 11.92 [211.1 [211.1 | 20.52] 10.52
NC53 0.25 | 282.5| 276.6| 168.5| 23.95 | 8.96 | 249.1| 154.1 | 22.42 | 8.40 [133.9 [133.9 | 20.80| 6.9
NC63 0.7 | 233.2| 230.2| 162.0| 35.48 | 8.20 | 188.8| 132.6 | 31.58 | 7.23 {110.7 |110.7 | 29.09| 6.23
NC73 0.25 | 267.3] 258.3| 184.7| 16.15 | 9.97 | 236.1| 172.5 | 15.13 | 9.42 |181.9 |181.9 | 15.49| 9.04

w



Table (3.8)

Comparison of 2p,

Tp and 1d Models

= 1075k g

N

Inlet Temperature in = 0.667 M =45 Ng= 400
RUN Length 2p 1p 1d
(m) MSTR | MFTR| FETR C S MSTR | FETR C S MSTR | FETR C S
NC14 1.5 58.3 | 58.1| 25.6 | 26.84| 2.27 | 58.0 | 25.6 | 26.78 | 2.14 ] 29.4 23.1 |24.86 | 2.04
NC24 0.16 | 87.9 | 86.9| 54.2| 6.57| 2.67 | 86.1 |53.7 ] 6.50 | 2.64|56.5| 56.5 | 6.38]2.56
NC34 0.38 | 81.2 | 80.5{56.3| 8.40| 2.69|78.7 |54.8} 8.27 | 2.68}54.7|54.2 | 8.19|2.59
i NCa4d 0.087]90.9 | 88.4]169.4| 6.97]| 2.83|85.8 |67.4| 6.77 | 2.84|68.3|68.3 | 6.54{2.73
NC54 0.25 | 75.3 | 74.6 | 50.5 | 8.41{ 2,59 | 73.6 |49.8 | 8.31 | 2.59 | 49.5] 49.5 | 8.21 {2.44
NC64 0.7 61.7 | 61.2}44.4 |12.26] 2.54 | 58.8 [42.4 112,02 | 2.51 | 41.1 41.1 |11.35|2.41
NC74 0.25 }79.4 | 78.3163.9{ 5.62|2.73|77.2 163.0 | 5.55 | 2.73}167.4)67.4 | 5.13]2.41

v 6



Table

Comparison of 2p, 1p‘and 1d models

(3.9)

Inlet temperature = 1025K g?n = 0.667 M =45 NA= 400
RUN Length 2p 1p 1d
(m) msTR|{MFTR|FETR | ¢ | s |mstR{FETR| ¢ | s [mstR|{FETR | ¢ | s

nc1s | 1.5 | 21.821.7|11.7 [11.04 | 0.87 | 21.7 {11.7 |11.03 | 0.87 | 12.0 | 11.2 [10.98] 0.86
NC25 | 0.16 | 30.5|30.3]19.7 | 2.47 |0.91 | 30.2 {19.7 | 2.46 | 0.91]19.6 |19.6 | 2.43} 0.90
Ne35 | 0.38 | 28.027.8]19.7 | 3.09 |0.92 {27.6 {19.4 | 3.08|0.92|18.8|18.8 | 2.94] 0.89
ncas | 0.087| 31.0|30.4 |24.2 | 2.48|0.93 |30.2 | 28.0 | 2.46 | 0.9 | 23.5 | 23.5 | 2.37] 0.91
Nes5 | 0.25 | 26.6|26.4|18.1 | 3.16 |0.91 [26.3{18.0 | 3.15|0.91 |17.6 | 17.6 | 3.03] 0.89
nces | 0.7 | 22.0{21.8[15.8 | 4.61 [0.90 |21.4 |15.4 | 4.590.90 [15.0 | 15.0 | 4.45] 0.86
Ne75 | 0.25 | 28.2[27.9|23.4 | 2.07 |0.92 |27.8 | 23.2 | 2.06 | 0.93 | 24.1 | 24.1 | 2.02] 0.9

o8-
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4 and 5 give the model predictions at the same length as comparable runs
terminating in 3 at these Tower temperatures.

The following aueztions will be considered in disucssing these
results.

(i) How well do the Tp and 1d models approximate the predictions of the
2p model.
(ii) To what extent are the model predictions influenced by the secondary,

‘homogeneous reactions.

(ii1) To what extent are the predictions of the 2p model influenced by the
~ fact that the reactions occur in different phases.
(iv) How does the shape of the axial temperature gradients influence the
relationship between calculated conversion and calculated MSTR and

FETR.

It is evident from the results in Tables (3.5) to (3.9) that there is
variation in all cases considered between the predictions of the 2p, 1Ip
and 1d models.

. The most significant variation in the predictions of the three models
is in the results for temperatures in the fixed bed, particularly the MSTR.
“The predictions of the models appear to become more disparate as the
‘maximum predicted temperature increases. There is also a strong
correlation between the fluid-solid temperature difference (MSTR-MFTR) and
the difference between the 2p and 1p models. Indeed, the maximum fluid-
solid temperature difference (27K, run NC41) corresponds to the greatest
discrepancy between the 1p and 2p models although this run does not have
the highest temperature rise (506K in run NC21).

It can be seen that, for the cases investigated, the 2p model predicts
that the solid phase. temperature is always greater than the fluid-phase
temperature for this reaction scheme and that the predicted temperature
of both phases is higher than that predicted for the pseudo—homogeneous'
continuum of the 1p model. That is to say that the continuum temperature
is not some mean value of the fluid and solid temperatures. This situation
would appear to originate from the boundary conditions that refer to solid,
fluid and continuum temperature respectively whereby the solid phase
- temparature must by greater than Tf or T¢ at entry when the heat production
in the solid phase exceeds that in the fluid phase. For the present
situation a mass fraction of N20 of 0.67 on inlet requires a temperature
of n1540K before fluid and solid phase heat production becomes equal. This
js clearly an unrealistically high temperature achieved during.this study
only occasionally. This point will be enlarged upon at a later stage of
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this discussion.

The predictions for the FETR follow the trends for the MSTR but in
general less variation is shown between the models. The maximum
discrepancy for MSTR was 40% whereas the value for FETR, a flow averaged
value, was 20%. This indicates that a significant part of the disagreemnt
between the models can be accounted for by the efficiency with which they
are detecting high temperature events near to the reactor centre. This
possibility is supported by the poor predictions ef the 1d model (see
below). The precefding paragraphs are based principally on Tables (3.5),
(3.6) and (3.7). The results in Tables (3.8) and (3.9) are generally less
informative in this context, the temperature increases being relatively
small and the model predictions consequently similar. Nevertheless, the
trends are evident in that a larger fluid-solid temperature difference
leads to larger disagreement between the models.

The conversion of N20 also shows variation in the predictions of
the separate models. The maximum discrepancy between 1p and 2p models
is n20% (Run NC41) and the discrepancy shows a greater dependancy upon
fluid-solid temperature difference than on the overall temperature rise.

The conversion figuré shown is the flow averaged value at the reactor exit.

S, the selectivity to N02, is also a flow averaged exit quantity and

is defined as:

NO, _ gN02 y 1004

sy = 3
N N
9n " 9

It must be emphasised that this does not show the amount of homogeneous
reaction occuring per se, but may be used to indicate this, as Noé is
totally produced by homogeneous reaction. At 1150K, N02 production is
10% of the total homogeneous reaction whereas at 1300K the figure is

75%. A further point must be made. The homogeneous reactions become
more significant as the temperature increases for a given fluid
concentration of N20. However, the homogeneous reactions show a second
order dependancy on N20 concentration compared with a fjrst order
dependancy by the hetercgenecus reaction. Thus NZO depletion as reaction
proceeds will adversely affect the rate of homogeneous reaction compared
to its effect on the rate of heterogeneous reaction. It is therefore
highly unlikely that the system presently under study is capable of
producing a situation where homogeneous and heterogeneous reaction proceed
with comparable rates of heat release, as a temperature rise of the order
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required results in severe N,O depletion. An inlet temperature of 1540K
may be expected to provide the desired effect at some point in the -
calculation (a greater rate of heat production in the fluid than in the
solid) and consequently a fluid temperature that is higher than the solid
temperature. This situation would be short lived, as N20 consumption at
this temperature would be very rapid. An attempt to integrate the 2p
model under these conditions was unsuccessful due to the very short axial
steplengths required.

The only other comparison between 1p and 2p models found in the
Titerature is that given by Wasch and Froment (46) who have considered the
oxidation of hydrocarbons using, essentially, the two-phase model
formulation used in this thesis. They consider only heterogeneous reaction.
A typical value for rate of heat release may be calculated from their data.
For temperature of 673K and reactant mass fraction of ~0.1 it is about
4x105 Wom3 At this rate of heat release they have calculated a film
temperature difference of about 2.5°C. Consider Run NC63 as an example.

In this run the maximum film temperature difference found is also 2.5°C

but the rate of heat release at this point is around 8.9x106 W m.3 Thus

a vastly increased rate of heat release has resulted in the same film
temperature difference. Further calculation for the two models shows that
Sof 3.0x10°
our example, from Table (3.8), has a value of 9.8x10° W m
quantity

WS K whereas
3 k. The

Wasch and Froments model has a value of W m

(rate of heat re]ease)

y3y

thus shows a marked similarity. The'N20 system, whilst experiencing much
~greater thermal activity, is able to release the heat to the fluid phase
more rapidly than the hydrocarbon system of Froment and Wasch. Comparison
of Runs NC41, NC72, NC33 which have similar thermal activities - but
differing hy2, - show this is important.

Results for all runs show that comparison between 1p and 1d models
is poor at anything but low conversions. As may be expected, there is a
correlation between error in the 1d model relative to the ip model, and the ratio
of centreline temperature and flow averaged temperature in the 1p model.
Owing to the variation in temperature rises, conversions and so on it is
not possible to determine any strict relationship between the comparison
of 1p and 1d models and the Biot Number. Considering, however, runs NC21
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NC42 and NC 43 the discrepancy between the models for prediction of MSTR
increases as the Biot number increases. These runs have similar maximum
temperatures by the 1d model, and similar conversions. Other sets of
comparable runs, e.g. NC32, NC52 and NC11, snow the same trends. A low
value of the Biot number indicates that the resistance to heat transfer
from the bed is lumped at the tube wall which is exact]y the assumption
made in establishing the 1d model. '

Consideration of Tables {3.3) and (3.5), (3.6) and (3.7) reveals that
those runs exhibiting the most significant film temperature differences
have a low value for h vay? the volumetric surface heat transfer coefficient,
and are in a heat transfer situation where fluid transport predominates. In
contrast heat transfer cases which have a high value for hvav and in which
solid phase heat transfer predominates (e.g. NC11, NC21, NC13, NC23) show
relatively less significant film temperature differences in view of the
elevated temperatures (in, for example, Run NC21) and consequently less
significant discrepancy between the 1p and 2p models.

At this stage it has been established that the Tp, 1d and 2p models
show wide variation in their predictions. It seems that thermal activity,
Biot number and film heat transfer coefficient are parameters that may be
used to clarify the variation in the predictions. The role of the
homogeneous reactions is not established by the discussion to date. In
order to understand the role of these reactions it is necessary to consider
axial and radial temperature gradients in the reactor bed.

Considering, first, the radial profiles, all runs yield profiles
approximately parabolic with respect to the radius and this is so for both
models. A typical set of profiles is shown in Figure (3.12) for NC61 and
Figure (3.13) for run NC41. The relative behaviour of T° and 7 near to
the reactor wall is clearly shown, as is the significant film temperature
difference as the absolute value of the temperature becomes large. The
shape of the profiles is in agreement with those published by Olbrich (47).
The poor agreement between the three models is emphasised in Figure (3.13).

The calculated axial temperature profiles are more revealing. As an
example, that for Run NC41 is shown in Figure (3.14). This shows clearly
that the models are in ¢reat disegreement, which becomes accentuated as the
temperature increases. It would be possible to draw all the profiles
obtained, but it is more useful to classify the runs according to the shape
of the profiles obtained. In Figure (3.15), four general shapes of axial
centre-1ine temperature profiles are shown and, beside each shape, the runs
having that shape are shown. The distinction between types B and C is a
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slight one for the runs considered. More striking examples of this
situation have been found during consideration of methanol oxidation
(see Chapter 4). \ '

Situations of type A are thermally stable in the sense discussed
by such as Hlavacek (42), Adler and Erig (100) and Thomas (101). The
profile is everywhere concave. ‘

Sitautions of type B are thermally unstable and lead, sooner or
later, to temperature runzway. The temperature profile is everywhere
convex.

Type C is theoretically the most interesting set of profiles. The
.reactor at first appears to be thermally stable but, at a certain
temperature, becomes thermally unstable.

Reference to the results in Tables (3.5) to (3.8) show that runs
of type A show Tittle significant difference between the 1p and 2p
models, although the 1d model remains a poor approximation. The largest
film temperature difference found is 0.7°K in run NC51 although a
temperature rise of 133K occurs at the centreline in this run.

In contrast, runs of Type B generally exhibit much larger film
temperature differehces and consequently predictions'of the 1p an 2p

| ~ models differ by greater amounts. The degree to which this is so, of

course, depends considerably upon the final temperature achieved, in all
cases much larger than those of type A, that is to say on how far the
thermal runaway is allowed to proceed. Again the 1d model performs
poorly. _
It is emphaéised that these arguments apply, at present, to the
centreline temperature. When the flow averaged fluid temperature is
considered.the same trends are noticeable but the effects are less
extreme. For example the knee of the convex curves of Type B is sharper
for the centreline temperature than for the flow averaged temperature.
As may be expected for a flow averaged property, the 1d model fares
rather better in comparison with the 1p and 2p models although agreement
is still not good for type B cases. _

It is evtident, from studying these profiles, that thermal runaway
is an important aspect of this system and accounts for some of the
apparently anomalous relationships between temperature and conversion
occuring in these results.

In generating the results in Tables (3.7) to (3.9) each heat transfer
case has been integrated for inlet temperatures of 1110K, 1075K and 1025K
respectively. The length of the reactor for the runs in Tables (3.8) and
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(3.9) are the lengths corresponding to the same heat transfer case in
Table (3.7). The groups of runs that will be considered are NC23, NC24
and NC25: NC53, NC54 and NC55; and NC73, NC74 and NC75.

When conversion is plotted on a logarithmic scale against the
reciprocal inlet temperaturé only slight deviation is observed from the
Arrhenius straight 1ine that would result from an isothermal reactor
(Figure (3.16)). The slight upturn is due to the non-isothermality of
the bed and the mixed kinetics of the three reactions.

An approximate proportionality might be expected between maximum
temperature in the bed and the conversion, so that a plot of Togarithm of
maximum temperature rise against reciprocal in]et.temperature might be
expected to give only similar slight deviation from Arrhenius behaviour.
This is found to be the case.

Returning now to the discussion of the shapes of the axial profiles,
the thermal sensitivity analysis of Thomas (101) has been applied to the
reactors. At first only the heterogeneous reaction has been considered.
Defining the two variables:

' N
Earr195n(-2Hr1y)
Adiabatic dimensionless temperature rise (B = ALIT7in I

C PR

and,

RT"U

heat transfer parameter,a = -EAITI

-
Earp19in (BHrpp) oAy rexp(
AllI®in II1 ITI RTw

Ry

then Thomas shows that the critical value of s A isy

| 1,0.6
Bepit = 2.72(1-K(—B—) 7y
c
for a first order reaction. In this case K=3.06 (42). If a reactor has

a value of a greater than a then profiles of type A would be expected.

Conversely if a is less thaﬁrgzrit profiles of type B would be expected.
Table (3.10) shows a and Aepit for the groups of profiles found.

The relationship for Q. it has been derived on the basis of a one-
dimensional reactor model (42) and, as such, may be expected to be only an
estimate of the true value. In Figure (3.17) the general behaviour of a
fixed bed reactor is shown with a as parameter. Table (3.10) shows that
the ratio CRE: S falls into three distinct groups for the runs

investigated and that these groups correspond to the types of profile
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TYPE-A

RUN [INCII INC5I | NC6] |NCIZ |NC22|NC32INC52 | MVC62|MCI3

Ocrir| 1159 | .59 | /-59| /46 | 166 | /66 | 1.66 | 1-66 | /.54
O |\ 1.9 | [./18 | /55 [ 3-b| b0 [ 2.95|2.21 | 2.9%] 1-30

" TYPE-B

RUN || vcal Nl | vea | veas | wess|vess| vess| wers|
Qecit || 1-59 | 1:59 | /.66 | 1-5% | +-5% | I-5F| 1-5%| /-54
a 0.75| 0-47| 0-35| 0-5/| 0-69 | 0:32| 0-79| 0-13

TYPE-C

-§UN NC3| |NCAZ| NCE3
Ot || 1159 | 66 | 1-5% |
- ol | 0-89 1 /.03

TABLE(3-i0) Criticai heat transfer.
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distinguished in Figure (3.15). The runs which have profi]es'of Type B
all have values of a which are considerably lower than the calculated
value Apit " <a:acrit)max=o'51 - and the thermal instability can be
attributed to the heterogeneous reaction alone.

The runs which have profiles of type A are rather less convincing

in this respect but, bearing in mind that a is only approximate, only

run NC51 has a value for a which is signifig;;tly lower than Aepit”
According to Froment (68) the one-dimensional model predicts run-away
conditions "too-late" and so the one-dimensional analysis will lead to a
value of A pit that is too high.

The runs which have profiles of type C have intermediate values of a
and ones which, bearing in mind the previous paragraph, must be fairly
close to A pit? One explanation for the sigmoidally shaped temperature
profiles is that the reactor is thermally stable towards the heterogeneous
reaction but is thermally unstable with respect to one or both of the
homogeneous reactions.

Figure (3.18) shows the axial, flow-averaged, fluid temperature rise
profiles for run NC31. It is interesting to note that whereas eventual
thermal instability is predicted by the 2p model, the 1d model has failed
to detect this situation and predicts a thermally stable reactor. The 1p
model, whilst still predicting a very slightly sigmoidal profile,
eventually predicts a stable reactor also.

This leads to a further consideration of the relative values of a

and a The parameters a and BC both include the inlet mass fraction

of N28r1tNow, as there is parallel competition between heterogeneous and
hﬁmogeneous reactions for the consumption of N»0, the inlet value for

g is not the correct value to use in evaluating a and B Moreover, as
‘the relative amount of homogeneous and heterogeneous react1on varies with
the temperature distribution inside the reactor, it is difficult to ass1gn
a correct value to this variable. However,in this case, if 9in is reduced
by 25% to 0.5, A pit is reduced to 1.57 - a change of only 2% whereas a is
doubled. Thus the values of a given are only lower bounds and this- helps
to explain the apparent anomoly of runs such as NC51 where a is less than

a and yet the reactor is thermally stable.

crit

Similarly a realistic evaluation of a and a with respect tc the

crit
homogeneous reactions is diffucult. . It is-evident from the values for S

in Tables (3.5) to (3.9) that the heterogeneous reaction predominates in the
early part of the reactor. Thus for runs with temperature profiels of

type C it appears that, whereas the reactors are stable with respect to
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the heterogeneous reactions, at some point in the reactor the combination
of N20 concentration and temperature is such that the homogeneous reaction
becomes significant and the reactor becomes unstable.

. The axial profiles for centreline solids temperature are plotted in
Figure (3.19) for runs in Table (3.5). The trend in stability with respect
to a, shown as a parameter, is evident as is the sigmoidal behaviour of
run NC31. The profiles for flow averaged fluid temperature is shown in
Figure (3.20) for runs NC31 and NC51 and similar behaviour is found. Runs
NC31 and NC51 have very different properties with regard to the ratio of
fluid to solid heat transfer and this may account for the reversal of
their positions with respect to a.

Runs NC11 and NC61 show similar reversal and have similarly disparate
properties for the ratio of fluid to solid heat transfer.

It is not possible, from the figures presented here, to quantify the
effect of the distributed nature of the reactions occuring. Obviously,
when using a pseudo-homogeneous model, it is not important whether a
particular reaction is homogeneous or heterogeneous, providing that proper
provision is made to account for the relative amounts of the two-phases in
the hypothetical continuum. When the heat is considered to be transferred
by separate, parallel, mechanisms (that is, when a two-phase model is used)
it is important to specify which phase contains the heat source. In
other words, the heterogeneous or homogeneous nature of the reaction, or .
reactions must be specified. That this is so may be intuitively appréciated.
Table (3.2) shows that the quantity of heat transferred by each phase may
differ greatly and that greater heat transfer through the bed may be
accompanied by approximately equal fluid-wall and soli-wall transfer.
Indeed, as is evident in Case 4 of Table (3.2), the fluid-wall heat transfer
may predominate.

Furthermore it will become more important to specify the location of
the heat source, or sources, as the film heat transfer coefficient grows
smaller. In contrast, as the film heat transfer coefficient approaches
infinity, the film temperature difference falls to zero, heat transfer
between the two phases is instantaneous.and the location of the heat source
is nimportant. .

3.7 SENSITIVITY OF REACTOR MODELS TO HEAT TRANSFER PARAMETERS

It is an accepted diffuculty in the modelling of fixed bed catalytic

reactors that one limiting apsect in the sophistdcation of the models
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employed is the accuracy with which the heat transfer data may be
predicted. The degree of certainty in this data is not, in general,
good (e.g. 68, 78) and this is especially so for two-phase heat transfer
data (88). Coiisequently, it was felt desirable to study the effect of
variation of the heat transfer parameters on the predictions of the

reactor models. Each of the five heat transfer parameters - xrf, ars,
aﬁ, a; and hV - were varied by + 15% and the 1p and 2p models

reintegrated with these values. The models were integrated for the
conditions in Table (3.7) and the results in that table are the results
of the unperturbed integrations.

~ The effect upon the predicted MSTR is shown in Table (3.11) for a
parameter variation of +15% and in Table (3.12) for a parameter variation
of -15%. As might be expected a low estimate for any of the five
parameters leads to an increase in MSTR prediction whereas a high estimate
leads to a decrease in MSTR prediction.
| The figure of 15% does not represent an extreme uncertainty by any
means. In fact uncertainties of 100%, particularly in the film heat
transfer coefficient, are not uncommon.

Considering first, the results in Table (3.11), it can be seen that
quite considerable error can result from this degree of uncertain;}&. For
runs at high Biot number, e.g. runs NP11, NP21, NP71 variation in the bed
conductivities is more significant than variation in the wall coefficients.
At Tow Biot number, e.g. runs NP41, NP61, variation in the wall coefficient
is the more significant. The relative importance of variation of xrf and
' ar® reflects the value of Aff/krs shown in Table (3.2). For Tow Arf/xrs,
variation of Ar® is more significant and vice-versa. The same applies to
the relative importance of variation of a“f and «“f with respect to owf/aws.
These remarks apply to both 1p and 2p models and are supported by the
results in Table (3.12).

Generally, the 2p model shows greater sensitivity to parameter
variation than the 1p model. For parameter increases, i.e. temperature
decreases, this brings the predictions of the models closer together but
for parameter reductions, the predictionsgrow further apart.

In no case is th's effect lerge enough to make the model predictions
indistinguishable.

The variation of the fluid film heat transfer coefficient has no
affect on the 1p model. ‘This is because it does not appear explicitly in
this formulation but, rather, is implicit in the correlaticn for A (see
Section (2.6)). Variation of this parameter can have an @ffect on the



Table (3.11)

7

,ﬂffect of heat transfer Parameter Variation on MSTR
Individual heat transfer parameters increazed by 15%
Values given are percentage change in MSTR

f

RUN Ar ArS awf o’ hy
1p 2p 1p 2p Tp 2p-| 1p 2p | 1p| 2p
NP11| -20.0 | -20.7 |[-23.8 -6.7 | -6.4[-5.2 {-5.9|0 [-0.23
NP12] -9.1 |-13.1 [-13.0 |-18.4 | -3.1 | -4.4|-2.4 |-4.1]|0 [-3.3
NP3T| -15.8 { -24.8 |-14.4 [-21.5 |-17.2 |-25.7 | -1.7 |-3.7| 0 |-4.7
NP41} -2.5}| -3.8 | -4.2 | -6.6 | -2.6 | ~4.1[-1.2 |-2.410 |-4.3
NP51} -10.7 | -13.0 |-12.9 |-14.7 |~10.1 |-11.4}-4.4 |-6.1]0 |-1.6
NP61{ -14.5{-19.3 {-11.8 [-13.3 |-23.6 |-28.3{ O 0 0 |-2.3
NP71| -0.10 | -0.16| -0.08{ -0.13| -0.01| -0.02| -0.0 {-0.0}{ O {-1.81
Table (3.12)
Affect of Heat Transfer Parameter Variation on MSTR
Individual heat transfer parameters decreased by 15%
Values given are percentage charge in MSTR}
arf Ars ow’ aw® hy
RUN
ip 2p 1p 2p 1p 2p | Ip | 2p |Tpj 2p
NPT1 48.3 81.2 | 87.8 9.7 9.4 |1 6.8 8.1 (0 | 0.31
NP12| 12,5 | 22.1 |21.3 | 43.8 | 3.8 | 5.8 2.8 5.2|0 | 5.1
NP31 32.5 | 64.4 }26.3 | 53.2 |42.0 | 68.3 1 1.8] 4.20 } 7.6
NP41 2.8 4.4 5.0 8.9 3.0 5.0 | 1.3} 2.7 {0 | 7.1
NP51 15.6 | 21.6 | 20.4 | 26.9 |15.4 | 19.1 | 5.1 | 7.7 |0 | 2.3
NP61 24.9 | 44.2 | 17.5 | 21.1 | 70.7 [140.4 | O -0.9 10 | 2.4
NP71 0.07] 0.11} o0.06f{ 0.10] 0.01] 0.02{ 0O 0.00{0 | 2.6

110
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predictions of the 2p model, as might be expected; thé effect generally
becomes more significant as the unperturbed value of the parameter decreases
and the film temperature difference becomes more significant. For example,
variation of"h'V by 15% results in a change in MSTR of 4% in run NP41 but
only 0.2% in run NP11.

The effect of an increase in a parameter is generé]]y less severe than
the effect of a decrease in the same parameter. This is to be expected
from the exponential natursa of the dependence of reaction rate on
temperature.

The variation of the other quantities, FETR, C and S, follow the
trends shown in Tables (3.11) and (3Q12). Generally, the effect of
variation of a parameter is greatest for the MSTR althaugh it has been
found that fluid-wall heat transfer coefficient variation results in a
larger variation in FETR than MSTR in a number of cases. This is
presumably because fluid-wall heat transfer tends to predominate over
solid-wall heat transfer and the effect is transmitted through the fluid
rather better than through the solid. Cases where this happens tend to have
rather high values for Arf/xrs.

3.8 CONCLUSIONS

i) The kinetic data of Halladay and Mrazek for heterogeneous and
homogeneous stages in the thermal decomposition of nitrous oxide (8)
has been incorporated into the three mathematical models for fixed
bed catalytic reactors described in Chapter 2.

i) The models have been integrated for a wide variety of operating
conditions and heat transport situations.

iii) The accuracy of the finite difference methods used has been
investigated. It has been found that the 1p and 2p models converge
to definite solutions as the axial and radial steplengths are
decreased and that these solutions are in general different.

iv) Support has been found for the assertion by Beek (52) that the
difference eauations for the 1p wmodel are stable for any values of
the axial and radial steplengths.

v) The 2p model, which differs in form from the 1p model only by the
addition of a radial energy balance in the solid phase, was found to
exhibit oscillatory numerical instability under certain conditions.
This instability could occur under quite mild thermal conditions and,
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converseley, situations were found where severe thermal gradients
occurred but numerical instability was absent. Instability was
only observed in those situations where solid phase heat transport
predominated over fluid phase heat transport. It was not possible
to identify the source of the instability but the stability of the
]p model, together with the factors mentioned above, led to a
conclusion that inaccuracy in the solid-phase energy balance could
lead to this type of instability.

vi) Wide variations were found between the predictions of the ]p, 2p
and 1d models. The variations increased as the thermal activity
increased. ’

vii) Differences in the prediction of temperature profiles in the bed
were found to be the most significant. Differences in the predictions
of conversion and selectivity were Tess but still significant.

viii)There was a strong correlation between the difference between the 1p
and 2p models and the fluid-solid film temperature difference in the
2p model. ‘ _ '

ix) The differences in the 2p and Tp model were discussed in the 1ight
of a similar study for a pure heterogeneous reaction (46).

"x) The 1d model was found to be a poor approximation to the 1p and,
especially, the 2p models. The best agreement between 1p and 1d
models was at low Biot numbers. .

xi) The shapes of the axial temperature profiles calculated fall into
three types. The first two types correspond to reactors which are
thermally stable or unstabie respectively. In the third type, the
profile is sigmoidal and indicates that the reactor, whilst being
stable with respect to the heterogeneous reaction, is unstab1e with
respect to the homogeneous reaction.

xii) The situation referred to in (xi) is characteristic of the relative
magnitudes of the activation energies of the various reactions,
their relative initial rates and the relative kinetic orders of the
reactions. It is not characteristic of the fact that the reactions
are either heterogeneous or homogeneous in nature,

xiii)When a two-phase medel is considered, and heatf's considerzd to be
transported through the fixed bed by parallel mechanisms, it is
essential, in comp]ex'reaction systems, to distinguish between those
reactions occuring homogeneously and those reactions occuring
heterogeneously.

xiv) The'sensitivity of the model predictions to variation in the heat
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transfer parameters has beenr studﬁed. Fairly small decreases in heat
transfer parameters (15%) lead to quite large (up to 85%) increases
in the prediction of MSTR. The effect of varying a particular
parameter depends on the heat transfer regime of a particular case.
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CHAPTER 4

APPLICATION OF REACTOR MODELS TO THE CATALYTIC OXIDATION OF METHANOL
BY AIR ' )

4.1 Introduction
4.2 Kinetics of the Catalytic Air Oxidation of Methanol
4.3 Gas-Phase Kinetics of Formaldehyde Combustion
4.4 Overall Rate of Formaldehyde Combustion
4,5 Gas Phase Oxidation of Methanol
4.6 Choice of Kinetic Model
4.7 Computational Aspects of Modelling the Oxidation of Methanol
4.8 Calculations on the Three Fixed-Bed Reactor Models for the Air
Oxidation of Methanol
4.8.1 Comparisoh of Models
4.8.2 Axial and Radial Profiles
4.9 Conclusions
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4.1 INTRODUCTION

The reaction scheme considered in the previous chapter was an
example of a typical concurrent heterogeneous-homogeneous reaction
system. Of more industrial importance are consecutive heterogeneous-
homogeneous systems, particularly where catalytically formed products
react further in the gas phase. The most obvious examples of this
involve catalytic oxidations, where the product suffers further
homogeneous combustion to form, eventually, carbon oxides and water.
The homogeneous reactions could take place in the voids of the fixed
bed or in the riser space following the bed. In the latter case the
reaction could be accounted for by the methods of homogeneous reactor
modelling (e.g. 2) and, in this chapter, attention will be focused
on the possibility of gas phase reaction in the reactor voids. The
example chosen for study was the air oxidation of methanol over oxide
catalysts. _

Mann (11, 12, 13) has worked with this system, and has found that
formaldehyde yield passes through a maximum with increasing temperature.
The post-maximum decrease in the formaldehyde yield is very rapid. A
similar effect has been reported by McConkey and Wilkinson (103) for
the air oxidation of methane to formaldehyde. This suggests that
overoxidation of formaldehyde occurs above a certain temperature, but
gas phase overoxidation has not been specifically cited by these authors.

4.2 KINETICS OF THE CATALYTIC AIR dXIDATION OF METHANOL

‘The primary formation of formaldehyde can be represented by:

CH,OH + %02—>HCHO + H20

3
The industrial reaction is widely reported both in the patent literature
(104, 105, 106) and in recent studies by Pasquon (107) and Mann (11, 12,
13). ,

Two types of catalysts (silver metal or metallic oxides, and their
mixtures) are used in the manufacture of formaldehyde by methanol
oxidation. While silver catalysts employ rich methanol feeds with low
conversions, oxide catalysts use lean methanol feeds and operate at high
conversions and, providing the temperature is not too great, give high
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yields of formaldehyde.
The kinetics over a M0, - M003.cata1yst are summarised by (11):

kigm
r' = _ (4.1)
14k} g"/2kpg 2 ¢
where r' is the rate of disappearance of methanol.
The rate constants in (4.1) are: '
k! = 2.71x10°% exp (-17.4/RT)
ky = 3.09x10°8 exp (14.76/RT) (4.2)

When the catalyst consists of Vo0 - M,03 oxides the rate constants
are given by (13): '

>
— -
"

5.93 exp (-10.8/RT)

ké 1.43 exp (-9.3/RT) (4.3)
Industrial usage of these catalysts at low methanol air feed ratios
allows the use of a pseudo first order rate law. This is confirmed
in a recent study by Beskov et al. (168).

There is some ambiguity in the units of the rate constants
presented in Mann's work. However, if his graphical results (11, 13)
of initial rate vs methanol feed ratio are used, the 'trué', pseudo-
first order rate constants can be deduced. The activation energies
may be extracted without ambiguity. This approach leads to the following
rate laws for methanol oxidation.

re = kLet o™ kg m 3 sec”! _ (4.4)

For the MnO2 - M003 catalyst the rate constant is:

7 1

k' = 8.64x10"exp(-17.43/RT) sec”

het (£.5)

and the for V20 - MOO catalyst it is:

5 3
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1

k', oy = 2.69x10%xp(~10.8/RT)sec” (4.6)

This is in good general agreement with values reported by Beskov et al.
(10§) for methanol oxidation over iron-molybdenum oxide catalysts.
The heat of reaction for methanol oxidation (102) is

(-0H) pgg = 4.9X10° 3 kg™ (CH,0H)

4.3 GAS-PHASE KINETICS OF FORMALDEHYDE COMBUSTION

The gas-phase combusion of formaldehyde has recently attracted much
attention (109, 110). Interest in this reaction is-partly because of
the simple nature of formaldehyde, containing only one carbon atom, but
principally because aldehydes are recognised as being instrumental in the
initiation of the combustion of many organic materials (110).

The mechanism may be summarised by:
(i) The oxidation is a degenerately branched chain reaction.
(ii) The overall reaction is second-order in formaldehyde and zero-order
in oxygen.
(iii) The overall activation energy lies in the range 17-25 Kcal/mole.
The radical mechanism proposed by Hay and Hessam (110) has been used in
this study. This kinetic scheme, together with the Arrhenius parameters
used, is shown in Table (4.1). The formation of the major products of
the reaction, including formic acid and hydrogen peroxide, are explained
by this mechanism. ' '

4.4 OVERALL RATE OF FORMALDEHYDE COMBUSTION

It would be desirable to provide a lTumped parameter kinetic
expression for the formaldehyde oxidation which is consistent with the
principal kinetic features of the reaction described in the previous
section.

A material talance for each of the important species yields.

- .‘1[_(':_%‘."91 = k4 [Heogd Drowol + ;[0 [en

+ (kY + kg) [Hong] [Hdz] + k4 [ieng] Jo,]



Table (4.1)

Mechanism and Arrhenius parameters

for formaldehyde oxd".

REACTION logyy A| Ep Ref

HCHO + 02-——+PEO + HO2 i 10.65 | 41.0 | 109

HCO + 02-———>HCO3 2 8.3 0 111a
HCO3 + HCHO———-}HCO3H + HCO 3 9.28 7.2 1 111b
HC03H-—->OH + products 4 30 112¢
HCO + 0,——>HO, + CO 5 7.78 0 109

OH + HCHO——HCO + HZO 6 _ 10.98 0 109

HO, + HCHO—> OH +.products 7 10.06 | 11 109d
HO2 + HCHO———+P%02 + HCO 8 10;O§ 11 109

2H0, 15, termination 9| 878| 0 | 109

solids
Notes:

E, is in Kcal mole” |

A is in the Kmole - m3

-~ sec system of units

a) assumed same as CH,CO + 02————;CH3C03

b) assumed same as CH3CO3 + CH3CHO————+CH3CO3H + CH3CO

c) Pre-exponential factor not found in Titerature

d) assumed same as reaction VIII:

ref. (112)
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d[:t:o] 3 (e [o,] - ky[icog] [HCHO]
ﬂ%@: ky{Heo,) [HcHo) - kA[HCO3I-T_|
| d[Hoz]

kefHedlo,) - (ks + kg) [Ho7] [hcHo)
—k'g{Hoz‘]2 + k1 [hen] fo,]

dE(t)FD = kyTHeoH] - kg [or] frerl + k'7[HC.H(5_) {Ho,]

dlheg) ey [co) Tend) - ks fnedlo,] - kyTred[o,]

dt

+ kg [orHeng + kg [ro][nena] + s fiend] [o,]

In the context of the present work the rate of formaldehyde
disappearance is of more immediate concern than the rates of appearance
of the various products.

Applying the steady state assumption to species HCO3, H02, HCO, OH
and HCO5H, tﬁat is;

-

dHo,) o, dlicos] _ . dfo) _

2

at dt dt

dlicd) _ o .4 dlicogH] _ o
dt dt
2

and if it is assumed that k2 is small and that k} is equal to ké then,'

neglecting the initiation reaction, it can be shown that (112):

k.,.2
. dlichg) _ g 2% [HCHO)? | @)
dt kéké
- This expression successfully represents the second order dependence of
the rate on formaldehyde and the zero-order dependence on oxygen.
Expanding (4.7) in terms of Arrhenius Parameters gives

_ dlhend] _ o e Mg exp (- (E

dt AgA

“Enr=Epnq)

roteEpg Eas~Epg

) [HcHo) 2 (4.8)
g
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Substituting the values for A and E, from Table (4.1) into Equation (4.8),
the following expression results:

_ dlHcHo)
dt

-3 -1

14 kg m ~ sec (4.9)

= 3.9x10" " exp (- gg) pz(gF)2
: RT

The value for overall activation energy, 22 Kcal/mole, is within the
experimental range of 15 to 27 Kcal/mole. '

The heat release during the reaction is calculated on ine basis of
formaldehyde consumption. The overall reaction of formaldehyde may be

described stoichiometrically in three ways.

56.5 Kkcal mole™! (78703 \Q%"(H(t\o))

HCHO + 30,—CO + H,0 (<8H) 5gq

-1
HCHO + 0,—5C0, + K0 (~8H)pgq = 126.2 Keal mole” (173 x107 Ty (vevo)

. - -t
HCHO + 30,—>C0, + H, (-0H)pqg = 66.4 Kcal mole 1{9.a5x10¢ T kg (#eue))

These three reactions account for all the major products. If the reactions
occur in the proportion a:b:c respectively, then the overall heat of
" reaction is given by

(—AH)298 = 56.5a + 124.2b + 66.4c -
The ratios of the product concentrations are:

(C0) _ _a . (Cop) _d-a . (Hp) _ 1-a-b
(H20) a+b (Hp0) a+b (H,0)  a+b

and, of course, at+b+c = 1.
Hessam (112) reports that:

Lo . 0.84: _Co2_ _ 0.57; M2 .40
H20 H20 | HZO :
and so, solving for a, b, and c;

a = 0.60 b =0.11 and ¢ =0.29

Therefore, the heat of reaction was calculated as (102);
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(-0H),gg = 9.3x10°  J kg™l (HCHO)

Beskov et al. (108) include an expression for heterogeneous
overoxidation of formaldehyde in their analysis of catalytic methanol
oxidation. However, for fairly typical conditions of 1% formaldehyde
at 600K, the homogeneous overoxidation rate is more than 2000 times
the heterogeneous rate and heterogeneous formaldehyde oxidation can
be neglected.

4.5 GAS-PHASE OXIDATION OF METHANOL

There is a possibility that parallel gas-phase oxidation of
methanol may occur, and Minkoff and Tipper (113) suggest that the
following radical reactions can occur.

CH20H + 0,—>HCHO + HO2

2
However, Mann and Kahn (12) show that the rate of methanol
oxidation increases steadily with temperature even when overoxidation
of the formaldehyde is almost complete. It would appear that gas-
phase overoxidation of methanol is not significant under industrial

conditions.

4.6 CHOICE OF KINETIC MODEL

In choosing a kinetic system to model, there is an alternative for
both the heterogeneous and homogenedus reactions.

The heterogeneous reaction may be modelled for either a
Mno2 - MOO3 cata]ysthgagsl/ 35:”)— moO3 catalyst and the two ;ata1ysts
have very differentLactivat1cn energies with regard to methanol
oxidation. It was decided to use the reaction with the 7owest activation
energy as this will Tead to larger differences between homogeneous and
heterogeneous reactions and the variation of the rates of these reactions
with temperature will be most disparate.

The homogeneous reaction may be modelled either as a branched chain

radical reaction or by using the lumped parameter approximation of



equation (4.9). In the former case a mass-balance for each of the seven
speciés woutd be included in the reactor model and the conservation
equations would be solved for each species.

This apprba&h was discarded at this stage for two reasons. Firstly,
this would mean the solution of nine conservation equations, compared to
three equations for the Tumped parameter model. It has been found, in
the previous chapter that, becauce of the large number of axial and radial
steps required to obtain accurate solutions to the conservation equations,
the effect of a threefold increase in computational effort, whilst not
being prohibitive, would be undesirable. Of more importance, however,
was the probablility that the number of axial and radial steps required
for integration of a system of equations representing a set of radical
reactions in a fixed-bed reactor would be very large indeed, as studies
of the time-integration of free radical systems have revealed (114, 115)
that extremely short steplengths are required for solution stability.

The problem could very éasi]y become too large to handile.

Consequently, the Tumped parameter model has been used to represent

the gas phase oxidation of formaldehyde.

4.7 COMPUTATIONAL ASPECTS OF MODELLING THE OXIDATION OF METHANOL

In the integration of this system, three dependent variables were
considered viz. temperature,mass fraction of methanol and mass fraction
of formaldehyde. 7

In the two-phase, two-dimensional model for the fixed-bed reactor
the following source terms were defined:

" ek} o (1-6)0g"

G

C earac 2, F\2
FF i 0.9375€khet(1 ¢)pg ) ¢khomp (g)

G G

Mo
FY = (1-0)ekfgped”  (-8), o0
£ _ do° Fy2 '
- 907 2- ‘ , .

F o8 o) (ol | (4.10)

GCp
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t . S [
khet is evaluated at T° and khom

is evaluated at Tf. e 1S the catalyst
pellet effectiveness factor given by (1): )

) (4.11)

The effective diffusivity of the pellet was taken as 0.1x10°° m? gec?

This is the isothermal effectiveness factor and refers to surface
temperatures and concentrations. It has been shown in the prece§ding
chapter, that film mass transfer resistance may be neglected, and many
recent studies (e.g. 57) have found that intra-pellet temperature
differences are small in comparison with film temperature differences.
Thus the use of the isothermal effectiveness factor in the two-phase
“model (2p) is completely justified.

In the one-phase, two dimensional model {lp) Ff and F° are replaced

by:

F = E}; ((1-0)ek 08" (-0H) g o7 (67 2k (4.12)
M

F" and FF remain as before with the exception that all rate constants

hom( ™) hom

are now evaluated at temperature T°.
For the one-phase, one-dimensional model (1d) the source terms

required are FM, FF and F°. In this case F is defined by:

c ' M ' 2

P = ((1-0)ek) ypg(-aH) o pro0?eT) Pk (), ) - Bty
Gp ' Rt (4.13)

A11 rate constants are again evaluated at temperature T.

Thus, equations (4.10), (4.12) and (4.13) are substituted into the
relevant conservation equations to yield the mass and energy conservation
equations for the two-phase, two-dimensional; one-phase, two-dimensional
and one-phase, one-dimensional models.

The use of € as defined by (4.171) in (4.12} and (5.13) requires
further discussicn. As defined, the effectiveness factor does not take
into account film temperature and mass differences. In the continuum
model these are assumed negligible, and the use of this value for e is
strictly justifiable. ’
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However, solutions for the internal pellet diffusion problem have
been presented which take these differences into account (e.g. 48, 116).
Thus it would be possible to use such a representatior of € to partially
accoﬁnt for solid-fluid temperature differences with respect to reaction
rate in the solid. However, evaluation of the effectiveness factor in
this way is a time consuming procedure (48) and it is very likely that
the solution of the full two-phase model using the isothermal
effectiveness factor would be quicker, computationally, than solution of
the one-phase model with calculation of a non-isothermal effectiveness
factor. This latter approach could possibly be speeded up by neglecting
intra-particle temperature gradients,'as in the two-phase model, and
considering only the film resistances. A future investigation into the
evaluation of the effectiveness factor in one-phase and two-phase models
would prove advantageous. '

The remarks made in Section 3.4 concerning fluid properties and the
temperature dependence of heat transfer parameters apply also to this
section. As the feed in this system is at least 90% air, the same values
for the fluid properties have been used as above (Chapter 3).

The computer subroutines used for obtaining these results were
essentially as described in Section 3.4. Subroutine CMSYSZ was used in
place of subroutine CMSYS1 etc. ‘

SUBROUTINE CMSYS2. Formally identical to CMSYS1 (Section 3.4)

SUBROUTINE RSSYS2. Calculates F°, FCH30H ang heterogeneous contribution
to FHCHO in two-phase model.
SUBROUTINE RFSYS2. Caicualtes F
in two-phase model.

~HCHO

f, and homogeneous contribution to F

SUBROUTINE RCSYSZ2. Calculates FC, FCHSOH and FHCHO for one-phase, two-
dimensional model.
SUBROUTINE R1SYS2. CalculatesFC, FCH30H ang pHOHO co one-phase, one-

dimensional model.

4.8 CALCULATiONS ON THE THREE FIXED-BED REACTOR MODELS FOR THE AIR
OXIDATION OF METHANOL

The operating conditions chosen for investigation for the air
oxidation of methanol corresponded to cases 1, 4, 6 and 7 in Tab]e (3.2).
These four cases were chosen because, as reference to Figure (3.1) will
show, they form extreme cases in the plot of Arf/Ars vs Bi~ space. Three
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temperatures were considered, viz 383K, 403K and 423K, such that even at
the highest of these temperatures, formaldehyde over-oxidation has been
found to be unimportant in isothermal reactors (12). The reactor wall
temperature is assumed constant and equal to the inlet feed temperature.
These temperatures are practically realisable by the use of saturated
steam as a cooling medium at 1 bar, 2 bars and 3.5 bars respectively. »
The results of these calculations are shown in Tables (4.2) to (4.5).
The numbering of the runs is as follows. The first character, M, refers
to a calculation on the methanol system. The second character, 1, 4, 6 or
7, refers to a particular heat transfer situation as described in
Table (3.2) and the final character, 1,2 or 3, refers to a calculation at
383K, 403K or 423K respectively. Thus run M62 is a calculation for heat
transfer situation 6 with a feed temperature of 403K. A1l runs were based
on an inlet mass fraction of 3.8% methanol.

4,8.1 COMPARISON OF MODELS

_ It is a noticeable feature of these results that, in contrast to the
results for the N20 system, the three models are generally in rather good
agreement. The agreement between the 1p and 2p models reflect the
generally smaller fluid-pellet temperature differences, as a result of
the fact that when oxidation of formaldehyde becomes important (as
indicated by a low value for S, the selectivity to formaldehyde) the rate
of heat release in the two phases becomes comparable and, indeed, the rate
of heat release in the fluid-phase eventually becomes greater than that
in the solid-phase. Thus, from Table (4.2) the following flow averaged
exit conditions may be calculated for run MI1: '

M =0.02 ¢ =0.0079 p=0.74 T = 478K

The rate of heat release in the solid-phase is calculated from (4.10) and
(4.11) as 1.1x105J/M3 whereas in the fluid-phase heat release calculated
from (4.10) Teads to a figure of 4.1x]06J/M3.

Al the reactcr entry only heierogeneous reaction will OCCLH*énd a
fluid-snlid temperature difference will gradually build up. However, at
a certain length along the reactor two effects will cause the
homogeneous reaction to become sfgnificant: the temperature of the fluid

oo Riet » Qi



Table (4.2)

Model Predictions

for Operating Conditions 1

_ 2-p 1-p 1-d
1Run Tf L -

- in MSTR - | MFTR FETR C S MSTR FETR c S MSTR FETR C S
M11 1383 .| 0.685] 221.8 | 221.6 95.8 | 47.7 | 44.1| 213.2 92.6 | 97.2 | 45.3 24.0 | "24.0 | 39.9 | 84.9
MiZ 1403 |0.265| 241.6 | 241.1 | 105.7 | 37.9 | 39.1}| 232.2 | 100.9 | 36.9 | 43.7 66.7 66.7 | 35.2 | 65.1
M13 {423 |0.145f 230.3 | 229.1 | 113.2 | 34.9 | 32.4|225.6 | 110.9| 34.5 | 34.5 | 121.3 | 121.3 | 35.5 | 25.8
Table (4.3)

Model predictions for Operating Cdnditions 4
2-p 1-p ; 1-4d

Run |TF L .

in MSTR MFTR FETR C S MSTR FETR c S MSTR FETR C S
F
M41 {383 {0.275} 209.1 | 206.9 |128.7 | 39.9 | 22.2|194.7 | 121.0{ 38.5 | 25.4 | 141.5 [ 141.5 | 39.1 | 13.6
M42 {403 |0.165| 189.3 | 185.2 | 118.5{ 33.6 | 20.3| 176.8 | 115.0 | 32.9 | 21.4 | 140.6 | 740.6 | 34.9 | 10.0
M43 (423 10.110| 177.8 | 171.7 | 119.2 ] 31.1 | 14.1]160.1 | 112.4| 29.6 | 16.1 | 133.8 | 133.8 | 31.4 9.22

TEY



Tahle (4.4)

Mode1 predictions for operating conditions 6

£ 2 -p 1-p 1-d
RO Tn | LM Pystr | wrr | FER | c 5 MSTR | FETR | C 5 MSTR | FETR | ¢ s
M61 | 383 | 2.3 41.6 41.6 24,0 | 62.0.{ 48.4 40,21 23.3 | 61.6 | 49.4 20,1 19.3 | 60.8| 56.1
M6z | 4031 0.9 143.01 142.6 88.1 | 54.0 | 13.3 | 141.0; 87.3 | 53.4] 13.9 88.8 87.0 | 53.1} 13.3
M62 | 423 | 0.46 | 158.6) 157.5| 101.4 | 40.6 | 13.4 } 153.2| 99.4 | 40.0| 14.1 107.6 | 107.6 | 41.3 10.8
Table (4.5)
Model predictions for operating conditions 7
R | 1f | L(m) 2-p 1-p 1-d
n MSTR MFTR FETR | C S MSTR FETR | C S - MSTR | FETR C S
M71 | 383 0.59 | 234.2| 231.3| 130.7 | 35.4} 30.4 | 220.4 124,41 34.4 | 32.4 173.11 173.1 37.21 10.6
M72 | 403 0.38 | 197.9f 194.8} 133.8 33.5| 20.7 | 186.9{ 130.8] 32.6 | 22.5 172.9( 172.9 | 35.7 7.7
M73 {423 0.26 | 173.4] 170.1| 135.2| 31.1 14.7 | 163.4 | 129.9} 30.4 | 16.1 161.1 161.1 | 32.9 7.6

¢t
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increases and the mass fraction of formaldehyde in the fluid phase

becomes relatively large. Then the heat release in the two-phases becomes
comparable and the fluid-solid temperature difference decreases with

respect to reactor length. When the overoxidation tecomes very significant,
the film temperature difference decreases more rapidly with respect to
length, to the point where the fluid could become hotter than the solid.

This is not evident from the present results, but to 'force' this
theoretical situation, calculations were made for heat transfer conditions
6 considering a feedstock containing formaldehyde (3.8% methanol, 0.5%
formaldehyde, temperature 400K). The radial temperature profile at a
length of 0.58m is shown in Figure (4.1). It is, at first, somewhat
surprising that the 'temperature reversal' has not occurred at the centre
Tine (the hottest part of the reactor) where the homogeneous rate constant
is greatest. However, increased activity along the reactor centre-line
. has led to formaldehyde depletion at this point which, especially in view
of the second-order dependence of the homogeneous rate on formaldehyde,
causes a lowered rate of homogeneous reaction at this point.

Rather more surprising than the good agreement between the 1p and 2p
models is the relationship between the 1p and 1d models. Three situations
exist: 1in the first, the agreement between the models is poor and the
predictions of the 1d model are much Tower than the predictions of the 1p
models. Examples of this situation are runs M11, MI2,and M61. In the
second situation, good agreement is achieved between the 1p and 1d models.
Examples of this situation are runs MI13 and M62. It is particularly
worthy of note that these runs are at opposite ends of the heat transfer
scale with respect to the Biot number, and it was this parameter that
principally correlated agreement between Tp and 1d models when the nitrous
oxide system was considered.

In the remaining runs, not only is the agreement between the models
poor, but the 1d model predicts temperatures and conversions that are
greater than those predicted by the 1p model. It will be noticed that
this situation only occurs when the pellet diameter is relatively large,
or at very high temperatures, and it is concluded that the phenomenon is
caused by the influence of the effec:iveness fictor on the heterogen:ous
rate. Near the tube centre, the 1d mcdel underestimates the fluid
temperature and, therefore overestimates the effectiveness factor. Clearly,
a case can be envisaged where the effect of a decrease in effectiveness
factor, due to a rise in temperature, will seriously moderate tne effect
of the increase in the absolute rate constant. '
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The 'observed' rate may be characterised by the product of rate
constant and effectiveness factor. The derivative of the observed
rate cannot become nega:ive.

Now,

1
tanh h

ekl =3 (
h

1,
het ~ - Eq'khet . (4.14)

The effect described is only likely to be of importance when diffusional
limitations are large, that is when h is large. Then:

ekl = 3k}!let
het

1- L , .1
" ( h) (4.15)

and

d(ek' ) 3k' E
het - het-Ahet (4.16)

dT 2hRTZ

which is always positive. If the full expression for (Ekﬂet) is
differentiated with respect to temperature, then:

d(ek; ;) 3k' _.E! 2
( hel.) Z het~Ahet 1 _fl +_1_ - hCosech®(h (4.]7)
d1 hRT2 tanh(h) 2 2 - 2 :

For this to be negative, it is required that:

h  Sinh(zh) |0+ 1
| 2 2

- but this cannot be so for positive h, as Sinh(h) is always greater than h,
Thus the effect of intra-pellet diffusion is to reduce the derivative of
observed reaction rate with respect to temperature. The derivative cannot,
however, become negative and, providing the activation energy is greater
than zero, the observed rate will always increase with temperature.

In the two-dimensional model there will also be reactant depletion
near the centre-line. That thesec arguments may explain the relationship
between the predictions of the 1d and lp modeis for some runs is shown
by Figure (4.2), which presents the .fluid mean temperature rise as a
function of reactor 1engfh for run M42. At first the prediction of the 1d
model is less than that of the 1p model but, later in the integration,

when the 1d model starts to overestimate the heterogeneous reaction near
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the reactor centre, and the prediction 'overtakes' the solution of the Tp
model, Of course, the 1d model will underestimate the réte of reaction
near to the tube wall by an analogous argument. Howevér, the shape of
the curve of effectiveness factor against h (e.g. 1) is such that this
phénomenon is not pronounced as that occuring near the reactor centre.
It may be pointed out that these results are in contradiction to a
statement by Froment (68) that the predictions of the mean values of
temperature by the 1d model are always low compared to the !p rniodel. The
homogeneous reaction will have a supporting role in this situation, in
that the enhanced heat and formaldehyde production predicted by 1d model
at the tube centre will lead to a prediction of an enhanced homogeneous
reaction. '

It may be said at this stage, therefore, that there are differences
between the predictions of the 2p, 1p and 1d models when they are used to

represent the air oxidation of methanol in a fixed-bed reactor. The

" differences between the 1p and 2p models are not as pronounced as those
found for the decomposition of nitrous oxide, but the greatest discrepancies
are, again, found to occur when the film temperature differences, predicted
by the 2p model, are greatest. That these temperature differences are not
as great in this system as for the nitrous oxide system, despite greater
overall thermal activity in this system, is attributed to the fact that
heat release is more evenly distributed between the two phases once
homogeneous reaction becomes significant.

The behaviour of the 1d model relative to the 1p model is different
to that found in the nitrous oxide system. The 1d model stiii provides a
poor, conservative estimate of the reactor hot spot temperature (in this
case invariably the solids centreline temperature at the exit). However,
the 1d estimate of FETR is not a]ways>a poor estimate and, more significantly,
is not always a low estimate. This situation is attributed to the effect
of the variation of pellet effectiveness factor with temperature across a
radius of the reactor. '
4.8.2. Axial and Radial Profiles

The shape of the axial and radial profiles calculated may now be
discussed. The radial profiles were, generaliy, of tiie same snape as
those found in tre N20 system.

In Figure (4.3) the mean fluid temperature rise is shown as a
function of length for the three models in run M11 and, in Figure (4.4),
the same curves are drawn for run M43. Figures (4.5) to (4.8) show the
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conversion and selectivity profiles for these two runs. The agreement
between the 1p and 2p models is good in both cases and the curves in
Figures (4.3), (4.5) and (4.7) are indistinguishable for these two models.
For this run tne 1d model appears to be a good approximation, up to the
point where the temperature starts to rise significantly, i.e. when

the homogeneous reaction becomes significant.

However, for run M43, as shown in Figures (4.4), (4.6) and (4.8),
there is a distinguishable difference in the curves for the 1p and 2p
models. The behaviour of the 1d model, showing the anomaly previously
discussed, is clearly shown.

I this type of situation, where the desired product is converted
to worthless combusion products, the prediction of selectivity and of
yield is of great importance. It is evident from Figures (4.7) and (4.8),
which are typical, that the onset of the homogeneous reaction is a fairly
clearly defined phenomenon. Defining

amount HCHO formed
amount CH3OH consumed

yield % = conversion x selectivity = x 100%

‘then Figures (4.9) and (4.10) show formaldehyde yield for runs M11 and
M43 respectively. For both runs thelp and 2p models are in close
agreement but the 1d model provides a poor estimate of the yield. In the
case of run M43, the 1d model gives the same shape of yield-length profile
as the two-dimensional models but the ‘use of the 1d model would lead to
design errors.

Of much greater importance are the curves shown in Figure (4.9)
for run M11. In a disappearing product situatidn, the maximum, which
appears in the 1p and 2p curves, is a normal occurrence. In an industrial
reactor design procedure, curves of yield against length would be
generated by a suitable mathematical model and the choice of reactor 1ength
for a givén set of operating conditions would be fixed at this maximum. It
may be seen that if the 1d model were used in this procedure for the
operating conditions of run M11, no maximum would be found and serious
design errors would result. In fact, extrapolating the curves in Figure
(4.9¢) to 0.8m, the yie'd, predicted by the 1d model, would be in error by
more than 100%. )

The axial temperature profiles for some runs displayed the sigmoidal
character referred to in Section 3.6. The profiles for runs MI1 and M62
are shown in Figures (4.11) and (4.12) respectively.

The profile for run M62 is particularly interesting, as it is doubly
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Fig(4—9) Yield vs. Length. Run M11

yieH %

1
o1 02 0-3 (=TS 0-5 ¢ 6 o7

Fig(4-10) Yield vs. Length. Run M 43

0-02 O.0 Q.06 0-08 0!



142

100 -]
90 1 Fig(4-11) Axial mean fluid temperature rise
0  2p Model  Run M1
7 -
60 -
50
401
3p-
20
10-
_o . . . ‘ ‘ : ]
o 0.1 o2 03 o4 o5 06 07
L
T oo
904 Fig(4-12) Axial mean
fluid temperature rise.
80 - _
70
40
501 2p model
40 - Run M62
304
20 4
10 -
OO O‘l (;-"i' 016 (;8 -0



143

sigmoidal. The reactor is, vitimately, thermally stable with respect

to both heterogeneous and homogeneous reactors. However, the point at
which the homogeneous reaction becomes significant, 0.5m, is readily
identifiable and the profile assumes a pseudo-unstable character in this
region.

4.9 CONCLUSIONS

(i) A kinetic model for homogeneous and heterogeneous effects during air
oxidation of methanol has been incorporated into the three mathematical
models for fixed-bed catalytic reactors described in Chapter 2. The
‘models have been integrated for a variety of operating conditions and heat
transfer situations. |

(ii) The general pattern of agreement between Ip and 2 models is the
same as found for the thermal decompositon of N,0. Differences between
these models were less than for the NZO system because of the comparable
heat release in solid and fluid phases.

(ii1) The pattern of agreement between Ip and 1d models was,
occasionally, not as expected. For some runs the 1d predicts higher
temperature rises than the 1p model. This is attributed to the effect

of variation with temperature of pellet effectiveness factors.

(iv) Use of the 1d model to calculate formaldehyde yields could result

in serious design errors.

(v) The 1P and 2p models generally predict yields in good agreement

with each other. However, these models can predict values for the reactor
hot spot temperature which are different and this can be important in
cases of catalyst poisoning or where. thermal Timitations exist with
respect tc catalyst strength.
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Chapter 5

MATHEMATICAL MODEL FOR COMPLEX REACTION .AND DIFFUSION IN A CATALYST PELLET

5.1 Introduction

5.2 Mathematical Model for the Catalyst Pellet

5.3 Numerical Integration of the Catalyst Pellet Model

5.4 Correlation of Experimental Results and Theoretical Predictions
5.4.1 Modelling an Isolated Pellet
5.4.2 Modelling the combined Pellet and Reactor

5.5 Conclusions o
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5.1 INTRODUCTION

The modeliing of the interaction of diffusion and chemical reaction
in a single catalyst pellet for the butene to butadiene system has been
initiated for two reasons. A mathematical model was required . for the
~experimental findings of Corrie (26) who measured temperatures within and
arcund a single pellet of tin/antimony oxide caté]ysing the oxidative
dehydrogenation of butene to butadiene at around 700K. The main
requirement of the model was to duplicate experimental observations,
to idenfify sensitive parameters in the system and to obtain some
estimate of the order of magnitude of changes caused by variation in these
parameters. The second, and parallel, objective was to develop the
simplest models for the catalyst pellet that could be used as part of an
overall model for reaction and diffusion in a chemical reactor for the
butene to butadiene system.

The model must, however, be capable of predicting the formation of
the minor products (and particularly the aldehydes) during the reaction,
as Corrie has shown that homogeneous reaction can occur in the
heterogeneous system under certain conditions. It is probable that
homogeneous attack of both butene and butadiene is aldehyde induced at
these temperatures (117). ‘

Gabbay (27) has provided a kinetic model for the catalytic system
and has fitted his results to a network of thirteen reactions, largely of
non-integral kinetics. The reaction scheme, together with kinetic
dependence and Arrhenius parameters, are discussed in Appendix A5 at the
end of this thesis. It would be very difficult to assign a lumped value
for such parameters as the overall heat of reaction or the overall rate
of butene or oxygen removal, as the most exothermic reactions are the side
reactions, such as the formation of carbon oxides, and the reactions differ
greatly in both their activation energies (and thus their temperature
dependence) and their kinetic order with respect to the reactant
concentrations. Consequently it is not possible to apply a Tumped
parameter analysis for temperature differences, such as that of Damkohler
(3718) or its generalisation by Prater (119). Nor is it possible ito apply
an analysis based on the well-known Thiele modulus because of the ‘ighly
interactive dependence upon the reactant concentrations.

The situation is further complicated by the possibility of film
transfer limitation occurring at the pellet surface. It has been shown (120)



147

that film resistance is considerably more important than intra-pellet
resistance to energy transfer. Thus it might be proposed that the pellet
be considered to be isothermal and that the temperature difference between
the pellet and the bulk fluid be concentrated at the pellet surface. An
energy balance at the pellet surface would then yield:

- 1F - 2Keff QIE

dp h, 8 \Surfa:e

The energy flux across the pellet surface may be related to the equivalent
"mass flux by: '

s .
dT® _ i iosc?
Kepr =~ = 2 s M 2=
dy | surface 8y {surface
i=1
and so:
S i
o . 2 g al]
dph, eff sy |surface (5.1)
i=1 -

If the surface concentration gradient is known for each component,
then the fluid-pellet temperature difference can be calculated. Note,
however, that in general TS will be required to predict reaction rate
constants needed to calculate the surface concentration gradients, and
some kind of iterative procedure is implied. This question will be
considered further when the full mathematical model for the catalyst
pellet has been established.

Film mass transfer resistance may also be significant, although this
effect is Tess important than the equivalent energy resistance (121).
However, in cases where the mass conservation equations have to be solved
by numerical methods - and the present system will prove to be in this
category - it is a simple matter to include the film resistance in the
solution algorithm without significant increase in computational effort.
In this case it is not important to establish when film mass transfer
resistence becomes important. It will be useful at this stage to
summarice the heat and mass transfer resistances that exist in and near
to a catalyst pellet. The prinéip&!.route for heat transfer within the
pellet is through the solid material of the peliet in contrast to mass
which is transferred exclusively through the fluid phase in the pellet
pores. The principle mode for both heat and mass transfer from the pellet
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exterior surface into the bulk gas phase in convection. For mass
transfer the intra-pellet resistance is usually the more significant
whereas, for heat transfer, the film resistance is usually much more
significant than the intra-pellet resistance.

Diffusional limitations within catalyst pellets are often discussed
in terms of the effectiveness factor, and physical models of varying
degrees of complexity have been considered. Attention has been focussed
both on the isothermal (122, 123, 124, 125, 126) and the non-isothermal
pellet (127, 128, 129, 130) but, in almost all of the studies, simple
first or second order kinetics have been assumed, and complex reactions
have received little attention. Butt (131) and Carberry and Wendel (54)
have considered consecutive reactions and have used a finite difference
method to solve the resulting equations. A general treatment of complex
reactions with arbitrary kinetics has been given by Schillson and
Amundsen (127). Although suitable for systems of two or three reactions,
the treatment becomes unwieldy for larger reaction networks.

There have been several reasonably successful attempts to correlate
theoretical predictions of temperature effects in single pe]]ets with
experimental measurements. Hughes and Keh (132) have obtained agreement
between theory and experiment for the hydrogenation of ethylene on a
supported nickel catalyst, but, as film mass transfer was insignificant
during their experiments, and as they have used observed surface
temperature as a boundary condition fer their model there is a degree
of interaction between the experiment and the theoretical treatment,
preventing the predictive role of the theoretical model for the system.
Kehoe and Butt (133) have applied a model similar to that described below,
but they consider the hydrogenation of benzene over nické], a single
reaction of integral kinetics. Similar limitations exist with the work
of Miller and Deans (134) and of Gunn (135), who has adopted an analytical
solution for ffrst order single reaction. None of this work has direct
applicability to the present case for one or more of the following reasons:
i) Only a single reaction is considered
i) Film mass and/or energy transfer limitations are neglected
iiij Non-integral kiretics are nat considered
iv) The system considered is not interactive with respect to the reactants.
The present system consisté of 'a network of parallel and consecutive
reactions and an ana]ytiéa] solution to the problem of the interaction of
diffusion and reaction in an around a catalyst pellett would appear to be
jmpossible. The remarks made so far are equally applicable whether the
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the model is to be used to compare theoretical predictions With experimental
results or whether it is to be used in a full reactor model. The film heat
and mass transfer coefficients will depend upon the environment of the
catalyst pellet.

When the model is to be used to correlate experimental with
theoretical predictions the pellet and reactor may be considered to form
a set of concentric cylinders with the reacting gas flowing through the
~annutus thus formed.  An estimate for the film heat transfer coefficient is
thus required. Kern (136) proposes adaption of the Sieder and Tate
correlation for flow in pipes, to give a correlation:

h,,D L \ ' "/ .

Nu=—€ = 1.8 Pr?ReE(%) 3 (5.2)
kn .

T e .

For air, the Prandti number may be assumed constant at 0.74 and so
(5.2) reduces to:

h,D A\
Nu=-Y8 _ 168 Ree'é‘.<£—> | | (5.3)
ke D,

Use of this expression in the present situation is hampered by two
considerations. The first, and most serious, is that the correlation

has been obtained for tubes. This implies that the heat transfer surfaces
were relatively smooth. Kern (136) states that pipes are rougher than
tubes and larger heat transfer coefficients will be expected owing to the
increased turbulence promoted by the surface roughness. In the present
case, the heat transfer surface is the pellet surface, which is considerably
rougher than the surfaces of either pipes or tubes. Consequently, the
correlation in Equation (5.3) will be a lower 1imit for the h, and the
actual value will be much larger. The amount by which h, can be increased
by surface roughness is very difficult to estimate. However, increase by;
a factor of 5-10 would not be unreasonable.

The second difficulty with Equation (5.3) arises from the factor
(L'/Dg). L' is taken to be the length of the annulus, in this case the
length of the peilet. Huwevel, the length of the pellet is of the same
order as the radial dimensions of the annulus and some kind of entrance
effect might be expected to influence the heat transfer coefficient. However
variation of.(L'/De)-»g with L' will be fairly small provided L' does not
change too much. If L' is doubled, (L'/De)"’3 changes by a factor of only
0.8. L' could be considered as some kind of length of mixing which is of
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the same order as the tube length. Thus, this uncertainty will affect

the prediction of hv, but to a lesser degree than the uncertainty
introduced by the pellet roughness.

_ Other correlations are available for heat transfer in an annulus

(e.g. 137, 138). They are all substantially of the same form and suffer
from the disadvantages mentioned above. The-fluid-particle mass transfer
in the annulus may be estimated by applying the Chilton-Colburn analogy
(see Appendix A5) in the absence of a better correlation.

5.2 MATHEMATICAL MADEL FOR THE CATALYST PELLET

The interaction of diffusion with reaction within a porous catalyst
pellet may be represented by the following set of dimensionless conservation
equations (e.g. 139). The mass balance is:

dzci m

el Deel Ly |

Y y dy i=1—10 (5.4)
| | ,

where: ¢1 = dp_Pb

4D?eff'ci o7

In Equation (5.4) me is a shape factor that may be used to account for
irregularly shaped particles or for regular particles with finite
geometry. Defining mg by

m_+1 .
s = Ap_ ‘ , (5.5)
dp 2Vp ’

Equation (5.4) reduces to the well known forms for the special geometries
of a flat slab, an infinite cylinder and a sphere. The corresponding
energy balance is

2 n 10 )
g.__;'. + 3 .Q.E = -0 Y1 H.I
dy y dy j

i = 110 (5.6)

where: 0 = —QE-Qh?
AKe el
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The boundary conditions are:
i
y:O; ic_..zo; gz:o
dy dy
. i
y=13 ¢ =1 A de
sh' dy
k 1.dp
Sh = —QT—~ ;
2Dorp

Following the arguments se
substitution was made,

resulting in the mass and

2 i m_+1 i
4 u 8 g TR sc_
Su pa Su
s2t m+l st
4u_2' + —
] 2 Su
with boundary conditions:
i
u= 0; sc . 03 st . 0
Su Su
. i
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5.3 NUMERICAL INTEGRATION

; LE1%
y=1 Nu dy [ y=1
hvdp 4
Nu = H i=1—10 (5.7)
2Keff
t out in Section (2.7) the following
energy balances:
i .
= -¢y 1 =1—10 (5.8)
0
= -0 'K (5.9)
i=1 )
. t=1-.238t i=1-—>10 (5.10)
=1 Nu Su lu=l

OF THE CATALYST PELLET MODEL

Equations (5.8) to (5
comprising a set of non-1i
This set of equations was
me thod.
in order to avoid the rath

The numerical met

.10) form a two-point boundary value problem
near 1ntefacting ordirary differential equations.
integrated by an iterative finite difference

hod is first described for the temperature, t,
er unﬁieldy notation that would otherwise ensue.

The full algorithm for the interacting set will be subsequently discussed.

The right hand side of (5.

9) is abbreviated to fH for convenience. Thus
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Equation (5.9) is modified to:

2 m_+1
§°t s . dt

4 u — + — = f, (c,t) ' 5.11
Su 2 du H = ( )

The region of integration, 0<u <1, is divided into P-1 sections, equally
spaced in the variable U. The value of t at the pth grid point, 1<p<P,
for the qth iteration is given by t3,  The derivatives, and dependent
variable, were approximated by the following difference retationships:

qQ_ _ q Q9 _ -4 q
dt9 - tp+1 tp—] ) dth - tp+1 th + tp—] . = (p-11k
du 0 dd K oup el

p p
| (5.12)

The source term in Equation (5.11) is non-linear and is handled by the
~ quasi-linearisation technique where the non-linear term at the qth
iteration is estimated from the equivalent term at the (q—])th iteration.

Thus:

§f,,9-1
£9 (@1 4a-1 49y _ g9-1 (9-1 a-1 H
p

When (5.13) is substituted into (5.11), (5.11) becomes linear provided

L~

t (el - tg']) (5.13)

that 6fﬁq_] is known,

6tp

For the grid points where 1<p<P, (5.12) and (5.13) may be substituted
into (5.10) to yield the following difference equation,

....'l,
m_+1 sfd m_+1
-1+ =)l 2(p-1) - X ZH 9 - (p-1- =8
_p . Yo * 2(p-T) . o )ty - (p-1 . Jth-1
p
-1
o oy )
_k (9 1o ZH ey (5.14)
4 TP st P

The difference equation for the case of p= P is chtainad by
substituting (5.10), (5.12) and (5.13) into (5.11) and eliminating the
value tg+1 by the difference equation for the boundary condition.
Remembering that u=1 when p=P the difference equation obtained is:
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The difference equation for the case p=1 is obtained by localising
the difference equation at a dimensionless radius of ik. Incorporating
the boundary condition 6t/8u=0 the relationship obtained is:

q-1 q-1
m_+1 , &f m.+1 8t
LIl S Y N M Sl BV
2 4 4 Gt] 2 4 4 6t2
-1 g-1
o SR sf
-0 T 1 L . (5.16)
8 2 5ty 5ty

Analogous equations can be obtained in terms of the concentration of the
ith species by making the same substitutions into (5.8) and (5.10). 1In
this case the Nusselt number in Equafion (5.15) is replaced by Shi the
Sherwood Number for the i%" species. Thus, for example, (5.15) becomes:

i Sh'(mg+)
- +

2 i,q . Sh’ 2 1669 i
- - C +( - . ) >
k2 P K 4 K2 4 8et, P
- I B i Shi(m_+1)
=Lt S ) 4 sh . s (5.16)
4 GCP k q

When Equations (5.14), (5.15) and (5.16) are written in matrix form,
they constitute a tri-diagonal system of equations which may be solved
very rapidly. The equations may be written, in generalised form as:

At =d " (5.16)

A is a triadiagesal matiix and d is a vector of the right hand sides of the
the eguations. The following relationships define A and d.
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These definitions are applicable to the variable t. Completely analogous
expressions exist for the variable ci. The 'o,B,y' notation has been
introduced as a matter of computational convenience, éo that the
coefficients may be stored in a 3xP array rather than a PxP array.
Equation (5.17) may be solved very rapidly and efficiently by an
algorithm commonly known as the Thomas algorithm (140). The method is
described in Section 2.7.
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The overall algorithm may now be written for the solution of
the mass and energy balances in the catalyst pellet.

1. Read all data and bulk conditions surrounding the pellet.

2. Calcuiate all quantities that will not vary during the iterative

procedure.

3. Solve the energy balance by Thomas's algorithm.

Solve the mass balance for each species by the Thomas algorithm.

5. If all solutions have converged stop, otherwise return to

step 3. ,
At all stages in the calculation, the latest information is used. For
example, during the qth estimation of the concentration profile of the
jth species, the values of d are calculated from t9; cisq; i j; ci’q_1i j.

A FPRTRAN IV listing of the computer subroutine written to perform
these calculations is given in Appendix A5. The following notes explain
some of the short-cuts and modifications introduced in an attempt to
reduce computing time.

The model requires that the rate of production of each component
is calculated at each grid point for each iteration and a value for the
rate constants is therefore required at each grid point. Because of the
exponentiation required in calculating the rate constants their
evaluation was rather time consuming. Consequently any reduction in the
number of rate constant evaluations would be advantageous. It was
proposed that the rate constants be evaluated only once per iteration
and that they should be evaluated at the temperature of the pellet
surface. As the average temperature difference between the pellet surface
and the pellet centre was of the order of 1 deg K this would appear to be
a reasonable assumption. The two approaches were compared and, for a
typical set of operating conditions and using a finite difference grid
of 40 points, the model simplification afforded a saving in computer time
of about one third, whilst the predictions of the two approaches differed
by less than half a per cent. It is evident that the amount of time saved
will increase as the number of grid points increases. The simplification
was thus adopted.

At first sight it would appear to be necessary to solve eleven
conservation equations in order to solve the complete problem. This
number can immediately be reduced by one if the full temperature solution
is not obtained. This will not in any way restrict the usefulness of
the model as the solid-fluid temperature difference may still be
calculated from Equation (5.1): it has been established that the
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temperature drop across the pellet is not sufficiently large to
significant]y affect the reaction rate constants. If this procedure
were adopted it would be necessary to reverse the order of calculation
so that the surface temperature is evaluated when all the surface
concentration gradients have been calculated. However it is more
efficient in practice to compute the full temperature profile within
the catalyst pellet as this then allows several of the mass conservation
- equations to be neglected during the iterative procedure. This may be
seen to be possible by considering the independence of the reactions.
The reactions may be represented by:

13 10 - - |
E S.'ijM'i = 0 . (5.20)
- j=1 je] ’

where the matrix S, whose components are Sij» is the stoichiometric
matrix and M reﬁ;ésents a chemical species. Schillson and Amundson (127)
show that the number of balance equations that need to be solved in order
to solve the entire system is given by the rank of the matrix S. The
concentrations of the remaining species may then be found by solution of
a set of algebraic equations.
_ The stoicheiometric matrix for the present system has a rank of 8.
Physical credance may be attached to this figure by considering R1 to
R8 (Table (A5.1): Appendix A5) to be independent. The remaining reactions
are those describing the oxidation of butadiene, which may be considered
to be linear combinations of the oxidation of butene to butadiene and of
butene to the produce concerned. For example, it may be seen that
R9 = 2 X R3 - R1, thus demonstrating the linear dependence of these three
reactions. |
This would seem to afford a considerable saving in computational
effort, reducing the number of conservation equations to be solved from
11 to 8. The surface concentration gradients would also be related by
algebraic equations and so Equation (5.1) could be used to calculate the
surface temperature ov the pellel. However, in the present system, the
most time consuming aspect of the solution procedure is found to be
the exponentiation required to calculate the various rates of reaction
(Table (A5.1): Appendix A5). The effort devoted to this aspect of the
solution procedure is about 50% for a 40 point difference grid. The
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necessity for exponentiation cannot be removed by successive multiplication
because of the non-integral kinetic dependences. If all the rates are
calculated, 18 exponentiations per grid point per iteration are required
and it is not possible to choose a set of eight species whose rates

invo]ve less than this number of exponentiations. It will be noticed,
however, that only three species are involved in the rate expressions.
Consequently only four balance equations were soived during thz iterative
procedure, i.e. those for oxygen, butene, butadiene and temperature. The
profiles for the other seven species were not determined at each iteration,
although it was necessary to calculate their rates of formation at each
grid point in order to calculate the rate of heat release. This involves
no significant increase in computational effort as all the quantities
involved need to be calculated in order to evaluate the rates of oxygen

and butene removal. The concentrations of the inactive products were then
- determined only after the four primary solutions had'converged.

As a result of the present reaction system involving only three
reactants participating in thirteen reactions, considerable savings can
result from the methods used, as compared to those proposed by Schillson and
Arnundson (127). Thus, for example, the computational effort involved in
equation solution by the latter methods may be expressed by 8Q, while the
corresponding figure for the approach adopted here is 4Q+7. If the full
model is solved the figure is 11Q. For Q as low as 5, the saving from
the present method is as much as 32% compared with the method of Schillson
and Arnundson and 51% compared with the solution of the full model, although
~ the time spent in calculating the reaction rates is the same in all three
cases. As Q becomes large, the savings in computation effort reach their
Timiting values of 50% and 63% respectively. '

The effective diffusivities within the pellet, the pellet thermal
conductivity and the heat contents of the chemical species have all been
evaluated at the bulk fluid temperature.

It is possible, under certain conditions, that oxygen or butene might
be totally consumed by the reaction within the pellet and a portion of the
pellet might exist where the concentraitons of either or both of these
reactants is effectively zero. The subroutine used to calculate the
reaction rates has been written so that if either of these values falls
to zero within the pellet, the reaction rates dependent on this concentration
are automatically set to zero without performing the time-consuming
exponentiations.
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5.4 CORRELATION OF EXPERIMENTAL RESULTS AND THEORETICAL PREDICTIONS

Corrie (26) has published details of temperature measurements in
and around a single catalyst pellet. The geometric arrangement may be
considered schematically as shown in Figure A5.1. The active pellet
was cemented between two inert pellets so as to minimise axial diffusion
effects. This has a 'spin-off' advantage for our present purposes in
that the flow patterns around the active pellet will be more developed
than if the reactant gas stream were to confront the isolated pellet.

In order to apply the model previously described a certain amount
of information must be supplied. This information falls naturally into
three groups. '

(i) Intrinsic rate data.
Thermochemical properties of the reacting species.
Geometric parameters and Flow Rates.

(ii) Bulk diffusivities of the species.

Thermal conductivity of the pellet.

Effective diffusivities in the pelilet.

Specific Heats, viscosities and fluid densities.

(ii1)Bulk phase temperature.
Bulk phase concentrations.
Film heat and mass transfer coefficients.
" The data in group (i) may be said to be known. It was either measured
during the experimental runs or has been the subject of extensive specific
investigation. The data in group (ii) are subject to a small degree of
uncertainty due to extrapolation of correlations, application of single
gas data to gas mixtures or application of correlations developed for
certain species to different species for which there is no experimental
corroboration. The best example of this is the bulk diffusivity data.
It would be reasonable to assume that the maximum error in this data is
10%4-15%.

The data in group (iii) are subject to a great degree of
uncertainty. The reasons for the uncertainty, and how it has been
overcome, are described in the next section.

5.4.1 MODELLING AN ISOLATED PELLET

The data in groups (i) and (ii) of the previous section have been
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estimated as described in Appendix A5. The experimental data of Corrie
is summarised in Table (5.1). In Table (5.1) the mass flow rate and the
species concentrations have been calculated assuming the gas mixture to
behave as a perfect gas. It is necessary to know the bulk values of
temperature and concentration and the film transfer coefficients that
pertain to the plane of the pellet containing the thermocouples. The
thermocouples, in the present case, are situated in a plane perpendicular
to the axis of the pellet and half way along its length. The bulk
temperature has been measured independently and is the value given in
Table (5.1). The bulk concentrations have not been measured in this
plane and it is necessary to estimaté their values. If it is desired

to predict only the fluid-solid temperature difference then it is only
necessary to provide estimates for the bulk phase concentrations of
oxygen, butene and butadiene. Experimental values for the inlet and
effluent concentrations of butene and butadiene exist but only the inlet
value exists for oxygen. Preliminary investigations show that oxygen is
always present in excess and is consumed at roughly half the rate of
butene. Thus, as an arbitrary first -estimate for the bulk oxygen
concentration in thé plane of the thermocouples, the inlet oxygen
concentration has been rounded down to the nearest multiple of 0.25x10'3
Kmo]e/m3.

The concentrations of butene and butadiene in the plane of the
thermocouples have been estimated as the arithmetic mean of their inlet
and effluent values. This figure is,again, fairly arbitrary but, in
the absence of a better estimate, has been used in this section of the
work. The effect of varying these concentrations will be discussed later.

It remains to estimate the film transfer coefficients. The basic
correlation for the heat transfer coefficient is given by Equation (5.3).
This correlation may be expanded to:

Nu = 1.86C(Pr)’ (%Ii)ys Ree'/3 (5.21)

The variables CT and L' are subject to the uncertainties described

in Section (5.1). CT it & m=asure of thc additiona: turbulence created
by the voughness of the pellet surface. Turbulence will also be created
by the thermocouple wires in the gas space between the pellet surface and
the reactor tube wall. CT might be expected to depend upon the Reynolds
number in some way as it will approach unity as the flow becomes fully
turbulent at high Reynolds number. L' is defined as a 'total length of



Table (5.1)

Experimental Data of Corrie (26)

Mass Flow

FEED - kmol/m°

EFFLUENT Kmol/m3

7 Bulk Yield Expt.
Run z;gsec Eemp. Oxygen But%ne Butgne But%diene C023 co ?utadiene AT Rep
x10 x10 x10 x10 x103 | x103 | % K

B1 3.15 715.5 1.88 0.93 0.47 0.18 0.78 | 0.19 19.7 7.5 6.9
B2 3.15 734.5 1.88 0.92 0.40 0.21 0.92 ] 0.20 23.3 10.0 6.9
B2 4.93 735.7 1.83 1.19 0.70 10.25 0.74 | 0.22 21.4 10.0 10.8
B4 0.985 735.3 1.84 1.04 0.45 0.23 1.28 | 0.26 20.0 7.5 2.2
B5 | 4.93 736.1 2.22 0.69 0.32 0.12 0.90 | 0.18 17.5 9.0 10.8
BE 2.95 '738.0 2.15 0.80 0.4 0.17 1.07 | 0.22 21.0 6.0 6.5
B7 3.15 756.1 1.85 1.23 0.56 0.23 1.03 | 0.32 18.5 8.5 6.9
AT is the temperature difference between the fluid and the pellet centre

-7
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transfer' and as such is rather ambiguous. As a first approximation

L' was assumed to be the length of the pellet, 0.0085m, and Cy was
~assumed to be 2.33. These estimates, particularly for Crs are somewhat
arbitrary but are of a correct order of magnitude as a starting point
for the procedure that will follow. The theforetical predictions using
these data are shown in the first column of Tab]e (5.2). 1In Table (5,2)
the group CT' is given by:

c' = ].86CT(Pr)y3 (‘33—))/3 (5.22)
Ll

Nu = CT'Re;@
The experimental value for temperature difference has been calculated
by smoothing the profiles published by Corrie (26). The value given is
the difference between the 'smoothed' pellet centre temperavure and the
measured bulk fluid temperature. The 'theoretical' value is the difference
between the calculated pellet centre temperature and the measured bulk
fluid temperature. An example of theoretical and experimental profiles is
shown in Figure (5.1).
» The fluid-solid temperature difference has been recalculated using
values of C;' of 10.0, 15.7, 25.0. 35.0 and 50.0. The results of these
calculations are shown in the subsequent columns of Table (5.2) and the
contents of Table (5.2) are shown graphically in Figure (5.2).

From Figure (5.2) the value of CT' required to correlate experimental
measurements and theoretical predictions may be deduced for each run. If
all runs are considered CT' lies between 15 and 40 but, if Run B4 is
omitted, the range for CT' 1ies between 15 and 30. If Runs B1, B2, B3,
and B5 are considered separately the range for CT' is further reduced to
lie between 15 and 20.

This variation in CT‘ was attributed to two effects. Firstly the
variation of the enhanced turbulence with Reynolds number and secondly,
the uncertainty in the bulk concentrations in the plane of the
thermocouple. '

There is @ fairly strong relationship between CTo' and Reyno]ds
number as may be seen from Figure {5.3). As Reynolds number increases,
CTo' decreases. This reflects the assertion that CTO' would tend
asymptotically to unity as fully turbulent conditions are approached at



Table (5.2)

Preliminary theoretical predictions

of thermal effects in a.single catalyst pellet

AT = Theoretical (K), C+ as a parameter

RiM expeégmenta1
: K Cy=5.0 C;=10.0 C=15.7 €;=25.0 €;=35.0 €3=50.0

ol 7.5 30.91 13.72 8.65 5.59 4.15 -

B2 10.0 39.36 17.02 10.68 6.78 5.07 -

B3 10.0 44.25 19.20 12.03 7.81 | 5.88 -

B4 7.5 92.06 30,07 - 17.80 11.09 8.14 5.75
B5 9.0 28.59 13.01 8.30 5.20 3,91 -

B6 - 6.0 43.36 18.40 11.51 l7.35 5.41 -

B7 8.5 58.25 24.96 15.7 9.86 | 7.34 5.46

AT 1s the temperature difference between the bulk fluid and the pellet centre

29T
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high Reynolds number. The three runs represented in the plane AA' of
Figure (5.3) were carried out at temperatures of 715K, 735K and 755K and

02 /Butene ratios of 2, 2 and 1.5 respectively. The two runs represented
in the plane BB' of Figure (5.3) were performed at approximately the same
temperatures but have 02/Butene ratios of 1.5 and 3.2. It is thus evident
that the reaction conditions and, consequently, bulk conditions in the
plane of the thermocouple, are a significant unknown factor in the analysis.

Calculations were performed to determine the sensitivity of the
predictions to the bulk phase conditions. The results are shown in
Table (5.3). It is evident from Figures (5.2), (5.3) and Table (5.3)
that errors in the estimated bulk concentrations can account for the
spread of points in Figure (5.3). This is demonstrated in Figure (5.4)
where the points in Figure (5.3) have been recalculated by varying the
bulk concentrations for butene and butadiene by 30% or less. The bulk
concentrations were varied in a somewhat arbitrary manner and it must be
emphasised that Figure (5.4) is to be regarded as an illustration only.
Nevertheless it is very evident that correct estimation of the bulk
concentrations in the plane of the thernmocouple is essential for successful
correlation of theoretical and experimenta] values, |

One feature of Corrie's experimental measurements is worthy of mention.
The difference between pellet centre temperature and pellet surface
temperature shows good agreement with the theoretically predicted values
when the 'smoothed' experimental profiles are considered. The differences
are of the order of 1 deg K, which confirms the isothermality of the pellet
and the greater importance of film heat transfer resistance compared to
the intra-pellet resistances. However, the 'true' experimental profiles
show peaks and troughs within the pellet (Figure (5.1)). In particular
a peak is usually found near to the pellet surface. Corrie has attributed
this effect to the possibility of increased pellet density near to the
surface of the pellet caused by case hardening of the pellets during
manufacture. The predictions of the pellet model have been recalculated
for different values of the pellet bulk density within the range 4.]x103
kgm™3 to 4.9 kgm S.
Takle (5.4) and Figure (5.5). The operating conditicas were tlhose alrzady
described for Run B6. .

The variations predicted were somewhat smaller than the intra-pellet
fluctuations measured. Ancther contributory factor might be the variance
of the pellet effective diffusivities near to the surface due to a
rearrangement of the pellet pore structure during hardening processes.

The results of these calculations are shown in
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Table (5.3)

Sensitivity of pradicted thermal effects to variation in bulk-phase

concentrations
(AT theoretical/AT experimeﬁta])
i BASE | 1 2 3
BT 0.75 | 0.70 0.66 0.61
B2 0.68 0.65 0.61 0.56
B3 0.78 0.74 0.69 0.64
B4 1.71 - 1.60 1.48 1.37
B5 0.58 0.56 0.53 0.48
B6 1.13 1.06 - 1.00 0.92
B7 0.99 © 0.94 0.86 0.79
C+ = 25.0 'Base' refers to Table (5.2)

Conditions:

1. Butene ccncentration decreased and Butadiens

concentration increased by 1U%

2. Butene concentration decreased and Butadiene

concentration increased by 20%

3. Butene concestration decreased and Butadiene

concentration increased by 30%

167
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It would be an easy matter, from the point of view of computation,-
to include radial variation of pellet bulk density and effective
diffusivities in the pellet model. However it would be very difficult
to obtain satisfactory experimental data for this effect.

It has been -established, therefore, that the pellet model is !
reasonably successful in predicting fluid-solid temperature differences.
However, it is evident that the model cannot be used in isolation and
must be employed in conjunction with satisfactory estimates for the
bulk fluid conditions surrounding the pellet and for the film transfer
parameters between the pellet and the bulk gas phase.

5.4.2 Modelling the Combined Pellet and Reactor

It was felt that the problems summarised in the previous paragraphs
could be most satisfactorily resolved by setting up a mathematical model
for the pellet environment. This model will obviously incorporate the
previously described pellet model for determination of the source terms.

In modelling the pellet environment, the following assumptions were
made for a one-dimensional model.

(i) The environment is regarded as an annular chemical reactor with the
inner surface of the annular space acting as a source for both heat
and mass. ‘

(ii) The heat transfer away from the reactor is represented by an overall
heat transfer coefficient based on the temperature difference between
the fluid in the annular space and the oven temperature.

(i11)The fluid in,the annuius is in plug flow.

Assumption {iii) is probably the least satisfactory, as the flow is

superficially at very low Reynolds number. However, the principldé area

of interest is the first half of the pellet length and it is in this
region that the thermocouple wires are instrumental in breaking up the
flow patterns and promoting turbulence.

Adapting the one-dimensional, one-phase model described in Section
(2.4) and using the assumptions above, the describing equations may be
written as: ‘ descapbive
Mass balance for each species{See Q‘a, 95-)):

de! | ckaldpC (-l 5,0 (5.22)
dz G(R% --dp2/4)
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Table (5.4)

Sensitivity of predicted thermal effects to variations in pellet bulk density

Py 4881 4700 4500 | . 4300 4100 1

AT 7.3 7.2 7.0 6.7

"

AT is the temperature difference between the bulk fluid and the pellet centre
Run B6, C; = 25.0 ‘

Table (5.5)

Least squares values for CT] and CT2

Run Bl B2 B3 B4 | B5 B6 B7

7.63

6.91

7.07

11.28

6.50

11.80

11.14

7.91

15.92

9.05

12.69

6.54

4.92

10.56
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arf 2 doh £

f
= (—(T5-TT) - RU(TT-Tw)) 5.23
dz  GepR2-dp? /4) 2 t (5-23)
with initial condition:
z=0; ¢ =clin, 17 =Tw | (5.24)

The parameters that require elucidation in this model are kgi,hv and U,
Akgl is eliminated from this discussion by using the Chilton-Colburn
analogy to relate it to the parameter hV’ The validity of this
assumption will be discussed later.
The pellet-fluid heat transfer coefficient, hv, is given by equation
(5.2%). Cq, replaces CT‘in this expression.

h D ) D U \
LA 1.86cT1(P.r)/3 (28 Ree/3
k L

.F

The overall fluid-oven heat transfer coefficient may be similarly
correlated as

uD v, Dt 1
T 1sse, ()8 ()P Re, 3 -  (5.25)
- T2 o) Rer _

f

Ree is the Reynolds number based on Dg and ReT is the Reynolds number
based on DT‘ As before L' has been-set at 0.0085m which is the length of
the pellet. _

It is worth coﬁsidering the factors contributing to CT] and Cro-

CT2 consists of two factors. One will estimate the increased turbulence
caused by the thermocouple wires in the annulus. The second will be a
contribution due to the error in setting L' equal to the pellet length.
L' is unlikely to be in error by more than a factor of 3 which, to the
power one-third, means that this contribution to CT2 will be of the order
1.5. Fully turbulent heat transfer coefficients are of the order of 10
times greater than their laminar equivalents (136). Thus, even if the
flow in the annulus does not become fully turbulent, CT2 might be expected
to 1ie in the range, say, 3 to 15. CT] will have the same contributory
factors and an additional factor caused by pellet surface promoted
turbulence. Thus CT1 may be expected to be similar to CT2 and an
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approximate range of 5 to 20 would appear reasonable. When Pr=0.74,
L,=0.00177, L'=0.0085 are substituted into (5.2%) a range for Cr of

11 to 45 is obtained which is in good agreement with the findings of the
previous section.

For given values of Cyy and CTZ’ Equations (5.22) and (5.23) may be
integrated simultaneously by the Runge-Kutta method.

Care must be taken over a suitable choice of steplength for this
method. The two terms on the right hand side of the energy balance,
Equation (5.23), are of similar magnitude and opposite sign. Thus, if
the step length is chosen too small, the solution will become oscillatory
and the results will be meaningless

From the work of Corrie (26), values for the temperature of the fluid
in the annulus may be extracted for each set of results. For a given
pair of values of C;p and C;p» Equations (5.22) and (5.23) may be integrated
between z=0 and z=0.00425m (the plane of the thermocouples) and
theoretical values obtained for this temperature and for the temperature
difference between the fluid in the annulus and the pellet centreline.

For each of the seven runs considered in the previous section,
values were found for CT]’ and CT2 which minimised the difference between
theoretical and experimental values of these two temperatures. The
minimisation procedure was due to Powell (141). Equations (5.22) and
(5.23) were integrated by a Runge-Kutta procedure using 75 steps, and
120 -grid points were used in SUBROUTINE CAT3A (Appendix A5) for the
intra-pellet integration. Decreasing the steplengths below these values
did not affect the predictions of CT] and CT2 to three signif{icant figures.
The values found are shown in Table (5.5). It can be seen that the
introduction of the second parameter has reduced the spread of results in
CT] .

Considering the proposed contributions towards CT] and CT2’ it is a’
reasonable assertion that these parameters will show a dependancy upon the
Reynolds number, qu. Figures (5.6) showsthe dependancy of CT]
and CT2 respectively on Reynolds number. The plots are on log-log
co-ordinates. The bold lines show.the results of a linear least-squares
reqression analysis for the two sets of data. The equations fur the lines

are:

C

-0.3 : \ :
T1 2.8(Rep) . (5.27)

Crp ='2.7(Rep)-0'3 | (5.28)



Fig(5-6) Best fit of Cr, and C,, as f(Re,)
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The remarkable agreement between these correlations lends considerable

support to the arguments for the introduction of these parameters.
Nevertheless, there is still considerable scatter about these

correlating lines. In Figure (5.6) the broken line shows the correlation

of Runs B1-B5. Run B6 and Run B7 appear to give anomojous results. It

can be seen that these five runs show considerably less scatter about

the broken line, the equation of which is: '

-0.3
Cry = 2.6(Re)) (5.29)

Note that the index on Rep is retained.

Possible explanations for the admittedly wide scatter are:

(i) The nature of the published intra-particle temperature profiles (26)
makes estimation of an experimental value for the fluid-particle
temperature difference accurate to within only 1 deg K. This is
an error or 10% at best.

(i1) The axial temperature increases in the annulus are very small
(&2-5K), considering the elevated absolute temperatures and the
relatively large fluid-particle temperature differences.

(1ii1)A great degree of uncertainty exists in the bulk diffusivity data.

(iv) The Chilton-Colburn analogy is only established for turbulent
condition. .

It is probable that the Tast two explanations are of the greatest
“importance. It has been found that, whereas the combined pellet/annulus
model is capable of predicting the observed thermal effects by suitable
choice of CT] and CT2’ the comparison between predicted and experjmenta]
values of butene conversion and butadiene selectivity is rather poor.

When the integration of the model for the annulus is continued to a
Tength of 0.0085m (the end of the pellet) the theoretically predicted
yields are shown in Table (5.6). The yield is defined by:

yield % (moles of product) y 100

(moTes of reactant) a

where o = no. of C atoms 1n reactant

no. ofC atoms in product

The discrepancy in the results is partly explained by effects (iii) and
(iv) above. Effect (iii) may only be eliminated by specific



Table (5.6)

Theoretical and Experimental Product Yields

BUTENE BUTADIENE Cos co
" theor.| expt. theor.| expt. theor.| expt. theor. | expt.
B1 58.7 50.8 36.7 19.7 25.9 20.9 3.6 5.1
B2 52.2 44.1 41.3 23.3 33.8 25.0 4.6 5.4
B3 69.2 58.7 27.7 21.4 20.2 15.7 2.7 4.6
B4 12.9 39.7 70.8 20.0 79.7 28.4 10.5 5.8
B5 62.3 46.5 32.3 17.5 26.1 32.6 3.8 6.7
B7 52.9 45.6 42.9 18.5 36.8 21.0 4.6 6.5

GAY



176

experimental evaluation of the bulk diffusivities of the relevant chemical

species at the elevated temperatures employed. Effect (iv) could possibly

be resolved by the introduction of a third parameter, CT3 say, whereby

(A5. 4 ) is modified to:

= Cpg VT s
Cpp

-2/3

(5. 30)

In this case, CT3 is a measure of the vé]idity of the Chilton-Colburn-
analogy at a given Reynolds number. This approach, although holding
promise, was not pursued in .he present work because the calculations
involved in the two~-parameter minimisation, involving two numerical
integrations for each pair of parameters tested, was found to be
excessively time consuming and it was felt that the further time required
for a three parameter minimisation would not provide commensurate returns.

Additionally CT] and CT2 should be recalculated after the plane
of the thermocouples as the thermocouple wires a major source of the
turbulence, are now no longer influencing the flow patterns.

It is possible that homogeneous reaction is occuring in the system.
Corrie has observed homogeneous reaction during his investigation although
he has not reported it specifically for these runs. Homogeneous reaction
has not yet been incorporated into the model. ’

Referring to Table (5.6), the typical situation is for butene and
butadiene yield to be predicted too high and CO yield to be predicted too
low. Corrie has reported CO to be the principal product of homogeneous
reaction. Thus homogeneous reaction could account for most of the
discrepancies in Table (5.6). Run B4 is anomolous, in that too much
reaction has been predicted. This run had a considerably lower mass
flow rate than the other runs and so'probably had the highest error in
the prediction of heat and mass transfer coefficients.

5.5 CONCLUSIONS

A model has been set up describing kinetic and transport effects in
and around a single cylindrical catulyst pellef within a giass tube. "The
model has been used to predict thermal effects and the conversion of
butene to butadiene over a tin/antimony oxide catalyst and the results
have been compared with experimental findings.

It has been found that thermal effects may be predicted with accuracy
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by variation of two parameters affecting the film heat transfer
coefficients at the two annular surfaces.

 The outlet concentiations of butene and butadiene are less well
predicted and this is thought to be due to large uncertainties in the bulk
mass diffusion data available, to error in the available correlation for
film mass transfer coefficients between the pellet and the reacting fluid
and to the possibility of homogeneous reaction. It is proposed that these
uncertainties are partly responsible for the scatter that exists when
the film heat transfer parameters CT] and'CT2 are correlated with Reynolds
Number Rep.

It is concluded that the primary objective of the study has been
successful, in that a model has been proposed which is capable -of
predicting the thermal effects observed by Corrie (26) during butene
oxidation. The secondary objective has only partly been achieved in that
no positive demonstration of the ability of the model to predict minor
product formation has been given. Indeed the prediction of the major
product s butadiene, is poor. Nevertheless, the reasons for this have
been outlined and it is thought that the model is a sound basis for
development. Future work, both theoretical and experimental, would well
be directed to catalyst pellets in fixed bed situations under conditions
where uncertainty in film transfer data is not such a serious drawback.
Corrie gives no experimental data for aldehyde production and a combined
experimental and theoretical investigation centred on this effect, rather
than on thermal effects, would prove advantageous, particularly in the
context of future use of the model in heterogeneous-homogeneous situations
as aldehydes are known to promote gas-phase attack of hydrocarbons.
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Chapter 6

DIFFUSION AND CHEMICAL REACTION IN A CATALYST PELLET WITH HOLLOU
CYLINDRICAL GEOMETRY
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6.1 INTRODUCTION

The interaction of diffusion and reaction in a catalyst pellet has
been the subjéct of extensive research (see below). Little attention,
however, has been paid to the case where the catalyst pellet has the
geometry of a hollow cylinder. ]

6.1.1 Reasons for considerirg hollow cylindrical pellets

The consideration of hollow catalyst pellets is not merely of
theoretical interest. In some situations they can have definite advantages
over similarly dimensioned solid pellets.  Additionally, it may be noted
that the manufacture of hollow pellets does not present any great
technological problems as they may be produced by extrusion processes. As
has been shown in Section (4.7), only the isothermal catalyst pellet
need be considered here if the model is to be used in a two-phase model
for a chemical reaction.

Generally speaking, the advantage to be achieved by their use is
threefold. The maximum usage of catalyst material may be approached by
removal of 'dead spaces' in the pellet interior which result from reactant
exhaustion (i.e. in cases of rapid reaction or large catalyst pellets).

In additton, the use of hollow pellets can result in a reduction in
pressure drop across a packed catalytic bed. Thirdly, the heat transfer
characteristics of a packed bed may be improved by using hollow catalyst
pellets (see Section (2.6)).

In the context of the present research there are further considerations
which lead to an interest in this pellet geometry. These arise from the
possibility of occurrence of both heterogeneous and homogeneous reactions.
Three general cases may be considered.

Concurrent heterogeneous and homogeneous reactions may obviously be
selectively controlled by varying the degree of hollowing in a bed of
cylindrical pellets, but consecutive reactions may be of two types.
Assuming that the heterogeneous reaction is always the first step in the
consecutive scheme (i.e. an intermediate is formed on the catalyst), then,
if the subsequeni homogenecus reection is desirable, it is possible to
have an optimum pellet geometry such that the intermediate production is
enhanced whilst simultaneously increasing the amount of space available for
the homogeneous reaction. An optimum is clearly reached as the limiting
situation of total pellet hollowing reasults in no reaction at all.

For an undesirable homogeneous reaction (e.g. gas-phase overoxidation
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of heterogeneously formed products) a small amount of pellet hollowing
may result in an increase in product yield. The actual behaviour will
depend strongly on the relative values of the kinetic parameters (see
Section 6.4.2).

6.1.2 Previous work on hollow pellets

The problem of predicting the behaviour of hollow cylindrical catalyst
pellets has been approached in two ways. Fo1loWing Petersen {1) and Aris
(149), the relative importance of diffusion and reaction in an arbitrarily
shaped catalyst pellet may be characterised by a Thiele modulus,A, in
which the length parameter is the ratio of volume to external surface area
of the pellet. The inhibiting effect of intra-particle diffusion is
usually expressed as an effectiveness factor. It is shown by these authors
that the analytical expression for the effectiveness factor of a flat
slab of isothermal catalyst mateial is applicable to an arbitrarily shaped
catalyst pellet if the Thiele modulus is defined in this wav.

We may therefore write (1):

€ = ' A - (6.1)

where A, the modified Thiele modulus, is given by:

A= ll:!lﬂ@gl; @"= b/ K - (6.2)
2(1-a+g) Desr

This approach will be referred to as the equivalent slab model. It
has been specifically applied to hollow cylindrical catalyst pellets by
Basmadjian (150), Rester and Aris (151) and Rester, Jouven and Aris (152).

Gunn (153, 154) has provided a rigorous approach to the problem. He
has presented an analytical solution to the conservation equation and
corresponding boundary conditions for simultaneous reaction and mass
transfer in an isothermal anisotropic cylindrical pellet. He considers
both solid and hollow cylinders. The effectiveness factor is presented,
in the form of charts, for various values of o. B and 6.

It is felt that the computational requircments of Gura's approach
are such that practical use of the method in packed bed reactor design is
precluded. On the other hand the equivalent slab model was thought to
provide a rather poor representation of the geometry of the system.

The following theory was developed as a compromise between the two

approaches. Comparisons of results from the three models are presented
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in Section (6.3).

6.2 THE EQUIVALENT HOLLOW SPHERE MODEL

6.2.1 Introduction

It is proposed that the hollow cylindrical catalyst pellet be
modelled by an equivalent hoilow sphere assuming that the bulk gas has
equal access to the inner and outer surfaces of the sphere.

The choice of this model representation of the system affords the
following advantages:

(i) The problem is reduced from two dimensions to one dimension

(i1) The balance equation for spherical geometry is handled more easily
than that for cylindrical geometry

(iii) The hollow sphere retains the concept of a finite shape.

6.2.2 Equivalence of Spherical and Cylindrical Pellets

The equivalence of the hollow sphere and the hollow cylinder
is specified by:
(i) Equal external area of sphere and cylinder
(ii) Equal volume of catalyst material in sphere and cylinder.
These conditions result in the following pair of equations:

s

2

| r§(1+a2) =.§ [ (T+a)B + (T-uz)] (6.3)
3

r§(1-a3) - %‘4’_ 8(1-o?) - (6.4)

and a,

These two equations may be solved simultaneously to yield ra

which specify the equivalent hollow sphere.
6.2.3 Mathematical representation of the equivalent hollow sphere model

Consider a hollow sphere with dimensions as shown in Figure (6.1).
It is widely reported (e.g. 1) that the interaction of diffusion and
first order isothermal chemical reaction in a spherical catalyst pellet
may be represented by: :

2

1 EL.(yz QX) - AZX =0 . - (6.5)
yo dy dy - :

Subject to boundary conditions for the hollow 5P¥uare:‘
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(6.6)
Yy = a; X =1
Defining a new variable,

vos=yxo (6.7)

and substituting (6.7) into (6.5) and (6.6) the following differential
equation and boundary conditions are obtained.

- % -0 (6.8)
dy '

y = 1 =1 (6.9)
y = a v = a

The general solution to (6.8) may immediately be written as

v = A'exp(-Ay) + B'exp(dy) - (6.10)

A' and B' are obtained by substitution of (6.9) into (6.10) resulting in:

Al = EXp [(1+a)a] -a exp(2)) (6.1ia)
exp(ar) .- exp [(2-a)x]

and Bt = & -exp [(1-a)a] | | | (6.11b)
exp(ar) - exp [(Z-a)k] S

Substitution of (6.11) into (6.10) yields the concentration profile in the
equivalent hollow sphere: .

w =1 |exw [Ora)] -2exp(2)) oynyy) 4 2zexp E(1=a)2] exp(Ay)
y lexp(arx) - exp [(Z-a)A] exp(ak)—exp[(Z—a)X]

(6.12)
Following normai practice (1) the effectiveness factor is defined by:

actual rate of reaction in catalyst pellet
rate of reaction in the absence of diffusional resistance

We may thus write the effectiveness factor for the hollow sphere as:
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4r(1-23)2%b? dy |y=1 3 gy

€ = 3 [S]Q_X +59_X

.

and, making the correct substitution for S, and S;:

= 3| dX ,
€ (l-a3)A2[ oy yua ] . (6.13)

The negative sign in (6.13) arises from thelopbosite sense of the

- g2dX
y=1 dy

gradients at the two surfaces.
Differentiating (6.12) and reintroducing A' and B' for the sake of

convenience:

dx _ 1 ; ; .

—= == |B' (Ay-T)exp(Ay) - A’ (Ay+1)exp(-Ay) (6.14)
dy y

Finally, substitution of (6.14) into (6.13) yields:

€ = _(T—%?’)_z [(A—1)B'exp_(A)+(‘aA+1)A'.exp(-ak)—(kH)A'exp(—A)—(aA—])B 'exp(ak)]
-av)A .
(6.15)
Thus, for given values of o, B and 0's a, b and thus X may be calculated
from (6.3) and (6.4) and used in (6.15) with (6.11a) and (6.11b) to

calculate the isothermal effectiveness factor.

6.3 PREDICTIONS OF THE EQUIVALENT HOLLOW SPHERE MODEL

The predictions of the equivalent hollow sphere model were compared
with the predictions of the equivalent slab model and of Gunn's analysis
(154).

In order to facilitate comparison between the models a utility factor
will be defined as:

rate of reaction per unit volume of a reactor bed of hollow cylinders

rate of reaction psr unit volume of a reactor bed of similar solid
cylinders without diffusional resistance.

If it is assumed that the hollow cylinders pack in the same manner as
the solid cylinders (154), then the utility factor is simply defined by:
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n = e(l-az) | (6.16)

where € is the effectiveness factor of the hollow cylinders.

Table (6.1) shows the predictions of the three models in terms of
utility factors as defined in (6.16) for values of B8 of 1.0 and 2.0

and for values of a of 0.2, 0.5 and 0.67. It should be emphasised that
a is the fraction of hollowing of the hollow cylinder. These values for
o and's represent reasonahtle nhysical limits to the problem. A value of
o greater than 0.67 would probably yield a pellet with rather poor
strength characteristics, whereas a value of o of less than 0.12 may
hinder bulk diffusion of reactants to the inner surface of the hollow
cylinder, thus violating the boundary condition implicit in all three
models that the inner surface is at bulk conditions. In fact as o becomes
small, the hollow part of the cylinder may effectively be regarded as a
macro-pore along the axis of the pellet. The mathematical representation
of such a system within the fiow situation of a chemical reactor might be
expected to be rather difficult to formulate.

Values of 8 greater than about two result in pellets which may be
regarded as thin cylinders: as such they may be expected to have rather
loose packing characteristics. Values of B of less than about 1 may be
regarded as representing catalyst discs. If arranged "in order", such
discs may be packed very tightly with the resulting problems of high
pressure drops. If packed randomly, the discs might also be expected to
pack loosely. A value for B of 2 might be expected to provide optimum
packing characteristics as the pellet is quasi-spherical in shape.
Figures (6.2a) to (6.2e} show the relative dimensions represented by these
values of o and B.

- The utility factors obtained by the eqhivalent hollow sphere method
are shown in Figures (6.4) and (6.5) for B values 1 and 2 respectively.
6.3.1 Asymptotic behaviour of the equivalent hollow sphere model

For low values of the Thiele modulus, the effectiveness factor tends
to unity and the utility factor exhibits an asymptote in this region of
(1-02). .

hs the Thicle moduius bacomes large the curves of Figures (6.4) and
(6.5) 2gain approach an asymptote. It is found that these asymptotes are
parallel and have a slope of -%. This value may be deduced analytically
by consideration of the equivalent slab model.

From (6.1) and (6.16):



Table (6.1)

Comparison of predictions of equiva]ént hollow sphere model with other

published predictions

ng utility factor calculated by Gunn (153), (154)
Ny utility factor calculated by equiv. slab model
Ny utility factor calculated by equiv. hollow sphere model

nA - NG

My~ Ng
A= e x 100%; Ay= ——Fi;___ X ]QO%
A3=EA—nG—i'ix1oo%
B | «a 2 ng na n A% | Bo% D%
H 1 2 3

1.0} 0.5 1.0] 0.742 { 0,743 | 0,743 0.15| 0.10| ~
1.0] 0.5 10.0} 0.658 | 0.687 | 0.684 4,48 { 3.99| 0.45
1.01 0.5 31.61 0.536 | 0.587 | 0.581 9.59 { 8.38] 1.02
1.0} 0.5 100.0{ 0.373 } 0.419 | 0.412 }12.33110.36| 1.69
1.0} 0.5 316.210.229 | 0.252 | 0.248 9.92 1 8.18] 1.60
1.0{0.5 | 1000.0|0.133 ] 0.142 | 0.141 | 6.99 | 5.95| 0.71
1.01 0.5 3162.3| 0.0769; 0.0800%{ 0.0796 | 4.06{ 3.49|0.50
1.01 0.5 | 10000.0 | 0.0442{ 0.04501%{ 0.0449} 1.81{ 1.50] 0.25
1.0 0.67 1.0]0.547 | 0.548 | 0.548 | 0.23| 0.22| ~
1.0 1 0.67 10.01] 0.5714 | 0.524 | 0.524 2.03 | 1.89| ~
1.0]0.67 31.610.457 | 0.476 | 0.474 4.22 1 3.81 ] 0.42
1.0 0.67 100.0 ] 0.354 | 0.376 | 0.373 6.12 1 5.2710.80
1.010.67 316.2 1 0.228 | 0.244 | 0.241 6.94 | 5.89} 1.24
1.0l0.67| 1o0o00.0!0.133 | 0.740 | 0.139 5.53 | 4.79]0.72
1.010.67| 3162.3| 0.0758] 0.0790} 0.0787 | 4.21 3.791 0.38
1.0]0.67] 10000.0 | 0.0432; 0.0444} 0.0443 | 2.82 | 2.59]| 0.22
1.0] 0.2 1.010.936 | 0.944 | 0.943 | 0.91 0.711 0.17
1.010.2 10.0:0.788 | 0.828 | 0.815 5.07 | 3.47| 1.57
1.010.2 31.610.602 | 0.652 | 0.632 8.26 | 5.04| 3.712
1.0]0.2 100.0 { 0.382 | 0.422 | 0.407 |10.46 | 6.60| 3.17
1.010.2 316.210.225 | 0.243 | 0.237 7.89 1 5.25| 2.50
1.010.2 1000.0 { 0.130 | 0.137 | 0.135 5.08 | 3.62} 1.47
1.0}0.2 3162.3 1 0.0746| 0.0768{0.0762}{ 2.98 | 2.17( 0.79
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Table (6.1) CONTINUED
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R o ng Ny y A-l ’% A2% A3%
1.0{ 0.2 | 10000.0| 0.0424| 0.v432] 0.0430| 1.89| 1.44] 0.46
2.0} 0.5 1.010.727 | 0.740 |0.740 | 1.81| 1.74| =
2.0/ 0.5 10.0 | 0.640 | 0.664 | 0.660 | 3.71| 3.16] 0.61
2.0] 0.5 31.6 | 0.505 | 0.540 | 0.533 | 6.87 ] 5.64] 1.28
2.0] 0.5 100.0] 0.329 | 0.362 | 0.356 | 9.88| 8.18] 1.66
2.0| 0.5 316.2)0.193 | 0.211 | 0.208 | 9.00| 7.79} 1.42
2.0] 0.5 | 1000.0{0.112 | 0.119 | 0.118 | 5.88| 5.14| 0.84
2.0] 0.5 | 3162.3|0.0635] 0.0667| 0.0664 | 5.02| 4.60] 0.46
2.0/ 0.5 | 10000.0| 0.0360 | ¢.0375| 0.0374 | 4.17 | 3.94| 0.28
2.0 0.67 1.0(0.545 | 0.547 | 0.547 | 0.45| 0.43| ~
2.0 0.67 10.0 | 0.505 | 0.517 | 0.516 | 2.37 | 2.23|0.19
2.0 0.67 31.6 1 0.436 |0.458 | 0.457 | 5.08| 4.71]0.25
2.0]0.67| 100.0]0.320 |0.346 | 0.344 | 8.08| 7.38/ 0.58
2.0]0.67]| 316.2|0.200 |0.216 |0.214 | 8.00| 7.24|0.93
2.0|0.67| 1000.01.115 |0.123 |0.122 | 6.97 | 6.48] 0.82
2.0|0.67| 3162.3]0.0659 | 0.0691] 0.0690 | 4.99 | 4.72]0.14
2.010.67 10000.0 | 0.0379 { 0.0389 | 0.0389 | 2.66 | 2.51{ ~
2.010.2 1.010.920 10.935 |0.932 | 1.60] 1.250.33
2.0{0.2 10.0 | 0.702 {0.763 | 0.745 | 8.67 | 6.16 2.40
2.00.2 31.6 | 0.482 |0.551 |0.531 [14.41 |10.20]3.70
2.0]0.2 100.0 | 0.295 |0.334 |0.323 |13.15| 9.54{3.35
2.0]0.2 316.2 [0.170 |0.189 |0.185 |11.14| 8.85(1.93
2.0]0.2 | 1000.0{0.100 |0.106 |0.105 | 6.25| 5.02]0.95
2.0]0.2 | 3162.3|0.0571 |0.0598| 0.0594 | 4.64 | 3.96 |0.67
2.010.2 | 10000.0 | 0.0323 | 0.0336 | 0.0335 3.65 | 0.30

4.02
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_ (1-0%) tanh (A) :

6.17
n i (6.17)
as.A-»=, tanh (A)->1 and (6.17) may be simplified, using (6.2)
_ 2
n = = (1-a+8) (1+a)
gO"
Taking logarithms and rearranging:
2(1+a) (1-a+8) > ' |
Log n = Log -3 Log(e'}) ' (6.18)

B

This demonstrates that for large values of A (i.e.0'), the graph of Log n
against Log dz shows an asymptote of gradient -}. The asymptotes of
Gunn's curves (153) also have this slope.

The absolute position of this asymptote is also of interest and may
be specified by the value of ©'"at the point of intersection of the
asymptote and the 1ine n=1.

When n=1, log n = 0 and (6.18) becomes:

_ 2(140) (1-a+8)
B

OI

(6.19)

The positions of the asymptote in Figure (6.5) as e'%+m are well
represented by (6.19) and (6.19) also predicts that for g=1, the asymptotes
as 0% for 0=0.2, 0.5 and 0.67 are ‘almost coincident (see Figure (6.4)).

It may be predicted from these considerations that all three models
will provide coincident results as @+« and as g-0.

Closer inspection of Figure (6.5) reveals that the curves "cross over"
before reaching their asymptotic forms, which implies that as the Theile
modulus becomes larger - i.e. diffusional limitations become more
important - the pellet geometry may be optimised with respect to the dégree
of pellet hollowing.

6.3.2 Comparison of the equivalent hollow sphere model with the predictions

of other models

The most elaborate model that exists in the literature for prediction
of the behaviour of hollow cylindrical catalyst pellets is that of Gunn
(153) and it is of interest to see how well other, less elaborate models
reproduce the results of that work.

It should be emphasised that Gunn's predictions must not necessarily
be regarded as being correct, as there appears to be no published
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experimental data for comparison.

The discrepancies between the three models have been calculated
and are presented in Table (6.1). It may be seen that, in all cases
considered, the equivalent hollow sphere model is a better approximation
to the full solution than the equivalent slab model.

- The various discrepancies are plotted against Iog(e'z)in Figures (6.6)
to (6.11). Each graph shows three distinct regions corresponding to low,
intermediate and high values of the Thiele modulus.

For Tow values of Thiele modulus (@2< n1) the diffusional influence
is small, and the effectiveness factor tends to unity as © tends to zero.
The discrepancy between the models is n1% in this region, which may be
termed the kinetic region.

The differences at high .Thiele modulus are less well defined. It can
be seen that for 82> 3000, the discrepancy with Gunn's results is, in
both cases, at most 5%. However, the difference between this work and
the equivalent slab model is in all cases less than 3% in this region.

This suggests that some of the discrepancy between Gunn's results and
other predictions at high Thiele modulus may be attributed to uncertainty
in recovery of data from the published form of Gunn's papers.

That fairly good agreement between the models should be achieved at
high Thiele modulus is both reasonable and expected. A high value for
the Thiele modulus may be caused by large particles, very rapid reactions
or a combination of both. A reaction 'band' may thus be envisaged near to
the external surfaces of the pellet. This is demonstrated in Figure (6.3).
Between the reaction bands the reactant(s) have been consumed and the
pellet is not used. As the Thiele modulus tends to infinity, the shape
of the band becomes that of a flat slab and all models would be expected
to yield identical results. It is evident from Figures (6.6) to (6.11)
that in some cases the fall off of the discrepancy to zero is fairly slow.
This may possibly be explained qualitatively in that the outer reaction
band tends to flat slab behaviour more rapidly than the inner reaction
band. Additionally there will be a reaction 'disc' at each end of the
cylindrical pellet. Regions of high Thiele modulus may be termed the
difiusional regional.

In the intermediate region (1<52<3000) the phenomena of diffusion and
reaction are at their most interactive, and there is less agreement between
the three models. Nevertheless the maximum discrepancy between Gunn and
this work is 10% and between Gunn and the equivalent slab model is 15%. 1In
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both cases the maximum error is in the region of 1OO<52<300. This is
in general agreement with the findings of Rester, Jouven and Aris (152).

Some further observations may be made. Agreement between Gunn and
the equivalenc hollow sphere model is generally better for high values
of a. The thickness of material in the two models is given by b(1-a) and
re(]-a). It is found that as o increases, r, and a (given by (6.3) and
(6.4)) tend towards b and a respectively and thus the thickness of
material (i.e. the distance over which the diffusional resistance acts)
becomes more similar in the two models. In the Timiting case of a=1, the
solution to (6.3) and (6.4) is a=l, r =b/B/2.

The advantage, if any, to be achieved by use of the equivalent hollow
sphere model may be assessed by consideration of the accuracy of its
predictions and the comparitive computational effort required.

No estimate of the computation time for Gunn's approach is available
but it may be expected to be rather high due to (153):

a) The need to evaluate hyperbolic functions

b) The inclusion of polynomial approximations to Bessel functions

c¢) The need to solve, iteratively, transcendental equations for eigenvalues
d) The fact that a), b) and c) above are included within infinite series.

The actual time for computation will obviously depend on the number
of terms that must be considered in the infinite series before ccnvergence
may be assumed. Nevertheless, the computational time may reasonably be
expected to be considerably higher than either of the simplified models.
The calculations for the two simplified models were performed on a CDC 6400
conputer and were found to take 0.15ms for the equivalent slab model and
0.75ms for the equivalent hollow sphere model.

It would thus appear that whereas the equivalent hollow sphere model
produces better estimates than the equivalent slab model for the
effectiveness factor of a hollow cylindrical catalyst pellet, the increase
in computational effort required is disproportionately large. It should
be pointed out, however, that in a chemical reactor small errors in any
of the rate parameters, e.g. the effectiveness factor, can lead to much
larger cumulative errors in conversion, selectivity and temperature rise.
As an illustration ¢f this phenoxena, two reaction schemes have b=en
integrated in the environment of a one-dimensional pseudo-homogenecus
tubular reactor (Section 2.4). The results are shown in Tables (6.4) and
(6.5). Scheme A is a simp]e first order exothermic reaction and scheme B
consists of consecutive heterogeneous and homogeneous first order
exothermic reactions. In each case the effectiveness factor has been



Table (6.2)

Effectiveness factor calculated by equivalert hollow sphere method
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62 o > I B o € 62 o £
1.0} 1.0} 0.1]{0.979{ 10.0}2.0{0.6¢0.914 |- 1000.0| 1.0} 0.9 { 0.621
1.0]1 1.0} 0.3}0.979{ 10.0} 2.0} 0.7 0.946 1000.0} 2.0 0.1} 0.101
1.0}11.0} 0.4}10.988} 10.0)2.0] 0.8} 0.973 1000.0| 2.0 ! 0.3} 0.121
1.0{1.0f 0.6|0.992| 10.0} 2.0} 0.9 0.992 1000.0| 2.0 : 0.4} 0.136
1.0{1.0§ 0.7 | 0.995{ 100.0| 1.0{ 0.1 0.398 1000.0{ 2.0 ; 0.6 { 0.189
1.011.0§ 0.8 0.997| 100.0| 1.0} 0.3 0.456 1000.0| 2.0 0.7 ; 0.241
1.0}1.010.9]0.999] 100.01 1.0} 0.4 0.497 1000.0| 2.0: 0.8 ; 0.345
1.0{2.0] 0.1]0.964] 100.0{ 1.0} 0.6} 0.617 1000.0 2.0} 0.9 ] 0.601
1.0{2.0{0.3]|0.976] 100.0( 1.0 0.7{ 0.705 | 10000.0{ 1.0 { 0.1 ]0.0420
1.012.0} 0.4]0.981{ 100.0{ 1.0} 0.8} 0.817 | 10000.0 1.0 0.3 ]0.0484
1.012.0(0.6(0.991| 100.0{ 1.0 0.9] 0.936 | 10000.0} 1.0 0.4 ] 0.0532
1.012.0}0.7]0.994| 100.0 2.0} 0.1¢{0.308 | 10000.0| 1.0 0.6 ]0.0698
1.02.0{0.8]0.997{ 100.0}2.0{ 0.3} 0.371 | 10000.0| 1.0} 0.7 { 0.0865
1.0]2.0{ 0.9] 0.999{ 100.02.0{ 0.4 0.416 | 10000.0| 1.0 0.8 ]0.120

10.0{1.01 0.1 0.830| 100.0} 2.0{0.6{ 0.553 | 10000.0{ 1.0 0.9 {0.220

10.0{1.0{ 0.3} 0.870( 100.0| 2.0| 0.7 0.658 | 10000.0}{ 2.0{ 0.1 {0.0327
10.0}1.0§ 0.4} 0.891; 100.0}2.0}0.8710.791 | 10000.0} 2.0 0.3 0.0385
10.0} 1.0} 0.60.935] 100.0} 2.0 0.9 0.931 | 10000.0} 2.0 0.4 | 0.0432
10.0 1.0} 0.7} 0.957;10C0.0§ 1.C} 0.1 0.131 | 10000.0 2.0 0.6 | 0.0599
10.0 { 1.0} 0.8} 0.977{1000.0 | 1.0{ 0.3 ] 0.152 | 10000.0{ 2.0 | 0.7 | 0.0766
10.0 { 1.0} 0.9 0.993{1000.0 | 1.0 | 0.4| 0.167 | 10000.0} 2.0 | 0.8 | 0.110

10.0}2.07 0.1}0.742}1000.0} 1.0} 0.6 0.219 | 10000.0} 2.0} 0.9 | 0.210

10,0 12.0{ 0.1 0.742]1000.0{ 1.0} 0.7} 0.272

10.0 1 2.01 0.4 0.845|1000.0§ 1.0} 0.8} 0.374




Utility factor calculated by equivalent hollow sphere method

Table (6.3)
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éz o n { éz B o n éz B a n
1.0 1.0} 0.1} 0.969 % 10.0| 2.0 | 0.6] 0.585 1000.0 | 1.0} 0.9] 0.118
1.0{1.0{0.3/0.896 | 10.0 2.0 |0.7| 0.482 | 1000.0|2.0| 0.1 0.100
1.0]1.0{0.4]0.83 } 10.0| 2.0 0.8} 0.350 1000.0 | 2.0 | 0.3 0.110
1.0{1.0{0.6]0.635 % 10.0| 2.0 {0.9] 0.188 || 1000.0 | 2.0 | 0.4| 0.114
1.0|1.0}0.7|0.507 | 100.0| 1.0 | 0.1| 0.394 1000.0 |{ 2.0 | 0.6 | 0.121
1.0{1.0!0.8]0.359 § 100.0| 1.0{0.3| 0.415 1000.0 | 2.0 0.7 0.123
1.0 [1.0]0.9]0.190 || 100.0] 1.0|0.4| 0.417 1000.0 | 2.0 ] 0.8] 0.124
1.0 {2.0{0.1]0.954 ;| 100.0{1.0|0.6| 0.395 1000.0 { 2.0} 0.9} 0.114
1.0{2.0]0.3]0.888 | 100.0| 1.0]0.7] 0.360 | 10000.0 |1.0{ 0.1/ 0.0416
1.0]2.0{0.4]0.824 | 100.0|1.0]0.8] 0.294 | 10000.0 | 1.0 {0.3]| 0.0440
1.0 [ 2.0} 0.6 [ 0.634 || 100.0| 1.0 |0.9] 0.178 || 10000.0 | 1.0 { 0.4 | 0.0447
1.0l2.0{0.7]0.507{ 100.0{2.0{0.1} 0.305 || 10000.0 {1.0{0.6]|0.0447
1.0 |2.0{0.8]0.350 || 100.0] 2.0{0.3} 0.338 | 10000.0 { 1.0 |0.7 | 0.0441
1.0]2.0{0.9{0.190 | 100.0]2.0}0.4] 0.349 | 10000.0 |1.0{0.8]0.0432

10.0 | 1.0]0.1]0.822 100.0|2.0]0.6] 0.354 | 10000.0 | 1.0 |0.9 | 0.0418
10.0 }1.0}0.3]0.792 | 100.0{2.0]0.7] 0.33 || 10000.0 |2.0 {0.1|0.0318
10.0 | 1.0} 0.4 |0.748 || 100.0| 2.0{0.8| 0.285 | 10000.0 |2.0 |0.3|0.0350
10.0 [1.0{ 0.6 | 0.598 || 100.0| 2.0 {0.9] 0.177 | 10000.0 | 2.0 | 0.4 | 0.0363
10.0 { 1.0} 0.7 0.488 | 1000.0| 1.0|0.1] 0.130 | 10000.0 |2.0 |0.6 |0.0383
10.0 | 1.0 0.8} 0.352 || 1000.0} 1.0 {0.3] 0.138 | 10000.0 | 2.0 |0.7 {0.0391
10.0 1.0} 0.9 0.189 || 1000.0| 1.0 0.4} 0.140 | 10000.0 |2.0 0.8 |0.0396
10.0 | 2.0 0.1{0.735 || 1000.0| 1.0 | 0.6 0.140 | 10000.0 {2.0 |0.9 | 0.0399
10.0 { 2.0 0.3|0.738 | 1000.0] 1.0]0.7] 0.139

10.0 | 2.0} 0.4 {0.710 || 1000.0] 1.0 0.8{ 0.135




TABLE(6~4)—Cumulative Error in Reaction Scheme Integration .

Ali'eB . catalytic : (-AH) = 10°] kg-'

Scheme —A

. k= 10 6xp (-7549/T) sec™.
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TABLE(6:5) Cumulative Error in Reaction Scheme Integration .

ARSB catalytic

Scheme—0B

: data as scheme A.

B . gas ! (~AH)=2x10 J kg™

k2=107'95exp( 12560 / T) sec™

all other data as scheme A.

Conversien |cenversien| A Conv. [|Selec. | Selec. Selec. | TEMA | TEMP. | ATe

O-! 7-2 70 | 2:9 1939 | R /-] 319 ) 305 | 46 || ouzo| o7 | 312
02 || I5% '14.6 5.5 | 791 | 807 ’2.0, 686 | 4.8 | 59 ‘0.351 0:34b | 145
o3 ||k |23% | 43 | 529 |56 | 57 | 3861262 | 9-8 | 0-auk| 0:25k | =31
035 1 29-8 1284 | 49 [ 27-5 |32 | /97 2154|7900 | 134 § 0476 | 0o | -7-9
o |36.4 |Bb-b | 6:0 § b6 | 10| |3hb 2931|2739 | 70 || 043 | 038 | 51
05 [|48.8 |47.0 | 38 | 25 .,2-9 /2-3 3085 {3039 | 17 | ol2n]| 0.125 | -0-8

6671
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estimated by each of the simplified models. It may be seen that quite
large errors may accumulate (m207) even when the d1screpancy between the
predictions of the effectiveness factor is only 5%,

6.4 VARIATION OF HOLLOW PELLET GEOMETRY FOR OPTIMUM PERFORMANCE

6.4.1 Single irreversible reaciion

The optimum pellet performance may be defined in a number of ways. In
particular we may define two optimal policies, namely:
(i) best use of catalyst material
(ii) best use of reactor volume

Which policy is followed, or whether some combination of policies is
preferred, may well be an economic decision. In a situation where the cost
of catalyst material is a limiting economic factor, or where Tow
“conversion-per-pass" can be iolerated, then policy (i) would be favoured.
However, if a large "conversion-per-pass" is required, or the catalyst
material is not particularly expensive in comparison with reactor
construction costs, then policy (ii) may prove to be a better proposition.

In order to follow policy (i) it is required to maximise the
effectiveness factor. Effectiveness factor has been calculated as a
function of o and is shown in Table (6.2). As the effectiveness factor
- does not exhibit a maximum with respect to « in the range O<a<l, we must
use the greatest convenient degree of hollowing to achieve policy (i).
Obviousiy the amount of hollcwing employed must be consistent with the
required strength characteristics of the catalyst.

An attempt to achieve policy (ii) presents a more interesting
situation. Consideration of Figure (6.12) and the work of Gunn (154) shows
that for larger values of the Thiele modulus the utility factor shows a
maximum with respect to a and, in general, the greater the value of the
Thiele modulus, the greater the degree of hollowing required to reach
this maximum. Consideration of Gunn's results (154) shows that:

(i) for B values <2 the degree of enhancement, if any, to be achieved
by pellet hollowing is smell. '

(i1) the degree of enhancement to ‘be achieved with pellet h0110w1ng
increases with @ and with 8.

(iii) for B 4 and © 10,000 the utility factor for a bed of cylindrical
pellets may be increased two-fold by pellet hollowing.

The equivalent slab model would appear to present a relatively straight
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forward basis for a first estimate of the optimum degree of pellet
hollowing. Basmadjan (150) has presented curves based on these equations
showing the degree of enhancement plotted against Thiele Modulus, with
degree of hollowing taken as a parameter. The enhancement is shown to
have a Timiting value of 1.33.

Differentiating (6.17) with respect to a and using (6.2) yields, for
the equivalent slab model, g

dn _ (B-20)(1-0+g)Sinh(2.A)
dx 329'

- (1+0) (6.20)

which, for a maximum in n with respect to o, leads to the following

implici i i a s
plicit relationship for max’

Oay = (B-205, ) (1=, #8)STNh(2A ) _ (6.21)
g%0"
(1-a_..)BO"

where A = max (6.22)
2(1—umax+8)

As before, it is of interest to consider the asymptotic behaviour
of the system, ’

As @ tends to zero and the effectiveness factor tends to unity, any
degree of hollowing will decrease the utility factor and so we may
immediately say that, as ©' tends to zero, o tends to zero.

max
As @ tends to infinity the utility factor may be represented by

n = g-I(1-a2+8+a8) ' (6.23)

RO
Differentiating with respect to o and setting the derivative to zero
results in:

Omax = B/2 B (6.24)
Thus, as @ tends to infinity, Gy tENdS to B/2. Immediately it

appears that (6.24) implies that if ¢ is greater than 2, O x is greater

than 1 and this clearly cannot be the case. This anomoly may possibly

be interpreted as stating that for B greater than 2, no maximum in n with

respect to o exists in the range O<o<l. Consideration of Gunn's results
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(154) shows this statement to be fallacious and indeed the converse is
true; as B becomes larger the maximum in n becomes more pronounced.
However (6.22) has no physical meaning for a greater than unity and the
analysis leading to (6.24) breaks down for g>2.

Having established the asymptotic behaviour of the curve of améx
against ©' (as predicted by the equivalent slab model) the full curves
were generated for different values of g. '

The relationship (6.21) was cast in the form:
flogax) = 0 » A : (6.25)

and a solution to (6.25) was obtained by the 'memory' method of
Shacham and Kehat (155). Equation (6.25) was found to be rather ill-
conditioned towards other methods of solution, including the regular-
falsi iteration scheme.

In all cases where B was less than 2, the asymptotic behaviour
predicted by (6.24) was found. As an additional check (6.17) was
considered and a maximum with respect to o was sought by successive
fitting of a cubic in the region of the suspected maximum. The results
obtained were identical to three decimal places. The results of these
calculations are presented in (Table (6.6)). Calculations were also
performed for g=4 (Table (6.6)) and it was found that (6.25) predicted
that @,y tended to unity as ©'tended to infinity. A value of 2 is
predicted by (6.24).

The pellet geometry was also optimised by the equivalent hollow sphere
model. ~ For this model, the utility factor is defined by Equations (6.16),
(6.15), (6.11), (6.4) and (6.3). Again, the maximum was sought by
successive fitting of a cubic in the region of the suspected maximum. The
results of these calculations are shown in Table (6.7). Tables (6.6) and
(6.7) are presented graphically in Figure (6.13). The maximum
discrepancy between the predictions of the two models was ~20%, although
10% or less is a more typical figure for the discrepancy. In all cases,
the equivalent slab model predicts a lower value for Ol than that
predicted by the equivaient hollow sphere model. The predictiun of these
two med2ls are compared with those of Gunn for g=4 (Figure (6.14)). It
may be concluded that in estimating the optimum degree of hollowing for
a single irreversible reaction, the equivalent hollow sphere model affords
only slight advantage over the equivalent slab model. However a better
estimate of the absolute value of the utility factor at this maximum will



TABLE(6-6) Solution of Equation(6—25).

€ caculated by the equivalent slab model
value shown is X qux.
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TABLE(6-7) Solution of Equation(6 —25).
calculated by the equivalent hollow sphere model
value shown is max.
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be given by the equivalent hollow sphere model.

lFina]ly it may be noted that both approximate models predict low
values for Oax” This is significant because consideration of Gunn's
curves shows that as a increases at high Thiele modulus, a maximum occurs
in the utility factor. Further increase in o rapidly causes the utility
factor to fall towards zero. Thus the approximate models provide a
'safe' estimate for a ’

max’
6.4.2 Heterogeneous-homogeneous reactions

As previously noted three general types of heterogeneous-homogeneous
systems may be considered; concurrent, heterogeneous with consecutive
desired homogeneous reaction and heterogeneous with consecutive undesired
homogeneous reaction. '

Considering the following, concurrent reaction scheme:

p
@k

Reaction (1) is a heterogeneous catalytic reaction of order c w.r.t. A*
and reaction (2) is a homogeneous reaction of order g w.r.t. A*. The
relative rates of production of the two products is given by:

kl]E(]'d)H)CAC .

= - 3 ' ' (6.26)
KodhCa
which, when ¢ and g are identical, reduces to:
Kie(1-¢y)
S ARG - (6.27)
kody

¢H’ the . voidage of a bed of hollow cylindrical pellets, is related to
P 5 the voidage of a bed of equivalent solid cylinders, by:

By = &g + o (1-¢) (6.28)

The selectivity of the concurrent reaction scheme will be influenced
by pellet hollowing in two ways. An increase in o will increase the
effective gas space and will simultaneously enhance the heterogeneous
reaction by increasing the pellet effectiveness.

It has already been established that the nature of the dependence
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of the effectiveness factor upon the hollowness of the pellet is predicted
satisfactorily by the equivalent slab model. This model will be used for
a general examination of homogeneous-heterogeneous reaction schemes in
beds of hollow cylinders.

Substituting for e and ¢H’ then:

Ky (1-6¢) (1-0%) (tanh A /A )C,©

S = — > e (6.29)
Ky (640" (1-64))C,°

The case where it is desired to enhance the production of the
homogeneous product is trivial as the pellet may, in principle, be
hollowed as much as is desired.

The case where enhancement of the heterogeneous reaction is desired
is more difficult. Generally speaking it is necessary to enhance the
catalytic reaction by hollowing to an extent greater than that afforded
to gas phase reaction by virtve of the increased available gas space.
This may be expressed by:

85

Sa {o

> 0 | ' (6.30)

as a condition that further hollowing will selectively increase the
yield of heterogeneous product at a particular value of .

It has already been seen that enhancement of heterogeneous reactions
by pellet hollowing is most marked for high values of the Thiele modulus.
Under these conditions (6.29) may be written:

Ve c :

_ 2k1(] ¢s) CA (1+a) (1-a4B) ' (6.31)
- [} 1 2 *
k;Cn 980 (¢g+a“(1-6))

Differentiating:

s§| _ 2k! (1-05)C,S  (8s+a?(1-04)) (B-20)-2a(1-0 ) (1+a) (1-0:48)
sala  kyC,Ip0" (0g+a” (1-04))°

(6.32)

The pacameter 0" is the generalised Thiele modulus for the catalytic
reaction of order ¢ and is defined by (1):

(6.33)
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Inspection of (6.32) reveals that 85/6a is always positive for o=0 and
thus, at least in principle, the selectivity to the heterogeneous product
can always be improved Ly pellet hollowing. The maximum value of S occurs
when &5/8a is zero. If Chiax is the optimum value of §, then 2z
by:

max 1S given

_ : [¢s+a§ax(]'¢s)] [8-2a] - (6.34)

o .
e O ~bs ] D o \ _O‘max+8:’

It will be noticed that the position Of‘amax is independent of Thiele
modulus,and kinetics, depending only on B and b« However, the amount
by which the selectivity is enhanced will depend on all these parameters.
The values of Sax for various values of ¢s and B8 are shown in
Table (6.8). The degree to which the heterogeneous selectivity is
enhanced at this value of o is shown in Table (6.9). It may be seen from
Table (6.8) that the degree of hollowing required to reach an optimum
increaseswith ¢ and B. It may be seen from Table (6.9) that the amount
of enhancement achieved at the optimum also increases with these parameters.
For low values of the Thiele modulus the full equivalent slab model
must be used. Generally speaking, very small values of Orax will be
obtained which are Tower than the practical values for hollowing that may
be considered. ~
If pellet hollowing is to be eﬁp]oyed in order to reduce the pressure
drop in a catalytic reactor, calculations, similar to those outlined above,
will reveal whether this policy will be significantly detrimental to the
desired selectivity. '
Attention may now be switched to consecutive reaction schemes, which

generally, will be of the form:

A% (1) . B* (2) JC*

catalyst gas

Two cases will be considered. Firstly, when B* is the desired product
an secendly when €% s the desived product.

The former case may be dealt with by an extension of the arguments
already advanced for concurrent reaction schemes, for once again it is
desired to enhance the catalytic reaction without unduly enhancing the
gas-phase reaction. The value for optimum pellet hollowing in this case
is identical to that for the concurrent system when the Thiele modulus is



TABLE(6-9)

Percentage enhancement at optimum
pellet hollowing.

2KiCs Ao
—-—chng =% =0-2
g P 1:0 2-0 3-0
s R RS ———

0:35 | 2.4 4.9 -3

TABLE (6-8)
Value of o« for optimal heterogeneous
selectivity,
B |
¢ L 140 2-0 3-0
N |
0-35 J O-10%+ | ©O-1kb 0-/67
0<45 012 | 0:205 | 0257
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high, as it has been shown to be independent of both gas- and solid-
phase kinetics.
In this case the selectivity to B may be written as:
] ' c
2k](1-¢s)CA (T+a) (1-at+B)

S' = : 5 (6.35)
ksCadB0" (65407 (1-0,))

which, in this case, is the ratio of the rate of formation of B* to the
rate of gas-phase remoya] of B*. It is required that-%g‘ is positive
for pellet hollowing to improve the selectivity to B*.  Thus under
~given conditions of g and ¢, a . will have the same value for this
consecutive reaction scheme and for the concurrent reaction scheme.
However, the actual value for the selectivity will differ between the
two schemes as implied by (6.31) and (6.35). The other, more general
arguments, also apply.

The latter case, where C* is the desired product, can be tackled
by stipulating a number of optimal policies. Only one, fairly arbitrary
policy will be considered here in order to demonstrate how an optimum
may be achieved by pellet ho]]owing..

In order to ensure a high yield of C* it is required that a high
conversion of A* and high selectivity to B* must be simultaneously
achieved. One way this may be done is to attempt to prevent the
accumulation of B*, that is to say it is réquired that the overall rate
of production of B* is zero. A negative overall rate of production of
B* implies that B* is being converted to C* at the expense of the
conversion of A%,

USing the previous notation, this condition may be expressed by:

i~ C _ _vir 9
kiCp e(1-0y) = kyCg 0y

kiC,Ce(1-6
. K : W o1 - o (6.36)
koCg= oy

The behaviour of the system may be controlled through the parameters
e and oy although these are not independent, being linked through a.

Using, again, the equivalent slab model, substitution of (6.1), (6.2)
and (6.28) into (6.36) yields: '



212

KiCa°U-0)(1o")  tanh AT - 6.5
ieg? ogralli-og) A | |

Solution of (6.37) will yield o ., the optimum value for o in this
situation defined by CA, CB and the temperature (ki, ké).

The behaviour of the system at the two extremes of 0=0 and
0= will again be considered.

When the Thiele modulus falls to zero, the effectiveness factor, e,
tends to unity and (6.37) reduces to:

k1CAS(1-0) (1-09)
kpCpd o of (1-0)

-1 =0 (6.38)

As the Thiele modulus tends to infinity, the effectiveness factor
tends to its Timiting behaviour of:

e = 1/ A ) (6.39)
and (6.37) becomes:

2k1Ca(T1-9g)  (Wa)(T-o+8)
k;CpIB0" [ ogt u2(1-¢sﬂ

-1 =0 (6.40)

The variation of the L.H.S. of (6.40) for typical values of the
pertinenent parameters is shown in. Figure (6.15).

Limiting behaviour with respect to A* and B* may be intuitively
determined. As CA-ﬁ>O, o
bed should be terminated when A* is totally consumed. As Cg—a 0, i.e.
at the bed entrance, e 0 and, as the gas phase reaction does not

ax"’l which confirms that the cata]ytic'reactor

occur, pellet hollowing is useless unless the caté]ytic reaction is
significantly enhanced.

6.5 CONCLUSIONS

In the analyses that have been presented it has been assumed that the
catalyst pellet is isothermal, i.e., no temperature gradients exist within
the pellet. It has been shown (120) that intra-particle thermal
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diffusional resistance is usually negligible compared with the inter-
particle resistance. If the reactor is represented by a two-phase model
as described in Section (2.2), all inter-phase effects are included in
the bed conservation equations and a description of the behaviour of the
catalyst pellet has only to take account of intra-particle diffusional
effects which are only significant for mass diffusion. Thus the ideas
presented here have direct application to real chemical reactor problems.

The points made in this chapter may be summarised by:

a) A prediction of the interaction of diffusion and reaction in a hollow
cylindrical catalyst pellet may be obtained by solution of the conservation
equations for the system (153, 154). An approximation to the effect of
this interaction may be obtained by modelling the hollow cylindrical
catalyst pellet by an equivalent flat slab of catalyst material. The
maximum discrepancy between this model and the full solution of the

. conservation equations is 15%. An improved approximation may be obtained
by modelling the hollow cylindrical catalyst pellet by an equivalent
hollow sphere. This approach exhibits a maximum discrepancy of 10% but
requires acout six times as much computation as the equivalent slab model.
It is suggested that both approximate models afford a considerable
computational saving over the solution of the conservation equations.

b) Small discrepancies in the prediction of effectiveness factors for
hollow catalyst pellets can lead to much larger discrepancies in the
prediction of temperature rise, conversion and selectivity in fixed beds
of hollow catalyst pellets.

c) Pellet hollowing may be employed to optimise chemical reactor
performance for heterogeneous reactions and, for both concurrent and
consecutive heterogeneous-homogeneous reaction netoworks.

In the case of concurrent reaction networks the selectivity to the
heterogeneous product may be improved by pe]]et'hallowing providing that
the diffusional resistance in the pellet is large enough. This is also
the case for a consecutive reaction network in which the intermediate
product, heterogeneously formed, is desired. In a consecutive reaction
network in which the final, homogeneously formed product is desired, a
value for the degree of pellet hollowing may b< found such that the yield

of this product is maximised.
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Chapter 7
CONCLUSIONS

7. Modelling fixed bed Catalytic Reactors
7.2 Modéliing catalyst pellets for butene oxidation
7.3 Modelling hollow catalyst pellets
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A review of the literature has shown that many cata]ytic‘systems
involve both heterogeneous and homogeneous reactions. A reactant may
undergo separate heterogeneous and homogeneous reaction or may be
involved in both heterogeneous and homogeneous stages, for example,
where a product is formed heterogeneously and then undergoes further
homogeneous reaction. Examples of all these types of reaction are given.

7.1 MODELLING FIXED BED CATALYST REACTORS

Some models for fixed-bed, tubular catalytic reactors have been
reviewed. Models 1in one and two dimensions and involving one and two
phases have been considered and mathematical representations of each
model have been presented. '

The parameters required for a two-phase description of heat transfer
nave been critically reviewed and the relationship between the two-phase
parameters and the parameters required for the other models has been
established.

The integration of the mathematical models has been considered and
a numerical method, based on a finite difference net, has been described.

Published kinetic data for the heterogeneous and homogeneous stages
in the thermal decomposition of nitrous oxide has been incorporated into
the mathematical models and the models have been integrated for a wide
variety of operating and heat transfer variables.

The finite difference methods were found to be convergent with
respect'to the axial and radial stepsizes and, -in a case where radial
temperature gradients were severe, the difference equations were found to
be more sensitive to changes in the radial stepsize than to changes in the
axial stepsize. The three models considered converged, in general, to -
different solutions.

Wide variation was found in the predictions of the two dimensional,
two-phase (2p); two-dimensional, one-ghase (Ip) and one-dimensional, one-phase
(1d) models. The difference between the 2p and Tp models largely
reflected the magnitude of the snlid-fluid filmtemperature difference.

The most significant differences were in the prediction cf bed temperature
profiles. Differences in the predictions of conversion and selectivity
to nitrogen dioxide were less, but still significant.

The 1d model was found to be a poor approximation to the two-

dimensional models. The best agreement between 1p and 1d models was at
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Tow Biot numbers, where wall heat transfer is rate controlling in heat
removal. The 1d model assumes that all heat transfer is lumped at the
wall.

‘ It was found that a reactor could be thermally stable with respect
to the heterogeneous reaction but thermally unstable with respect to
the homogeneous reaction. This results in sigmoidally shaped axial
temperature profiles. Cases were found where the 1p and 1d models
predicted thermal stability while the 2p model predicted thermal
instability. ‘

, The differences in the predictions of the three models are not
directly attributable to the fact that the reactions occur in separate
phases. However, it is evident that, when a two-phase model is necessary,
it is essential to distinguish between the heterogeneous and homogeneous
heat sources. This becomes even more important when arf and arS differ

appreciably. v
' The 1p and 1d models were found to be numerically stable for all
considered values of axial and radial stepsizes. However, numerical
instability was found during the integration of the 2p model. The
instability appears to originate in the solid phase energy balance,
Equation (2.61), which is independent of the axial co-ordinate.
Instability was only found in situations where radial heat transfer was
predominantly through the solid phase. )

The sensitivity of the model predictions to variation in the heat
transfer parameters has been studied for the two-dimensional models.

. Rirly small decreases in heat transfeir parameters (&]5%) led to quite
large {up to 85%) increases in the predicted temperature rises. The
effect of varying a given parameter depended on the particular heat.
transfer situation considered. Generally, a parameter variation resulted
in a greater variance in the model predictions for the 2p model than for
the 1p model. Because of the exponential dependence of reaction rate on
temperature, an increase in a heat transfer parameter led to a smaller
variation in predicted temperature rise than a corresponding decrease in
the same parameter. .

When a kinetic model for heterogeneous and homogcnecus effacts during
the air-oxidaticn of methanol was incorporated into the three mathematical
models, the same general behaviour was found. The differences between
the 2p and 1p models were less pronounced than those found in the nitrous
oxide system. This was because the quantity of heat released in each
phase was of comparable magnitude and thus the fluid-solid film
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temperature differences were smaller.

The predictions of the three models are complicated by the existence
of "effectiveness factor profiles" within the bed. One result of this is
the unexpected comparisons between the 1d and 1p models that were found
on occasion.

In a consecutive heterogeneous-homogeneous‘reaction scheme such as
the oxidation of methanol, the yield of the primary product can fall
suddenly with increasing reactor Tength. It has been shown that this
characteristic may lead to serious design errors if an inappropriate model
for the fixed-bed reactor is used.

7.2 MODELLING CATALYST PELLETS FOR BUTENE OXIDATION

The model that was set up to describe the heterogeneous oxidation
of butene over a tin /antimony oxide catalyst pellet was fou:id to be
capable of predicting experimentally observed thermal effects. The
observed conversions and selectivities were less well predicted,although
- they showed 'order-of-magnitude' agreement. This was attributed to large
uncertainties in the available bulk mass diffusion data, to error in
the available correlation for the film mass transfer coefficients and to
the possibility of homogeneous reaction.

The capability of the model to predicf the formation of aldehydic
minor products - important if the model is to be used in a heterogeneous,
homogeneous situaiton - has not been conclusively established. HNevertheless,
a sound basis for future development of the model towards that objective
has been provided.

7.2 MODELLING HOLLOW CATALYST PELLETS

It has been shown that the use of hollow catalyst pellet geometries
may be advantageous in heterogeneous-homogeneous reaction situations.

The interaction of diffusion and reaction in catalyst pellets with
such geometries may be described by integraticn of thc concervation forr
the pellet, taking into account the proper boundary conditions.

A full numerical or analytical integration of these equations is
very time consuming, andAapproximate methods of integration were considered.
The agreement between the full solution and the approximate solutions
depended strongly on the Thiele modulus. At both high and low values of



219

Thiele modulus the agreement was excellent. At intermediate values,
where diffusion and reaction are equally important in determining the
overall rate, the equivalent slab model gave a maximum discrepancy of
15% compared with the full solution. The equivalent sphere model gave
a maximum discrepancy of 10% although this model required six times the
computational effort required by the slab model.

Small errors in the predictions of effectiveness factors can lead
to much larger errors in the prediction of temperature increase and of
product yields in beds of hollow catalyst pellets, especially in the
case of consecutive heterogeneous—homogeneous‘reactions.

Pellet hollowing may be employed to optimise reactor performance
for heterogeneous reactions and for both concurrent and consecutive
heterogeneous-homogeneous reaction networks.

In the case of concurrent reaction networks, the selectivity to the
heterogeneous product may be improved by pellet hollowing, provided
that the diffusional resistance in the pellet is sufficiently large. This
is also true for a consecutive reaction network in which the intermediate
product, heterogeneously formed is desired. In a consecutive reaction
network in which the final, homogeneously formed, product is desired, a
value for the degree of pellet hollowing may be found such that the
yield of this product is maximised.
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Chapter 8

SUGGESTIONS FOR FUTURE WORK

8.1 Two-Phase Reactor Models
8.2 Use of Hollow Catalyst Pellets
5.3 Investigation of the Oxidation of Butene to Butadiene
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8.1 TWO-PHASE REACTOR MODELS

It is suggested that future work with two-phase reactor models be
directed towards experimental verification of the model predictions for
both heterogeneous and heterogeneous-homogeneous reaction schemes.

. Further work is required on the correlation and prediction of two-
phase heat transfer parameters particularly for solid-wall and fluid-.
wall heat transfer coefficients.

In using the models described in this thesis it is recommended that
particular attention be paid to the effect of variation of the
effectiveness factor within the bed on the overall model predictions.

It would be useful to compare the predictions of the two-phase
model with those of a one-phase model employing an effectiveness factor
incorporating film resistance to both heat the mass transfer. The
- comparison should be from the point of view of both the accuracy of the
predictions and the computational requirements of the two models as it
is expected that such a one-phase model would requiré a greater
computational effort than the two-phase model due to the time consuming
calculations necessary to calculate this type of effectiveness factor.

An investigation into the incorroration of a branched-chain
homogeneous reaction into the reactor models would also prove useful.
The oxidations of formaldehyde, or of butene and butadiene in the gas-
phase, would be suitable reactions for this investigation. The results
would be of direct relevance to the continuing study of the catalytic
oxidation of butene to butadiene.

8.2 BE OF HOLLOW CATALYST PELLETS

The Titerature does not appear to contain any experimental data
concerned with catalytic conversion by pellets with hollow geometries.
It is important that this information be collected, preferably for
heterogeneous reactions, and compared with the predictions of the models
discussed in this thesis.

Experimental verification is alsc required for the ideas developed
on the use of hollow pe]]eté for optimising heterogeneous-homogeneous
reaction schemes. ' '
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8.3 INVESTIGATION OF THE OXIDATION OF BUTENE TO BUTADIENE

It has bcen mentioned that the work in this thesis concerned with
butene oxidation is part of a continuing study on the system.

Any future work on the system should consider both heterogeneous
and homogeneous reactions and it is important to distinguish between
these effects. One way to do this would be to use an experimental
arrangement similar to that of Brown (33) where a known volume of frae
space follows the fixed bed. This volume can be varied to determine
~ the proportion of the reaction that is homogeneous. Alternatively, an
approach similar to Halladay andMrarzek (8) could be employed. The
amount of effective surface in a fixed-bed could be varied by varying
the pellet size and thus the pellet effectiveness factor and the
voidage.

Measurements are required on a fixed-bed reactor in which only
heterogeneous oxidation of butene is occuring. It is important that
the formation of aldehydicproducts is measured, so that the mathematical
model for the catalyst pellet may be finally verified.

This model may then be used as part of an overall model for a
fixed bed reactor, the homogeneous stages being described by aldehyde
induced radical chain reactions.
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APPENDIX Al

Computer Programs



226

The following pages show the subroutines that were written to

integrate the two-dimensional models. The programs are general in

nature and applicable, in principle, to any reaction system, simple

or complex, heterogeneous and/or homogeneous, occuring in a fixed bed.

The subroutines listed are:

PHASE 2
CONTIZ2
COMAT?2
ROWNEX

STDIMP
ROWONE

SOLIDS
COMAT
STDLEQ
CHECK
RESULT
STORE
HTRANS

controls integration of two-phase model

controls intagration of onerhase mode

evaluates matrices of coefficients required by ROWNEX
advances implicit finite difference method by one

axial step _

solves the sets of ‘Tinear equations generated by ROWNEX
advances explicit finite difference method by one axial
step ‘

solves the solid-phase energy balance

calculates coefficients required by solids

solves set of Tinear equations generated by SOLIDS

checks solutions for negative concentrations

prints values of radial profiles as integration proceeds
stores axial profiles as integration proceeds
calculates heat transfer parameters

The detailed use of these subroutines is specific to the case being

studied.

Briefly, the calling sequence is:’

STQRT

Set data
(See below)

CALL HTRANS

Set VHata
(See below)

CALL PHASF 2
or CONTIZ

Print out results

v
END



The data, and FPRTRAN variables, that need to be set
HTRANS are:

Variable

The main parameters calculated by HTRANS are:

parameter

A
AY
AY

n -Hh O OV -=h

- description

catalyst pellet diameter
reactor tube dizreter

bed voidage

superficial mass flow rate
heat capacity of fluid

mean fluid inlet temperature
fluid thermal conductivity
solid thermal conductivity
reactor tube radius

Reynolds numbe:-

FORTRAN symbol

AKRF
AKRS
AKR
AWF
AWS
AW

U
HYAV
ANBIS
PE
ANBIF
ANBI

units

kg m “sec”

J kg™l K7

W~ ! K]
W~ K]
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before the call of

FORTRAN symbol

DP

DT
P@R
GF

CP

™
AKCG
AKS
RTUBE
RE

Before PHASE2 or CONTI2 is called the following variables must be set:
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FORTRAN symbol

Variable Description _ Units
- output control
C - no output
1 - final profiles printed
2 - profiles printed at each step
- 0 - only current profiles retained
1 - all profiles stored
NA No. of axial steps
M No. of radial steps
- No. of conservation equations
1.4 inlet profiles K or (-)
Tw wall temperature ' K
- density of fluid at 273K multiplied -3
by 273 kagm “K
0 density of fluid at inlet temp. kgm-3

L reactor tube length

IWRITE

IST@RE

N

M

NC
YS(M,NC)
™

RHAR
DEN
ALT

When a FPRTRAN variable includes NC as a dimension, the first member
refers to the fluid temperature and subsequent members to the relevant

chemical species.

Additionally, the heat transfer parameters calculated by HTRANS
must be incorporated into the following groups.

Group FARTRAN symbol
4,2 GR1
dtche GR2
16dpd/(Pe ) d;° AM
BiS BIS
1607 /d,° AS
~AS x BIS ASBIS
Bi' or BiC | BIF
16arf or 16Ar¢/dt2 AF

No further details will be given as each application of these

subroutines must, at present, be individually tailored to the situation

required.

The out-put of PHASEZ is:



FBRTRAN variable
or array

R3(M,NC)
TS (M)

YST1(2,N)
YST2(N,N)
YST3(2,M)
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Description

Radial profiles at reactor exit
Solid-phase radial profile

Centre-line axial profiles of Tf and T°
Complete 2-dimensional profiles

Solid and fluid radial temp. profiles in
the plane of the maximum temperature.
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Subroutines for two- dimensional Inkegrakions.

SUBROUTINE PHASEZ2(MsNIR1IsR2'R3I+TSeAsALT+RATHOM s
XRATHET s IWRITESNNIF*YSeCMeCS+ADPELL oF ILMeYST1+YST2
XeNCrAl ¢+ HF + X2 ¥S5T3)

LIST OF IMPORTANT VARIARLES.
M NO., OF RaplAL STEPS.
N . ND, OF AXIAL STEPS.
NN N+10
NC NO«OF e CONSERVATION EQUATIONS.

R1(M«NC) ) PREVIOUS+CURRENT AND FUTURE

R2(MINC) ) RADIAL PROFILES DURING

RI(MINC) ) INTEGRAT IONe

TS(MINC) RADIAL SOLIDS TEMPERATURE PROFILE.
ALTVING) RFEACTOR LFENGTH.

RATHOM  3UBROUTINE EVALUATES FLUID SOURCE TERMS.,.
RATHET  SUBROUTIN® EVALUATES SOLID SOURCE TERMS,
FI{M'NC) SOURCE TFRMS,

ALL OTYFR VARIABLFS ARFE INTERNAL AND MAY BE
REGARDFD AS WORKING SPACFE.

DIMENSION RI{MaNC)I'R2(MINC) sRIIMINC)I+TSIM) +sA(M) +sF (M3
XNEC) s YSIMINC)IeCMIRsMINC I CSIIsMaNC) « ADINC) sPELLIMINC) «
XFILMIMY s YSTI(2+NN)Y*YST2(NCeNNYsALINC)Y s HF (M) s XINN) »
XYST3(2 M)

COMMON /7 CONTROL / M1+ AK1AK2sACC

COMMON /7 FLUID /7 AF«RBIF+AM

COMMON / SOLGAS 7/ HVAVIRHOR«TWeEP

COMMOM 7/ SOLID 7/ ASBIS « AS » BIS

COMMON / FACTORS ~ RADFSsRADFGYRADFC+RADF 1
COMMON / RESUL / TSMAXYFMAX«TCMAXsTIMAX s XMAX s 1 ROW
COMMON 7 STAR / 15Tam

EXTERNAL RATHET+RATHOM

IFLISTARGEQe1) IWRITFE=0

M1 =M—1

MT=M1/2

20

30

a0

Ar=1e/FLOAT(M1)
AA=AKKAK

Ak 2= AA+AA
AN=ALT/FLOAT(N-1
A~C=0,00002%FLOAT (M)

1T7=0

A[_=o .

IPOW=1 .
TamMaAX=0,

DO S IM=1M

DN 5 INC=1sNC

R (IMe INC)Y=YS(1IMe INC)

cat.L cOmMaT

CALL SOLIDSITS«RI«ASPELL «FILMsHF sRATHET »1 «MeNC)

CALL STORE(R1I«TS(1) yMs JROWYST1+YST2+NC)
IF{IWRITE«GTel) CALL RESULT(ALIRISTS+YST21MsNCs IROW)

TeMAX=AMAX 1 {TSMAX+TS( 1)) :
X( IROW) = Al
IF(TSMAXGNF«TS(1)y)y GO TO 7
TEMAX=YSETI(2+ IROW)
XmAX= AL
DO B IM=1M
YST3(1e IMYy=TSOIM)
YST3(2s IM)=RI ([Ms 1)
CONT INUE
AR IG=AMAX] ( AF + AM)
An=0467%ARIGHAN/AKS '
AR=AA+AA+C .67
Ar=ALOG(AR)
A1=(AC/0.693142)41
IF(Al=~14) 20420430
ArD= AN
IsUR=1
GO To 40
ISUB=IFIX{AI)+]
AA=24 %% ISUR~1)
ANS=1 « 7/ { AA+AA+AA=D 0 )
AHD=AN¥ANS
CONT INUE

|

0ce
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a3
4p

60

70

ao

as

90

Ay (1) =AF

NN 41 INC=2«NC

A1 CINC) =AM

CALL ROWONF(AHN ¢RI *R2+BRIF+TWeF eMeNCrAl +PFLILFILM»
XRATHOM) '

120W=p,

CALL CHFCK(R2+yMs IT*NC)

IF(1TeGT«0)Y RETURN

CALL: SOLIDS(TS+R2«AWPFLLIFILMsHF sRATHE T «2 ¢ MeNC)
AL=AL+AHD

Ccall. STORF(Q?QTS(])vaIROWcYSTI.Y%TZqNC)
1IFLIWRITE«GTWs1) CALL RESULT(ALoRZoTSvYSTZoMcNCcIROW)
TSMAX=AMAX ] {TSMAX+TS( 1))

X{IROW ) =AL.

IF(TSMAXNF.TS(1)y GO TO a2

TEMAX=YST1 (24 IROW)

XmAX=AL

DO 43 IM=]M

YSTR(1+eIM)=TS(1M)

YSTA(P«IM)=R2({IMe1)

CONTINUE

IeH=1SUS+15UB

IF{ICH.LTea) GO TO 90
COANT INUE
IF(IPOW=~ICH) 90.80+70
CONTINUFE

TMP=R3I(MTe1)/RP2(MTe 1)
TEMD=TMP* TP % TMP

DO 75 IM=1.M

DO 75 INC=1+NC

R1 (1Ms INC)=R2{ IMs INC)
R {IMe IMNC)Y=R3(IMe INC)Y
Go TO 110

CONT INUE
TMP=RI(MT 1) /RP(MT 1)
TEMP=TMP* TMP* TMP

NN 8% IM=z=]1«M

DO 85 INC=1eNC

R2¢(IMs INC)HY=RI3(IMe INC)
R CIMe IMNCYI=2YSTIMe INC)H
AHD=AN

Gn TO 110

IF(TROW.EQes2) GO TO 105

o5

100

105
110

171
120

231

Iv=MOD(IROW2)+1
G TO (70+495) .1V
CONTINUF
TMP=RI(MT 1) /R2(MT 1)
TEMO=TMP%* TME*TMP
NO 100 IM=1 WM
N 100 INC=1eNC
R2CIMs INC)YI=RI( M. INC)
ARD= AHD+AHD
Gn To 110
TEMP=1.
CONTINUE
RSTOR=(]4—RADFS)*#AS .
ASN=RSTOR+TEFMPXRANDFS*AS
FACT=ASN/AS
AQ=ASN
R1S=RIS/FACT
RADF Sz 1+~ (RSTOR/AS)
RaTOR={1,-RADFG)*AF
A-N=RPSTOR4+TFMPXRANF G*AF
FACT=AFN/AF
AF=AFN
BIF=RIF/FACT
RADFG=14~(RSTOR/AF)
CALL COMAT2(CMsCSsADYMINC+ARD+ IROW+ ICH)
CALL ROWNEXI(RI «R2PsRI«F sMINCICMeCSIPELLSFILM+RATHOM)
CalLl CHFCKIR3syMeITINC)
IF(ITaGT0) RETURN
IPOW=]ROW+1
CALL COMAT
CaLL SOLINSITS+RAGAPFLLIFILMiHFyRATHET 12 ¢MeNC)
Al =AL+AHD
CALL STORFI(RI3sTS(1)eMe IROWeYST14YST2eNC)
IF(IWRITE LG T-’.)
ToMAX= AMAX1(r<MAx.TS(1))
X{TROW) =AL.
IF(TSMAXNF.TS(1)) GO TO 1?0
TFMAX=YS Tl(?-lQOW)
XatAX=AL
DO 121 IM=1«M
YSTA(1+IM)=TS(IM)
YSTR(24 IMIZR3 (M)
CONT I NUE

IF(ISTAH FO-!-AND.KROW GF eN=5+ICH) IWR!T~=2

CALL RESULT(ALIRI*TSsYST2«MesNCs IROW)

| 344



IF(IRPOWLLTN=24+ICH) GO TO 60

IF(IWRITEGTA0) calL QFSULT(AL.RS,TS-YSTZOM!NCQIROW)
RFTURN

FND

SUBROUT INE CONTIP(MINsR1sRP«RBALTRAT IWRITE s NNsF ¢ ¥YS
XeMeCSeAD X e YST1eYSTRNC AL sPELL«FILMeTS«YST3)

DIMENSTON R IMINC)YIR2IMaNC) 1R3IMINC) sF(MaNC) s YSIMeNC) »
XCMUBeMINC) sCSI3eMaNCHSADINC I« YSTI U2 oeNN) s YST2(NC oNN) »
XAY INCYsPELLIMOMNC) osFILMIM) s TSIM) « XINN) ¢ YST3(2 M)

COAMMON 7/ CONTROL / M1+AKs A2 ACC

COMMON 7 FLUID 7 AF«RIF«AM

COMMOM 7/ SOLGAS 7/ HVAVIRHORSTWsEP

COMMON / FACTORS RADF S RADFG+RADFC s RADF |
COMMON 7 RESUL 7/ TSMAX+sTEFMAX s TCMAX+TIMAXsXMAX« IROW
COAMMON 7 STAR 7 18TAR

EXTERNAL RAT
IE(ISTARLFQel)
TeMaAX=0,

M]:M—]

MT=M1/2
A=1+/FLOAT{M])
AA=AK¥AK
Ak2=AA+AA
AN=ALT/FLOAT(N-1)

1T=0

IROW=1

AL:O.

NN 5 IM=1 M

T {IM)=0,

NN 5 INC=1eNC

Ry (IMe INCI=YS (M. INC)
TerMAX=AMAX I ITCMAXWR10191))
X(IROW) =Al.
IF(ARS{AL~-XMAX) oGT
DO 8 IM=1+M
YST3(1e IMY=R]1(IMe])

CONTINUE

CALL STORFAR1+0,4+sMyIROWeYST1sYST24NC)
AR TG=AMAX] (AF ¢« AM)

AA=0 6 TRABIGXAN/AK2

AR=AA+AA+0 .67

IWRITF=0

¢0.1F~-10) GO TO . 7

20

30

an

41

43
ap

60

70

75

a0
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AC=ALOG(AR)
B1=(AC70,603142)+1
IF(AT~14) 204204730
AHD= AN

1suUR=1

GO TO 40
1sUB=IFIX(AL)Y+1
AA=2 o ¥ ¥ ( ISUR~1)

ANS= 14/ (AA+AA+AA=D )
AHD= AN¥*ANS

CONT INUF

Al (1) =AF

DO 41 INC=2e«NC .

Ay LINCY=AM

IDOW=2

caLL QOWONF(AHD.Q]'Q?cHIFvTW;F.MvNCoAlOPELLsFILM‘QAT)
CALL CHFCK(R2«MaITNC)

IF(ITeGTL0) RETURN

AL =AL+AHD

CALL STORE(RZ2+0,eMe IROWSYSTI «YST24NC)

IF(IWRITESGT.1) CALL pEgULT(ALOQZvTSOYST(_'M'NC'IQOMH
TEMAX=AMAX1 ITCMAXsR2(1s1))

X1ROW) =Al.

1T (AQS(AL=XMAX) ¢ CTeD

nNO 43 IM=1«M

YEST3(1« IMY=RP([Me1)
CONT INUE

ICH=15U8+ 15U

I (I1CHLTe4) GO TO 90
CNANT INUE

IF(IROW=ICH) 90+80+70
CONT INUFE
TMP=RI(MT 1)1 /RP(MT 1)
TeMP=TMP* TMP#TMP

DO 75 IM=1+M

NN 75 INC=1NC

R1 UIMe INCY=R2 (1M INC)
Ro (M INCI=R3{IM¢INC)
Gn TO 110

CONT INUE
TMPzR3I(MT 1) /7RP{MT 1)
TEMP=TMPA TMP*TMP

DO B85 IM=14M

«1F=-10) GO TO 42

i

gee
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Q0

100

105
110

121
120

DO 85 INC=1+NC

Ro (IMe INC) =R3( IMs INC)
R (IMeINC)=YS(IMs INC)
AHD=AN

GO TO 110
IF{IROW.EQe?) GO TO 105
1V=MOD{ TROW+2 ) +1

GN TO (70495)¢1V
CONT INUE
TMP=R3I(MT 1 )/R2(MT 1)
TEMP=TMPX TMP* TMP

PN 100 IM=1 M

DO 100 INC=1sNC

Rp (IMs INC)=RI(IM4 INC)H
AHD= AHD+AHD

GO TO 110

TFEMP=1 .

CONTINUE
RSTOR=(1,-RADFC)*AF
AFN=RSTOR+TEMPXRANFC*AF
FACT=AFN/AF

AF =AFN

RIF=RIF/FACT
RADFC=1e- {(RSTOR/AF)

CALL COMAT2{CMesCSsAD«MINCesAHD+» IROW s ICH)
CALL ROWNEXI(R1 sRP2¢RI4F «MeNCeCMICSPFLL«FILMYRAT)

CALL CHFCK(R3«Ms1TeNC)

IF{ITLGT.C) RFTUDN

100W=1ROW41

Al =AL+AHD

CALL STORE(R3+0,eMs JROWsYST1+YST2eNC)

IF(IWRITE.GTe1) CALL RFSULTIAL*R3I«TS«YST2eMeNCs IROW)

TAMAX=AMAX] (TCMAX2R3(101))

X(IROW) =AL.

TF (ARS(AL~XMAX) ¢ GTe0,:E~10) GO TO 120
DO 121 IM=1.M

YST3(1+IM)=R3(IMs 1)

CONT INUE

IF(ISTABCEQs1 e ANN L IROW 4GE o N=54+ICH) IWRITE=2

IF(IROW LT N=-2+1CH) GO TO 60

IF (IWRITE«GT40) CALL RESULT(ALsR3+TSsYST2sMsNCs IROW)

RETURN
END

SUBROQUTINE COMAT2(CMeCSe+AsMINCeAHD « JROW « ICH)

DIMENSION AINC)IsCMIZeMINC)IsCSI3aMINC)
COMMOM / FLUID 7/ AFsRIF.AM
COMMON / CONTROL ~/ MisAKsAKZ2ACC
An=0 4 25/ AHD

Al =AP+ARHADR

A=A 14+AP

Al1)=AF/AK

Al2) =AM/AK

DO 5 INC=3NC

ALINCI=ACINC—-1)

NeL=NC

IF{IROWGT ICHINCL=1 :

Do 2C 'INC=1eNCL

CM{2¢1+INC) =ATINC)Y+AY '
CSU2e10 INCY==ALINC)+AL ‘
CM(3419INCY=A(INC)~AR
CS(3+1¢INCY=A(INC)Y+AR
CM{teteINC)Y=O,

CSlis1e«INC)=0,

PN 10 IM=2eM1 .
ArM=FLOAT( [M=1) '
AA=ALINC)¥ACM

CM{24IMs INCI=AA+AA+AS

CS (24 IMs INC)I=A3~AA—AA

CM1 e IMyINC)=( ACMLACM~]1 4 ) X0« S*¥ALINC)
CS Ul eIMe INC)I=CM{ 1+ IMsINC)

CMI3+IMe INC)I=(ACMIACMLT 4 ) ¥DLSHACINC)
Ca (R IMe INC)I=CMI 34 IMW INC)

CONT I NUE

CM(T My ’NC)Z'OQ

CS(3eMa [NCY=0,

ArM=FLOAT({M=1)%%2)

CMULsMe INCY=A(INC ) ¥AK%XACM

CMET eMe INCHY=CMU 1 oM INCHI+CM( 1 «Ma INC)
Ca 1 +Mo INCI=ZMI1eM* INC)

CM{24Mey INC)=CM(1 «M* INC)I+A3

COL2eMe TNC)z=CM( 1 +MeINC)I+AR
TOAN=RIFXAF%¥0 S*¥FLOAT(M+M~1)
CM{Z'M‘1)=CM(20M.])+TQAN
CS(PeMe1)1=CS (2P eMy1)=TRAN

RF TURN

END

233

€€C



20

30
10

50
60

SURROUT INE STDIMP (C+RNeNC M)
DIMFNSTON C(3sMeNC) sRN(MNC)
DIMENSION W(100)s G100}

My =M=—1

DO 10 INC=1.NC
W(l)=C(3e1eINCY/C (2919 INC)
G1)=RN(1s INCHI/C(ps 1+ INC)

N 20 [M=2PeM

NzClPe IMIINCI=C {1 s IMsINCHIXW( [M=1)
WIM)=C(3«IMINC)H /D
G(IM)-(DN(vaINC)+C(1~1M~1NC)*G(IM~1))/D
RM(Ms INCY=G (M) |

DA 30 [M=]eM1

RN(M=IMs INCI=W(M=IMI®¥RN(M=IM+1 ¢ INC)I+G (M=1M)
CONTINUE

RETURN

END

SUBRRPOUT INFE ROWNEX(R1+R2¢RIIFAaMINCICMeCSePELL«FILM
XSOURCE)

DIMENSION RIIMsNCI'R2I(MINC)IsRIIMINC)IeFIMING)»

1 ePFLLIMsNCY e FILMIM)SCM{BsMaNC)I s CS(I3+MeNC)

COMMON 7 SCLGAS / HVAVWRHORSsTWEP

COMMON 7 FLUID / AF«RIF»AM

M1 =M1

CALL SOURCF(R2sF+OELLFILMeMeNC)

nOa 60 IMC=1eNC
Fe1eINCI=CS(2e 1+ INCIHRI{T 1 INCI+CSI341+INCI*RI(Z2+INC)+
X1 ,5%F (16 INCI+0S*F (20 INC)

DN S0 [M=24M)

Imp= [M=p
FOIMJINCHISFTITMaINCIHF( IMs INC)
NN 50 IND=1+3

F(IMJINCI=F({IMJINCI+CSCINDsIMs INCYXRI ( IM24+IND+ INC)
F(W!INC)"CS(]quYNC)*Rl(M]leC)+CS(20MoINC)*R1(M‘INC)
X+ (Mo INCHI+F (MW INC)

F(Me1)=F (Me 1) +TWRFLOAT (M4M~1 ) *AF¥RIF

CALL STDIMP(CMsF (NCsM)

DO 70 INC=1.NC

76

10
20
30

40

50

&0

70

80
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Do 70 IM=1 WM

RACIM INCYI=F (IMs INC)H
RETURN

FND

SUBROUT INESOL IDS(TSsROWsAYPELLSFILMsHF s HETERO» IGyMeNC)
D]MFN%IONT%(M).A(M)-QOW(M.NC)oDELL(MoNC)oFILM(M)oHF(M)
COMMON / CONTROL / M1+AKsAK2 s ACC

CAMMON / SOLGAS / HVAVeRHORsTWIER

CAMMON 7/ SOLID 7 ASA1S+«ASR1IS .

GO TO - (10+30) 416G
NO 20 [M=1.M
TSOIMY=ROW(IMe 1)
CONT INUF ,

DO 40 IM=1 M

HE (IM)=(] o =FP)*¥RHOR/TS (IM)

CALL HETERO(ROW«TSPELL s HF s M NC)

AC1) =0, 75#HF (1) 404 25#HF (2 )+HVAVAROW( 1+ 1)
DN 50 IM=24M ‘
ACIMI=HF ( IM)4+HVAVXROW( IM» 1)
A(M)=A(M)+(ASRIS/AK+HASRIS*D,5)#TW

cALL STOLFOCAM)

FOROR=0,

NN 60 M= WM
FOR=(ATIM)=TS(IM) )/ (ATIM)=ROWIIMs 1))
FOROR-FPPOR+ERR*FPR

N 70 IM=1 oM
TSOIM)=A(IM) , :
(IM)=ROW(IMs 1)) *HVAV

FILMIMI=(TS
IF(FRROR=-ACC) 80,80+30
RETURN

END

SURRPOUT [NE ROWONE (AHDYR1vRP+BIFs TWaF sMelNC e AvPELLSF [LMs
XSNURCF)
DIMENSION RIIMsNC)Y*RAIMINCHIIFIMINCITAINC) +PELLIMINC) o

XFILM (M)

COMMON /CONTROL / MloAK‘AK?'ACC
AR =0 5% AHD/ AK
B=FLOAT (Ml %M1

i
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30

10

CALL SOURCE(R] «F +PELL «FILM«sMeNC)

NN 30 INC=1eNC

At =A(INC) #AA

Ao=1e=-A1-A1~-A]

An=4 ¥ AL

Aa=2 ¥ AHNXR¥A(TNC) }
Ro(1«INMCI=AP*¥RI (1« INC)Y+AZXRI(2¢INC)I-AI1*¥R1 (3¢ INC)

X+AHN#F (14 INC)

DN 20 IM=2.M1

As=FLOAT(IM=-1}

AR=AS+AS~1] .

A7=A642

RO (IMy INC)I=A1FAH6XRI(IM=1+IMCI+(1e—-AS¥AT) ¥R ( IMs INC)

X+A1ZA7#R1ICIM+T « INCHHAHD#F ( IMe INC)

R2(MeINC)=A4%RT (M o INC)I+(1e-A4)¥R]1 (Me INC)+AHD*F (Mo INC)
A=A (1) ¥AAXAKRXRTIF*FLOAT( M4M=1)
Ro(Ms1)=R2(Mel ) —AR*¥ (R (Ma])-TW)

RETURN

FrD

SURROUT INF CcOMAT

CAMMON / COEFF) /7 C(3+200)
COMMON / CONTROL / M1+ AK«AK2+ACC
CAMMON / SOLID / ASRIS+AS»ALS
COMMON / SOLGAS 7 HVAV«RHOR«TWEP
M=M1 +1

Ay =AS/AK

AP =AS/NK?

nA 10 IM=24M)

AMM=F| OAT( [M=1)
CllsIMI=ATH{AMM=0,5)

AA=Al¥AMM

Ct2« IM)=AA+AA+HVAVY
C(3vIMI=A 1 *¥(AMM4+0,5)

Ctlel1)=0,

C(3+M)=0,

C(2+1)=A1+HVAV

Ct3+1)=A1

AR=AZH+AP+A2+AP
C(PyM)=HVAV+AB+RIS*¥A1 +ASRIS* 045
Ctlem)=A8

RFTURN

END
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SURROUTINF STDLFN(AWN)
DIMENSTON W(200) «A(N)»G(200)
COMMON/CORFEFL/ C(a3+200)
W(1)=Cl341)/CLPs1)
GE1Y=AL1Y/C(R 1)

NP 1 1=2eN

IMi=[-1 :
N=Clps1)=Cl1sI)xW(IM])
W{IY=C(as1)/D

1 G(IY=(A(IY+CEe 1y xGUIMEYI/D
A(N) =G (N)
NamY=N=1
NN 2 I=19NM1
J=N-1 -
Joi=U+)
2 AN =WIH*ALIP Y+ L)
RFTURN .
FAD ‘

SURROUT INE CHECKI(R3 «MsITsNC)
DIMENSTON RA(MINC) '
NO 30 INC=1«NC
IEIRI(14INC)eLTeNeoORePRIIMeINC) L. To0e) 1T=1
30 CONTINUF
IF(IT.FN.0) RETURN
WoITF(6.1000)
WRITE(A1001)
W1 TF(641002)
PN 10 1=2.NC
W ITF (A6« 1004) 1
10 CONTINUE
WOITF(641003)
WelTF(6+1007)
no 20 1=2«NC
. WRITF(A«1004)
20 CANTINUF
BeTURN
1000 FORMAT (1 XeaR{¥4+%) /1 X #4NEGATIVE VALUES CALCULATED
X#DOWNFEX OR ROWONF4¥/1X+48 (#4+%) /)
1ONE+*/1X-ARI*+*)/)
FORMAT( 1 X+ #CENTRT LINF VALUFS*/)
FOAORMAT (1 X« #FLUID TEMP %41 XeFbHe1)
FORMAT (1 X e ¥VALUFS AT WALL*/)
FORMAT ( 1X+ #COMPONENT %4 12+ 1X2F6e4)
FND

R3C1*1)

R3(1e1)

R3(Me 1)

TeR2 (M4 1)

100}
100>
1001
1004

IN 3.

cee
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50

&0

1000

SURROUT INE RESULT(AL +ROWsTSsYST2+MaNCe IROW)

DIMENSION ROWIMINC)I s TSIM) o YST2(NC s IROW) sR(5)
COMMON / CONTROL /M]oAKoAK?cACC

I2=(M+1)/4 ’
I3=12+12
la=13+12
WolTE(6¢1000)
RS ==1.
RAR=FLOAT(12)
Rf1)=00
R(S)=1.

N 40 1=Peq

RS =RS+RPA
RaS=RS*AK
R{1)Y=5Q0T(RPSS)
WolTF(6+1002)
WolTr{ss1009)
WRITF(A+1004)
XOw (Maq 1)

Dy 50 INC=2«NC
IN=INC~1 )
WRITF(6+100%) IN CROW(1« INC)sROW(I2¢ INCY+ROW(I I3 INC)s
XRAWC T4 ¢ INC) ROWIM, ING)

CONT INUF
WoITF(6+1006)
WolTF(6s1007)

AL

(R{T1)Yel=]95)
TE(1)eTSITI2)aTS(IAY TS 14) e TSIM)
ROW(141)sROW(I291)+ROW(ITIR1)ROW(TI40]) R

YSTo2(1+1ROW)

PO 60 INC=PWNC

IN=INC=]

WolTF(6+1008) IN T YST2UING » TROW)
CONTINUFE

WRITE(641009)

RFTURN

FORMAT(1Xs110(%4%)/ /71X +#¥THE FOLLOWING PROFILES WERE CAL(

XA LENGTH OF ®sF 8,59 ¥M¥#/)

100
1003
1004
1005
10Cs

1007
1008
100q

FORMAT (I XA RPRADTUSH v SXs S (1 XsF44203X 0 ))

FORMAT (I X e %SOLID TEMP *¥+5(Fha1v2X))

FORMATCOI X 2FLUID TEMP *¥4¢5(F6,14+2X))

FORMAT (1 Xex* COMP, *312312XsS5(FH4412X))

FORMAT (1HO«%¥THE FQUIVALENT FLOW AVERAGED FLUID PROPERTIE

X/

FORMAT ( 1 X« %FLUID TEMPFRATURF *sF6e1)
FORMAT (1 X+ #MFRAC COMPONENT*¢ 1201 XeF644)
FORMAT(///)

END

20
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SURBRAOUT INF STORE(ROWTSeMe TROWSYST14YSTZ4NC)
DTMCN%ION‘DOW(MnN()-YST1(2~XROW)nYSTE(NCOIROW)
M1 =M~ .

F=Pe ¥FLOATI(M1)

YST1( (1 IRCWY=TS

YeT1(De IROW)=ROW(1*1)

DN 30 INC=1.4NC

AVGE =ROW( 1 « INC)+ROW (M4 INC)

Do 20 IM=24M1

AVGF = AVGE +ROW ( TMs INCYI+ROW( IM s INC)
YeT2(INCs IROW) =AVGE/F

RFTURN

FND

SUIRPROUT INF HTRANS

COMMON / HTDATA / DPaDT+PORIGFsCP+sTMs AKCGr AKS«RE«RTUBE o
XA Rs AWe AWF s AWSaANRT « ANRISSA(RIFsUsHVAYPE ¢ AKRF v AKRS
COMMON 7/ FACTORS / RADFSsRADF G RADFCeRADF |

COMMON / ROUGH / RGH

A =TMETMAETMEDP

R=DP/DT

Po=8,0+156 2 #RPHR

A TD=CPR#GF¥NR/PE

ACRAN= T 65F ~R%A )

AvDRF = AR TD+POR¥ L AKRADFAKCG)

RADFG=POR¥AKRAN/AKRE

SF=AKS/AKCEH

ANU=6,076F -8%A1/AKS

R=10,0%%#(0,3521%AL.0G10(SF)+0.,725)

RD=1 ¢ 3% ANUXSF

ArRS=AKCGH* (R+QR)

RADFS=RR/(R+RR)

ARz AKRF +AKRS

RADFC=(RADFSH*AKRSHRANFGHAKRF ) /AKR

RADF1=RADFC

AWz AKCGHR (P 3# PRI XN 43340, 083%RE*%#0,8)/DP

AFzQ g PRUARF A% (~0,2) *GF#CP

AWS= AW=AWF / contd.
ANR]:AW*QTUQF/A%Q
U=AW/(1.+0,25%ANRT)
ANAIF=AWF ¥*RTURF /AKRF
ANBT S=AWS*RTURE/AKRS
RFEMzRF/(1.—-POR)
NEM=PPXPOR/ (1 ,-PNR)
ANUM=0 446 3PEME X0 ,S54+04 1 7TBXREME X0 667
HV=ANUM¥AKCG/DPM

//COnHi. : M

AV=6 4O¥RGHA® (1 o ~POR) /NS
HVA=HV#AV
RETLIRN
FND
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Appendix A5

(Appendix to Chapter 5)

DATA FOR BUTENE PELLET MODELLING

A5.1 Reactor and Pellet Dimensions

A5.2 Pellet Properties

A5.3 Thermochemical Properties of Component Species

A5.4 Kinetic Data '

A5.5 Film Transfer Coefficients

A5.7 Computer Programs

Note: A1l data is extracted from PhD Thesis of Corrie (26) unless
otherwise stated.
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A5:| REACTOR AND PELLET DIMENSIONS.,

Plane of themmocoubles.

]
. |

I
E— I —— r’:
A - =70
c i D
—r»-___> INERT 8 PELLET 2 INERT —7v
A_ g —> C .
N—> [ N z;
T K 0 bO85 M ——f
57 " oo —

[

[

Fiq (A5-1) QeaLBF and Pellet aneiiura(—{on.

Al.2 PELLET PROPERTIES

- Wt. of one pellet 3

= 4881 kg m

(i) Pellet Bulk Density = Pp
Vol. of one pellet

(i) Effective Thermal Conductivity of Pellet

_ -3 +s -2
Kogs = 0.0952 + 0.44 x 107 T° Ui

(iii)Effective Diffusivities.

Corrie has measured effective diffusivities for oxygen and butadiene at
various temperatures. The following polynomialswere fitted to his data.

D92 =-0.1608x10"°+0.1411x107"17-0. 2771x10"

Bd
Defs

2 -13_€3 mleec”
107¢,0. 19425107137 m'sec

5 -10 2 1

_ - -7, f. t’ -13,f3 -
=-0.3055x10 “+0.2459x10 ‘T'-0.4831x10 '"T ' +0.3202x10 "“T m"sec

It was assumed, after Corrie, that Knudsen diffusion predominates
in the pellet pores and that the effective diffusivities of the other

species will be directly proportional to the Knudsen diffusivity
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represented by :

ni EPS I
Perr = Cp 1 (A5.1)

Equation (A5.1) was compared with the fitted value of effective
diffusivity at 730K for Oxygen and Butadiene. The values of CB resulting

were
Oxygen c82 = 3.3 x 1077
Butadiene ng = 4.2 x 1077

The difference between these values can probably be attributed
largely to the difference in size and geometry of the molecules. Thus,
in using (A5.1) to estimate the effective diffusivities of species other
than oxygen and butadiene, CD was taken to be 3.3x10—7 for species more
similar to oxygen (i.e., Carbon dioxide, carbon monoxide and water)
and to be 4.2x1077 for species more similar to butadiene (i.e., butene
and all organic products).
| (iv) Pellet Shape Factor.

The Pellet Shape Factor is defined by:

m +1 Ap

dp 2Vp

For a cylindrical pellet of radius 0.00225m and length 0.0085m, m s
is calculated to be 1.53. When a pellet is sandwiched between inactive
pellet blanks, as is the case in Corrie's experimental arrangement, axial
diffusion is greatly reduced, the situation becomes that of an infinite
cylinder and mg tends to unity.

A1.3 THERMOCHEMICAL PROPERTIES OF THE COMPONENT SPECIES

(1) Meats of formation at 298K:~ (-AHc)beg J kg
Butadiene (142)+2.04x10° Butene (143) -2.09x10
Carbon Dioxide (143)-8.95x106 Carbon Monoxide (143)—3.95x106
Furan (144)-9.11x10°  Acrolein (143)-1.53x10°
n-Butyl aldehyde (143)-3.05x10® Acetaldehyde (143)-3.78x10

Water (143)=1.34x10/

4

6
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(1) Specific Heats
Values for Cpi the specific heat of compohent i, were obtained as
a function of temperature from polynomial expressions. The data
sources used for specific heats were:
ref(143): butene, butadiene, carbon dioxide, carbon monoxide,
acetaldehyde, nitrogen and water A
ref(145): oxygen, furan, acrolein, n-butyraldehyde

(iii)Heat Contents
The 'heat content' of component i is defined by
T
i j i
H' = (-MHg)ogg Cp dT (A5.2)
298

- A5.4 KINETIC DATA

(i) Reaction Scheme
The reaction scheme is essentially that deduced by Gabbay (27).
The scheme has been completed by the inclusion of water in the
balance and has been simplified by the removal of considerations
of isomerisation between butene-1 and cis-and trans-2-butene. The
modified scheme that has been used is shown in Table A5.1.

(ii) Arrhenius Parameters and kinetic orders
The rates of reaction have been quantified by Gabbay (27 ) and
are expressed as:

rate = k'xf(concentrations)

As the concentrations of only three species are involved, the rate
may be expressed as:

rate = k(oxygen)™ (butene)" (butadiene)® _ (A5.3)

The values for m, n, and o have been determined by Gabbay by
fitting (A5.3) to his experimental results. The rate of reaction
is expressed in units of Kmoles per kg catalyst per second and the
rate quoted is the rate of production of the primary product of the
reaction. In Tab]e(A5.1))the primary product for each reaction is



Table (A5.1)

Overall stoichiometry and kinetics for oxidative dehydrogination of butene to butadiene

rate = k(oxygen)m(butene)n(butadiene)o; k = Aexp(-EA/RT); EA expressed in Kcal/g-mole

REACTION PRIMARY n |o Ep | 10g;0h
PRODUCT

1. CqHg + 30, CyH + HO C4Hg 0.44 | 0.44 | 0 17.4 | 1.813
2 C4Hg + 60, 400, + 4H0 co, 1151 0.8 [0 23.8 | 5.352
3 Cy4Hg + 40, 40O + 4H,0 co 1.6 [ 0.9 [0 26.3 | 6.881
1 CgHg + 3/20, CyH0 + 2HO CqHg0 0.85} 0.33 ] 0 27.5 | 3.884
5 CyHg +5/2 0, CgHy0 + CO,H + 2Hy0 | C4f,0 1.2 | 0.75| 0 25.0 | 2.000
6 CyHg + 30,  CgH,CHO C3H,CHO | 1 1 0 15.0 | 1.265
7 CyHg + 0, 2CH,CHO CH4CHO 1 1 0 17.5 | 2.550
8 CyHg + 11720, 400, + 3H,0 co, 0.57( 0 1 17.0 | 2.602
9 CpHg +7/2.0, 4CO + 3H,0 S ] co 0.75 1 0 1 15,7 | 2.021
10 CyHg + 0, CgHy0 + Hy0 C4H,0 1.7 | o0 0.1 | 25.0 | 4.539
11 CHg + 20, CoH,0 + H, +CO, C4H,0 1.5 | 0 0.55 | 21.0 | 3.973
12 CyHo + H0  C4H,CHO CoH,CHO | 1 0 1.5 | 10.0 | 1.382
13 CyHg + 30, CHCHO + 20, + 2H,0 | CH4CHO 1 0 1 21.0 | 2.954

2P e
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indicated. Tab]e(AS.])a]so includes details of the kinetic orders
and Arrhenius parameters for the reactions.

A5.5 FILM TRANSFER COEFFICIENTS

The film heat transfer coefficient is predicted by Equation (5.2).
The Chilton- Colburn analogy (145) states that:

2/3
hPr .
Cpp ~
where Pr = LPH_ st = M : (A5.5)
k le‘l

Thus it is required to provide correlations for k, Cp, u, p, and Di,
Simple correlations for p and p were used, assuming them to differ
only slightly from the viscosity and density, respectively, of air.

Thus p = 353/TTkg m™>  and .1 = 3.2x107°+3x1078(7f-673)

Both correlations were obtained from data source (145).

The specific heat for each component was calculated as described in
Section A1.3 and the specific heat of the mixture was assumed to be the
sum of these values weighted by the mass functions of the species
concerned.

The thermal conductivity of gases at high temperature are less
readily available from the literature. However, use may be made of the
fact that Pr is almost constant with respect to temperature and can be
used to calculate k for a given temperature, provided that at Teast one
estimate of Cp, p and k is available at some given temperature.

It only remains to evaluate D'T, the bulk diffusivity of each
species in order to use (A5.4). D'! was taken to be the binary diffusion
coefficient of the ith species in air. Even the most recent, and
extensive, compilation of diffusivity data (148) gives experimental values
for only a few of the coefficients. The most conveniently used
estimetion formuia in the literature is due to Gilliland (147) and is of
the form: '
1.5

i _ i
D{ =Cn' T

: (A5.6)



The parameter CD

and the 1th

o1

species.
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depends on the molecular properties of both air

Values for C

11

source (145). The values used are:

Gas

Air
Air
Air
Air
Air
Air
Air
Air
Air
Air

When T is expressed in degK, Equation (A5.6) yields DIi inm

P

air

Oxygen'

Butene
Butadiene
Carbon Dioxide
Carbon Monoxide
Furan

Acrolein
n-Butyraldehyde
Acetaldehyde
Water

A1.6 COMPUTER PROGRAMS

¢

.73x107°
.08x107°
.79x107°
.55x1079
.86x107°2
.79x1079
.00x1079
.60x107°
.22x1079
3,91x1079

R = N el NN = - W

D have been estimated from data

1 -

2sac!,

A F@RTRAN IV Tisting of the subroutine employed to predict the
interaction of diffusion-and reaction in and around the catalyst pellet,
SUBROUTINE CAT3A, is shown in Figure(AS.Zl. Those symbols involved in
information transfer into and out of the subroutine -are explained in

Figure(A5.3).Where a variable is subscripted (11), the first location

refers to temperature and the remaining locations refer to the species

in the following order:

oxygen
butene
butadiene

carbon dioxide

carbon monoxide

furan

acrolein

n-butyraldehyde

acetaldehyde

water
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Where a variable is subscripted(10)it refers to the species in the
above order. A1l other symbols are internal to the subroutine and
their functions can be deduced from the explanation of the working

of the subroutine. A list of subroutines, and their functions, called
by SUBROUTINE CAT3A, is given in Figure(A5.4). The subroutines are
listed in Figure(A5.5).

One iteration of the calculation procedure took about 25ms of
central processor time on a CDC6400 computer. Generally about 20
iterations were required if the dimensionless profiles were initially
set to unity. If the profiles from a previous calculation, for fairly
similar conditions, were used as a starting point for the next
calculation, only about 3 to 6 iterations were required for convergence.



Figure A5.3

Explanation of Symbols in Subroutine CAT3E
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COMMON
SYMBOL DIMENSION BLOCK UNITS FUNCTION
ND,N - ONE - No. of grid points
cc (3,ND,7) - - T-D MATRICES IN
B (ND,7) - - FORCING FUNCTIONS IN
1 WRITE - CONT - CONTROLS INITIAL GUESS
1 FACT - CONT - CONTROLS FORM OF RESULTS
RAD - SYSTEM m Pellet radius
DP - SYSTEM | Kg cat/m°| Pellet bulk density
AS - SYSTEM - Pellet shape factor
GMF - SYSTEM Kg-Sec Mass flow rate around pellet
1 WRITE - SYSTEM - Controls writing during
calculations
SH (1) COEFF2 - Sherwood Numbers and Nussellit
< | Number
AM (10) TWO "Kg/Kmole | Molecular Weight
D (11) THO m’/sec | Bulk Diffusivities
XB (11) ONE kmole/m® | Bulk fluid concentration
EN (11) RESULT - Effectiveness Factors
XC (11,150) RESULT - Dimensionless Concentration

Profiles and Dimensionless
temperature profile.




Figure AS.4

Support Subroutines called by CAT3A
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SUBROUTINES | AUGUMENT INPUT REQD. FUNCTION AND OUTPUT
LIST o
BUTENE - - Sets Arrhenius factors and
heats of formation and puts
values in common blocks used |
by 'RATEC', 'MASSH', 'HEAT'
and '"MASSRD'.
HEAT HO(10),XB XB Calculates heat contents and
XYZ returns them by HO(10)
RATEC T Data from Calculates reaction rate
BUTENE constants
Temperature
EXTER2 - XB, Reactor Film transfer coefficients
and Pellet in form of Sherwood Nos. and
Dimensions Nussellt Number
Flow Rate
MASSH. C(3),G(11), Concn of Calculates Rates of Reaction
HO(10) oxygen
Butene and
Butadiene
MASSRD C(3),6(11), As MASSH As MASSH - also calculates
HO(10),GD(11) i partial rate derivatives
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