PORE STRUCTURAL ASPECTS OF COKE LAYDOWN IN FCC CATALYST

by

Omran H. J. Muhammad

A Thesis submitted to the
University of Manchester

for the degree of

DOCTOR OF PHILOSOPHY

Department of Chemical Engineering
University of Manchester Institute of Science and Téchnology

1992



DECLARATION

No portion of the work referred to in this thesis has been submitted in support of an
application for another degree or qualification of this or any other university or

institution of learning.

Omran H. J. Muhammad



ii

DEDICATION

To:

My Parents,

My Wife and Children

and My Family



iii

AKNOWLEDGEMENTS

Praise be to God, The Cherisher and Sustainer of the Worlds

The author would like to take this opportunity to express his gratitute to:

Dr. R. Mann: for all his invaluable advice, encouragement and understanding,
Kuwait Institute For Scientific Regearch: for their financial support and for the help
in catalyst characterisation,

Prof. J. Garside, Prof. E. Woodburn, Prof. G. Davies and the Department of Chemical
Engineering: for laboratory and computer facilities,

The Computation Staff: for helping with computational problems,

Technicians and the Secretarial Staff: for advice and help in making the most of the
available facilities,

Colleaques and Friends at UMIST: for their help and friendship,

Dr. M. Al-Mudafer and Mr. A. Singace: for their unique support and help,

Friends and Relatives: for their prayers and help in different ways,

My Brothers, Sisters and their Families: for all the understanding, support and help
when needed most, especially my sister Nasreen,

My Wife Zakieh Ashkapani: for her care, patience, wisdom and support always,

My Children Mobammad, Fatimah, Zainab and Hassan: for sharing the difficulties of

my long study period with a wonderful understanding.



iv

THE AUTH

The author was educated at Yousuf Bin Essa secondary school, Kuwait. In 1979
he graduated from Iowa State University, Ames, lowa, USA with the degree of B.Sc. in
Chemical Engineering. In 1981 he was awarded the Masters degree in Chemical

Engineering from University of South Carolina, Columbia, South Carolina, USA.

Since 1979, the author has been a member of the research staff in the Petroleum

Technology Department at Kuwait Institute for Scientific Research (KISR), Kuwait.



ABSTRACT

The theoretical and practical aspects of the deactivation by coking of a
commercial supported zeolitic catalyst, Super D, has been investigated. Deactivation
studies have been carried out in a laboratory scale fluidised bed reactor and the
disproportionation of cumene at 500°C was used as the model reaction. The
catalyst:feed ratio was varied from 1:1 to 100:1 g/g/min with run times up to two
hours. A blank experimental run with no catalyst in the reactor was also carried out
which deduced that at the reactor conditions there was no significant thermal cracking
of the cumene to products, and that the material balance over the reactor system for
the cumene was within four percent. The benzene selectivity was determined and found

to increase with time on stream.

Since the deactivation of the catalyst was due to coke laydown on the support
macropores and in the zeolite micropores, the coke content was measured using a Leco
carbon/sulphur analyser. The changes in the catalyst's structure as a result of this
deactivation was monitored by measuring the catalyst surface area using a Quantasorb
adsorption unit. The results of these experiments have shown an initial period of rapid
drop in the conversion of the feed, rapid coke build—up within the catalyst and a sharp

drop in the surface area, followed by a period of much slower rate of deactivation.

A theofetical model has been proposed to account for the catalyst deactivation
by coke deposition based upon the interaction of the geometries of the coke deposit and
the pore structure. Coke is assumed to deposit randomly on the support macropores
and in the zeolite micropores allowing for deactivation by both active site coverage and
pore blockage. The support pore structure was represented by two different models,
namely, the corrugated parallel bundle pore model, and the stochastic network pore

model. The diffusion—reaction equations are solved rigorously in these pores to produce



predictions of conversion, coke content and surface area as a function of time on
stream. Computer simulations have been carried out in both of these structures to
study the influence of the various parameters on the model. In these simulations, three
different deactivation types were investigated, namely, the series, parallel and the
triangular. Using the information gathered from these simulations as a guide, an
attempt was made to see if the model could successfully describe the observed

deactivation behaviour of the commercial catalyst Super D.

Application of the theory to the experimental results has shown that the
timewise deactivation could be represented by either a support active site poisoning
coking mechanism or a heavy support coking mechanism, though from investigations
on the coke accumulation within the catalyst, the latter appeared to be more
representative of the total deactivation behaviour. The series type of coking with the
product being the coke precursor best fitted the experiments. From the two pore
structural models under consideration, the network model provided the better fit.
However the corrugated parallel bundle model could not accurately reproduce either
the coke content or the surface area profiles. On the other hand not only did the
network pore model reproduced the observed deactivation but it also simulated the
coke content and surface area profiles for the entire duration of the catalytic cracking

runs and over the range of catalyst:feed ratios that were used.
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CHAPTER ONE

A REVIEW OF THE LITERATURE

1.1 INTRODUCTION:

Catalysis is one of the most important chemical processes carried out on an
industrial scale in the world today. Nearly 95% of all chemical products have been in
contact with a catalyst of one kind or another during their synthesis, and particularly

in the context of the petroleum and petrochemical industry (Trimm, 1985).

Catalysis of a specific reaction provides a route which proceeds in parallel with'
any existing thermal, or even other catalytic (possibly unrecognised), modes of reaction

within the particular mixture (Heaton, 1991).

Catalysis is defined as "The acceleration or retardation of a chemical reaction
by a substance which itself undergoes no permanent chemical change, or which can be
recovered when the chemical reaction is completed. It lowers the energy of activation.
A catalyst is a substance which catalyses a reaction” (Chambers Science And
Technology Dictionary, 1991). Hidden within this definition, however, are several
important facts. A catalyst will not alter the position of the thermodynamic
equilibrium, and the end result is the same whether or not a catalyst is present. The
time to reach equilibrium should be drastically reduced by a catalyst . Although the
catalyst should not undergo a permanent change, it will when involved in chemical
reactions, but, it should return to its original state. The three most important aspects

of the application of any heterogeneous catalyst are activity, selectivity and life.

Catalyst life defined as "the time required for the activity of a catalyst to fall

by a considerable level " has received least attention despite the fact that deactivation



can often dictate the viability of a process. Unfortunately, most catalysts used in
heterogeneous catalytic processes are subject to a decrease in the initial activity over a
period of time. Catalyst life varies with the type of a catalyst, the severity of the
process conditions and with the type of reaction being catalysed (Hughes, 1984). In the
cracking of high molecular weight hydrocarbons into higher and more valuable
products, Blanding (1953) noted long ago the activity of the catalyst after only one
minute of use could be as little as 1% of its initial value. Pearce and Patterson (1981)
report on the other hand, that the active life of the granular catalysts used in the
synthesis of ammonia is in the range of 5 to 10 years (Table 1.1). Deactivation can

result from a variety of physical, mechanical, chemical and thermal causes.

1.2 TYPES OF DEACTIVATION:

1.2.1 Physical Deactivation (Fouling):

Physical deactivation is caused by fouling processes resulting in the formation of

coke, or the deposition of inorganic materials on a catalyst.

1.2.1.1 Catalytic Coking:

Coking is the most common form of catalyst deactivation involving the
deposition of carbonaceous materials on most catalysts used in the processing of
petroleum fractions or other organic feedstocks. The cracking of hydrocarbons over
zeolite catalysts is a challenging example of coke forming reactions where the activity
of the catalyst decreases by orders of magnitude in very short times (Reyes and
Scriven, 1991). They reported that for a typical riser—reactor operation the
deactivation time is of the order of seconds. Corella and Monzon (1988) investigated
processes in which catalyst deactivation was due to two or more simultaneous causes

but coking was the common cause (Table 1.2). They reported experimental data on a



Process Catalyst Physical form Typical life
(years)

Ammonia synthesis Fe/A1,03/CaO/ Granules 5-10

N2+3H- - 2NH3 KoO

Methanation (ammonia Ni/ALQO3/Ca0 Pellets 5-10

and hydrogen plants)

CO+3ll, - CHl4 + HoO

Low temperature carbon Cu/A1O3/Zn0O Pellets 2-6

monoxide shift

CO+H20 5 COs+Hy

Hydrodesulphurisation Co+Mo sulphides Extrudate 2—4

RoS+2Hs - 2RH+H,S on AlbO3

Natural gas steam Ni on ceramic Rings 24

reforming support

CH4+H-,0 - 3H+CO

Ethylene selective AgAlO3 Rings 14

oxidation

C2Hy+402 - CoH4O

Partial oxidation of Unsupported Ag Granules/ 0.3—1

methanol to formaldehyde crystals

CH30H+4042 - CH20+H20

CH30H - CHyO+H,

Ammonia oxidation Platinum alloy Gauze 0.1-0.5

2NH3+‘;’02 -+ 2NO+3H,0

Catalytic hydrocarbon P1/Al,03/Cl- Spheres 0.01-0.5

reforming

Catalytic cracking Synthetic Fine particles Very short

zeolites (fluidised bed) ("continuous")

regeneration
requires
catalyst
removal from

main reactor to
burn off coke

Table 1.1

Typical lives of some industrial heterogeneous catalysts
(Reproduced from Pearce and Patterson (1981)).



Authors

Causes

Mirodatos et al. (1984),
Jodra et al. (1981
& Carberry (1976)

Coughlin et al. (1984)
& Nambaet al. (1984)

Apesteguia et al. (1983)
Masai et al.(1984)

Levy & De Groot (1982)
Gavalas et al. (1984)

Corella & Asua (1982)
& Corella et al.(1984)

Kelley ct al. (1983)

Baiker et, al. (1984)

Tsakalis et al. (1984)

& Stiegel et al. (1985)

Bartholomew (1982),
Hayes et al.(1985)
Duncan et al. (1985)

& Tan & Bennett (1985)

Soong et al.(1986)

coking + sintering

coking + N compounds

coking + S

coking + metals

H,0 + O9

sintering+loss of active phase
coking+ loss of active phase
coking + transformation

of active phase

metallic nitrides + metallic
carbides + coke

coke + metal deposition +
poison + sintering

several Lypes of cokes,
carbons. or carbides

several types of coke +
transformation of active phase

Table 1.2  Situations of deactivation by two or more simultaneous causes
(Reproduced from Corella and Monzon(1988)).




bifunctional reforming catalyst deactivated by coke and sulphur and on a zinc oxide
catalyst deactivated by coke and sintering. Coke deposits contain, in addition to
carbon , significant amounts of hydrogen plus traces of oxygen , sulphur and nitrogen.
It is important to recognize that the coke deposits originate from the reactions
occurring and is not an impurity, so, it can not usually be eliminated by purification of
the feed. Bartholemew (1984) proposed a catalyst deactivation model which included
the combined effect of pore plugging and active site coverage. He confirmed his model
by experimental coal liquefaction catalyst development work by researchers at Amoco
Oil Company. The main cause of deactivation was coke deposition which resulted in

substantial reduction in surface area and micropore volume.

1.2.1.2 Inorganic Foulants:

This class of fouling reactions include that of metal sulphide deposition arising
from the organometallic constituents of petroleum which react with
sulphur—containing molecules and deposit within the pores of the catalyst during
hydrotreating operations (Newson, 1975). Another example is the deposition of iron,
titanium, nickel or vanadium metals or compounds on catalysts used for hydrotreating
heavy oils (Rautiainen and Wei, 1990 and Holloway and Kramer, 1977). Other
examples include the dusting of platinum—rhodium gauzes by iron during the oxidation
on ammonia (Bond, 1962), the deposition of nickel on cracking catalysts (Cadet et al.,
1991 and Venuto and Habib, 1979), and the deposition of inorganic salts in
hydrotreating catalysts (Kovach et al., 1978). Most investigators have found that
catalysts in a hydrodesulfurization (HDS) reactor deactivate in two steps. The first
being a rapid decline in activity due to coke formation. The second being a slow decline
in activity due to metals deposition (Agrawal and Wei, 1984). Beuther and Schmid
(1963) observed that of the total carbon deposited on the HDS catalyst in 16 days of
operation, one half deposited in the first 12 hours. Unlike coke deposition, they

reported that the metals deposition rate was nearly constant in time. Fouling is



associated with relatively large amounts of deposits which will cover the active sites of
the catalyst and may, by interfering with the pore volume, affect the diffusional
properties of the porous catalyst pellet. Pore—plugging may occur for both coke and
metals deposition, and if allowed to continue the deposits might eventually plug the
void spaces between the catalyst pellets, necessitating a complete shut—down of the

reactor (Hughes, 1984).

1.2.2 Mechanical Deactivation:

An important characteristic of any commercial catalyst is that of mechanical
strength. This must be retained throughout the life of the catalyst, otherwise, pellet
disintegration will occur and any associated severe pressure drop resulting from the
catalyst breakdown may make it necessary for the reactor to be shut down. Murphy
(1970) stressed the importance for fluid cracking catalysts to be resistant to mechanical
attrition (i.e. the formation of particles less than 20 micrometers). Catalyst break—up
can occur with severe catalyst fouling alone, but more often it is associated with a
combination of severe catalyst fouling and extreme operating conditions of the
catalyst. These conditions may be physical such as extreme and frequent temperature
cycling. Also, maloperation of the process may be a cause which may include extreme
feed variations and wrong sequencing of the feed stream. A study by Weisz (1969)
showed that with bead catalysts the rate of attrition was indirectly dependent upon

both regeneration kinetics and diffusion/mass transport inside the bead.

1.23 Chemica.l Deactivation:

Chemical deactivation is caused by either poisoning the catalyst active sites
(i.e. locations where catalysis proceeds) or by loss of catalyst through vapour

transport.
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1.23.1 Poisoning:

Heterogeneous catalysts are often composed of small crystals of metal, metal
oxides or metal sulphide attached to inert carriers. Poisoning is the strong
chemisorption of impurities, products or reactants onto the active metal sites. Hegedus
and McCabe (1980) suggested that besides blockage of active sites by poisons, they
may induce changes in the surface or result in the formation of compounds. Some of
the most common poisons for metals are S, N, P, O compounds, carbon monoxide and

mercury.

In evaluations of pilot plant and commercial operations by Englehard Corp.,
high rhenium content reforming catalysts have been used with low—sulfur naphtha
feeds which have been shown to dramatically affect catalyst cycle length and gasoline
yield (McClung, 1990). He concluded that insufficient removal of sulfur caused more
rapid catalyst deactivation by poisoning. Ilavsky and co—workers (1986) proposed a

model for thiophene poisoning of Ni/Al,O4 catalyst used for benzene hydrogenation.

Most reported work on the poisoning of non—metallic catalysts refers to
cracking catalysts, which are usually acidic oxides. It is now well established that basic
nitrogen compounds are poisons for these catalysts. Early works by Mills et al. (1950)
on silica alumina catalysts used for cumene cracking, established the poisoning

effectiveness of some basic organic nitrogen compounds.

Bifunctional catalysts are composed of a metal dispersed as very small
crystallites on a large area support which also has some catalytic function. A useful
study on the deactivation of a bifunctional reforming catalyst by sulphur poisoning and

coking has been given by Corella and Monzon (1988).



1.23.2 Vapour Transport:

The direct volatilization of catalytic metals is generally not a factor in catalytic
processes (except catalytic combustion), since temperatures for metal vaporization will
usually need to exceed 1000°C (except for Hg). Often a more important factor is the
loss of catalytic metal through the formation of compounds such as metal carbonyls,
oxides, sulphides and halides in environments containing CO, NO, O,, H,S and
halogens (Bartholomew, 1984). There have been only a few studies that have
attempted to define the effects of metal loss on catalytic activity. Qamar and Goodwin
(1983) reported the loss of significant amount of Ru in the case of Ru/Al,O; catalysts,
due to carbonyl formation after an extended period of CO hydrogenation (H,/CO= 1,
200— 250°C, 1 atm). Delmon (1980) has classified the solid state transformations in

which activity loss is due to changes in the nature of the catalyst (Table 1.3).

1.24 Thermal Deactivation:

Thermal deactivation is variously referred to in the literature as sintering, aging

or thermal degradation.

1.24.1 Sintering:

Sintering is associated with the loss of active catalytic surface area when the
catalyst is operated above the normal range of temperature. Lee and Luss (1969) noted
that temperature rises may occur throughout the catalyst or may be localized at the
individual areas where reaction occurs. Sintering processes generally take place at high
temperatures (>500°C) and are generally accelerated by the presence of water vapour
(Eastwood, 1971). In the case of silica—alumina cracking catalysts, operation at high
temperatures in a steam atmosphere will cause a loss of activity due to reduction of

specific surface with associated changes in the pore structure and acidic properties
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(Hashimoto et al., 1988).

Sintering can take the form of agglomeration or loss of dispersion of the metal
crystallites, e.g. nickel and platinum supported on alumina or silica, causing a sharp
drop in activity (Hughes, 1984). A useful visualization of deactivation types has been

given by Bartholomew (1984) (Fig. 1.1).

1.3 MECHANISMS OF CATALYST DEACTIVATION:

The deactivation of a porous catalyst is dependent on many factors which
include the diffusional resistances inside the catalyst pores for the reacting species and
poisons present, also on the way these poisons behave on the catalytic surface. An
important engineering factor is the actual rate of decay of activity regardless of the
type of deactivation, whether it be by fouling, poisoning, sintering or vapour transport.
Levenspiel (1972) has proposed a catalogue of the following kinetic schemes responsible

for catalyst deactivation (Table 1.4).

Deactivation Type Mechanism
Side-by-side A—B
P—P|
Parallel (simultaneous) A—B:
A—P
Series (consecutive) A—B—P]|
Simultaneous—Consecutive A\ — {B
(Triangular) P
Independent A—B
Ssites —"(S-S)sites

NB A, B & P denote the reactant, product and poison.
Ssites denotes the active sites.

Table 1.4 Deactivation Mechanisms( Reproduced from Levenspiel(1972)).
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1.3.1 Parallel Deactivation (Simultaneous):

The reactant produces a side product which deposits on and deactivates the
surface. Bharati and Bhatia (1987) studied the kinetics and mechanisms of
deactivation by coking of H mordenite catalyst for the disproportionation of PhMe
along with the kinetics of the main reaction. The results of their studies showed that
deactivation occurs in parallel with the main reaction where PhMe was adsorbed in
different ways in the main and deactivation reactions. Chang and Crynes (1986) have
observed parallel mechanism of deactivation of Ni/Mo alumina catalyst used in the
coal oil hydrotreatment process. Murakami et al. (1968) have shown that parallel
deactivation can be the mechanism of the alumina—boria catalyst used in
disproportionation of toluene. Froment and Bischoff (1961) in their study of coking in
catalysts, noticed greater deposition of coke at the inlet of the reactor where reactant
concentration is highest. They concluded that a parallel mechanism of deactivation was

in this case responsible for coking.

1.3.2 Series Deactivation (Consecutive):

The reaction product decomposes or reacts further to produce a material which
then deposits and deactivates the surface. A study of zeolite catalyst coking in cumene
cracking was performed by Viner and Wojciechowski (1984). They observed that out of
five possible reaction schemes for poisoning of the catalyst sites, only the series
mechanism of deactivation involving the intermediate propylene can explain the
experimental data. Acharya et al. (1989) found, in their study of cumene cracking over
a silica—alumina catalyst, that the best fit to the experimental data for the coking
reaction was obtained using a series mechanism. Noda et al. (1974) observed a
distribution of coke deposits along the reactor in a study of isopentane isomerization.
In this case, the coke deposited increased with axial distance from the reactor inlet,

suggesting that coking was occurring by a series mechanism.
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Beyne and Froment (1990) modelled the deactivation of a zeolite catalyst by
instantaneous coke formation leading to site coverage and pore blockage. In the
presence of diffusional limitations, they considered both the parallel and series

mechanisms of coking.

1.3.3 Triangular Deactivation (Simultaneous— Consecutive):

Both the reactants and products produce a side product which deposits and
deactivates the surface. Lin et al. (1983) studied the deactivation of a lanthanum
exchanged zeolite Y catalyst for cumene cracking using a thermobalance. They found
that the kinetic mechanism that gave the best fit for experimental data was one in
which parallel and series coking reactions occurred simultaneously (triangular), but
with more coke forming from products than from reactants. Angelli et al. (1982)
investigated the hydrogenolysis of cyclopropane over a platinum catalyst. They
concluded that the experimental data corresponded to a triangular mechanism of
deactivation. Parasad and Valdyeswaran (1986) modelled the transient deactivation
process taking into account for the first time pore size reduction due to coking and
consequent changes in voidage and Knudsen diffusivity. They also assumed a

triangular reaction network.

1.34 Side-by—Side Deactivation:

An impurity in the feed deposits on and deactivates the surface of the catalyst.
Some of these impurities are typically S, N and P compounds and metals such as Ni
and V. Markos and Brunovska (1988) studied the deactivation of a nickel catalyst used
in the hydrogenation of benzene in a fixed bed reactor. They observed that irreversible
deactivation of the catalyst was due to the presence of thiophene acting as a poison
side by side with the main reaction. Adkins et al. (1988) developed a model to predict

the diffusion—limited accumulation of Fe and Ti in coal liquefaction catalysts used in a
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2—stage liquefaction pilot plant. Metals poisoning of HDS catalysts is categorised by
this mechanism. Oxenreiter et al. (1972) reported the amount of deposited vanadium

to be as high as 56 wt% and nickel 17 wt%.
1.3.5 Kinetic Lumping:

For pure compounds and systems containing few components, the previous
reaction schemes are sufficient to describe the main and decay reactions. In catalytic
cracking where the feed is complex, Jacob et al. (1976) have described a complex
reaction scheme which included deactivation by poisoning and coking. In their model,

different kinetic groups of components with similar behaviour were lumped together

(Fig. 1.2). This was an improvement to an earlier model proposed by Weekman and
Nace (1970). John and Wojciechowski (1975) proposed a kinetic model for the cracking
of gas oil which had been pretreated on La—Y zeolite catalyst (Fig. 1.3).

Larocca et al. (1990) applied kinetic lumping in the study of the deactivation of
different commercial catalysts used in the cracking of gas oils. In their study, the
poisoning effects of nickel and vanadium have been demonstrated through the changes

obtained in overall conversions and product selectivities.
1.3.6 Independent Deactivation:

This involves the structural modification or sintering of the catalyst surface
caused by exposure to extreme conditions. This type of decay may be independent of
any materials in the gas phase. It may only be dependent on the time that the catalyst
is exposed to a high temperature environment. Stohl and Stephens (1987) observed
sintering of the active sites in their study of catalyst deactivation in an integrated
2—stage direct coal liquefaction processes. In the aged catalyst, Mo sintering was due to

the combined effects of time and temperature, whereas Nickel sintering requiredhigh
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Figure 1.2 Lumped kinetic model for fluid catalyst cracking (Redrawn from Jacob
et al. (1976)).
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Figure 1.3 Lumped kinetic model for the cracking of gas oil (Redrawn from John
and Wojciechowski (1975)).
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temperatures . Anthony and Liu (1981) reported a loss of active species through
leaching or vaporization in the use of a supported phosphoric acid catalyst. Maclver et
al. (1963) explained the loss of the surface area by a growth in crystallite size caused

by temperature effects.

14 PORE STRUCTURE:

For porous catalysts, adsorbents, coal, as well as all porous solids, an adequate
representation of the internal structure is an essential prerequisite to the realistic
description of reaction and transport processes in the solid. The practical consequences
of the pore structure are of importance. They include the kinetics of adsorption and
desorption, permeability and fluid flow, wetting and dewetting, fluid—fluid
displacement, catalytic properties, mechanical strength and resistance to freezing
(Everett, 1988). In the case of coupled diffusion and reaction in porous catalysts, one of
the difficulties encountered is the proper choice of the pore structure model that best
represents the catalyst under investigation. Hammon and Kotter (1986) have reported
on making mechanically stable aluminum oxide pellets with a well—defined pore

structure by wet pelletization and extrusion.
14.1 Pore Structure Models:

A number of pore structural models have been formulated in the literature to
facilitate the analysis of reactions in porous solids. These models range from some very
simple unrealistic pore structures to highly complicated models involving the use of
complex mathematics and extensive computation. The following are some of the
models proposed whiph can be classified as one, two and three—dimensional pore

models.

14.1.1 One—Dimensional Pore Structure Models:
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14.1.1.1 Pores of Uniform Cross—Section:

These models consist of pores having uniform diffusional resistance along their
length. It is the simplest model of pore structure, with most of the authors considering
the pores to be cylindrical. A straight parallel bundle model is a special case consisting
of parallel, cylindrical tubes of various radii but equal length for which it is relatively
easy to derive equations describing some equilibrium and flow phenomena (Fig. 1.4).
The diffusional resistance was related to the activity of porous catalysts by many
authors, among the earliest was Thiele (1939). The dimensionless group known as
"Thiele modulus" was derived by him as a measure of the diffusional effect. Levenspiel
(1972) in his study of pore diffusion resistance inside a single cylindrical pore (Fig. 1.5)
with first order reaction expressed the Thiele modulus as:

mL= L (2K8)0'5 (1.1)
where

mL  :Thiele modulus (dimensionless)

L :pore length (m)

ks :rate constant (m/hr)

D :diffusion coefficient (m2 /hr)
r :pore radius (m)

Levenspiel( 1972 ) also defined the "effectiveness factor" ¢ to measure how
much the reaction rate is lowered because of the resistance to pore diffusion.

Effectiveness factor is defined as:

€= actual reaction rate within pore (1.2)
~ rate 1if not slowed by pore diffusion ’

The concentration gradient across the length of a single cylindrical pore and the

effectiveness factor as a function of Thiele modulus are illustrated in Figure 1.6 and
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Single cylindrical pore with reactant concentration across the pore

length (Redrawn from Levenspiel (1972)).

Figure 1.5
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Figure 1.6 Distribution and average value of reactant concentration within a
catalyst pore as a function of the parameter mL (Reproduced from
Levenspiel (1972)).
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Figure 1.7 The effectiveness factor as a function of the parameter mL for various

catalyst shapes and for volume change during reaction (Reproduced
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Levenspiel (1972)).
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Figure 1.7 respectively. Wheeler (1951) accounted for the fact that pores are not
straight by introducing a geometrical "deviousness factor" and extended Thiele's
studies to include selectivity. Johnson and Stewart (1965) allowed pores to lie in
random directions and introduced the mean diffusivity by integrating the diffusivity
over the pore size distribution. Although the model of pores of uniform cross section
has been applied successfully in reproducing the observed activity behaviour of a
zeolitic catalyst (Thomson, 1986), it is incapable of accounting for entrapment of

mercury in porosimetry following depressurization (Androutsopoulos and Mann, 1979).

1.4.1.1.2 Pores _of Non—Uniform Cross—Section:

It is a fact that catalyst pores are not of uniform cross—section, on the contrary,
they can be expected to contain inter—connected pore spaces which are chaotically
conFigured with respect to size, shape, and orientation (Mann and Sharrat, 1988 ).
Many authors proposed models consisting of a series of different diffusion resistances.
Petersen (1958) investigated bulk diffusion in pores with periodic constrictions to study
the effect of a non—uniform pore cross—section on the diffusion process (Fig. 1.8).
Nicholson and Petropoulos (1968) proposed a pore structural model constructed from a
series of cylindrical segments with a specific statistical distribution function assigning

the sizes of these segments.

Wakao and Smith (1962) suggested a more realistic pore model which accounts
for the existence of micropores beside the macropores and thereby assigned a bimodal
pore size distribution for the catalyst. They explained the possible diffusion paths
through having a bi—disperse porous material (Fig. 1.9). Androutsopoulos (1976)
developed a one—dimensional series of pores model with the diameters randomly
changing along the axis of tubes in a regular and discrete manner. The author
presented mathematical expressions for a series of pores model with one or different

pore size distribution functions. This model is superior to the model of pores of uniform
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Figure 1.8 The pore model with periodic constrictions (Redrawn from Petersen

(1958)).

cross—section for its ability to account for hysteresis but it is still incapable of

predicting entrapment of mercury following depressurization.

Thomson (1986) in his study of a zeolite cracking catalyst deactivation used a
corrugated paraliel bundle model to describe the pore structure (Fig. 1.10). Pore size
distribution was determined from mercury porosimetry data which was then used to
assign values randomly from the distribution for the radii of each segment of pores.
Smith (1986) investigated restricted diffusion through pores with periodic
constrictions. A single pore comprised of unit cells containing large and small
capillaries in series was used. The author demonstrated the effect of changes in the
ratio of molecule size of diffusing particle to pore size on the convergence factor and

hence on tortuosity.
14.1.13 Convergent—Divergent Pore Model:

This model considers the void volume within the porous solid composed of two
major arrays of pores centrally convergent, and centrally divergent, respectively (Fig.

1.11). These two parallel pores are assumed to be cross mixed at specific intervals
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Figure 1.10 The corrugated parallel bundle pore model.
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Figure 1.11 The Convergent—Divergent duct model (Redrawn from Foster &
Butt (1966)).
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within the array. The exact shape of these arrays is determined uniquely from
volume—area distribution of the porous structure. Foster and Butt (1966) developed
the convergent—divergent pore model for the evaluation of the pore structure of porous
material. The cross—mixing in the model expresses the possibility of an alternative
path being taken by the diffusing material around a segment of a pore having very high
resistance. This model may be considered as a very simple network of pores with a

virtual interconnectivity which does not have any real structural basis.

14.1.14 Dusty Gas Model:

This model considers the solid medium distributed along the surface of the
pores as a set of massive molecules, among which much smaller gaseous molecules have
to diffuse. This model arises from concepts closely related to the kinetic theory of
gases. This model has been developed by many authors, among them are Evans et al.
(1961), Mason et al. (1967), Chen and Rinker (1979), Liapis (1979) and Klavetter et al.
(1982, 1984). Most recently, Horng and Liapis (1987) studied the influence of
dusty—gas permeabilities on the behaviour of a parallel reaction occurring in a porous
catalyst pellet. They have shown that the overall selectivity is almost independent of
the viscous permeability, but selectivity decreases as the Knudsen diffusion

permeability and/or the molecular permeability increases.

The dusty—gas model is popular because it contains only three adjustable
parameters which can be determined from rather easy to perform experiments (Mason
and Malinauskas, 1983), and though in some ways undesirably, does not make any
assumptions about the geometry of the pores. The dusty—gas model predictions are
claimed to provide good agreement with experimental data especially for materials
with narrow pore size distribution. Chin and Rinker (1979) and Klavetter et al. (1982)
have suggested certain modifications of the dusty—gas equations so that the model

becomes applicable to systems with wider pore size distributions. The modified
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dusty—gas model contains correction factors which account for the effects the pore size
and tortuosity distributions have on the mass fluxes in heteroporous media (like
corrugated parallel pores). Klavetter et al. (1984) showed that the effectiveness factors
predicted by the dusty—gas model were up to 30% larger than those estimated by the
modified dusty—gas model. Their results were for the special case of a diffusional
transition regime of second order irreversible reactions accompanied by mole changes

in a heteroporous catalyst.

14.1.2 Two—Dimensional Pore Structure Models:

14.1.2.1 Network Models:

Network models consist basically of pores which are more or less thoroughly
interconnected. Fatt (1956) was the first to propose a pore system consisting of short,
cylindrical tubes of differing radii distributed randomly with respect to position over a
regular two—dimensional network. He characterized each network by the connectivity
ie. the number of tubes to which each tube is itself connected. He concluded from his
study of four different kinds of networks that the capillary pressure curve is more
sensitive to changes in the tube radius distribution than to changes in the type of
network. Dodd and Kiel (1959 ) modified Fatt's network model to allow for the
entrapment of wetting fluid during the penetration capillary process. Wakao et al.
(1969) used a two—dimensional model of macro and micropores and found that values
of effective diffusivity for reacting systems were predicted to be smaller than those for
inert systems, and they also showed that the presence of dead end pores could reduce
the difference. Simson and Kelsey (1971) used network models for calculating

displacement behaviour in porous media, such as petroleum reservoirs.

Wakao and Narusa (1974) studied a network of mixed micropores and

macropores and calculated the concentrations at the nodes of the network. Equations
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describing diffusion through the network were set using an analogy to Kirchoff's
analysis of electrical networks. The node concentrations were calculated using a
relaxation method. Kown and Picket (1975) visually examined photo micrographs of
porous petroleum reservoir rocks, and developed their own network model. Chatzis and
Dullien (1977) have also studied the properties of two— and three—dimensional network
models of capillary tubes. They concluded that the properties of them are significantly
different, due to the fact that bi—continua can not exist in a two dimensional network,

so that they must be unsuitable for the simulation of two—phase flow phenomena.

1.4.1.2.2 Stochastic Pore Network Models:

A stochastic pore network is an interconnecting network of pores, for which
each segment of the network has a radius assigned to it randomly using a suitable
probability distribution (Fig. 1.12). The stochastic pore network model has been used
by Mann and his co—workers to describe a number of processes in porous solids. Some
of these processes were mercury porosimetry (Androutsopoulos and Mann, 1979) and
(Khalaf, 1988), displacement of oil from sandstone (Ghabaee, 1986), catalyst
deactivation by coking (Mann, Sharrat and Thomson, 1986), and coupled diffusion and
reaction in porous catalysts (Sharrat, 1985) and (Mann and Sharrat, 1987).
Androutsopoulos and Mann (1979) proposed a square network model to interpret
penetration and retraction capillary pressure curves derived using the mercury
porosimetry technique for pore structure and pore size distribution. The network which
consisted of equal length cylindrical pore segments of differing diameters was used with
a pseudo—random number generator and the Washburn equation to make predictions

of mercury penetration and retraction behaviour.

14.1.3 Three—Dimensional Pore Structure Models:

1.4.1.3.1 Sphere Pack Models:
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Figure 1.12 Two—dimensional stochastic pore networks with uniform pore
size distribution in the range 60—3200 Angstroms.

10x10 network (top), 20x20 netwcrk (bottom).
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The "random sphere pack models" consider the porous solid to be composed of
large numbers of solid microspheres which are randomly overlapping. The remaining
spaces between the microspheres represent the voids. The cavity centred between eight
spheres forms the pore space. Each pore is connected to other pores through six throats
(openings) located in the plane of four adjacent spheres. In an investigation of the
subatmospheric intrusion into 0.5-1.0 mm particles, Kruyer (1958) reported the
results of his studies, concluding that intrusion is determined by the size of the throats,
whereas, extrusion is determined by the size of the pores. Other authors modified the
analysis by relating the throat geometry to breakthrough pressure, among them are
Frevel and Kressley (1963) and Mayer and Showe (1966). An investigation into the
effect of different factors such as sample size, non-random heterogeneities,
coordination number and pore to throat ratio of the random sphere pack models have

been performed by Wardlaw and McKeller (1981) and Wardlaw (1980, 1982).

1.4.1.3.2 Three—Dimensional Network Models:

These models consist of fully interconnected cylindrical tubes. Ksenzhek (1963)
used equal length pores with radii distributed randomly over the three—dimensional
network. He used the model to determine the accessibility effect on the distribution of
the non—wetting phase entering a porous medium. Nicholson and Petropolous (1971)
have generalized the model to a variable number of tubes per junction to study gas
phase processes. Dullien (1975) presented a mathematical model consisting of a set of
cubic networks of arbitrary orientation with respect to the macroscopic flow direction,
for predicting permeabilities of porous media. The networks consisted of capillary tubes
composed of different size segments. The porosity of the sample and two pore size

distributions were required by the network model for calculations of permeabilities.

Golshan (1979) developed a three—dimensional model for pressurizing and

depressurizing processes. He increased the interconnectivity factor, and found that as
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the interconnectivity factor increases, the network capillary pressure curve evidently
approaches the bundle of tubes model which has infinite connectivity factor. Golshan
also concluded that the curves for penetration and retraction for all pore structure
models lie between the respective curves of the bundle of tubes model and the series
pore model which has a minimum connectivity factor of two. Wall and Brown (1981)
discussed the determination of pore size distribution from gas sorption and mercury
penetration in three—dimensional networks. They illustrated the effect of neck shape,
size and distribution on the shapes of desorption isotherms and mercury penetration.
Lin and Slattery (1982) studied two phase flow through porous media using a
three—dimensional cubic face—centered network. They used pore radii which were
allowed to be sinusoidal functions of axial positions. Conner and Lane (1984)
performed computer simulation of mercury porosimetric processes using a
three—dimensional simple cubic pore/throat network model. They investigated lattice
size, connectivity and pore/throat sizes and proposed helpful rules for simplifying the

interpretation of capillary pressure curves.

Lapidus et al. (1985) in their study of mercury intrusion and extrusion proposed
a three—dimensional cubic network consisting of pores and throats with a connectivity
of six (Fig. 1.13). Each pore was randomly assigned a size according to a pore size
distribution (PSD), whereas, each throat was randomly assigned a size according to a
throat size distribution (TSD). They concluded that PSD, TSD and interconnectivity
influenced the intrusion and extrusion curves. Reyes and Jensen (1985) used a network
model with a special pore topology, a Bethe lattice, to estimate the pore space related
properties in porous solids. The Bethe network representation (Fig. 1.14) of the pore
space allowed an exact evaluation of effective transport coefficients for binary
mixtures, and no resort has to be made to tortuosity factors. They provided a tree like
branching network model for exact evaluation of the effective diffusion coefficient in
porous solids. They reported that porous materials can exhibit significantly different

effective diffusion coefficients, even with similar properties and pore size distribution
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Conceptual
unit cell

Figure 1.13 A 2-D depiction of a 3—D cubic network consisting of pores and

throats (Redrawn from Lapidus et al. (1985)).
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Figure 1.14 A Bethe lattice of connectivity three (Redrawn from Reyes and
Jensen(1985)).
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depending on the connectivity of their pore models.

Khalaf (1988) used a three—dimensional stochastic pore network to interpret
porosimeter tests on fluid catalytic cracking (FCC) catalyst powder and pellets of
different sizes to elucidate an improved measure of the powders internal pore structure.
The elucidated pore structure was evaluated against image analysis of low melting
point alloy penetration sections examined on a scanning electron microscope (SEM)
(Fig. 1.15). The more realistic pore structure provided by three—dimensional stochastic
network was judged to be better suited to the analysis of diffusion, reaction and coking

in catalytic cracking operation.

1.4.1.4 Some Other Pore Structure Models:

14.14.1 Percolation Theory:

Percolation theory expresses the transport properties of a porous solid in terms
of some simple easily measured quantities. Monhanty et al. (1982) used the accessible
active surface area and the transporting porosity to modify the continuum
diffusion—reaction equation. They proposed the possibility of extrapolating the activity
data as a function of porosity, by selecting a proper model among those used in
percolation theory. Reyes and Jensen (1985) chose the Bethe lattice as a pore structure
model and justified their choice using the percolation theory. The Bethe lattice can
mimic the percolation properties of many complex and realistic structures by changing

its pore connectivity.

Beyne and Froment (1990) applied percolation theory to the modelling of the

deactivation of zeolite catalysts by coking leading to site coverage and pore blockage.

14.1.42 Fractals:
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Mandelbrot (1977) used the term "Fractals" to describe certain special
geometric structures. A typical fractal presented by Pteigen and Richter (1985) is
shown in (Fig. 1.16). Fractals can be described by simple mathematics while having
highly complex and irregular shapes. This property makes fractals suitable candidates
for the representation of pore structures, though a predictive theory for diffusion and

reaction within a fractal geometry does not yet exist (Wasilewski, 1986).

Mann and Wasilewski (1990) presented attempts to use fractally based
computer graphic images to generate theoretical constructions for comparison with real
scanning electron microscope (SEM) images. Their image—based approach is intended
to displace those difficult and expensive laboratory tests such as porosimetry and

adsorption which are conventionally applied to deduce pore structure information.
1.4.143 Volume—Averaging Techniques:

Whitaker (1967) presented a volume—averaging technique for modelling
diffusion through porous solids. This technique was later developed by Ryan et al.
(1980, 1981), Ochao et al. (1986) and Whitaker (1986) to model diffusion and diffusion
coupled with reaction in porous solids (Fig. 1.17). The local concentration is expressed
as the sum of a volume—averaged mean concentration term and a perturbation term
arising from the pore structure within the averaging—volume. It is possible to simplify
local perturbation terms since the length scales of pellet and individual pore spaces are

so different.
14.1.44 Monte—Carlo Models:

The motion of a particle is traced as it moves through the pore structure model.
The bulk transport properties can be estimated by averaging over a large number of

such trajectories. Abbasi et al. (1983) simulated the motion of particles in the spaces
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Figure 1.16 A dendritic fractal [Pteigen and Richter (1985)]

Figure 1.17 Volume—Averaging method of pore structure representation

(Whitaker (1986)).
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Figure 1.18 An intersection sphere model used by Abbasi et al. (1984) for
Monte—Carlo modelling of diffusion.

between randomly—packed and intersecting spheres of variable size (Fig. 1.18). They
considered both the Knudsen and bulk regimes. The results were correlated to express
the diffusivities as functions of the mean pore diameter, the sté,ndard deviation of the
pore diameter and the porosity. Smith (1986) applied the method to investigate the

influence of variable pore cross—section on diffusivity in the Knudsen regime.

Beekman (1990) outlined an approach for the mathematical description of the
strongly interconnected nature of the pores in heterogeneous catalysts. He presented
Monte Carlo simulations in 2—D space which showed the chaotic arrangement of the
pore segments, and the computed global properties were in good agreement with

theoretical predictions.
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1.4.2 Selecting the Proper Pore Model:

The choice of a particular pore model for a specific application can be influenced

by the following factors.

(1)  The usefulness of a model is proportional to the extent to which it is able to
rationalize a range of experimental observations.

(2) It is important that the pore model has a significant degree of physical reality
and applicability to the actual phenomenon being modelled. A parallel bundle
might be suitable to represent a catalyst having pores of nearly uniform size. On
the other hand, for studying the deactivation phenomenon for a catalyst that
undergoes pore plugging, the parallel bundle is a poor choice and a network
model might well be more appropriate.

(3) The level of information about diffusion and reaction processes which different
pore models can incorporate. They do vary significantly. It is true to some
extent that more detailed models for diffusion and intrinsic kinetics can often be
included only by sacrificing some structural detail.

(4)  The level of complexity of the model and the knowledge required for using it. A
highly complex model can make the use of it very restricted and beyond the
usual skills of an average engineer.

(5)  The economic factor that determines whether the choice of a particular model is
cost—effective or not. The data required for one model may not be required for
another model. For example the dusty gas model includes three adjustable
structural parameters (i.e. the voidage, the permeability and the tortuosity)
which in some cases are unavailable. Also, computational requirements can be
costly for some models. Percolation theory attempts to relate transport
properties of a porous medium to a few simple easily measured quantities
without the use of excessive computation. These qualities can make it a good

candidate from an economic point of view.
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1.5 MODELLING OF THE CATALYST DEACTIVATION PROCESS:

Catalyst deactivation models can be classified into three categories:

(1) Empirical models.
(2) Kinetic models which are structure—independent.

(3) Kinetic models which are structure—dependent.

1.5.1 Empirical Models:

The first significant quantitative work on coke deposition on acid catalysts was
due to Voorhies (1945). He proposed from his cracking experiments on gas—oils over
natural and synthetic catalysts a relationship between time on stream (t) and coke

content of the catalyst (Cc). His "coke clock" expression was of the form

C=At" o0<n<l (1.3)

A was a constant which is a function of the operating conditions, and n was a constant
describing the coking method. Typical Voorhies plots are shown in Figure 1.19. He
observed no significant effect of space velocity on coking rate. From the low
temperature dependence of the rate of coking he deduced that the process was diffusion
controlled. This, together with the decreasing rate of coking with time on stream led to
the suggestion that it was the coke itself which caused the increasing diffusion
limitation. Ruderhausen and Watson (1954), in studies on the aromatization of hexane,
found similar trends to Voorhies with the contrast however that the coking had a
strong temperature dependence. Eberley et al. (1966) showed that the coke laydown
rate was a discernible function of space velocity, and that Voorhies correlations could
then be applied over limited ranges of space velocities. Their results of the coking

process of an amorphous cracking catalyst, shown in Figure 1.20, were fitted by an
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equation of the form:

Log, C = - 0.2666 Logfo(V/V/hr) + (0.5485 — 0.2666 Log, t)
Logm(V/V/hr) + 0.7838 Logmt —0.7958
(1.4)
where
C :is the weight percent carbon on catalyst
(V/V/hr) s the space velocity, and

t :is the catalyst residence time (minutes).

Ozawa and Bischoff (1968), studying the fouling of a silica—alumina catalyst
during ethylene cracking, investigated the relationship between conversion and time on
stream, (Fig. 1.21). They noted two distinct regions, an initial rapid coking (t<10
minutes) followed by a slower, long term deactivation. Ruderhausen (1954) had earlier
observed similar conversion—time behaviour. Nace et al. (1971) studied the
deactivation of zeolite catalysts, and produced Voorhies correlations with average
values of n much lower than those previously found by Voorhies (0.21 opposed to 0.41).
They concluded that the coking method in the zeolite was different from that in the
amorphous catalyst used earlier by Voorhies. Modelling cumene disproportionation
over a commercial hydro—cracking catalyst, Absil et al. (1984) used a modified

Voorhies type correlation to relate conversion (X) and time on stream (t):

X= A exp(-k t%%) (1.5)
where

A :is equal to the initial conversion.

Paloumbis and Petersen (1982) proposed an expression for coke content (C¢) in

the steam reforming catalyst of the form:
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Co=AF/3 (1.6)
where
F :is the feed flow rate, and

A :is a temperature—dependent coefficient.

Their experimental results are presented in Figure 1.22. Pozzi and Rase (1958)

described a declining catalyst activity by an equation of the from:

Xr _ Xa . 1 — (Xa/xo) @
X X 71T+ M~ )
0 0
where
T :is reaction time,
XT :is fractional conversion at the reaction time r,
Xo :is initial fractional conversion,
Xa :is fractional conversion after infinite time on stream, and
M :is a function of catalyst surface properties and the partial pressure of a given
component.

Due to the quantity of data required to obtain the best fit parameters, their
model has little research value but its use is seen in reactor design and operation. In
the case of coking of a Ni catalyst, Rostrup—Nielsen (1974) found that there was an
"induction period" where very little coke was deposited on the catalyst. After this
induction period, the rate of coking increased until it reached some constant value. It
was quite reasonably concluded from this work that there are fundamental differences
between coking behaviour on Ni and cracking catalyst. Some empirical correlations
have been presented in the form of monographs. The American oil industry makes
extensive use of these monographs to predict deactivation characteristics. Castiglioni
(1983) presented a monograph dealing with yields and amount of coke obtained from

riser cracker units based on process conditions.
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The primary limitations of these empirical correlations is that they can not be
generalized. Their application is limited to the particular reaction condition that
existed during their experimentation. Another disadvantage of the use of empirical
models is that they do not provide any information whatsoever on the basic

mechanisms of deactivation.

1.5.2 Kinetic Models Which are Structure—Independent:

Many authors have used a kinetic approach in their work and they have found
that the derived models can be made to closely fit the reaction and deactivation
mechanisms under investigation. In all cases, the definition of an activity factor is of
prime importance and there is some disagreement as to the basis upon which this
should be defined. Most workers used time as the independent variable as it is most
easily measured and directly useful for design purposes. Other workers have presented
activity decline as a function of coke on catalyst or as a function of availability of

reaction sites.

1.5.2.1 Time—-on—Stream Theory:

Khang and Levenspiel (1973) put forward a number of n*® order rate forms to
present deactivating catalyst pellets based on the different possible mechanisms of
deactivation. They investigated the effect of diffusional resistances on the deactivating
catalyst and showed two distinct limiting cases of activity decay, namely, shell model
and core model deactivation. In the case of strong diffusional resistances, reaction and
deactivation by a parallel or side—by—side mechanism occurs only on the outer layers
of the catalyst pellet. As time on stream increases, the poison moves inside the pellet
producing a shell progressive type of deactivation. In the case of strong pore resistances
with a series deactivation reaction, the poison concentrates in the centre of the pellet.

As time on stream increases, the poison moves outwards producing a core type of



43

Increase in diffusional resistance

b, «b, <1 h, « h,>1 b, e h >>1

Time Time

- v

Resistance to pore diffusion determines where the poison
deposits; for parallel or side—~by-—side deactivation

Increase in diffusional resistance

h, <1 h,>1 bh>>1

Growing oore

&M extreme
‘not reslistic)

Time

{ A Time  Time
T >
L ]
Resistance to pore diffusion determines where the poison
deposits; for series deactivation
Figure 1.23 Location of poison deposits is influenced by the diffusional effects

and by the type of decay reaction (Redrawn from Khang &
Levenspiel (1973)).



44

deactivation (Fig. 1.23). The power law expression for the activity coefficient (a) which

has been reported in many models takes the form:

(ai% =-kad (1.8)
where
a :is activity coefficient, which is a method of describing the changes caused by
deactivation,
t :is time on stream,
k :is a function dependent on process and surface conditions, and
d :is a constant.

Khang and Levenspiel (1973) reported that the value of d was dependent on the
level of the Thiele modulus, and that most of the deactivation data can be modelled
using values in the range 3>d>0. Corella and Asua (1981) produced a comprehensive
review of the power law expressions used by various authors in the modelling of the
deactivation process. Viner and Wojciechowski (1982) used a more complicated

expression in their time—on—stream theory of deactivation which took the form:

© = {1 + (m-1) kt} 2/ (m1) (1.9)
where
e :is fraction of active sites remaining
m :is the number of active sites removed per deactivation step (m#1)
t :is the time on stream of the catalyst, and
k :is a constant.

The dehydrogenation of methyl cyclohexane was modelled by Pacheco and

Petersen (1984) using the expression

a(t) = (1 + kt)?/(m=1) (1.10)
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where
n :is the order of the main reaction, and
m :is the order of the fouling reaction.

They found values of 0.2 to 0.5 required for the group (n/(m—1)) to model the observed
deactivation behaviour. They proposed that in the case of variable reaction order,
several competing parallel coking reactions are taking place simultaneously. Each

coking reaction required different numbers of active sites.

Gendy and Pratt (1982) in their model of the deactivation of H-Y zeolite used

in xylene isomerisation, investigated the following four expressions:

B;= Boj(1—a;t) Linear (1.11)
Bj= Bo; ¢ it Exponential (1.12)
Bi= Bo; t— % Powerlaw (1.13)
Bj= Boj t—i(t/7) (1.14)

where
B;  :reaction rate constant at time t (kmol/kg cat/s),
Bo; :reaction rate constant at t=0,

Boj :reaction rate constant at t=1 hr,

-1
a :decay velocity constant, hr
t :time on stream, hr, and

T :space time kg. hr/kmol.

They found that the power law decay function best fitted the vapour phase
deactivation behaviour of the rate constant, whereas the exponential equation (1.11)

best fitted the liquid phase deactivation behaviour.
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Correla and Asua (1980) proposed a kinetic model with a parallel deactivation

mechanism, with an activity factor defined as follow:

*
a = exp r - kg XA EK+1 (1.15)
0 1 + (kA"' kA) P+ kR Dp
where
t :is time in minutes
kd :is deactivation rate constant

%
k A k A kR :are equilibrium adsorption constants, and,

P A PR :is partial pressure, atm.

They found that a value n=1 in the activity equation gave a model fit for the

experimental data of the catalytic hydrogenation of benzyl alcohol.

We see from these previous examples, that a "time—on—stream theory" can
represent the catalyst deactivation, but some authors have very reasonably expressed
reservations. Hatcher (1985) discounted the theory as an accurate method of modelling
deactivation during the disproportionation of cumene. It was noted that in a tubular
reactor, coke profiles were produced along the axial coordinate of the reactor; a

phenomenon that the "time—on—stream theory" could never predict.

Abbot and Wojciechowski (1988) investigated the chain length effect on the
kinetics and selectivity of reactions of 1—alkenes on H—Y zeolite. The kinetics of these
processes have been fitted by a Langmuir model for adsorption, and time—on—stream
theory to account for the associated catalyst decay. It was found that rate constants
for both skeletal isomerisation and cracking increased with chain length of the feed

alkene (Fig. 1.24).
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1.5.2.2 Activity Based on Coke Content:

In a study of the non—steady state behaviour of a fixed bed catalytic reactor
with catalyst deactivation due to coking, Froment and Bischoff (1961, 1962) suggested
that the activity function ¢ should be expressed as a function of the carbon content of
the catalyst instead of time—on—stream. In these papers and in further investigations
by Dumez and Froment (1976) they used activity coefficients, ¢, relating the variable

rate coefficients to the carbon content of the catalyst,

k=k°¢ (1.16)

where k° is rate coefficient at zero coke content. The activity function (¢) has taken

the following forms:

¢=exp(—aC,) exponential (1.17)
6=(1-a Cc) linear (1.18)
¢=(1-aC, )2 power law (1.19)
¢=1/1+aC,) hyperbolic (1.20)
$=1/(1+aC,) hyperbolic (1.21)

where C ¢ is the carbon content of the catalyst.

The case of cumene cracking over a lanthanum exchanged Y-zeolite catalyst
has been investigated by Lin and Hatcher (1982). They applied the Froment—Bischoff
approach to model the deactivation behaviour of the cracking catalyst. Using similar
activity functions for the main and fouling reactions, they demonstrated that a
combined kinetic mechanism of deactivation could be the cause of catalyst decay (Fig.
1.25). Nam and Kittrell (1984) joined the "time—on—stream" model and "coke content"
model using an active site balance to produce the following equation relating activity

to time—on—stream:



49

Ina(t) =—At (1.22)

where )\ is a function of reactant and products partial pressures. They used this

activity function, a, to produce an expression for coke content of the catalyst (q):
q=01(1—a)+ azln (a) (1.28)

where oy and o9 are functions of initial active site concentration and reactant and
products partial pressures. They used the above expressions to simulate experimental

deactivation data of systems modelled by Froment's activity functions (Fig. 1.26).
1.5.2.3 Activity Based on Active Sites Loss:

Polinski et al. (1981) have used an expression defining a catalyst activity factor
based on the fraction of active sites available for a reaction. They éxpressed the

reaction rate constant for the catalyst undergoing deactivation, k qr 38 follows:

kd=k0 (1-0) (1.24)
where
ko :is reaction rate constant of the fresh catalyst, and
a ;is the fraction of active sites poisoned.

Using this model, they concluded from their studies that larger diameter pellets may

have longer life. Angelli et al. (1982) used a similar activity function, ©, defined as:

- Q.
o=2"% (1.25)

where
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a, :is the initial active surface, and
ap :is the poisoned surface.

This model was successful in describing a flow reactor which was to distinguish the

poisoning mechanism and its kinetics.

Bharati and Bhatia (1987) studied the kinetics and mechanism of deactivation
by coking of a hydrogen mordenite catalyst for the disproportionation of toluene along

with the kinetics of the main reaction. They used an activity function given by:

a=|—f 2 (1.26)
where
L :is the total concentration of active sites,
C 1 s the concentration of active sites covered by coke, and

P
m :is number of active sites involved in the controlling step of the main reaction.

The deactivation kinetic equation was represented by a heterogeneous model

incorporating coke formation by a parallel reaction scheme.

Corella et al. (1988) studied some intrinsic kinetic equations and deactivation
mechanisms, leading to deactivation curves with residual activity. They used equations
which account for the number of active sites involved in the controlling step of the

main and deactivation reactions.

A common weakness among all the kinetic and empirical models discussed so far
is that they have not taken into account the important role of interaction of the

catalyst pore structure and the deactivation process.
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1.5.3 Kinetic Models Which are Structure—Dependent:

A number of models have been proposed which incorporate a representation of
the pore structure. Wheeler (1951) studied a reaction inside a cylindrical pore
undergoing poisoning at the mouth. Newson (1975) used a parallel bundle
representation of the desulphurization catalyst pore structure undergoing deaétivation

by metals and coke deposition.

The foulants being deposited in small increments, gradually reduce both the
pore mouth radii and catalytic activity. Beekman and Froment (1980, 1982) and
Froment (1980) studied deactivation by both site coverage and pore plugging.
Probability theory was used to predict deactivation functions for the main and coking
reactions. They predicted coke profiles and concentration profiles within catalyst
particles. Figure 1.27 illustrates how the coke profiles, represented by degree of site
coverage, build up within a catalyst pore with increased time—on—stream for both
parallel and series (consecutive) coking. A more fundamental approach to the problem
of pore plugging was offered by Mann and his co—workers (Hughes and Mann (1978);
El-Kady and Mann (1981, 1982); Moore (1983); Mann, El-Kady and Moore (1984)
and Thomson (1984)). They have considered the geometry of the foulant and its

interaction with the pore structure.

Parallel bundles represent the pore structure and coke deposited in wedges at
the pore mouth leading to loss in surface area and catalytic activity. The geometry of

these wedges was characterized by a shape factor, 8, defined as follows:

ﬁ_height of coke layer at the pore mouth
~ depth of coke layer into the pore

Tsakalis et al. (1984) used a parallel bundle pore model in their analysis of

deactivation by active site poisoning and pore plugging for catalytic coal liquefaction.
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Hughes and Mann (1978) suggested that plugging was the major cause of the
deactivation of a hydrodesulphurisation (HDS) catalyst. Mann et al. (1984) improved
the model to include diffusion and reaction in a zeolitic catalyst where both the
support and zeolite were active. Mann and Thomson (1987) extended the model to
allow for different deactivation rates for the support and zeolite (Fig. 1.27). Mann et
al. (1985) investigated the effect of pore structure and fouling on the selectivity in
consecutive reactions. A more realistic catalyst pore structure model, the square
network, which accounts for interconnectivity was then used by Sharrat (1985) and
Mann et al. (1986). They adopted a method of random deposition of coke units. In this

way they simulated the deactivation in a supported zeolitic catalyst.

Prasad and Valdyeswaran (1986) modelled the transient deactivation process
taking into account pore size reduction due to coke deposition and the consequent
changes in voidage and Knudsen diffusivity. They considered the case of a triangular
reaction network taking place in an isothermal catalyst slab having uniform cylindrical
Knudsen pores. It was shown that 7 the "instantaneous effectiveness factor" passes
through a minimum value at a time that is characteristic of the system and operating
conditions (Fig. 1.28). This is the time for which it is most beneficial to operate the

reactor in question.

Shimura et al. (1986) in their modelling of the deactivation in hydrotreating
catalyst due to coke and metal sulphides, used a parallel bundle pore structure. They
divided the pore into elements and calculated the change in the radius of each element
as a function of time—on—stream. They investigated the effect of pore structure on the
reaction and defined optimal structures that maximise either catalyst life or initial
activity. Chang and Crynes (1986) studied the relationship between pellet and pore
sizes and the catalytic activity for the case of active site coverage and pore mouth
reduction arising from a parallel deactivation mechanism. They concluded somewhat

obviously that diffusional limitations can be reduced by increasing pore radius and
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reducing pellet size.

Chang and Perlmutter (1987) have also developed a mathematical model based
on the interaction between catalyst pore structure and coke distribution in the pores.
The model is able to associate overall regeneration kinetics with alternative
pore—distributed coke deposition patterns. They represented the catalyst support by a
parallel bundle of non—intersecting pores each with circular cross section but not
necessarily a cylinder. The model makes coke distribution in the pores accessible to

experimental determination.

The modelling of catalyst deactivation using a pore structural approach in
recent years has produced some valuable insights leading to further improvements of
those models presented to explain the process of catalyst decay. These models have the
advantage of easily representing blocking phenomena. They are also readily related to
commonly used measures of structural changes such as porosimetry and gas—adsorption
pore size measurements. One possible disadvantage. of the more structural based

approaches is their computer time requirements.

1.6 FLUID CATALYTIC CRACKING PROCESS:

Fluid catalytic cracking (FCC), the largest catalytic process in the world, is at
the heart of a modern refinery oriented toward maximum gasoline production. The
early pioneering work was carried out by Eugene Houdry (Oblad, 1983). Modern FCC
was conceived at EXXON and commercially developed in about 1940 (Janig et al.,
1983) using amorphous catalysts. Fluid catalysts are usually very small spherical
particles ranging from 40 to 150 um in diameter with acid sites capable of cracking
large petroleumn molecules to products boiling in the gasoline range (Heinemann and
Somorjai, 1984). One advantage of the FCC process is the absence of diffusion

limitations present in conventional gas oil cracking due to the very small size of the
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catalyst particles. Since 1964 virtually all catalysts contain faujasite, a stable, large
pore, Y—type zeolite dispersed in a silica/alumina matrix (Plank, 1983). Numerous
designs of FCC units have appeared in the recent literature. A typical modern FCC
complex is shown in Figure 1.29. One of the most important characteristics of
zeolite—containing FCC catalysts is their susceptibility to loss in activity and
selectivity as coke on catalyst increases (Venuto and Habib, 1979). In this regard,
zeolites, in short contact time riser operation, appear to be more markedly affected by
residual catalyst carbon level than conventional amorphous materials. For this reason
there has been a driving force for more efficient regeneration, with levels in the range
of 0.1 to 0.25wt% carbon on regenerated catalyst commonly cited as desirable (Aulund,
1976). In the case of a riser reactor the FCC catalyst deactivates through coking in just
a few seconds, whereas for a fluidized bed reactor the coking process occurs over a long
time. Figure 1.30 shows the reaction section of a fluidized bed cracking unit (Decroocq,

1984).

The modelling of catalyst deactivation using a pore structural approach in
recent years has produced some very interesting and valuable results leading to further
improvements in those models derived to tackle the complex process of catalyst decay.
From this platform of knowledge it is hoped that this work and future work in this
field of research will lead to the development of a more comprehensive model of
catalyst deactivation and ultimately to the better a priori design of enhanced 'pore
architectures' capable of inhibiting the activity decay consequences of coking and
simultaneously maximising the productivity achieved over the 'life cycle' of the

catalyst.

Our study of long term deactivation behaviour of FCC catalyst can provide us
with useful information on how the coking process proceeds in the reactor part of the
modern FCC process even though it can't inform us about the riser part. Also, it

should provide important information about the structure of the catalyst and its
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possible interaction with the accumulating foulant during long term deactivation by

coke laydown.



CHAPTER TWO

THEORETICAL APPROACHES TO COKE
LAYDOWN MODELLING
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CHAPTER TWO

THEORETICAL APPROACHES TO COKE
LAYDOWN MODELLING

2.1 INTRODUCTION:

This chapter deals with two possible structural models to simulate the various
processes that take place in the macropores and micropores of a supported zeolitic
cracking catalyst particle, namely, diffusion, reaction and deactivation caused by coke

laydown.

The following two models were chosen to represent the catalyst support

structure:

(1)  Corrugated parallel bundle model, and

(2) Stochastic pore network model.

The zeolite contained within crystallites was assumed to be uniformly
distributed along the walls of the silica alumina support pores of both the above
models. Examples of each of these structural models are shown in Figure 2.1 and

Figure 2.2.

Following on the work of Thomson (1986) and Sharrat (1985), the simulation of
diffusion, reaction and deactivation was performed in both structures as functions of
time on stream. It has been considered that the deactivation of the support and the

zeolite occurs by coke laydown according to the following two mechanisms:
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Active site poisoning: Deactivation occurs by loss of active sites due to coke
depositing directly on the active site in the support and zeolite.

Pore plugging: Deactivation occurs by loss of active sites due to coke deposits
restricting access to what would otherwise be active sites on the support and

zeolite.

The following assumptions were made in the modelling of the deactivation of

the zeolitic catalyst:

1)
2
3)
(4)
(5)
(6)
o)

2.2

2.2.1

The species involved move by diffusion only, with no bulk flow.

The species obey Dalton's law of partial pressure.

The total pressure (and hence molal density) is constant throughout the pore
arrangement.

The reaction is first order in the reacting species and first order in active surface
area.

There is no change in the total number of moles on reaction.

Both the support and zeolite are catalytically active, and

The support and the zeolite can deactivate in different ways.

THE CORRUGATED PARALLEL BUNDLE MODEL OF PORE
STRUCTURE:

Concentration Profile in a Corrugated Pore:

In order to evaluate the concentration profile in a pore, it is first necessary to

investigate what takes place in each of the individual elements of the pore. Consider a

single pore consisting of N elements in which the reaction

A ———— Products
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occurs which is first order with respect to concentration of reactant and first order with

respect to active surface area with equimolar, counter diffusional flow.

A mass balance for the reactant A in any pore element n, n<N, with boundary
conditions as shown in Figure 2.3, can be performed and represented by the following

equation:

Inflow of A — Outflow of A = Rate of reaction of A on surface

(2.1)
For a completely deactivated pore element equation (2.1) becomes:
d2cC A
=0 (2.2)
dx2

Integrating the above equation twice using the boundary conditions, gives the

concentration profile across the pore element

x(C, -¢C, )
CA(X) = CA’H-1 + A],;n A,n-1 (2.3)

For an active pore element of radius R, equation (2.1) becomes:

d?C

2 A _
1ar Dn o7 —ks Sn CA (24)

Rearranging equation (2.4) and substituting for the reaction modulus for the pore
element m_ it becomes:
d?c

A_ 2
'(-i-x-2———mn CA (2.5)
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where the reaction modulus m, is given by:

k S
mi=-6_1n (2.6)
n sz D

ks and Sn are the reaction rate constant and the total active surface area of the

element, respectively.

Using the following boundary conditions for any element n#N

equation (2.4) is solved to produce the concentration profile of A throughout the pore

element.

The concentration profile for A is given by:

C.(x) = Chs sinh(f'nn(L—x)) + C,  sinh(m x)
A 81nh(an)

(2.7)

For the final closed—end element of the pore, n=N the boundary conditions are

different as follows:

CAch,N.l x=0
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Solving equations (2.2) and (2.4) using the above boundary conditions produces
the concentration profile of A throughout the end element. For a completely

deactivated pore element, equation (2.2) produces:

C A(x) =C AN (2.8)
For an active final closed—end element equation (2.4) produces:
C cosh ( my,(L—x))
_ AN N
Calx) = — = csh{my L) (2.9)

To evaluate the concentration profile in the complete pore, the intermediate
concentrations must be eliminated i.e. C An for n=1, N—1. A mass balance across the
b

interface of any two adjacent pore elements n—1 and n must ensure conservation.

The flow of reactant A leaving element n—1 is:

y dC A
flow=—-D R? o= L (2.10)

The flow of reactant A entering the next element n is given by:

) dCA
flow = — Dn FRn a-x— =0 (2.11)

Assuming no reaction at the interface, these two flows are equal:

o i

n ndX

D R? dC,

n-1 n-1 dx

(2.12)

x=L x=0
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Since the catalyst particle is undergoing deactivation, then any pore element
may be either active or inactive at any specific time on stream. Therefore, depending
on the condition of the two adjacent pore elements n and n—1, there exist four different

cases to consider when solving equation (2.12) (Table 2.1).

Table 2.1  The different cases of two adjacent pore elements.

Element Case number
number
1 2 3 4
n-1) Active Active Inactive Inactive
n) Active Inactive |Active Inactive
Case number 1: Both ‘pore elements are active:
dC,
Equation (2.7) is differentiated to get I for pore element (n—1) and
=L
dC,
to get 3=— for element (n).
x=0
For the element (n—1):
dCp _ d [C An2 sinh(mn_!(L—x)) + C An—1 sinh(mn_lx)]
dx x=L dx sinh(m__, L) x=L

(2.13)

_ [— m,_, C A2 cosh(mn_1 (L=x)) + mn_IC Al cosh(mn_lx)
- sinh(m ,L) x=L

(2.14)
Then:
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dC,

dx |,_p =My CA,n—l coth(m,,_,L

) _ mn—l CA,D'—2
sinh(m ;L)

(2.15)

For pore element (n):

_d C An—1 sinh(m (Lx)) + C An sinh(m, x)
—dx sinh(m L] x=0

(2.16)

-m, C An-1 cosh(m (L—x)) + m C An oosh(mnx)]
sinh(m L) x=0

(2.17)

Then:

dCA =mp CA,n
dx x=0 smh(an)

-m C A1 coth(m L) (2.18)

Now, both sides of equation(2.12) can be equated using equations (2.15) and (2.18) as

follows:

) — . | CA,n—2 ]

2
DR [ CA,n—l coth(m,, ;L) -3 inh{(m L)

n—1 "n—1
m CA .1
smh(mI)

2
D_R2 [ —my Cy oy coth(an)] (2.19)
or:
2 2
A,n-2 smh(mn_lL) An snnh(m L)
2 _
Cpnt [Dn_l R2 'm__ coth(m _,L)+D RIm_ coth(an)] =0

(2.20)
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Case number 2: Element (n—1) active and element (n) inactive:
dC m C
A _ n—-1 “An-2
Ix |, =My Cp pg ©th(my L) —5m T (2.21)
x=L n-1
dC d C, —C
A _ X _|7An An-1
dx |,_n dx [CA,n—-l tT (CA,n - CA,n—-—l)] n [ L ]
x=0 x=0
(2.22)
Since:
dC dC
2 A _ 2°YA
—Dpg Rn—l dx |1 DyRpax x=0 (2.23)
then:
C
2 M1 YAn—2 1 _
- Dn—l Rn—1 [mn—l CA,n—l COth(mn—lL) T8 inh(mn_lL) ] -
D, Ry
L (CA,n— CA,n—l) (2:24)
Rearranging, we get
2
2 D_ R
D R nn
C Mp1 Yn—1 Tn-1| + C l ]
An—2 [ sinh(m__;L) ] An [ L
2 Dn R121
—_ CA,n—l Dn—l Rll—l m, coth(mn_lL) + 0| = 0 (2.25)
Case number 3: Element (n—1) inactive and element (n) active:

dC,

CA,n m,
Hx

- [Si StE ™ CAnnt coth(an)] (2.26)

x=0
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dc, d [C x . )]
= + —
dx x=L dx [YAn—2 " L‘\YAn-1 An-2 x=L
C -C
A,n-1 An—2
=[ LU L o ] (227)
Using equation (2.12)
D, Rpy o[ My CA n
L (CA,n—l— CA,n-2) =D Ry [s nh({m L)
—m,Cy ,_; coth(m,L)] (2.28)
Rearranging, it becomes:
2 2
. Dp 1~ Ry 2

C A,n-2 [——L—n'—'l] -C A1 [———L-— +m D R coth(an)]

D R m,
+CAn[81nh(m L) ]_0 (2.29)
Case number 4: Elements (n—1) and element (n) both inactive:
dC C -C
A An—1 An-2
= — . (2.30)
dx <=L L
dC C - C
A An A,n—1
== 2 (2.31)
dx x=0 L
Using equation (2.12):
C - C C - C
2 An—1 An-2] _ 2 [YAn A,n—1
Dy Rp [ L ] - Dn Ry [ L ]
(2.32)

Rearranging, it becomes:
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2 2 2
C Dn—l Rn—-l -C Dn—1 Rn—1 + Dn Rn
An-2 L An-1 L L
D_ R
+Cpp [Tn n] =0 (2.33)
The End Element of the Pore:

Conserving the mass balance across the interface between the two elements at
the end of the pore, namely, N—1 and N, and assuming no reaction at the interface, as

before, the flow of reactant A leaving element N—1 given by equation (2.10) is:

9 4Cy

x=L
The flow of reactant A entering element N given by equation (2.11) is:

9 4Cp
Flow = — DN 7I'RN Ix

x=0
Then

dC,

dC
2 2 A
Dy Rnaax

=Dy R
x=L N N dx

(2.34)
x=0

As in Table 2.1, the four different cases should each be considered for the end element

as well.

Case number 1: Element N—1 and element N both active:

Equation (2.15) becomes:
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dC m C
A _ N-1 “AN-2
X |._; = ™N-1 Ca,Nog ©th(my L) — 5T ) (2:35)
x=L N-1
From equation (2.9) for an active end element:
€)= CA,N-—l cosh ( mN(L—x))
AV ™ cosh(my )
differentiating with respect to x:
dx |,_, & cosh(myL) x=0 '
dx x=0 cosh(myL) - ’
Using equation (2.34) and substituting equations (2.35) and (2.38):
C
2 MN-1 YAN-2 ] _
Dn-1 BN [mN—l CaN-1 c0th(my L) — 5TaRmy ) ] =
2
Rearranging, it becomes:
Dy RN—1 My 2
CA,N-2 [ STnh (myL) ] —Cy N-1 IDN—g Ry My
coth(my_,L) + Dy RE my tanh(myL)] = 0 (2.40)

Case number 2: Element N—1 active and element N inactive:



74

dC C m
A A,N-2 "'N-1
=C h L) —-—= 2.35
dx x=L AN—1 N1 cot (mN-—l ) sinh(my_,L) (2.35)
Using equation (2.8) and differentiating:
dC, d
ax |~ [CA N—l]
X lx=0 dx ? x=0
Since element N is inactive for this case number 2 then:
dC, —o
dx x=0
Substituting above equations in (2.34):
2 mn-1 CAN-2 _
DNt BN-1 PN—1 CaN-1 Othlmn D) — 5TaRmy o) = °
(2.41)
c th(my_,L) — “A.N-2 (2.42)
AN-1 ©OINY TEmh (my L) '
Simplifying and rearranging it becomes:
C AN—2" C A,N—1 cosh(my_,L) =0 (2.43)

Case number 3: Element N—1 inactive and element N active:

dCA
ax

_CaANa~ CaAN—2
"

=|
= |C -¥( -C =
e & [CaN2"T Canag AN-2) L

(2.44)
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dC,
ax

using equation (2.34):

C -C
2 A,N-1 AN-2] _ 2
Dn_y RN—I[ L ] =Dy Ry [—my Cp N tanh(myL)]
(2.46)
Rearranging, it becomes
2 2
D R D R
N—1 "N-1 N—-1 ""N-1 P _
CAN-2 [—1:—] —Cp N [—r—— +my D_R? tanh(mNL)] =0
(2.47)
Case number 4: Element N—1 and element N both inactive:
dC C -C
A A N-1 A N-2
= 2 2 (2.48)
dx <=L L
Since element N is inactive then:
dC A —o
dx x=0
using equation (2.34):
C -C
A N-1 AN-2
I =0 (2.49)
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Mass conservation across every interface between two adjacent pore elements
produces (N—1) equations for a pore with N elements. The matrix form of these

equations becomes

G-C=bD (2.51)
The coefficient matrix G is tridiagonal, containing nonzero elements only on the
diagonal and positions adjacent to the diagonal. Solution of equation (2.51), C,
provides the full set of intermediate concentrations.

The end element concentration C, | is calculated from equation (2.8) or (2.9):

For an inactive end element:

For an active end element:
cosh(m,; ( L—x))
C, n=C N (2.53)
AN AN-1"cosh(myL) |, _;
C
_ A, N—1
CA,N - cosh(mylL) (2.54)

2.2.2 Estimation of the Rate of the Reaction in a Pore:

Performing mass balances for the corrugated pore in Figure 2.3 provide:

rate of reaction of A in the pore = flow of A into the pore

(2.55)
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Then:
. . 2 dC A
rate of reaction of A in the pore = — D1 T R1 I e
(2.56)
To calculate the rate of the reaction, two cases must be considered.

Case number 1: The first element of the pore is active:

Using equation (2.7) for the first element n=1, the concentration profile

becomes:
Cp o sinh(m;(L-x)) + C, ; sinh(m;x)
— A70 1 A,l 1
Cal) = 5TAR(m; L) (2.57)
C o is the bulk concentration of A at the pore mouth.
Differentiating equation (2.57) it becomes:
dC, _d [ Cp g sinh(m; (L)) + C, ; sinh(m,x) ]
dx x=0 dx sinh(m, L) 0
(2.58)
dC, _ [— m; Cp cosh(ml(I.a—X)) +mCy 4 sinh(mlx)]
dx x=0 smh(mlL) 0
(2.59)

dCA
ax

m, C
e T W U
o FTEE(m, m; C A coth(m, L) (2.60)

Using equation (2.56) and substituting equation (2.60) it becomes:
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rate of reaction of A in the pore =

_p ARrZ[DLYAL g coth(m, L) (2.61)
1 1 mnElmlm 1 ¥A0 1 :

Case number 2: The first element of the pore is inactive:

For a completely deactivated first element, the concentration profile is given by:

x (Cp 1 = Cpp)

CA(x) = CA,O + T (2.62)
dC C -C
A _ Al A0
I 0 T (2.63)

Using equation (2.56) and substituting equation (2.63) gives finally

the rate of reaction of A in the pore =

C -C

—-D, 7Ry T

1

223 Estimation of the Active Surface Area of the Support:

The active surface area of the catalyst is the sum of the active area of the
support and zeolite for each of the pore elements. Since coke deposits on the wall of the
catalyst, the active surface area decreases as time on stream increases. To facilitate an
estimate of the amount of free active area in a support pore element, the following

assumptions were made:

(1)  Coke deposits randomly onto the support (Fig. 2.4).
(2) The coke units consist of discrete cubes of size d.

(3)  There are N active sites in the element.
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4) Aj is the fraction of active sites covered to a depth "j" when n. units of coke
have been deposited, and

(5) Initially A =1, A=0 >0

As the number of coke units deposited in the pore element 'n.' increases, the
value of Aj will decrease. Consider an increment én¢ in the amount of coke units

deposited. Taking a site balance for the system will produce the corresponding changes

in A i
A -A
0A. A, A.
= —1{15—1 -5t 0 (2.66)
Taking the limit
dA A
i (2.67)
dA. A A

n; = —g]—;l - —ﬂr; j>0 (2.68)

A n
ol N |
J i dA, = OI N dne (2.69)
Ao = exp(—nc/Ns) (2.70)
dA1 A A1

Substituting for A0
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L_ exp(no/ls) _ (A /Ny) (2.72)

or

dA
an—i+(A1/Ns)=—ET$,J«Llex 2o/ N (2.73)

Integrating the above equation requires finding the Complementary Function

and the Particular Integral and summing.

Complementary Function:
dA;
dne + (Al/Ns) =0 (2.74)
Let:
A= exp(mnc) (2.75)
then:
dA,
a-n—c- =m exp(mnc) (276)
and:
exp(mng) _
m exp(mnc) + —%s—ﬁ =0 (2.77)
= —1/Ns (2.78)
A = K exp(—nc/Ns) (2.79)
where K is an arbitrary constant
Particular Integral:
Let:
A, = H n exp(—no/Ns) (2.80)

then:
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dA1
an—c =H exp(

—n¢/Ns) — H nc e}’\}p(—nc/Ns) (2.81)

s

Substituting into equation (2.73)

H exp(—ng/Ns) — H-le ef\t};:(—nc/Ng) +Hone eﬁg(—ncle)

= ex ;nc Ns (2.82)
Therefore:
H=1/N; (2.83)
The general solution becomes:
A, = K exp(-nc/Ny) + 2o Xp{0c/Te) (2.84)

From assumption 5 above, A1= 0 when nc= 0 implying K= 0, therefore:

A, =L exp(—n¢/Ns) (2.85)
1 s )
Similarly:
dA, A, A
2_"1 2
NN (2.86)
dA A
2 _ ne exp(—ne/Ng) 2
In; = € 2 c -N (2.87)
5
or:
dA, A
2 2 _ ne exp(—n¢/Ng)
T TN~ 2 (2:88)

The Complementary Function is:

A, = K exp(—n¢/Ns) (2.89)

2
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For the Particular Integral try:

A2 =H 11% exp(—nc/Ne)
Then:

2 2
2nH exp(—nc/Ns) _ Hng elJ\(Ip(—HC/ Ns) , Hne elJ\cII:(-—nc/Ns)

_ D¢ exp(—nc/Ns)
N3

The general solution becomes:

2
A, = K exp(—no/N;) — B eXP{—c/Ne)
2 N

5

Eliminating K by the use of boundary conditions from assumption 5:

A = (0e/Ne)® exp(-ng/N)
2 2

As before for A3
m - N; N;

Substituting for A, and rearranging:

dA 2
3 _ (ng/Ng)” exp(—n¢/Ng)
anc + A3 - . e 2 Ns : g

Again, the general solution is

(2.90)

(2.91)

(2.92)

(2.93)

(2.94)

(2.95)

(2.96)
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Ag = K exp(—nc/Ns) (2.97)

To find the Particular Integral let:

Ag = H 13 exp(~nc/Ns) (2.98)
Then
2 H n3 H n%
3 H n¢ exp(—n¢/Ng) — —Ns—i exp(—n¢/Nsg) + N exp(—n¢/Ng)
2
= “B<y exp(nc/N) (2.99)
§
and
1
H=1 (2.100)
6 N5

Eliminating the arbitrary constant K, the general solution becomes:

Ay= (no/Ns)® exp(=n/Ns) (2.101)

or

3 .
Ay = (nc/Ns) g)!(p(—nc/ Ng) (2.102)

Repeating this procedure for A 4 A5, oA ; it can be shown that:

A= (ng/Ng)’ exp(-ne/No) (2.103)

This is a Poisson style distribution where (n¢/Ns) is the mean depth of coke and Aj is

the fraction of surface area covered to depth j.

Let:
M = (n¢/Ns) mean depth of coke units (2.104)
then:
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J _
Aj= M_%EEX_MJ (2.105)

If assuming active site poisoning then the fraction of the surface area that is

still active is that fraction on which no coke has been deposited, i.e. j=0.

Then, the free support active surface area, A o8’ is given by
A= exp(—M) (2.106)
= exn | Z(R(0) — R(t))
Ay = exp[ . (2.107)

where
R(0) :is the initial radius of the pore element,
R(t) :is the element's average radius at time t, and

d :is the size of the cubic support coke unit.

Whereas, if assuming heavy support coke laydown allowing the coke units to lay
on top of each other, then the fraction of the surface area that is still active is that
which is accessible even if it is covered with a thick layer of coke (Fig. 2.5). Therefore,

at any time t, the fraction active support area, A o8’ will be given as follows:
A =R (2.108)
224 Estimation of The Active Surface Area of the Zeolite:

To overcome the difficulty of describing diffusion, reaction and coke deposition
in the zeolite micropores, it will be assumed that coke deposition in the zeolite
micropores can be described by a "similar" process to coking in the support which is

exactly analogous but with a different coke unit size, dz.
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Then using the "analogy" argument, the zeolite surface area will be reduced due

to coke laydown by the same two mechanisms (Fig. 2.4), namely

(1)  Active Site Poisoning: Deactivation occurs by loss of active sites due to coke
depositing directly on the zeolite active site.

(2) Pore Plugging: Deactivation occurs by loss of zeolite active sites due to coke
deposition on the support restricting access to zeolite micropores.

The fraction of zeolite surface area free from coke AZ is then similarly given by

A, = exp(—M') (2.109)

—(R(oc)l ~ R(t))] (2.110)

Az = exp[ -

Since coke can deposit on the support and isolate potentially still active sites of
the zeolite, the formula describing the free zeolite area will be changed so as to take
account of that, so that

Ay, =A, A (2.111)

A, =exp [-(R(O)d; R(t))] exp [—(R(O)d— R(Q)] (2.112)

Let a be the proportion of the element's initial activity which is associated with the
zeolite, then using equation (2.6) the reaction modulus, m, for the element shown in

figure(2.4), becomes:

m2=kS [(1-e) 27 R(o) A + @ A, S)

PO (2.113)
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where
R(o) :is the initial radius of the pore element,
R(t) :is the element's average radius at time t, and

S :is the initial zeolite surface area per unit length in the element.

For a bifunctional catalyst both the support and zeolite are catalytically active,
therefore, 0.0<a<1.0. If the zeolite is the only active component in the catalyst then

a=1.0, whereas, if the support is the only active component of the catalyst a=0.0.

Assuming the zeolite is uniformly distributed throughout the support, then the
amount of zeolite surface area in any pore element will be proportional to the radius of

that element.
or S = K R(0) (2.114)

Since the total amount of zeolite surface area in the catalyst St is given by

S =

2po res _e |l ements
t

)

K R;(0) L (2.115)
i=1 “j=1 J

Then

S
_ t
K= ores _elements (2.116)
f R.;(0) L
i 1

i)

=1

Substituting equation (2.114) in equation (2.116) it gives

S t
2:p ores e | ements R(o)

2j=1 R;;(0) L (2.117)

S =

i=1
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Let:
Vg :be the specific support pore volume, and
Sllg :be the specific zeolite micropore surface area,
then:
S ores _elements
S, = Z'D ) TR;(0) L (2.118)

g "i=l =1
2.2.5 Rate of Coking in the Pore Element:

Assuming that the coking rate is first order with respect to support active
surface area, and that both parallel and series coking mechanisms could occur

simultaneously, then the rate of change of support pore radius is given by

dR _
at =~ cpCA+kcs Cp) Aos

(2.119)
C A :is the mean reactant concentration,
C :is the mean product concentration,

:is the lumped parallel coking rate constant, and

:is the lumped series coking rate constant.
2.2.6  Effectiveness Factor for a Parallel Bundle of Pores:

To measure how much the reaction rate is lowered because of the resistance to

pore diffusion, define the quantity #(t) called the "Effectiveness Factor" as follows:

(t) = Actual rate of reaction within pores at time t
U Rate of reaction 11 not slowed by pore diff usion

(2.120)

Using equation (2.117) to calculate the zeolite area S, the rate of reaction with no
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diffusional limitations is given by:

2‘pores e | ements
Rate=J 2j= kO [0 2RO L At aSL Ay |

(2.121)

The actual reaction rate for the parallel bundle will be the sum of the rates of reaction
for each individual pore given by equation (2.64) if the first element is inactive or

equation (2.61) for an active first element.
2.2.7 The Thiele Modulus for a Parallel Bundle of Pores:

The following classical relationship is used to calculate the overall

observed/apparent Thiele modulus (@) for the corrugated parallel bundle:

n(t) = ﬂ‘f(ﬂ (2.122)

2.2.8 Simulation of the Fluidised Bed Reactor:

If the behaviour of the fluidised bed reactor can be described by a C.S.T.R, or
backmixed reactor, a mass balance for the reactant A over the reactor shown in Figure

2.6 gives

for which

For first order kinetics, the reaction rate is given by:
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FEED: PRODUCTS:
Concentration: ¢, C
Molal Flowrate: Fu Fa
Conversion: X0 =0 Xa
Volumetric Flow: V. \,
l J
-
Reactor

/

Catalyst (g
\&3‘:.{. :...; M ,:‘
A TR

Figure 2.6: Cross section through a
fluidised bed reactor.
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—-r, = n(t) k.S Cy (2.125)
Combining the above equations:
Since conversion X 5 is given by:
C -C
_ A0 A
Xy = T (2.127)
n(t) k. S5V 1 - XA)
n(t) kg SV
Yo
1 + 74
0
Since the surface area of the catalyst in the reactor (S V) is given by
SV =W,5,(t) (2.130)

where

Sg(t)

:is the mass of the catalyst in the reactor, and

:is the specific catalyst surface area.

pores elements
Vg 2 z (I-a) 27 Rjj(0) L Aos + a 8ij L Ao

- izt j=1
Sg(t) = pores element s

2
Y Rij(0) L
i=1 ji=1

(2.131)
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Therefore, the performance equation for the fluidised bed reactor becomes:

n(t) ks We  Se(t)
V

- 0
A 1+lﬂ(t) K SV‘LVC Sclt)

X

(2.132)

22.9 Coke Content of the Corrugated Parallel Bundle of Pores:

2.29.1 Coke content in the support:

For cubic coke units of size d, when n¢ coke units have been deposited in the

support, the volume of coke V(t) in a support element at any time t is given by

V(t) = nc d3 (2.133)

where n, is calculated from the following equation:

elements_ §
ne= )  LoR=MIM 21 RO) L (2.134)
i=1
Since:
elements j
y ] e"Ij’g‘M) M _wMm (2.135)
j=1
Then:
V(t)=M27rR(0) Ld (2.136)

Then for all pores and elements in the parallel bundle:

pores elemen ts

Vet)= ) ) Mj;2rRs(0) Ld (2.137)
i=1 j=1
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To produce the specific coke content in the support pores, Vg(t) should be

normalised. Then the specific coke content in the support pores is given by:

_ Ve(t) V
Vi(t) = pores glement ) 2 (2.138)

) z r R%(0) L

i=1 j=1

Vg  :is the specific support pore volume.
2.2.9.2 Coke content in the zeolite:

By invoking the idea of an analogy, the volume of coke in the zeolite can be
similarly calculated at any time. The zeolite active surface area in any pore element,

A, after coke laydown in the micropores is calculated from equation (2.51), so that

A, = exp(-M') (2.139)

M'= I_qg()l_—ﬂﬁ). (2.140)
Z

The volume of coke in the zeolite is calculated using the above equations and the

where

following equation:

V(t) = M'SLd, (2.141)
where:
SL  :s the initial zeolite surface area in the element (using equation(2.117) to

calculate S).

Summing over all pores and elements, and multiplying by the normalisation factor, the

specific coke on zeolite, V(t), is then given by:
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poreselements

Vg z 2 M'i; Si3 L d.

i=1 j=1
pores elements (2.142)

Y Y xRyOL

izt j=1

Vm'(t) =

Then the overall catalyst specific coke content, V¢(t), is given by
Ve(t) = Vg(t) + Vin(t) (2.143)

The above value is obviously equivalent to that given by an experimental coke

analyser.
2.2.10  Zeolite Volume Lost During Coking:
The loss of zeolite volume during coking is caused by:

(1)  Coke deposition on the zeolite surface, and,

(2) Coke deposition on the support causing blockage of access to zeolite pores.

The average coke content of the zeolite micropores in an element, f, given by:

f= volume o f coke in zeol i te micropores (2.144)
- volume of zeolite micro pores )

Considering the relationship between volume and surface area of a cylinder, we get

Volume of zeolite micropores = ﬂ%ﬁ (2.145)
where:
r(0) :is the initial value of the zeolite micropores, and,

S iis calculated from equation (2.117).
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Using equation (2.144) and substituting for equations (2.141) and (2.145) gives

f= %3(‘-&% (2.146)

The volume of zeolite lost due only to support coking is the remaining space in the

micropore, given by:

Volume = =) § L r(0) (2.147)

From equation (2.107) the free support surface area Aqs is calculated and, therefore,

the fraction of the support which is coked is given by (1—Aes). The total zeolite loss

then becomes:
V,(t) = 1A(IO(OSL |, \pi gy g, (2.148)
For the case of no support coking: As =1, then:
Vz(t) =M'S L d, (2.149)
If the support is totally coked: Ags =0, then:

Vy(t) = {0, S L (2.150)

The specific zeolite volume loss V,(t) is given by:

pores elements
Vz(t) Vg

o _d=1  j=1
Va(t) = p(’)res elements (2.151)

Y Y 7R%(0) L

izt j=1
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The above value is that loss in zeolite volume which would be detected by structural

analytical methods such as low temperature gas adsorption.

The computer program (OMRANCOR) written in the FORTRAN language,
solves the equations for diffusion, reaction and deactivation through a corrugated
parallel bundle of pores. The listing of the program (OMRANCOR) is given in
Appendix—1. Figure 2.7 shows the sequence of calculations for the solution of the
diffusion, reaction and deactivation equations in a fluidised bed reactor. The program
produces conversion, coke content and surface area changes in the pore assembly as a
function of time on stream. It also produces values for the radii of the parallel bundle
pore elements at different stages of coking. These values were used with a graphical
package (GHOSTS80) on the university (UMIST) mainframe computer to visualise the

corresponding corrugated parallel bundle of pores with coke laydown.
23 THE NETWORK MODEL OF PORE STRUCTURE:

The model consists of a two—dimensional square grid of cylindrical pores each of
which is assigned a radius from a given pore size distribution. The assignments are

made randomly. Figure 2.2 is a network of size 10x10 consisting of 220 pore elements.
23.1 Concentration Profile in a Pore Element of the Network:

For a single uniform cylindrical pore element, the one—dimensional steady state

equation is represented by the following equation:

dzCA
Dn m— - l'(CA) =0 (2.152)

For a first order reaction:
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Initialise variables

Generate support pore size distribution
Set time increment, T, & run time, TF

Calculate bulk concentration
(for 1st step set it to C,q)

Begin simulation

Solve the diffusion and reaction equations
to evaluate the effectiveness factor for
the catalyst particle
v
Solve the coking equations and modify the
catalyst structure accordingly
v
Calculate the outlet conversion based on the
performance equation for the reactor
)

Recalculate the bulk concentration
in the reactor

Increment time on stream

No

- Time=TF

Yes
Output results

Figure 2.7: Procedure for solution of the
diffusion and reaction equations
in a fluidised bed reactor.
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D_ g —ki €, =0 (2.153)

where:

The general solution is given by:

Cp = Acosh [g’f] + B sinh [g] (2.154)

k, !
)2 (2.155)

where:

=L

Using the boundary conditions (Fig. 2.8A) to calculate the constants:

Cp=6G at x=0 gives A=0C

- h
Cp=0C2 at x=1L gives B= Crg%nﬁgs ¢
Then:
Ca smh(d)L-)
Cp=C [cosh(g—) - smh(f—) coth ¢] —Smhg
(2.156)
Total flow at x=0, i.e. into pore is given by
. dC,
flow=—712D H_l
or
Co
flow = 12/ kD [tanh¢ smh¢] (2.157)

2.3.2 Node Concentrations in a Pore Netwotk:
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For the pore network, of size n'xn' assuming negligible reaction at the nodes,

then the sum of all in and out flows for each node is zero (Fig. 2.8B):

m
Y N,=0 (2.158)
i=1

where

m=4 (connectivity of the node)

For diffusivity dependent on radius, it becomes

m \ m o 2 (D
ro I3 _ 20 ro 3 _
Cl'Xlt o lsi5h¢; i =9 (2.159)
1= ’ 1

where some of the C values may be equal to the external concentration.

The above equation can be compactly written

m m m
C z ai + 2 Bi Cai = 2 7i (2.160)
=1 i=1

i=t i

A network of size n'xn' nodes, gives rise to (n')2 such equations which can be

expressed in the matrix form:
AC=b (2.161)
The solution of the above equation, C, is the set of node concentrations.

Solution of the (n')? equations is simplified somewhat by the fact that the

matrix A is sparse, that is most of the elements are zero. This facilitates rapid solution
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by computer. A modified Gaussian elimination method was used instead of the more
usual iterative methods. Iterative methods are unsatisfactory in this case because they
often fail to converge. This arises directly from the form of the equations (Tewarkson,

1973).

2.3.3 Deactivation in a Pore Network:

Modelling the deactivation process in a pore network is similar to that in a
corrugated parallel bundle of pores except for the fact that the boundary conditions for
the open—ended pores of the network are different from those of the close—ended pores
of the corrugated pores. When a method to determine the concentrations at the nodes
of the stochastic pore network has been calculated, the same procedures followed in
sections 2.2.2 to 2.2.10 are repeated. As before, it was necessary to specify those
reactions which lead to coke deposition and to express their rates in an appropriate
kinetic equation. The local rate of coke deposition can then be calculated for each pore
element in the network using the node concentrations. The coking rate in each pore
element must be linked to two other quantities; the rate of change of mean element

radius and the rate of loss of local catalytic activity.

Coke deposition was assumed to be uniform within each individual pore
element. The rate of coke growth in a pore element was taken to be equal to the
greater of the two coking rates calculated using the concentrations at the pore ends.
Changes in the network with time on stream were followed by calculation of the
changes in the mean pore radii. For each pore element one equation, describing the
change in the pore radii as a result of coke deposition, was required. For an n'xn'
network with 2n'(n'+1) pore elements, the total number of equations required to
describe the changes in the network is 2n'(n'+1). For a 10x10 network, 210 separate
radius change equations would be wused. These equations were integrated

simultaneously using a fourth order Runge—Kutta algorithm (Appendix—2).
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234 Pore Blocking in the Network:

If the pore radius in any element reaches zero, then the pore is blocked. In this
case, the pore is assumed to take no further part in the system giving no conversion or
mass transfer. Pore blocking can lead to isolation of regions within the network. If a
single node becomes isolated, by the blocking of the four adjacent pores, then one row
in the coefficient matrix A will have all terms equal to zero. The matrix has been
reduced in order by one. It is necessary to take account of this when implementing the
method in a computer program. It is also possible that a region becomes isolated, that
is one or more pore elements and a number of nodes. In this case, the concentration
calculated at any node in that region will be identically zero. This fact is potentially
useful in the identification of these isolated regions, which would otherwise require a

lengthy search.

The computer program (OMRANI10) written in the FORTRAN language,
solves the equations for diffusion, reaction and deactivation through a stochastic pore
network of size 10x10. The listing of the program (OMRANI10) is given in Appendix—3.
Figure 2.7, presented earlier, shows the sequence of calculations for the diffusion,
reaction and deactivation equations in a fluidised bed reactor. The program produces
conversion, coke content and surface area changes in the network as a function of time
on stream. It also produces values for the radii of the network pore elements at
different stages of coking. These values were used with a graphical package (GSX) on
an Apricot personal computer to visualise the corresponding networks showing the

configuration of coke laydown amongst the pores in the network.
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CHAPTER THREE

EXPLORATION OF THE THEORY USING A CORRUGATED
PARALLEL BUNDLE MODEL

3.1 SIMULATION OF THE FLUIDISED BED REACTOR:

Using the equations developed in Chapter Two, theoretical simulations were
carried out to assess the changes in the conversion, coke content and surface area of the
catalyst as a result of changes in the deactivation mechanism, deactivation parameters

or the physical properties of the catalyst particle.

In the following illustrations, the structural model used to represent the support
pore structure was the corrugated parallel bundle. It was found that two thousand
10—element pores were sufficient to give a reproducible pore size distrii)ution. These
two thousand pores are referred to as a "catalyst particle". In order to simulate the
fluidised bed, ten such catalyst particles with stochastically different pore size
assemblies were generated. Figure 3.1 illustrates the pore number distribution, and
Figure 3.2 illustrates the pore volume distribution for several such particles. Diffusion,
reaction and deactivation were simulated in each particle simultaneously to produce an
average activity profile for the reactor. Computer simulations of the program
"OMRANCOR" (Appendix—1) were carried out for a run time of 120 minutes to
explore the deactivation behaviour of the fluidised bed under different deactivation
mechanisms, i.e. parallel, series and triangular deactivation. The solution was carried
out using a fourth order Runge—Kutta technique (Appendix—2) with a variable time
step length. A time step of one minute was used for the first 20 minutes of the
simulation and this was increased to 5 minutes for the remainder of the run. The effect
of changes in the different parameters (e.g. coke sizes for the support and zeolite, rate

constants for the main and coking reactions and pore length) was also investigated.
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A variable diffusion coefficient was employed to allow for the possibility of
Knudsen diffusion in the smaller support pores (Fig.3.2b). Satterfield and Sherwood
(1963) provided the following equation which was used to calculate the Knudsen

diffusion coefficients:

Where

D is diffusion coefficient in (m?/s)

T :is the temperature at which the diffusion occurs, °K
M :is the molecular mass of the diffusing species, and
R :is the radius of the pore.

In this work, T was set to 773 'K (500 0C) which is the temperature of the
experiments detailed in chapter five, and M was set to 120 (the molecular mass of

cumene). Substituting into equation (3.1):
D=246 R (3.2)

To calculate the value of the largest pore in which Knudsen diffusion occurs, R, a value
for the diffusion coefficient of 10" (m2/s) (Thomson, 1986) was used in equation (3.2)

to give:
R = 4.06x10 ° m ( = 406 Angstrom) (3.3)

-5
So, the diffusion coefficient inside pores greater than 406 Angstroms is 10 "(m?/s),
whereas, diffusion coefficients for all smaller pores are proportionately smaller than
10-5(m2/s). For the smallest pore in the catalyst (super—D) pore size distribution with

a radius of only 60 Angstroms, the diffusion coefficient was 1.48x10.6(m2/s).
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Since these explorations will eventually be used to simulate the
disproportionation of cumene over super—D catalyst, the physical properties of the
catalyst such as the pore length and specific pore volume required by the program were
those of the catalyst super—D. Also, following the work of Viner and Wojciechowski
(1984), the coking equation (2.60) was modified to be second order in active area and

first order in product and reactant concentrations, that is:
R = — (ks Cp + kg € ) A (3.4)

The second order term of active surface area in the above equation may arise from the
fact that the actual uneven surface area of the coked catalyst is much larger than the
average radius term used in equation (2.60) (Fig. 2.5). Table 3.1 provides the default
values of the major parameters in the program "OMRANCOR" which were used in the
simulations. These simulations should be useful when modelling the experimental

deactivation behaviour.

For each of the simulations, the following figures were produced:
1)  Conversion vs. time,
2) Total catalyst coke content vs. time, and,

3) Total catalyst surface area vs. time.

When necessary, figures showing changes in the effectiveness factor with time were

produced wherever conditions of significant diffusional resistances prevailed.
3.2 EFFECT OF CHANGING THE COKING RATE CONSTANTS:

Investigation of the effect of changing coking rate constants for the parallel,
series and triangular mechanisms of coking were carried out. Values for the coking

rate constants were in the range 1.5x10 4 to 1.5x1079 (m*/s/kmol).
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Table3.1  Default values of major parameters in the program "OMRANCOR".

Parameter Value
Pore length 14 Microns
Zeolite coke unit size 1 Angstrom
Support coke unit size 20 strom
Main reaction rate constant kg 6x10-8 7
Coking rate constants kes & kep 1x10710 (m“kmol"s’l)
Zeolite fractional activity a 0.5 (Imtla.lly)
Catalyst:feed ratio 7.5:1 %. (g/min)
P.S.D.(Uniform Distribution) 60-3200 ngstrom

Setting the coking constants to zero represents the case of no deactivation of the
catalyst which produces a flat conversion profile indicative of constant activity with
zero coke content and 100% catalyst surface area active. This also, served as a simple

check for the performance of the computer program used for the simulations.
321 Series Deactivation:

Setting the value of the parallel coking constant to zero, the series coking
constant was increased from 1.5x10 14 to 1.5x10 713 which had little effect on the flat
conversion profile indicative of negligible coking (2% drop in conversion, 0.1% coke and
10% drop in surface area(Fig. 3.3)). The relatively large drop in surface area as a result
of a small amount of coke content (0.1%) is due to the high probability of the laydown
of the coke units on active surface area rather than on top of each other. For a coking

0_12, the conversion drop over the length of the simulation was

rate constant of 1.5x1
20% with 1.0% coke content and 52% drop in surface area. When the coking rate
constant reaches a value of 1.5x10_10, the conversion drops to 10% over the first 15

minutes, with a final value of 3% with 4.1% coke content and 15% surface area. As the
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coking rate constant is increased by a further order of magnitude to 1.5x10° the
conversion dropped to 1%, coke content 4.1%, and 8% surface area all reached their
final values in 2 minutes. The zeolite surface area has been fully lost during the time of

—10

the simulation for coking rate constants of 1.5x10 ~" and larger.

3.2.2 Parallel Deactivation:

Setting the value of the series coking constant to zero, the parallel coking

to 1.5x1 which again had even smaller

constant was increased from 1.5x1
drop in conversion, 1% over the length of the simulation(Fig. 3.4), compared to series

12 it produced

deactivation. When the parallel coking constant increased to 1.5x10
12% drop in conversion, 0.6% coke content and 65% surface area which again
demonstrated a smaller degree of deactivation compared to the same value for series
coking constant. As soon as the parallel coking constant was increased to 1.5x10 1
the conversion dropped sharply to a final value of 3% with 4.2% coke content and 13%
surface area which was a greater deactivation when compared to series coking. Similar
results were observed for larger coking rate constants. The zeolite surface area has been
completely lost during the time of simulation for parallel coking rate constants of
1.5x10 11 and larger compared to 1.5x10 710 for series deactivation. When comparing
the effect of coking rate constants, it became clear that for values less than 1.5x10 1
the series mechanism of coking was more damaging to the conversion, surface area and

07l 4 parallel

coke content. But for coking rate constants greater or equal to 1.5x1
mechanism of coking was more damaging. This result is related to the fact that the
effectiveness factor values for the catalyst particles for all the simulations were found
to be nearly 1.0 (i.e. diffusional resistance was negligible). This condition produces a
flat concentration profile across any individual pore. Then, the coking rate in any given
pore element will be proportional to the bulk concentration of the reactant (parallel

coking) or the product (series coking) and the corresponding coking rate constant.
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The assumption of equimolar counter diffusion implies that the sum of the
concentrations of the product and reactant is constant. Therefore, for conversions over
50% the concentration of the product is greater than the reactant, which results in the
series deactivation being more pronounced. For conversions less than 50%, the
concentration of the reactant is greater than the product, which results in the parallel

deactivation being more significant.
3.23 Triangular Deactivation:

Comparing the conversion, coke content and surface area figures for the
triangular coking rate constants with the series and parallel coking rate constants, it is
obvious that for a given coking rate constant, the triangular deactivation is more
damaging than either parallel or series deactivation alone (Fig. 3.5). For the series and

parallel coking rate constants having an equal value of 1.5x10 12

, the triangular
deactivation produced the following final values over the length of the simulation
(conversion = 36%, coke content = 1.6%, surface area = 34%) compared with series
alone (conversion = 50%, coke content = 1.0%, surface area = 48%) and parallel alone
(conversion = 60%, coke content = 0.6%, surface area = 65%). Also, the greatest
zeolite loss occurs under triangular deactivation. For a coking rate constant of
1.5x10_11, total zeolite loss occurs after just 35 minutes during triangular deactivation
compared with 55 minutes for parallel deactivation while under series deactivation the

zeolite activity is still not completely lost at the end of the simulation time of 120

minutes.
3.3 EFFECT OF CHANGING THE COKE UNIT SIZES:

Investigation of the effect of changing the support coke size and the zeolite coke
size were carried out. The simulations included the three deactivation mechanisms

(parallel, series and triangular). Table 3.2 shows the coke unit sizes used in the
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Table 3.2  The coke unit sizes used in the investigations.

Support Coke Unit Size Zeolite Coke Unit Size
1.0  Angstrom 0.1  Angstrom
2.0  Angstrom 0.2  Angstrom
4.0  Angstrom 0.4  Angstrom
8.0  Angstrom 0.8  Angstrom
16.0 Angstrom 1.6  Angstrom
32.0 Angstrom 3.2  Angstrom

investigations.
331 Effect of Changing Support Coke Unit Size:

The support coke unit size was changed from 1.0 Angstrom up to 32.0
Angstroms while the zeolite coke unit size was kept at 1.0 Angstrom to study the effect

of only changes in the support coke unit size.
33.1.1 Series Deactivation:

For a support coke size of 1.0 Angstrom, the conversion dropped from an initial
value of 72% to a final value of 20% under series deactivation (Fig. 3.6). When the
coke size changed to larger values up to 32 Angstroms, the final conversion dropped to
a value of 10%. Looking at the initial and final conversions only, one comes to the
wrong conclusion that larger support coke unit sizes have a more damaging effect on
the activity of the catalyst than smaller size coke units. But careful study of the
conversion profiles revealed the fact that smaller support coke unit size produced a

larger drop in conversion initially up to a region where conversion profiles of different
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support coke sizes intersect with each other (in this case at 43% after 20 minutes on
stream for series deactivation). Then the conversion profiles diverge with large coke
sizes producing lower conversions than the smaller coke sizes up to the end of the time

of simulation (120 minutes).

3.3.1.2 Parallel Deactivation:

For the parallel mechanism of coking the same effect has been observed on the
conversion profiles with an initial more damaging effect of smaller support coke unit
sizes and later crossing over and then diverging with a more damaging effect of larger
coke sizes (Fig. 3.7). Since the parallel deactivation is less effective at conversions
greater than 50%, this shifting region is reached after a longer time on stream (25

minutes).

3.3.1.3 Triangular Deactivation:

For a triangular mechanism of coking, a similar trend is observed with a larger
drop in conversion because of the combined effect of both parallel and series coking.
Figure 3.8 shows that the changeover region is reached after only 15 minutes on

stream.

The coke content profiles for the different deactivation mechanisms show that
the support coke unit size proportions to the coke content. Under triangular
deactivation, the coke content of 1.2% was achieved for a support coke size of 1.0
Angstrom after 2 hours on stream, while a coke size of 32 Angstroms, produced a coke
content of 4.0% in under one hour on stream. The surface area profiles for the different
deactivation mechanisms showed that the loss in surface area is inversely proportional
to the support coke unit size. Under a series coking mechanism, the final surface area

for 1 Angstrom coke size was 6% in comparison with 15% for 32 Angstroms support
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coke unit size.

The apparent shift in the conversion profiles can be explained by the balance
between the remaining active surface area and the amount of coke present in the
catalyst. Initially, the smaller support coke unit sizes cause a large drop in surface area
while forming a small coke content in comparison with larger coke sizes which cause a
smaller drop in area but give larger coke content. When these two factors are balanced,
conversion profiles intersect with each other (changeover region). After that the effect
of the coke accumulation by larger size coke units becomes more detrimental to

conversion than the smaller coke sizes.

33.2 Effect of Changing Zeolite Coke Unit Size:

The zeolite coke unit size was changed from 0.1 Angstrom up to 3.2 Angstroms
while the support coke unit size was kept at 20 Angstroms to investigate the effect of

only changes in zeolite coke unit size.

3.3.2.1 Series Deactivation:

For zeolite coke unit size of 0.1 Angstrom, the conversion dropped from an
initial value of 72% to 10% in about 10 minutes reaching its final value of 5% after 120
minutes under the series coking mechanism (Fig. 3.9). As the zeolite coke unit size
increased, the drop in conversion reduced significantly showing a strong inverse
relationship between the size of the zeolite coke unit and the conversion drop. For a
zeolite coke size of 3.2 Angstroms the conversion drops gradually and almost linearly
over the length of the simulation (120 minutes) to a final value of 28%. Looking at the
coke content profiles, we see clearly that the coke content is proportional to the zeolite
coke unit size. For a zeolite coke unit size of 0.1 Angstrom, the coke content produced

was 1.2% compared with a zeolite coke unit size of 3.2 Angstroms which produced
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4.1% coke content under series deactivation.

The shape of the surface area profiles are very much like the conversion profiles.
The surface area drops very sharply with small zeolite coke unit size, with a much

slower drop for larger coke sizes.

3.3.2.2 Parallel Deactivation:

For the parallel deactivation, the conversion is still inversely proportional to
zeolite coke unit size. The rate of deactivation was slower than series coking at
conversions higher than 50% (Fig. 3.10). As soon as conversion drops below 50% the
reactant concentration becomes larger than the product concentration making the
parallel deactivation more important. The final conversions are lower for parallel

coking in comparison with series coking.

Surface area profiles exhibit again an inverse relationship between surface area

and zeolite coke unit size.

Coke content profiles show that increasing the zeolite coke unit size produced
smaller coke contents. For a coke size of 0.1 Angstrom it took 40 minutes for the coke
content to reach 4% while it took 85 minutes for coke size of 3.2 Angstroms to reach
same coke level. So, the zeolite coke unit size has an opposite effect on the coke content

for the series and parallel deactivation mechanism.
33.23 Triangular Deactivation:
For triangular deactivation, the conversion profiles give an inverse relationship

between coke size and conversion similar to other coking mechanisms with larger drops

in conversion due to the combined effect of both mechanisms. Surface area profiles
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follow conversion profiles and show the same relationship with a larger drop than other

coking mechanisms (Fig. 3.11).

Coke content profiles show the competition between the two coking mechanisms
which have an opposite effect on the coke content in relation to changes in zeolite coke
unit size. So, in the case that the parallel rate constant is greater than the series rate
constant, the coke content profiles exhibit an inverse relationship with coke size similar
to parallel coking alone. While for series coking with a rate larger than the parallel
coking rate, the coke profiles exhibit a directly proportional relationship between coke
content and coke size, similar to series coking alone. For triangular deactivation with
both parallel and series coking constants having the same value, a single unique curve
for the coke content is produced regardless of the zeolite coke unit size. This is due to
the assumption that the concentration of the reactant and product is always constant
which produces an equal but opposite effect of the parallel and series coking on the

coke content when the constants are equal.

3.4 EFFECT OF CHANGING THE PORE LENGTH:

To investigate the influence of the pore length on the conversion, coke content
and surface area profiles, the pore length was multiplied by a factor of 3 starting with
14 microns and going up to 3402 microns. The investigation included the three
mechanisms of coking, namely, the series, parallel and triangular deactivation. Figure

3.12 shows the conversions and effectiveness factors for the case of no deactivation.
34.1 Series Deactivation:
For the series deactivation, it was observed that changing the pore length from

14 microns up to 126 microns produced a negligible effect on the conversion profile (2%

drop in initial conversion(Fig. 3.13)). As the pore length increased further to 378
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microns the initial conversion dropped by 7%. When the pore length was at the largest
value of 3402 microns the initial drop in conversion reached 40%. As the time on
stream increased the conversion profiles started to converge to produce a maximum
difference of 5% in the final conversions between the largest and smallest pore length.
So, increasing pore length causes a reduction in the initial conversion of the catalyst

and also causes a reduction of the slope of the conversion profile.

The coke content profiles show an increase in the coke content as the pore
length gets larger. The coke profiles diverge up to a time on stream of 50 minutes when
the largest difference in coke content is 1%, then converges to give a difference of only
0.4% at the end of the simulation (120 minutes). The surface area profiles have
illustrated the fact that larger pore lengths produced a slightly larger drop in surface
area compared with smaller pore lengths. The difference in surface area between the

largest and smallest pore length was always less than 10%.

The change in overall effectiveness factor is reproduced in Figure 3.14 . For a
short pore length of 14 microns the effectiveness factor is almost unity and remains
constant to the end of the simulation. For a pore length of 126 microns the
effectiveness factor starts with an initial value of 0.87, but increases with time on
stream to approach unity at the end of the simulation. As the pore length increases,
the effectiveness factor reduces. When pore length reaches its largest value of 3402
microns, the initial effectiveness factor is just below 0.2 and then increases with time

to reach a final value of 0.82.
The above observations are consistent with the classical theory which predicts
that increasing the pore length should increase the diffusional resistances in a pore and

therefore decrease the effectiveness factor.

3.4.2 Parallel Deactivation:
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For a parallel mechanism of coking, the effect of increasing the pore length is
even more detrimental to the effectiveness factor than series deactivation. For pore
lengths over 378 microns, the initial effectiveness factor is always less than 0.7 and
decreases with time on stream to reach final values as low as 0.05, indicating very
severe diffusional resistances across the pore length (Fig. 3.15). Conversion profiles for
the parallel coking, show a decrease in conversion as the pore length increases
especially for lengths over 126 microns (Fig. 3.16). Also, increasing the pore length has

the effect of reducing the slope of the conversion profiles.

The coke content profiles show a decrease in the coke content as the pore length
increases. The coke profiles diverge up to a time on stream of 55 minutes when the
largest difference in coke content reaches 2.5% and then stays almost constant to the
end of the simulation. The surface area profiles show that shorter pores produced larger
surface area drops than longer pores. For a pore length of 14 microns, the area dropped
to 30% of its initial value in just about 30 minutes. The same detrimental effect was
observed for pore lengths up to 126 microns after which the drop in surface area
started to be smaller. For the largest pore length (3402 microns), the drop in surface
area was small and gradual so that after 120 minutes on stream the catalyst had

approximately 50% of its surface area still active.

Classical theory predicts that increasing the pore length should increase the
diffusional resistances in a pore and should result in the appearance of foulant profiles
along the pore. The effect of diffusional resistances on the zeolite micropores volume
loss for the largest and smallest pores (by volume) from one of the typical pore size
distributions is illustrated in Figures 3.17, 3.18 and 3.19. The profiles for pore lengths
of 14 microns up to 126 microns show no evidence of any foulant profile with the
deactivation occurring completely uniformly throughout the largest and smallest pores
(Fig. 3.17). For a pore length of 378 microns, while the coke deposition remained

uniform throughout the largest pore, coke deposition was reduced in the elements that
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lie behind the smallest element in the smallest pore. This is expected, since it is in the
smallest pore element where the diffusional resistances have their greatest impact (Fig.
3.18). When the pore length is increased to 1134 microns, diffusional resistances are so
significant that there is a coke profile developing even in the elements of the largest
pore with negligible coking in the elements that lie behind the smallest element in the

smallest pore (Fig. 3.19).
343 Triangular Deactivation:

The triangular deactivation mechanism shows that increasing the pore length
reduced the conversion of the catalyst to a greater extent than either parallel or series
coking alone. This is again due to the combined effect of both deactivation
mechanisms. Also, increasing the pore length has the effect of reducing the slope of the

conversion profile (Fig. 3.20).

Coke content profiles for the triangular deactivation mechanism show the
competition between the parallel and series coking which have an opposite effect in
relation to changes in the pore length of the catalyst. Increasing the pore length
reduces the coke content for parallel coking but increases the coke content for series
coking. Then under a triangular mechanism of coking, the coke content profiles depend
on the relative values of the parallel and series coking rate constants. As the coking
rate constants get closer, the coke content profiles converge moré and more until they
merge into a single curve for all values of the pore lengths. This single unique curve is
the result of the triangular deactivation mechanism with equal values for the parallel
and series coking constants. The coke content is larger under triangular coking than

either parallel or series coking alone.

The surface area profiles for the triangular deactivation mechanism show the

competition between the parallel and series coking which have opposite effects in
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relation to changes in the pore length of the catalyst. Increasing the pore length
reduces the drop in surface area for parallel coking, but increases the drop in surface

area for series coking.

As the parallel and series coking rate constants get closer, the surface area
profiles converge more and more until they merge into a single curve for all values of
the pore lengths. This single curve is the result of the triangular deactivation
mechanism with equal values for the parallel and series coking constants. Again, the
drop in the surface area of the catalyst is larger under triangular deactivation than

under either parallel or series coking alone.

3.5 PECULIARITIES OF CONCENTRATION GRADIENTS IN INDIVIDUAL
CORRUGATED PORES:

Since the rate of the main reaction on the active surface of the catalyst depends
to a great extent on the ease through which the reactant particles diffuse through the
pore structure of the catalyst. Also, the rate of the coking reaction, whether series,
parallel or triangular mechanism, depends on the relative concentrations of the
reactant and products within the pores of the catalyst particle. Therefore, an attempt
is made to study the effect of pore structure on the concentration gradients within

individual corrugated pores.

A set of eight 10—element pores with sizes assigned randomly from a uniform
pore size distribution in the range 60—3200 A, were chosen. The concentration
gradients along these pores were calculated and investigated in detail. It was noticed
that under actual experimental conditions of the cumene cracking using powder form of
the zeolitic catalyst super—D, there was a negligible diffusional resistance. So, the
concentration profiles across all pores were flat. But, under conditions of strong

diffusional resistance (main reaction rate constant changed to 6x10™* m/s) there was a
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very clear change in the concentration gradient across each of the different pores.
Figure 3.21 shows the concentration gradient across the eight 10—section pores. Figure

3.22 shows two of those pores with the pore radii of each element specified.
3.5.1 Comparison with Straight Parallel Bundle of Pores:

The uniform—diameter parallel bundle is the special case of the corrugated
parallel bundle model with all pore sections having the same size (Fig. 3.23). It was
interesting to note the great difference in the concentration gradient across a
corrugated pore in comparison with its equivalent uniform—diameter pore with equal
surface area. Figure 3.24 shows concentration gradients along some straight pores.
Actually the drop in concentration across the straight pore was smaller than any of the
other corrugated pores (Fig. 3.25). One factor is clearly the Knudsen diffusion in the
pore sections with radii below 400A which causes extra diffusional resistance and hence
a drop in the concentration across that specific section whereas in the average—area

straight pore only bulk diffusion takes place (always R > 4004).

The more interesting observation was that a straight parallel pore with a radius
equal to the smallest size in the distribution (R = 60A) didn't produce the largest
concentration gradient across the pore (Fig. 3.25). This observation leads to the
conclusion that besides the Knudsen diffusion in the smaller pore segments, another
factor should be contributing to the significant concentration drop across some pores.

The next section explains this factor.
3.5.2 Effect of corrugation on the Concentration Gradient:

To clearly illustrate the effect of corrugation on the concentration gradient
across a pore, a 10—section pore was chosen with all sections of radii greater than 4004

, hence, avoiding the effect of Knudsen diffusion. Comparing this pore (number two
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(Fig. 3.22)) with an equal area straight pore produced again a significant difference in
the concentration gradient which clearly demonstrates the effect of corrugation. One
may ask now, what happens to the concentration gradient across a corrugated pore if
the location of some pore sections were changed without altering the sizes of the pore
sections?

The answer is given in the next section.

3.5.3 Effect of the Location of Corrugation on the Concentration Gradient:

To illustrate the effect of the location of corrugation, a 3—section pore was
chosen consisting of two 3000A radius sections and one 60A radius section. The
location of the 60A pore section was changed from the first to the second and to the
third section and the concentration gradient calculated in each case. Figure 3.26 shows
the concentration gradients across the pore length for the different combinations of
sections. The largest concentration gradient occurs when the small size section is
located at the first location, and the smallest occurs when it is located at the third
location. For the sake of confirmation the calculations were repeated with a 10—section
pore of radius 3000A with only one section of size 60A. The same effect was produced

(Fig. 3.27).

The explanation is that the assumption that activity is proportional to wall
area makes the large pores very much more active than smaller pores. If a large pore is
fed by a small pore, then a large flow of reactant must pass, and there will be a
correspondingly high concentration drop across the small pore. The large pores "suck"
high fluxes of reactant through the small pores causing the remarkable drop in

concentration.
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354 Effect of Deactivation on the Concentration Gradient:

Figure 3.28 shows the concentration gradient across the 10—element(#1)
corrugated pore undergoing a triangular coking mechanism at different times on
stream. The deactivation parameters were same as in Table 3.1 except for the main
reaction rate constant which was increased to 6x10™* m/s. Initially, when the pore is
fresh and not deactivated, the concentration level reduces to a value near zero. As time
on stream increases, this concentration gradient increases to reach a final value just

above 0.8 after two hours on stream.
3.6 EFFECT OF HEAVY COKE LAYDOWN IN SUPPORT PORES:

To allow heavy support coking to occur, the definition of the active surface area
was changed according to Chapter Two to become that area which is accessible even if
it was covered with a thick layer of coke. The structure of the catalyst particle was
represented by a corrugated parallel bundle of pores. Each pore consisted of ten pore
elements with uniform pore size distribution in the range from 60-3200 A. To study
the process of heavy support coking inside this corrugated parallel bundle of pores,
twenty two such pores were chosen giving an assembly of 220 pore elements. These will
be used later as a basis for comparison with the network pore model of size 10x10
consisting of the same total number of pore elements. Figure 3.29 shows the twenty
two corrugated pore assembly under investigation, whereas, a numerical representation

of the location and size of each pore element in this set is given in Figure 3.30.

Coke deposits can be potentially uniformly distributed at all times throughout

the catalyst particle under one of the following conditions:

(1) If the coke particles were only weakly adsorbed onto the catalyst and were

present in the feed stream in sufficiently large concentrations so that a
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steady—state surface concentration is quickly attained.
(2) If the coke particles were formed by a reaction occurring with an effectiveness
factor near unity, e.g. coke formation on cracking catalyst in powder form where

pore lengths are relatively very small and effectiveness factor approaches unity.

36.1 Representation of the Structure of the Catalyst at Different Stages of
Coke Laydown:

Assuming that the catalyst is undergoing a parallel coking mechanism, and
using the same parameters as in Table 3.1, an investigation into the effect of heavy
coke laydown in the support pores is attempted. The effectiveness factor is near unity
indicative of negligible diffusional resistances, therefore, coke will deposit uniformly
throughout the catalyst particle. Initially, uniform coking occurs within every pore
element in the corrugated parallel bundle of pores. As the coke layer thickness
increases, it causes the filling of the smaller pores and he eventual isolation of some of
the larger partially coked pore elements. When the coke thickness reaches only 5004,
over 50 pore elements have already been isolated whereas less than half of that is the
number of pores which have been filled by coke (Fig. 3.31). As the coke layer thickness
increases to reach 10004, the number of pores fully filled with coke becomes about 50
while the number of pores isolated approaches 120 pore elements. By the time the
catalyst particle is fully coked, about 70% of the total number of pores which were only
partially coked, have been isolated.

Figures 3.32 to 3.37 show the corrugated parallel bundle of pores at different
stages of heavy support coking up to complete deactivation. Because of pore isolation,
coke tends to accumulate non—uniformly throughout the pore structure despite the
potentially uniform laydown rate. Part of the interior could then naturally appear to
be lightly coked with a heavier coke content (per unit weight of the catalyst) expected

towards the exterior of the catalyst particle. Such a situation is often observed in coke
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6 The corrugated parallel bundle of pores undergoing a parallel
coking mechanism. (Coke layer thickness = 1359 Angstrom).






161

laydown (Butt, 1976), and it is clear that the appearance of heavy coking towards the
outer pores does not necessarily mean that the coke laydown process is actually

diffusion influenced.
3.6.2 Overall Coke Content of Corrugated Pores:

At the beginning of the process, the catalyst particle is clean from any coke
deposits, so, all the pore elements are clean and fully accessible. As coke is produced,
the process of heavy support coking takes place inside the pore structure. As the coke
layer thickness increases from zero to 5004, the coke content of the catalyst reaches
approximately 4.5% (Fig. 3.38). An additional increase from 500A to 1000A in the

coke layer thickness caused an increase of only 2% in the coke content of the catalyst.

The rate of increase in the coke content reduces drastically as the coke layer
thickness gets larger and larger. Increasing the coke layer thickness from 20004 to
3200A had so little effect on the coke content that it increased by less than 0.5%.By

the time the catalyst is fully deactivated, the coke content of it reached just over 8%.

This behaviour is due to the initial accessibility of all the pore elements to coke
laydown, and as the size of the coke layer increases, the number of pore elements that
are isolated (blocked) increases, therefore reducing the accessibility. Also, a given layer
of coke occupies a much larger volume when the pore is empty initially, compared to
the case when the pore is partially coked, because of the reduction in pore size with
coking. The maximum theoretical coke content of the catalyst particle would be 16%.
Figure 3.39 shows that approximately 48% of the total pore volume of the corrugated
parallel bundle of pores becomes isolated during the process of heavy support coking.
This corresponds to a loss of 60% of the support surface area which has become

progressively inaccessible due to blockages (Fig. 3.40 and Fig. 3.41).
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36.3 Coke Laydown without Diffusional Limitations:

Since no diffusional limitations exist, then the condition is such that the
concentration of the reactant, C o 18 constant throughout the pore length. Under such
conditions, the effectiveness factor approaches unity. Initially, this produces a uniform
coke layer in each pore in the corrugated parallel bundle. As time on stream increases,
and due to the fact that each pore is made up of different size elements, some of the
internal pores become filled up with coke. Again this will produce a situation where
heavier coking occurs towards the exterior of the catalyst particle compared to the
lightly coked interior. Figure 3.42 shows a set of 22 corrugated 10—element pores with
a bimodal pore size distribution consisting of 50% pore elements of size 60A and 50%
pore elements of size 3200A. After complete deactivation, out of the 220 pore elements
of the set, 89 large pores were isolated by the surrounding smaller pores which
corresponds to a pore volume loss of more than 88% (Fig. 3.43). The maximum coke
content of the catalyst represented by this set of pores is only 1.92% compared to a
coke content of more than 8% for the pores with uniform pore size distribution in the

range 60—3200 A.
3.6.4 Coke Laydown with Strong Diffusional Limitations:

Under conditions of strong diffusional resistances, the effectiveness factor is far
below unity and the concentration of the reactant decreases as it enters the pores. So,
there exists a concentration gradient across the pore length regardless of the relative
size of pore elements (corrugated, straight or single—size pores). This produces different
reaction rates and therefore different product concentrations across any pore length.
Since the coking reaction is a function of either product or reactant concentrations, the
coke layer thickness will be different in each element across any pore length. As before,
blocking phenomena will occur when some pore elements become fully coked. For the

case of a parallel mechanism of coking where: the coke precursor is the reactant, the
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coking in the outer pore elements takes place at a higher rate than the inner elements.
Under conditions of very strong diffusional resistances, coke deposits almost exclusively

in the external elements of pores, therefore, pore mouth blocking tends to occur.

3.6.5 Coke Laydown in the Equivalent Straight Cylindrical Model without
Diffusional Limitations:

The straight cylindrical pore model consists of a parallel bundle of pores of
uniform cross—section each having a radius 'R,' assigned from the same pore size
distribution 60-3200A (Fig. 3.44). Under conditions of negligible diffusional
resistances, the overall effectiveness factor of the pore model is near unity. Therefore,
the coke laydown process will take place uniformly across the pores of the model,
eventually, causing the complete filling of every pore in the assembly with coke (Fig.

3.45).

For the special case of the equivalent single—size average—area cylindrical pores
(Fig. 3.46), where all the pores are of equal size (R=1452A) there will be negligible
concentration gradient across any of the pores. Again, this will result in a uniform coke
layer thickness along all the pores, which will keep on increasing until fully coked (Fig.
3.47). Therefore, no pore blocking occurs and the total coke content of the catalyst

with such pore model is equal to the theoretical maximum coke content.

3.6.6 Coke Laydown in the Equivalent Straight Cylindrical Model with Strong
Diffusional Limitations:

Under conditions of strong diffusional resistances the effectiveness factor drops
far below unity indicative of the presence of significant concentration gradient across
the pores of the model. This will result in a larger reactant concentration at the outer

section of the pores causing a larger rate of coking under a parallel mechanism. This
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produces a coke layer thickness which decreases moving inside the pores causing the
isolation of potentially active support surface area. With extreme conditions of
diffusional resistances, pore mouth plugging will tend to occur. For the special case of
single—size average—area pore model, the same blocking phenomenon will occur but

with a lesser degree of pore isolation (Fig. 3.48).
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CHAPTER FOUR

EXPLORATION OF THE THEORY USING A STOCHASTIC
NETWORK PORE MODEL
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CHAPTER FOUR

EXPLORATION OF THE THEORY USING A STOCHASTIC
NETWORK PORE MODEL

41 SIMULATION OF THE FLUIDISED BED REACTOR:

In these illustrations, the structural model used to represent the support pore
structure was the stochastic network. It was found that one hundred 10x10 networks
were sufficient to give a reproducible pore size distribution. These one hundred
networks are referred to as a "catalyst particle". In order to simulate the fluidised bed,
ten such catalyst particles with equivalent but individually different sets of pore sizes
were generated. Figures 4.1 and 4.2 illustrate pore number and pore volume
distributions for several such particles. Diffusion, reaction and deactivation were
simulated in each particle simultaneously to produce an average activity profile for the
reactor. Computer simulations of the program "OMRANI10" (Appendix—3) were
carried out to explore the deactivation behaviour of the fluidised bed under different
deactivation mechanisms, i.e. parallel, series and triangular deactivation. The effect of
changes in the fraction of the initial activity due to zeolite, the main reaction rate

constant and the catalyst:feed ratio was also investigated.

Table 4.1 provides the default values of the major parameters in the program
"OMRAN10" which were used in the simulations. These simulations provide a

framework for modelling the experimental deactivation behaviour.

For each of the simulations, the following figures were produced:
1) Conversion vs. time,
2) Total catalyst coke content vs. time, and,

3) Total catalyst surface area vs. time.



I~

‘lapow aijod ay} Joj iiped aiod jo uoljngliisip Jaquny L'y 8inbi4

wousbuy) snipey aiod

(
00000000
§6666G6¢SS
8.9G6v€Ecl
cdédccccecec

[eAJBIU| BZIG Ul JOQWNN %

(wouisbuy 002€-09) wiojiun
uollnquisiq Jagquinp



%~

M=o
NMOoOWwo

NOWOO
NOWO
ANNWOO
NOWO

‘lopow aiod @y} 10} 1ipel aiod O uol}NQLI}SIp BWN|OA 2’y ainbi4
(wouisbuy) snipey alod
00000000000000O00O
§666669966666666000000000
SYeclL068L9GYVECL0GGGG6G9GG9G9GG5S0
cc¢cccclititittirtiiliie8gslosveECLS

[eAla}u| 8ZIS Ul SWN|OA %

(wonsBuy 002E-09) wiojiun
uonnqguUIsIq SWN|OA

(0] 8



179

Table4.1  Default values of major parameters in the program "OMRAN10".

Parameter Value
Network side length 14 Microns
Zeolite coke unit size 1 Angstrom
Support coke unit size 20 Angstrom
Main reaction rate constant ki 6x10-8 (m?s)
Coking rate constants kes & kcp 1x10710 (m*kmols)
Zeolite fractional activity o 0.5 (Initially)
Catalyst:feed ratio 7.5:1 i/ (g/min)
P.S.D.(Uniform Distribution) 60-3200 ngstrom

When necessary, figures showing changes in the effectiveness factor with time

were produced wherever conditions of significant diffusional resistances prevailed.

42 EFFECT OF CHANGING THE FRACTION OF INITIAL ACTIVITY
DUE TO ZEOLITE a :

To investigate the influence of a on the conversion, coke content and surface
area it was reduced gradually from 1.0 to 0.0. On one hand, an a value of 1.0
indicates that all the initial activity is due to the zeolite alone and the support has no
catalytic activity. On the other hand, an a value of 0.0 indicates that all the initial
activity is due to the support alone, and the zeolite has no catalytic activity. When the
catalyst does not uhdergo any kind of deactivation, reducing the a value has the
effect of reducing the constant conversion lines (Fig. 4.3). This is due to the fact that
most of the surface area of the catalyst is in the zeolite, so the higher the fractional

activity of the zeolite, the larger the conversion.
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42.1 Series Deactivation:

For series deactivation, the conversion profiles show a drop in initial conversion
as a is reduced (Fig. 4.4). For conversions larger than 50% the series deactivation is
more effective since the product is the coke precursor, therefore, the slope of the
conversion profiles reduces with time on stream. For a catalyst with 100% zeolitic
activity, conversion drops from 84% to 8% over a period of two hours in comparison
with a drop from 9% to 7% over the same period if all the activity was due to the
support. Coke content profiles show that as the a value increases, the coke content
increases. It is interesting to note that a coke content of only 1.3% corresponds to an o
value of 0.0, while a slightly larger value of o such as 0.2 produces more than twice as
much coke (3%). This is due to the sharp increase in conversion as a value increases
from 0.0 to 0.2 which increases the concentration of the product which in turn then
produces coke under the series mechanism of coking. Surface area profiles show that as
the alpha value increases, the drop in surface area increases corresponding to larger
coke contents. Again, the large drop in surface area as the « value increases from 0.0

to 0.2 is distinctive.

422 Parallel Deactivation:

For parallel deactivation, the conversion profiles show a drop in initial
conversion as ¢« is reduced (Fig. 4.5). The slope of the conversion profiles is initially
small, but gets larger with time on stream and especially when conversion drops below
50%. This is due to the increase in the reactant concentration which is the coke

precursor.

Coke content profiles show that as the a value gets larger, the coke content
gets smaller. But the decrease in coke content is very gradual with no sharp changes

due to the introduction of zeolite activity as was the case with series deactivation.
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Surface area profiles, show that as the a value increases, the drop in surface

area reduces due to reduction in the coke content.
423 Triangular Deactivation:

For triangular deactivation, the conversion profiles show that as a decreases,
conversion decreases by a larger extent than either parallel or series deactivation alone.
For the case where the parallel and series coking rate constants are equal, the
conversion profiles intersect at a single point at sometime on stream (Fig. 4.6). Beyond
this point the relationship between o and conversion is reversed. Now, as a gets
larger the conversion gets smaller, and for an a value of 1.0 the conversion
approaches 0% after one hour on stream. This is due to the fact that zeolite activity is

lost much faster than the activity provided by the support.

Coke content profiles depend on the relative values of the parallel and series
coking rate constants. When they are equal, a single coke profile is produced for all
values of o . The surface area profiles also depend on the relative values of the series
and parallel coking rate constants. For the case of equal coking constants, a single
surface area profile is produced for all values of « . This is attributed to the
assumption of equimolar counter diffusional flow. This results in the sum of the
concentrations of the reactant and product being constant at all times. This causes the
coking rate and, therefore, coke content and surface area to be independent of the

conversion and o, and only dependent on the time on stream.
43 EFFECT OF CHANGING THE MAIN REACTION RATE CONSTANT:
To investigate the influence of changes in the reaction rate constant on

conversion, coke content and surface area, it was changed gradually from

6x10'"10(m/s) with conversion of only 3% up to a rate constant of 1.875x10_6(m/s)
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with 98% conversion (Fig. 4.7). The effectiveness values always stayed over 0.9
indicative of small diffusional resistances over the reaction rate constant range (Fig.

4.8).
43.1 Series Deactivation:

For series deactivation, the reaction rate constants of values up to 3x10_9
produced almost parallel straight lines similar to the no deactivation case. This is due
to the very small conversions produced and therefore small product concentrations
which cause negligible deactivation (Fig. 4.9). As the rate constant gets larger, the
initial conversion gets larger and the drop in conversion with time on stream gets
bigger. For a rate constant of 3'.75x10_7, the initial conversion is 94% dropping to 40%
after less than one hour on stream, while after two hours on stream it reaches a value
of 22%. The coke content profiles show clearly that as the reaction rate increases, the
coke content increases. While a rate constant of 6x10710

after two hours on stream, a rate constant of 1.875x10"6

produces less than 0.5% coke
produces 4% coke content in

only 40 minutes on stream.

Surface area profiles show that as the reaction rate constant increases the
surface area reduces. A rate constant of 6x10 10 produces a drop of 25% in surface
area after two hours on stream while a rate constant of 3x10™> produces a drop of 55%
over the same time on stream. As the rate constant gets larger than 7.5x10—8, changes
in the final surface area become negligible. This is due to the fact that all the zeolite

surface area has been lost, and the drop in support area is very slow. Therefore, the

surface area becomes insensitive to further increases in the rate constant.
432 Parallel Deactivation:

For the parallel mechanism of coking, larger rate constants produce higher
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conversions, therefore reducing the reactant concentration and hence producing
negligible deactivation. For a rate constant of 1.875x10_6 with an initial conversion of
98%, it caused a drop of only 1% in conversion over two hours on stream (Fig. 4.10).
As the rate constant gets smaller, conversion drops and coking becomes very
detrimental. For a rate constant of 7.5x10—8 conversion drops from an initial value of
75% to a final value of 5% after two hours on stream. A further reduction in the rate

8 causes the conversion to drop from 40% to 3% in only 30

constant to 1.5x10
minutes. Coke content profiles show that as the rate constant increases, the coke
content reduces, opposite to the case of series deactivation.

0_10, coke content reaches a value of

For very small rate constants such as 6x1
approximately 4% in about 45 minutes on stream, whereas for large values such as

1.875x1079 it produces less than 0.5% coke content.

Surface area profiles show that as the rate constant reduces, the drop in surface
area increases, until it reaches 1.5x10_8 beyond which further reductions cause no
significant changes in the surface area. Again, this is due to the complete deactivation

of the zeolite surface area rapidly, with an accompanying very slowly deactivating

support.
433 Triangular Deactivation:

Under triangular deactivation, the conversion profiles show a larger drop in
conversion compared with either series or parallel coking alone (Fig. 4.11). This is due
to the combined effect of both mechanisms. The behaviour of the coke content and
surface area profiles follow the series or parallel profiles depending on the relative
values of their coking rate constants. Under triangular deactivation we obtain a single
curve for coke content profile and a single curve for the surface area profile for the

special case of equal parallel and series coking rate constants. This is true provided the
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assumption of equimolar counter diffusional flow holds, as explained earlier.
44 EFFECT OF CHANGING THE CATALYST:FEED RATIO:

To investigate the influence of changes in the catalyst:feed ratio on conversion,
coke content and surface area, it was changed gradually from 1:1 g/(g/min) up to 32:1
g/(g/min). For the condition of no deactivation, increasing the catalyst:feed ratio has
the effect of increasing the initial conversion (Fig. 4.12). Since there is no deactivation,
the conversion profiles consist of straight parallel lines of constant conversion starting

with 26% for catalyst:feed ratio of 1:1 up to 92% for 32:1.
441 Series Deactivation:

For series coking, conversion profiles show a drop in their slopes as the
catalyst:feed ratio decreases, but as time on stream increases they become almost
parallel (Fig. 4.13). This is due to the large deactivation taking place initially,
especially for conversions over 50%, but after about 35 minutes, the conversions are
well below 50% causing little coking over the remaining time period of the simulation.
As an example, the difference in the initial conversions of the largest and smallest
catalyst:feed ratios is almost 65% while the difference in the final conversions is less

than 15%.

Coke content profiles show an increase in the coke content as the catalyst:feed
ratio increases. Increasing the ratio from 1:1 to 32:1 increases the coke content from
1.8% over 2 hours on stream to over 4% in just over one hour on stream. Again, we
notice a large increase in the coke content initially with a much slower increase later
on stream. For a catalyst:feed ratio of 8:1, the final coke content of the catalyst reaches
3.6% after 2 hours on stream but 70% of that coke is formed in the first 50 minutes on

stream. This is due to the high =zeolitic activity initially, which produces
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the coke precursor (the product for series deactivation), but is lost after short times on

stream when slow coking is due to the low support activity.

Surface area profiles show that as the catalyst:feed ratio increases, the drop in
surface area increases, too. Again, we see a very large drop in surface area initially,
with a much slower drop later on stream. This is due to the fast loss of the large zeolite

surface area, compared to the slow loss of the small support surface area.

442 Parallel Deactivation:

For parallel coking, the initial conversion is directly proportional to the
catalyst:feed ratio. For high catalyst:feed ratios, a very small drop in conversion is
observed for short times on stream (Fig. 4.14). As the conversion drops below 50%, the
parallel deactivation becomes very detrimental and the conversion drops very sharply.
For small catalyst:feed ratios, the initial conversion is already well below 50%,
therefore, the concentration of the reactant (which is the coke precursor for parallel
coking) is high. Then, the deactivation is very high at short times on stream. For
example, a catalyst:feed ratio of 2:1 with an initial conversion of 41%, rapidly
deactivates to give a conversion of only 10% in 15 minutes, while a catalyst:feed ratio

of 32:1 with an initial conversion of 91% drops only 2% over the same time period.

Coke content profiles show that as the catalyst:feed ratio increases, the coke
content reduces. Also, it shows that the rate of coking starts slow and then increases

for high catalyst:feed ratios, while it starts rapidly for small ratios.

Surface area profiles show that, contrary to series coking, as the catalyst:feed
ratio decreases, the surface area drop increases. The surface area loss in the first few
minutes on stream is very large specially for small catalyst:feed ratios up to 8:1, but

these curves converge and merge after 60 minutes on stream. This is due to the loss of
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all zeolitic area rapidly, and the catalyst is left with the small support area which then

cokes very slowly.

443 Triangular Deactivation:

Under triangular deactivation, the larger the catalyst:feed ratio the larger the
conversion (Fig. 4.15). The conversion profiles show a larger drop in conversion
compared with either series or parallel coking alone. This again is due to the combined
effect of both mechanisms. The behaviour of the coke content and surface area profiles
follow the series or parallel profiles whichever has a higher coking rate constant. For
the case of equal coking constants, a single curve is obtained for the coke content and a
single curve for the surface area for all values of the catalyst:feed ratios explored. The
larger the coking rate constants, the larger the coke content and the smaller the surface

area.

The behaviour of the coke content and surface area profiles under series
deactivation in response to changes in catalyst:feed ratio is exactly opposite to those
under parallel deactivation. So, with the assumption of equimolar counter diffusion, it
is expected to have a single curve for each of the coke content and surface area for the
case of equal parallel and series coking rate constants regardless of the catalyst:feed

ratio.

45 EFFECT OF HEAVY COKE LAYDOWN IN SUPPORT PORES:

To allow heavy support coking to occur, the definition of the active area was
changed according to Chapter Two to become that area which is accessible even if it
was covered with a thick layer of coke. The structure of the catalyst particle was
represented by a 10x10 network with a uniform pore size distribution in the range of

60—3200 A (Fig. 4.16). Figure 4.17 is a numerical representation of the network under
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A stochastic pore network of size 10x10 with a uniform pore

Figure 4.16

size distribution in the range 60—3200 Angstroms.

(Fresh, uncoked network).
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1292 2128 0581 3074 1599 1885 2337 0644 2191 1299
2608 + 2402 + 0493 + 2954 + 0578 + 2526 + 1228 + 2642 + 2446 + 0861 + 2597
1986 + 1245 + 0206 + 3174 + 2804 + 1575 + 1849 + 0066 + 2399 + 0745
1322 + 0258 + 1746 + 0914 + 2610 + 1571 + 2982 + 1526 + 3013 + 2939 + 0734
0420 + 0626 + 2399 + 2141 + 0686 + 1411 + 3072 + 2703 + 1027 + 1650
2874 + 0299 + 0298 + 2188 + 3011 + 0449 + 1690 + 3139 + 2763 + 2551 + 2985
1964 + 2874 + 2894 + 2372 + 2674 + 3064 + 1198 + 1494 + 1383 + 0218
1442 + 1643 + 1621 + 0883 + 0885 + 3063 + 1472 + 1876 + 2029 + 1867 + 0591
0408 + 2826 + 2784 + 1923 + 0097 + 2921 + 2804 + 0464 + 0665 + 1322
3151 + 0416 + 1990 + 2092 + 1623 + 2031 + 1255 + 2518 + 0674 + 3081 + 2145
1297 + 0974 + 2238 + 1703 + 0767 + 3029 + 3011 + 1380 + 0082 -+ 1730
0465 + 1682 + 2670 + 0727 + 1377 + 0853 + 0936 + 2946 + 0133 + 2660 + 0615
1473 + 0640 + 2549 + 2110 + 2120 + 2249 + 2010 + 0808 + 0972 + 1635
2632 + 1951 + 1671 + 1493 + 1048 + 1369 + 2506 + 0216 + 0618 + 2184 + 3081
1696 + 1543 + 3151 + 1009 + 2621 + 2347 + 0065 + 3032 + 1352 + 3036
2897 + 2166 + 0844 + 0199 + 1078 + 0857 + 2378 + 1337 + 1967 + 1899 + 1561
1004 + 1553 + 2443 + 1739 + 1622 + 2904 + 2123 + 0675 + 0911 + 1662
0245 + 2742 + 1666 + 0335 + 1511 + 1186 + 0477 + 0950 + 0168 4+ 2683 + 1165
0562 + 2608 + 1524 + 1352 + 0843 + 0421 + 0971 + 2959 + 3071 + 2525
0245 + 2190 + 2588 + 1577 + 3163 + 0779 + 0659 + 0028 + 0244 + 2862 + 0453
2394 1749 0157 3040 1499 1679 2078 0198 1784 0465

Figure4.17 A numerical representation of the 10x10 stochastic pore network

shown in figure 4.16 .
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investigation, with the pore size given as numbers at the location of the pore element
relative to the other pores in the network. The 10x10 network contains 220 pore

elements.

Coke deposition should be uniformly distributed at all times throughout the

catalyst particle under one of the following conditions:

(1)  If the coke particles were only weakly adsorbed onto the catalyst and were
present in the feed stream in sufficiently large concentrations so that a
steady—state surface concentration is quickly attained.

(2) If the coke particles were formed by a reaction occurring with an effectiveness
factor near unity, e.g. coke formation on cracking catalyst in powder form where
pore lengths are relatively very small and the effectiveness factor approaches

unity.

451 Representation of the Structure of the Catalyst at Different
Stages of Coke Laydown:

Assuming the catalyst is undergoing a parallel coking mechanism, and using the
same parameters as in Table 4.1, an investigation into the effect of heavy coke laydown
in the support pores is attempted. Heavy support coking starts uniformly within the
pores of the network since the effectiveness factor is near unity, indicative of negligible
diffusional resistances. As the coke layer thickness increases from zero to 5004, all the
pores of sizes up to 500A become fully coked but no sign of pore isolation is noticed.
Upon increasing the coke layer thickness to 10004, the beginning of the process of pore
isolation is clear. The pore isolation phenomenon increases as the coke thickness gets
larger and larger to the extent that about twenty pore elements which were only
partially coked have been isolated by a coke layer thickness of 2000A. When the

reaction continues and coke thickness on the pores reaches 30004, the total number of
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pore segments in the network which has been isolated by smaller pores reaches about
forty pores. At this stage, most of the pores inside the network are either fully coked,
isolated or they are partially coked pores located at the edges of the network which can
not be isolated. So, increasing the coke layer thickness to 3200A does not further
increase the amount of pore isolation. Figure 4.18 shows how the number of accessible
(partially coked), fully coked and isolated pore elements changes as the coke layer

thickness gets larger and larger until it reaches the maximum value of 3200A.

Figures 4.19 to 4.23 show the network undergoing heavy support coking at
different stages as the coke layer thickness gets larger and larger until it is fully

deactivated at the point where all the exterior pores are filled with coke.
4.5.2 Overall Coke Content of the Network Pores:

At the beginning of the process, the network is free from any coke deposits
which represents the fresh catalyst particle before it has undergone any deactivation.
All pores are accessible. As coke is produced and the catalyst particle undergoes
deactivation, a given layer of coke which deposits uniformly inside all pore segments of
the network produces an appreciable increase in the coke content of the catalyst
particle. As the process of coking continues, more and more pores are fully coked and
then the isolation of pores and regions starts occurring. The same previous given layer
of coke has then much less effect on the total coke content of the catalyst than at the
beginning of the process. This is due to much lower accessibility of pores in the
network for the further coke deposits. So, as a result fewer pore segments undergo an
increase in their coke layer thickness. For example, an increase in the coke layer
thickness of the network from zero to 500A caused an increase of approximately 6% in
the coke content. This is drastically larger than the 1% increase in the coke content
that occurs when the coke layer thickness increases from 2000A to 2500A (Fig. 4.24).
When the catalyst particle represented by the network of pores is fully deactivated, the
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The 10x10 stochastic pore network undergoing heavy support
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coke content reaches just over 15%. The maximum theoretical coke content of the
catalyst particle is 16%. Thus approximately 6% of the total network volume has been

isolated during the process of uniform coking (Fig. 4.25).

The changes in the support surface area accessible, coked and isolated are as the
coke layer thickness gets larger and larger until the network is fully deactivated are
shown in Figure 4.26. It is interesting to note that a negligible degree of pore isolation
takes place inside the network until it reaches very high coke contents. Then a small
increase in the coke content from about 12% to 15% causes a significant amount of
pore isolation (Fig. 4.27). This is due to the relatively high degree of pore
interconnectivity, which prevents the phenomenon of pore isolation until the pore

elements at the edges of the network are becoming fully coked.

453 Coke Laydown without Diffusional Limitations:

When the size of the catalyst particles is very small or when the rate of the
reaction is very slow, the effectiveness factor approaches unity. Under such conditions
diffusional limitations become negligible, and the concentration of reactant, C L 8
constant throughout the network elements. For the parallel coking mechanism, the
coke precursor is the reactant. Therefore, initially coke laydown is uniform in each
element of the network. As the coke layer thickness gets larger and larger, the smaller
pores become fully coked. Since the network is made up of different size elements
ranging from 60 to 3200 Angstrom, the blocking phenomenon will occur once some
elements with smaller sizes surrounding larger size elements are filled up with coke.
Again this will produce a situation where heavier coking occurs towards the exterior of
the catalyst particle compared to the lightly coked interior. In the case of a bimodal
pore size distribution with very small size pores surrounding large pores, pore blocking
and region isolation should become very much more significant. Figure 4.28 shows a

20x20 network with a bimodal pore size distribution consisting of 50% pores of size
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60A and 50% pores of size 3200A. After complete deactivation, out of the 840 pore
elements of the network, 101 pore elements of the larger size have been isolated by the
smaller pore elements (Fig. 4.29). This corresponds to a loss of 23% of the network
pore volume. The maximum coke content is only 12.3% compared to 15% for a similar

size network with a uniform pore size distribution in the range 60—3200 A.

4.54 Coke Laydown with Strong Diffusional Limitations:

When the size of the catalyst particles is very large or when the rate of the
reaction is very large, the effectiveness factor falls to values far below unity indicative
of strong diffusional resistances. Under such conditions, the concentration of the
reactant decreases as it penetrates the network of pores. So, we have a concentration
gradient across the elements of the network (Fig. 4.30). This produces different
reaction rates and, therefore, different product concentrations inside any element. Since
the coking reaction is a function of either product or reactant concentrations, then the
coke layer thickness is different in each element in the network. Then, regardless of the
coking mechanism, the blocking phenomenon will occur when some smaller size
elements surrounding larger size elements are fully coked. For the case of parallel
mechanism of coking where the coke precursor is the reactant, the coking in the outer
pore elements takes place at a higher rate than the inner elements (Fig. 4.31). Under
conditions of very strong diffusional resistances (Fig. 4.32), coke deposits almost
exclusively in the external elements of the network, therefore, very significant pore
mouth blocking can occur. Figure 4.33 shows a 20x20 network with a uniform pore size
distribution in the range 60—3200 A, whereas Figure 4.34 shows the same network after

complete deactivation under conditions of extremely strong diffusional resistances.

455 Coke Laydown in the Network of Single-Size Average—Area
Pore Elements without Diffusional Limitations:
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The outside reactant concentration = 15.00 mole/m?
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The outside reactant concentration = 15.00 mole/m3

213 074 0.18 087 060 035 125 0.28 1.02 1.32
009 004 0.01 0.02 002 0.04 0.14 0.00 0.03 0.53
166 0.12 0.01 0.00 000 000 0.00 000 0.00 2.16
005 000 0.00 000 000 0.00 0.00 0.00 0.01 0.50
066 0.14 000 0.00 000 0.00 0.00 0.00 0.00 285
007 0.01 000 000 0.00 0.00 0.00 0.00 0.00 0.11
132 0.2 0.00 0.00 000 0.00 0.00 0.00 0.07 1.29
041 002 0.00 000 000 0.00 0.00 0.01 0.07 1.59
013 0.06 0.00 0.01 0.00 0.00 0.03 0.00 0.03 0.02

007 038 0.00 150 110 055 142 0.08 0.38 145

Figurc 4.32  Concentration of the reactant -at the nodes of the network under

conditions of extremely strong diffusional resistances.
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For the special case of the network with single—size average—area pore elements,
the surface area of each element is constant. Also, in the absence of diffusional
resistances, at any time the concentration of reactant, C K is constant throughout the
network elements. Therefore, the rate of reaction in each pore element is constant and
the product concentration, Cp, is constant across the network. Since the coking
equation is given by :

fr=—(Kg, Co+ Ky C,) Ads (3.4)

Therefore, regardless of the coking mechanism (parallel, series, or triangular),
the rate of the coking reaction is constant throughout the network elements. Then, the
coke layer thickness in all elements is constant at any given time step. The resulting
network is uniformly being reduced in size due to uniform coke laydown throughout
the elements. Then, no blocking phenomenon will occur. The network will keep on

coking evenly until it is fully coked.

4.5.6 Coke Laydown in the Network of Single-Size Average—Area
Pore Elements with Strong Diffusional Limitations:

According to the coking equation (3.4) discussed earlier, the rate of coking is
first order with respect to reactant or product concentration and second order with
respect to surface area. In the special case of the network of single—size average—area
pore elements, the surface area of each element is constant throughout the network.
Due to strong diffusional resistances the concentration of the reactant reduces moving
inside the network, so that the outer elements have larger concentrations. Then, under
parallel coking mechanism, the rate of coking is larger towards the exterior of the
network. As soon as some smaller size elements surrounding larger size elements
become fully coked, the blocking phenomenon can occur. Again, with extreme

conditions of diffusional resistances pore mouth blocking can also be expected to occur.
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CHAPTER FIVE

EXPERIMENTAL WORK

5.1 INTRODUCTION:

5.1.1 Catalytic Cracking of Cumene:

Cumene (isopropyl benzene) has been used for many years in the study of the
activity of numerous cracking catalysts. The catalyst under study is a supported
zeolite, super—D, used commercially in fluid catalytic cracking units to crack heavy
hydrocarbons into lighter products. The catalytic disproportionation of cumene to
benzene and propylene was used in a laboratory scale fluidised bed reactor to study the
behaviour of the catalyst under investigation. Although it first gained recognition as a
single reaction scheme (Plank and Nace, 1955), with products of reaction confined to
benzene and propylene, it is still representative of a typical reaction which takes place
during the catalytic cracking of gas oils, namely the dealkylation of branched
aromatics. Later work (Pansing and Malloy, 1965; Best and Wojciechowski, 1977) has
shown that the reaction scheme representing the catalytic cracking of cumene is more
complicated than was first suggested. A comprehensive list of over eighteen primary
and secondary products of cumene cracking over Lanthanum Y exchanged zeolite at

430 ° C have been presented by Best and Wojciechowski (1977), (Table 5.1).

Propylene was suggested to be the coke precursor (Viner and Wojciechowski,
1984) with the main reaction being first order with respect to reactant concentration
accompanied by a coking reaction that is second order with respect to surface area and
first order with respect to propylene concentration. Many kinetic studies of the cumene
cracking reaction have described the reaction taking place at a single site via a

carbonium—ion mechanism. Corrigan et al. (1953) suggested that the dealkylation of
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TABLE 5.1
Major Products of Cumene Cracking

[Reproduced from Best and Wojciechowski (1977)]
Producta Product Type Yielda
Liquidb
Benzene Stable primary 43.2
Toluene Secondary 0.26
Ethyl benzene Stable primary 1.04
Styrene Unstable impurity 0.0
(Cumene) 52.5
n-Propyl benzene Stable primary &secondary 0.36
Ethyl toluene Unstable primary 0.16
Cymene Primary stable 0.16
Diethyl benzene Unstable secondary 0.09
m-Diisopropyl benzene Unstable primary 1.00
p-Diisopropyl benzene Unstable primary 0.49
Gaseousb
Methane Secondary 0.10
Ethylene Secondary 0.07
Ethane Secondary 0.04
Propylene Primary stable 41.4
i—Butene Primary 0.38
Butene Primary 0.28
n-Butane Secondary 0.16
Butane Secondary 0.14
Coke
Wt % coke per g catalyst 11.9
Wt % coke per g of feed 0.39
Hydrogen/carbon mole ratio 0.382
Recovery
Aromatic (mole %) 98.7
Side chain carbon (mole %) 100.7
Total carbon (mole %) 99.2
Total hydrogen (mole %) 99.3
Total mass (%) recovery 98.9

a  Experimental data shown are for 100/140 mesh LaY at 430°C,
cat {oxl of 0.033 and time on stream of 85.5 sec.
b Mole %/mole of pure cumene in feed.
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cumene to major products, benzene and propylene, is described by such a mechanism

(Fig. 5.1).

In this present study on the fluidised bed catalytic cracking of cumene using a
commercial cracking catalyst, the effect of deactivation on the overall conversion and
benzene selectivity has been measured as a function of time—on—stream for different
catalyst:feed ratios. Representative samples of the fresh and coked catalyst have also
been studied to determine the effects of deactivation, as a result of coking, on the
physical properties of the catalyst, namely the internal pore structure. A blank
"dummy" experimental run was also carried out without any catalyst in the reactor,
to determine if any thermal cracking of the cumene occurred under experimental
conditions and also to carry out a material balance for cumene over the reactor system.
The products from these experimental runs were then analysed off-line using
Gas—Liquid Chromatography and from these results a measurement of the deactivation
was obtained. The coke content and surface area were determined for both fresh and
coked catalyst samples. This was necessary to enhance the modelling of the

deactivation by a more fundamental approach.

5.1.2 Zeolites in Catalysis:

Zeolites are a class of crystalline alumino silicates. It was about the middle of
the eighteenth century (1750's) when synthetic zeolites were first discovered, but only
fifty years ago that industry realized their importance in the fields of ion exchange,
adsorption and catalysis, especially cracking catalysts. The wide range of applications
of zeolites encouraged chemists to make new forms of "synthetic zeolites" which were
unknown naturally (Dwyer and Dyer, 1984). Cracking catalysts which are particularly

important in hydrocarbon processing are almost all zeolitic. (Vaughan, 1979)

5.1.3 Structure of Zeolites:
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To enhance our understanding of the catalytic behaviour of zeolites, it is
essential to study their structure. According to Dwyer and Dyer (1984) the structure of

zeolites consists of the following three parts:

(1) SiO4 and AlO, molecules (tetrahedra) constitute the fundamental building
units of the zeolite structure (Fig. 5.2A) with each tetrahedron attached to four
other molecules to form the final structure.

(2) The secondary building units are the "rings" and "boxes" which are formed by
the linkage of the SiO, and AlO, tetrahedra with a variety of aperture sizes
depending on the number of tetrahedra involved. (Fig. 5.2B).

(3)  The final zeolite structure is the result of the different modes of assembly of the

secondary building units (Fig. 5.2C).

The aluminosilica structure carries a net negative charge which is balanced by
cations which are commonly rare earth metals, hydrogen or metals from the first two

groups of the periodic table.

It is interesting to note that the space between the tetrahedra for channels are
not uniform in cross—section, but include cavities which are often sited at the
intersection with other channels. These channels are connected, according to the
individual zeolite, in either one, two or three dimensions. Rees (1984) illustrated the
channel sizes (in Angstrom) associated with different zeolite types in comparison with

the sizes of some small molecules (Fig. 5.3).

Zeolites act as "molecular sieves" by allowing molecules with small diameters to
pass through the channels and by excluding larger molecules, leading to "selectivity"
based on molecular size which is a very important property of any catalyst besides its

activity.
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Representation of SIO, or AlO, tetrahedron

(B)
(C) Structure 6\‘ cavityin
. ' zeolite X,Y or faujasite
Faujasite framework (after Eberley)

Figure 5.2 Zoolite structurcs (A) Fundamental building units, (B)
Sccondary building units and (C) Final zcolite structure ( Dwyer
& Dyer (1984)).
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514 Structural Design of Zeolites:

The activity and selectivity of zeolites are remarkably predicted through the
control which a catalyst design has over their structure. The three crucial factors in the

design of zeolites are (Vaughan, 1979):

(1)  The type of the structure gives specific mesh size.

(2) The cation type used in balancing the negative charge of the aluminosilicate
framework provides a greater control on the size of the mesh (fine tuning).

(3)  The ratio of the Si/Al can be changed to produce the zeolite with the design

structure.

5.1.5 Chemistry of Zeolite Catalysis:

The behaviour of zeolites in the catalysis of hydrocarbon reactions is complex.
The catalytic activity is generally believed to be mainly associated with acidic sites
(Van Hoff, 1980). Other factors controlling the activity include the Si/Al ratio, the
presence of potential proton donors, the size and charge of the cations and the location
of the cations in the lattice (Venuto and Landis, 1968). Zeolites generally have higher
activity, selectivity and stability than catalysts such as amorphous silica—alumina. The
higher activity of zeolites compared to amorphous catalysts is attributed to a higher
effective concentration at the zeolite surface arising from the powerful forces associated
with adsorption in zeolites. In hydrocarbon conversion, the dominant mechanism
involves carbonium ion formation. Dwyer (1984) suggested that free radical routes may

also be important.

5.1.6 Diffusion in Zeolites:

Diffusion through zeolites presents great difficulties. Certainly, analysis based
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on diffusion in the bulk of a gas is inappropriate, since often the size of a molecule is
comparable with the channel through which it moves. The Knudsen model is more
realistic in this context but still assumes elastic collisions between molecules and wall.
Venuto and Landis (1968) stated that species within a zeolite are subject to a variety

of powerful forces, and cannot be considered to act as free molecules.

"Configurational Diffusion" was a term given by Weisz (1973) to describe the
mode of diffusion found in zeolites and other media with small apertures (Fig. 5.4). He
proposed that molecules have to be configured in certain limited number of ways to be
able to pass through such apertures. Figure 5.5 shows the variation of measured
diffusivities of n—paraffins through erionite as a function of chain length which has

been presented as evidence for his argument.

5.1.7 Deactivation of Zeolites:

Zeolites, as with any other acid catalyst, deactivate through a complex
mechanism of coking. Zeolite structure plays an important role in the fouling process
besides the chemical aspects. Tan and Fuller (1970) reported rapid fouling of a
rare—earth X—zeolite during alkylation of benzene by cyclohexene. The foulants were
molecules of sizes that exceeded the channel diameter and were thus confined to
cavities in the structure. Rollman and Walsh (1979) stated that the rate of coking

decreases with channel diameter.

5.1.8 Models of Zeolitic Deactivation:

It is surprising to note that little original work has been attempted to apply
structural information in the modelling of zeolitic deactivation. As an example, see
Lin, Park and Hatcher (1983) using the approach of Froment (1980) in describing the

deactivation of Lanthanum Y—zeolite in cumene cracking. The work of Theodorou and
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Wei (1983) in modelling the deactivation of ZSM5 zeolite using a rectangular grid was
an exception. They applied the Monte—Carlo approach in predicting the properties of

molecules moving by finite jumps through such a network.

52 LABORATORY SCALE CATALYTIC CRACKING OF CUMENE:

5.2.1 Catalyst Specification:

The catalyst used throughout the experimental work was a commercial catalyst,
which is manufactured for and normally used in fluid catalytic crackers, known as
super—D. It was supplied by Crosfield Chemicals Ltd., Warrington, England. The
super—D in its commercial form consists of particulate spheroids with an average
diameter of 81 microns and it was used in the same form for the laboratory scale
catalytic cracking of cumene. Super—D particles consist of 15—-18wt% ion exchanged Re

sodium Y—zeolite on a support matrix of silica—alumina.

5.2.2 Catalyst Pretreatment:

Pretreatment of the catalyst powder involved heat treatment at 150 °C for 48
hours, to drive off any moisture in the fine network of pores of the catalyst particles.
The catalyst was removed at the end of the period and kept in a desiccator over

silica—gel until it was used in the cracking experiments.

523 Feed Specification:

The feed to the cracking experiments was cumene (isopropyl benzene), supplied
by Fisons Scientific Apparatus at a purity greater than 99.5%. Cumene was chosen
because it undergoes a cracking reaction which is representative of a typical reaction

which takes place during catalytic cracking of gas oils, namely the dealkylation of
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branched aromatics.

524 Experimental Apparatus:

The catalytic cracking of cumene was carried out in a laboratory scale fluidized
bed reactor made from quartz glass at 500° C. Figure 5.6 shows a schematic diagram of
the experimental apparatus. Figure 5.7 shows a photograph of the quartz glass reactor
used in cumene cracking reactions. The furnace temperature was controlled by a three
term Eurotherm type 810 controller to keep the reactor temperature as near constant
as possible. The temperature was monitored by K type thermocouples located at
different positions in the experimental apparatus. These thermocouples were interfaced
with an F—1 Apricot Personal Computer via a 3—D Think Lab system which contained
a 12 bit Analogue/Digital card. A digital signal was produced by the Analogue/Digital
card in the range 0—4096 which approximately corresponded to 0—700°C temperature
range. A platinum resistance thermometer was used for the calibration of the

thermocouples.

5.2.5 Experimental Procedure:

A charge of super—D catalyst, which was pretreated in the manner described in
a previous section, between 5-10 grams was placed in the bottom of the quartz glass
reactor. The reactor was heated, while being purged by nitrogen, and brought
gradually up to the reaction temperature over a period of one hour to avoid causing
any thermal shocks or damage to the catalyst or the reactor. For the next three hours
the temperature of the reactor was held as near constant as possible (to within +5°C).
During that time the feeding pump was switched on and the cumene started flowing
through a three-way valve to the waste line. When the flow rate of cumene was
constant (as measured by successive samples being weighed through the waste line at

equal time intervals) the experiment was started. Using the three—way valve (vacuum
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tight) the nitrogen purge was switched off and the cumene started flowing through the
preheater over the quartz glass chips. The cumene was vaporized and heated to
reaction temperature in the preheated section of the reactor passing over the catalyst

for a fixed contact time between 1 and 120 minutes.

The products and the unconverted feed passed through a water cooled condenser
and through a dry ice jacket. Liquid products of the run were collected periodically at
different time intervals in sample bottles which were located on a digital balance for
instantaneous reading of the product weight at any time through out the experimental
run. This was recorded initially when cumene started flowing to the reactor and when
each sample was collected and the weight of each sample was determined. At the end
of the experimental run, cumene was switched back to the waste line for a final check
of feed flow rate. A high nitrogen purge was passed through the reactor for five
minutes to prevent any reactant or product species from remaining in the cracking
reactor. The electric furnace was turned off and when the reactor had cooled
sufficiently, the deactivated catalyst was removed from the reactor, weighed and stored
in a desiccator over silica—gel until it was ready for off-line analysis. The sample
bottles containing the liquid product of the catalytic cracking of cumene were tightly
sealed and stored in a refrigerator to prevent evaporation of the volatile components
until it was ready for its own off—line analysis. The experiment was repeated for a wide
range of catalyst:feed ratios by changing the feed flow rate and changing the amount of

catalyst used in the reactor.

5.2.6 A "Blank" Experimental Run:

Additional experimental runs were performed in which the cracking reactor was
void of catalyst. These "blank" runs were carried out by passing cumene through the
same reactor at different reaction temperatures and different feed flow rates with no

catalyst present. These experiments served the following two purposes:
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(1) To determine the possibility and the extent of any thermal cracking of cumene
at the reaction temperatures and under experimental conditions.

(2) To perform a material balance for cumene over the reactor system.

53 OFF-LINE ANALYSIS:

5.3.1 Liquid Product:

The liquid products, which were collected periodically, were analysed off-line
using standard chromatographic techniques (Gas—Liquid Chromatography, GLC).
Figure 5.8 shows a photograph of the GLC apparatus. One and half meter glass column
packed with a silicon OV17 stationary phase was found to be ideal in separating the
major components of the liquid product of cumene catalytic cracking (benzene, toluene,
ethyl benzene and unreacted cumene). A typical chromatogram of a known standard,
using this column is shown in Figure 5.9. A Pye unicam GLC series 204 with flame
ionization detectors (FID) was used in the analysis, and nitrogen was used as the
carrier gas. The analysis was temperature programmed, that is the temperature in the
GLC changed with time, which was essential in order to obtain a good separation
between benzene (the lowest boiling product) and diethylether which was used to

dilute the samples prepared for analysis.

A Trivector Trilab 2000 integrator calculated the weight percent of each
component in the liquid product from the raw data produced by the GLC machine.
The column was calibrated using a known standard and checked periodically with
other known standards. From the GLC analysis, the % unreacted cumene in the liquid
product was determined and by performing a cumene mass balance over the reactor the
overall conversion at the reactor outlet was calculated. Also, by determining %

benzene in the liquid product, benzene selectivity was calculated in a similar manner.
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53.1.1 Internal Standard Method of Analysis:

In practice, compounds which are chemically similar to the compound(s) of
interest are chosen as internal standards. For the analysis used in this work,
n—propylbenzene (supplied by Koch—Light Laboratories Ltd. as pure) was chosen as

the internal standard.

Known standard solutions (on a weight basis) were made up, three for each set
of analyses, which were used to calibrate the GLC for the operating conditions detailed
in the previous section. The relative response factors (RRF) with respect to the
internal standard for each cracked product i.e. benzene, toluene, ethyl benzene and for
the unreacted cumene were calculated by a dedicated microcomputer linked to the
GLC. The RRF's calculated for one standard solution were checked using the other
standard solutions. The calibration was checked periodically, by injection of one of the

known standards.

To ensure a linear response of the detector (FID) all of the solutions (standards
and samples) were diluted approximately thirty times. As the method of analysis is
based on an internal standard, dilution does not affect the results. Diethyl ether was
used to dilute the samples, and as a result temperature programming was required to

ensure complete separation of the solvent and benzene peaks.

This method of analysis is well known and is not described in detail here. For
further information the reader is referred to a publication by Pye Unicam entitled "An
Introduction to Gas Chromatography".

5.3.2 Solid Product:

The deactivated catalyst left in the reactor after each experimental run was
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analysed for its coke content and surface area and was also examined under the

scanning electron microscope (SEM) in comparison with fresh catalyst.
5.3.2.1 Coke Content:

The amount of carbon—on—catalyst as a result of coke deposition during the
cracking of cumene, was determined using a LECO CS244 carbon/sulfur analyser. The
method of analysis involved burning a known weight of coked catalyst in an induction
furnace (model HF 100) and the measurement of carbon present in the product gases
(CO is first converted to CO,, and the analysis is of the total CO,, content). A known
carbon standard was used to calibrate the instrument. Fresh catalyst samples were also
analysed for any residual carbon present as a result of catalyst preparation. The
elemental carbon on the catalyst measured by the carbon/sulfur analyser was then

multiplied by a correction factor to account for the chemical formula of the coke.

Abbot and Wojciechowski (1985) reported that coke produced from olefinic
precursors has a carbon:hydrogen ratio of approximately 1:0.5. Best and Wojciechoski
(1977b) have reported that during the cracking of cumene over La Y-zeolites a coke
formed which had a carbon:hydrogen ratio of 1:1.25. The ratio of 1:1 was reported by
Thomson (1986) after consultation with the catalyst manufacturer for the cracking of
cumene over a Na Y-zeolite. The coke content was calculated in this work with the

assumption that 1:1 is the molar ratio of carbon:hydrogen.
5.3.2.2 Total Surface Area:

Total surface area of a catalyst is wusually determined by the
Brunauer—Emmett—Teller (BET) method. The basis and background of the technique

are treated in numerous articles and books (Allen, 1990; Lowell, 1979).
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The structural changes in the super—D catalyst were monitored by determining
the total surface area of the coked catalyst in comparison with the fresh catalyst. The
determination of surface area was undertaken on a Quantasorb unit in the laboratories
of Kuwait Institute For Scientific Research (KISR). The experiments were performed
by the Catalyst Characterization Group of the Petroleum Technology Department.
The manufacturer's instructions were closely followed and they are given in detail in

Appendix—4.
5.3.2.3 Scanning Electron Microscopy (SEM):

Examination of fresh and coked catalyst was made under a scanning electron
microscope. The catalyst samples were studied under different magnifications and
sample photographs were taken. Figures 5.10 to 5.14 show some photographs of the
fresh super—D catalyst samples which had to be platinum coated before being studied
under the SEM at different magnifications. The procedures followed in the SEM

sample preparation are given in Appendix—5.
5.3.2.3.1 Basic Principles of SEM:

Figure 5.15 is a diagrammatic illustration of the principle of the scanning
electron microscope. A very fine probe of electrons with energies up to 40 KeV is
focused at the surface of the specimen in the microscope and scanned across it in a
pattern of parallel lines. One of the most important phenomena that occur at the
surface under electron impact is the emission of secondary electrons with energy of a
few tens of eV. Another important phenomena is the re—emission or reflection of high
energy back scattered electrons from the primary beam. The intensity of emission of
both secondary and back scattered electrons is very sensitive to the angle at which the
electron beam strikes the surface, i.e., to the topographical features on the specimen.

The magnification produced by a scanning electron microscope is defined as "the ratio
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Figure 5.11 SEM photograph showing a typical fresh super—D catalyst

particle.
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between the dimensions of the final image and the field scanned on the specimen".
Keeping the size of the display constant, the magnification can be changed by altering
the extent of scan on the specimen. In practice, the magnification switch on the SEM
changes the angle through which the beam is deflected. The linear extent of the scan

depends on the working distance of the specimen from the final lens.

54  RESULTS OF THE CUMENE CRACKING EXPERIMENTS:

5.4.1 Results of the "Blank" Run:

The results of the thermal cracking experiments revealed that up to the reaction
temperature of 500 ° C, no significant conversion of cumene occurred (<2%, Table 5.2).
This result agrees closely with observations on work carried out using the same
catalyst in a fixed bed reactor at a similar reaction temperature (Moore, 1983;

Thomson, 1984) and in a fluidised bed reactor (Thomson, 1986).

Table 5.2
Thermal Cracking of Cumene at Different Reaction Temperatures:

Time on stream % Conversion at

(Minutes) 475°C(A) | 500°C(B) |525°C(C)
2 1.55 1.73 2.93

10 1.28 1.92 2.45

120 1.48 1.65 2.71
Average 1.44 1.77 2.70

(A) The liquid product consisted of ethyl benzene mainly with traces of
toluene, besides the unreacted cumene.

(B) The liquid product consisted of ethyl benzene and toluene besides the
unreacted cumene.

(C) The liquid product consisted of ethyl benzene, toluene besides traces of
unknown peaks in the chromatogram.

N.B: Feed flow rate was fixed at 1.0 g/min for all thermal cracking runs.
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The material balance for cumene over the reactor system showed interesting
results. Comparison of the input (feed) flow rate of cumene to the reactor with the
liquid "product" (Fig. 5.16) shows that initially these two rates were not equal (for
t<10 minutes), but with increased time—on—stream the product flow rate "levelled off"
at a value very close to that of the input flow rate. A material balance on the system
assuming no thermal cracking losses was within 4%, which when allowing for errors in
input and product flow rates measurements, demonstrated that no significant losses of
cumene were incurred during the cracking reaction. A fraction of these losses could be
attributed to an "initial wetting period" within the reactor, where the cumene is

adsorbed onto the "dry" surfaces of the reactor components.

These results show that the overall conversion of cumene can be predicted
accurately from the liquid product stream, but if it is assumed that for the whole of the
time—on—stream the product flow rate is equal to the input flow rate, serious errors in
the overall conversion predictions will result at short times. Thus, this result will form
the basis for the calculation of the overall conversions obtained during the catalytic

cracking.

54.2 Catalytic Cracking Results:

54.2.1 Cumene Conversion:

The cumene conversion (defined as the moles of cumene reacted per mole of
cumene fed to the reactor at any time) was calculated for different catalyst:feed ratios
and at different times on stream. The catalyst:feed ratios studied in the fluidised bed
reactor ranged from 1:1 to 100:1 (g—catalyst:g—feed/min) with time—on—stream

varying from 1 minute up to 120 minutes.
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Calculation of the Differential and Integral Conversions of Cumene:

The conversion of cumene was calculated from a mass balance over the cracking

reactor. The dynamic behaviour of the cracking unit was studied in the absence of any

catalytic cracking (i.e. blank runs with no catalyst present) to determine the amount of

liquid collected at various times—on—stream. Using data collected during the blank and

cracking runs, differential conversion was calculated according to the following

equation:

where
X4(t;)
Py (t)
P(t;)

Xc(ti)

X () = no. of cumene moles converted
d\i no. of cumene moles collected in blank run

(5.10)

Po(t;) — [P(t;) X,(t;)]

X4(t;) = P (5.11)

: differential conversion of cumene in the time interval t,

: mass of liquid product collected during the blank run in the time interval t
: liquid product collected in the time interval t;

: mass fraction of cumene in the liquid product collected in the time interval
b and

:time interval between any two times tl, 1;2 within which liquid product

samples collected.

The integral conversion of cumene at any time (t) is calculated according to the

following equation:

P - Yoy [P X ()]

X,(t) = (5.12)

Zni=1 Py(t;)
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where

Xi(t) :integral conversion of cumene at time t

n :total number of time intervals through which n liquid product
samples were collected in t time.

54.2.1.2 Results of the Cumene Conversion Experiments:

Figure 5.17 shows the differential conversion profiles for the different
catalyst:feed ratios, namely, 1:1, 5:1, 15:1, 25:1, 50:1 and 100:1. The plots show a large
drop in the conversion for the first 10 minutes on stream for all catalyst:feed ratios.
The following 10 minutes show a moderate drop in the conversion followed by a very
slow and gradual decline over the period from 20 to 120 minutes on the stream. For a
catalyst:feed ratio of 100:1, the differential conversion of cumene drops from about 95%
to 60% in the first 10 minutes compared to 17% drop over the next 10 minutes on
stream with a drop of only 13% in the conversion over the remaining 100 minutes on
stream. As the catalyst:feed ratio decreases, the conversion decreases accordingly. The
conversion of cumene after 2 minutes on stream is 85% for a catalyst:feed ratio of 50:1,
compared to 64% conversion for catalyst:feed ratio of 15:1 and to only 44% for a

catalyst:feed ratio of 1:1.

5.4.2.2 Benzene Selectivity:

5.4.2.2.1 Calculation of the Differential and Integral Benzene Selectivity:

The benzene selectivity "S" was defined as the moles of benzene produced per

one mole of cumene converted:

g = ho. of moles of benzene produced (5.13)
~ no. of moles of cumene converted )
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The differential benzene selectivity is calculated according to the following equation:

P(t;) X (t;)
Sq(t) = Pb(:,i) Xc(;i) (M /Mp)

(5.14)

where

Sd(ti) : the differential benzene selectivity in the time interval (),

Xy (t;)  : mass fraction of benzene in the liquid product collected in the time
interval (t,),

M : the molecular weight of cumene, and

c
M, : the molecular weight of benzene.

The integral benzene selectivity at any time (t) is calculated according to the

following equation:

Yooy [PG;) X, (6]
Zni=1 Pp(t)

5,(t) = (M/M,) (5.15)

where

S;(t) : the integral benzene selectivity at any time (t).
5.4.2.2.2 Benzene Selectivity Results:

The selectivity of the cracking reaction to the major product benzene has been
determined from the off-line analysis of the liquid product. The differential benzene
selectivity (defined by the moles of benzene produced per mole of cumene reacted in
the time interval) is plotted as a function of the differential conversion of cumene (Fig.

5.18).
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It seems that at the reaction temperature of 500° C the very high activity of the
catalyst initially produces low benzene selectivity. The effect of deactivation is shown
to increase the benzene selectivity in comparison with that of fresh catalyst. The
application of these observations can be very useful in selecting the appropriate degree
of deactivation which improves the performance of the "equilibrium catalysts" to
produce the product of interest. In practice, the FCC catalysts are treated to lower

their initial activity in order to improve their selectivity towards the desired products.

5.4.3 Coke Content Results:

Figure 5.19 shows the % coke content of the catalyst at different times on
stream for the different catalyst:feed ratios. It is clear that the coke content of the
catalyst is dependent on both the time on stream and the catalyst:feed ratio. For all
catalyst:feed ratios, the coke content increases with time on stream, but the rate of
coking decreases as time goes on. The rate of coke deposition is very fast when
conversions are high, which is typical for the series (consecutive) mechanism of coking.
As the catalyst deactivates, the conversion drops and the rate of coking decreases
significantly. The coke content of the catalyst increases as the catalyst:feed ratio

increases. This relationship becomes stronger at longer times on stream.

544 Total Surface Area Results:

Figure 5.20 Shows the % surface area of the catalyst as it deactivates with time
on stream for different catalyst:feed ratios. Similar to conversion profiles, the surface
area of the catalyst drops sharply for times on stream up to 10 minutes followed by a
moderate drop for times up to 20 minutes on stream. For longer times, the rate of loss
of the catalyst surface area is very small. The drop in the catalyst surface area
increases as the catalyst:feed ratio increases. This relationship is attributed to the

larger amounts of coke deposited on the catalyst as the catalyst:feed ratio increased.
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5.4.5 SEM Results:

SEM samples prepared for the catalyst under investigation at different stages of
coking and were studied under various magnifications. Figures 5.21 to 5.27 show some
photographs of the coked super—D catalyst, from cumene cracking experiments with
catalyst:feed ratio of 25:1, after short and long term deactivation (10 and 120 minutes
on stream). There was an apparent drop in the number of pore spaces on the surface of
the coked catalyst particles in comparison with the fresh catalyst (Fig. 5.22 to Fig.
5.25). This was probably an indication of the blockage of some pores due to heavy
coking. Also, the remaining pores on the surface of the coked catalyst were apparently
smaller in size for the catalyst sample which has undergone longer term deactivation in
comparison to the sample which has undergone short term deactivation. This may be
the result of the coking of the support pores of the catalyst which occurs at longer
times on stream, while the zeolite micropores are thought to be coked at short times on

stream (Moore, 1983; Thomson, 1986).

A close observation revealed that the short and long term deactivation caused
some catalyst particles to be less spherical than the fresh catalyst, while the long term
deactivation caused some catalyst particles to become apparently agglomerated (Fig.

5.26 and Fig. 5.27).

5.5 DISCUSSION OF EXPERIMENTAL APPARATUS AND METHOD:

The cumene cracking experiments carried out in the laboratory scale fluidized
bed reactor were successful to a reasonable extent in meeting the aims of the project
despite a number of difficulties. The major problems encountered are listed below.
These should be useful in the design of future systems for the study of this and other

similar reactions. Also, the possible sources of error are discussed.
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Difficulties Encountered:

The catalyst used in the experiment super—D was in the powder form consisting
of very small particles of an average size of 84 microns. This caused some very
fine particles to be carried over with the products during the reaction especially
at higher feed rates or with the nitrogen while purging the system at the
beginning and the end of the experiments.

Due to the small size of the reaction zone of the reactor, only a small amount of
catalyst was used (5—10 grams). Then it was possible that some of the feed
might be by—passing the catalyst.

Two different pumps were used in feeding the reactor with cumene. The syringe
pump (The Perfuser) was very precise and gave reproducible flow rates to
within 1% but because of its small capacity (50 ml) it was used for feed flow
rates of less than 0.5 gm/min. A peristaltic pump had to be used for higher feed
flow rates (20.5 gm/min) which was not able to maintain steady feed rates, and

variations of up to 4% from one reading to another were encountered.

Errors in Product Analysis:

Errors in the analysis were due to a number of sources:

Difficulties in measuring the amount and composition of liquid product
collected. It is probable that some of the very volatile components of the liquid
product evaporated during the time it was collected to the time it was analysed.
To reduce this effect, the product samples were collected in air—tight bottles
and stored in a refrigerator until time of analysis.

The liquid product of the cumene cracking was assumed to consist of only the
four major products, regardless of the fact that over 18 primary and secondary

products of cumene cracking were reported by Best and Wojciechowski (1977)
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and others. It would have taken an impractically long time to identify every
product component especially in the first few minutes when the catalyst is most
active.

Uncertainties associated with the liquid product composition measurements
using chromatography. It has been estimated that the accuracy was to within
+2% by repeated measurements of the composition for the same sample.

The estimated weight of coke in the product catalyst was not very accurate due
to the loss of some fraction of it when filling and emptying the reactor. Also, the
zeolite catalyst is a strong adsorbent which increases the possibility of gaining

some weight due to substances other than coke.

Errors in Temperature Measurements:

Temperature measurements were, also, subject to uncertainty. Even though the

Think Lab system could, in principle, measure temperatures to #0.2°K, the

measurements were likely to be less reliable due to the following reasons:

1)

2

The thermocouples used were of fine quality. But because of the probability of
them not being rested centrally in the catalyst bed, any radial temperature
gradients would then affect the measurements.

Although a temperature controller (Eurotherm—810) was used to keep the
reactor at constant reaction temperature, it was observed that the temperature
in the reactor varied over a range of *7°K. This was an indication of

non—uniform rate of heat supply to the reactor.
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CHAPTER SIX

APPLICATION OF THE THEORY
6.1 INTRODUCTION:

Applying the theory developed in Chapter Two and using the explorations and
examples of Chapter Three and Chapter Four as a general guide, an attempt to model

the observed deactivation behaviour will now be presented.
6.2 REPRESENTATION OF THE CATALYST SUPPORT STRUCTURE:

The catalyst support pore structure was represented by two different pore
models, namely, the corrugated parallel bundle model (Fig. 6.1) and the stochastic

pore network model (Fig. 6.2).
6.2.1 Pore Size Distribution:

For both catalyst support pore structures, the catalyst had pore sizes which
were assumed to be uniformly distributed in the range between 60—3200 Angstroms.
The corresponding pore number and pore volume distributions for the corrugated

parallel bundle model and for the network model are given in Figures 6.3 and 6.4.

The micropore volume contained within the zeolite is not included in the
distribution presented here. The contribution of the zeolite to the overall pore volume
of the catalyst is 0.04 cm3g™ compared to a contribution of 0.16 cm3g™ by the catalyst
support, whereas, the zeolite contribution to the catalyst's total surface area is 100
m?g™, i.e. approximately 67% of the catalyst's overall surface area is contained within

the zeolite micropores (Manufacturer's figures).
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6.2.2 Parallel Bundle Pore Length:

For both structural models, the equivalent parallel bundle pore length (equal to
the network side length), L, was calculated from the following equation (5.1) given by

Levenspiel (1972):

L= volume of the catalyst particle (5.1)
— exterior surface area ot the catalyst particle )

From scanning electron microscope (SEM) figures it was clear that the catalyst

particles were close to spherical, so is given by:
R
where R is the radius of the particle.

In order to obtain a value for R, the diameter of one hundred catalyst particles were
measured from SEM images. The mean diameter found was 84 microns. Substituting
back into equation (5.2) produced a value for the pore length (network side) of about

14 microns.
6.3 DETERMINING THE DEACTIVATION MECHANISM:

Deactivation in catalysts, whether by poisoning, fouling, aging or solid state
transformations, can occur by one or more of the different mechanisms already
explained in Chapter One, namely, series, parallel, triangular or side—by—side. In the
case of the deactivation of the supported zeolitic catalyst, super—D, by coke laydown
during the disproportionation of cumene in a laboratory scale fluidised bed reactor, the
deactivation mechanism appears to be series. A close examination of the experimental

results (Figures 5.17 to 5.20) shows clearly that at high conversion levels, the coking
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rates implied by the slope of the coke content profiles, were largest, whereas at low
conversion levels, the coking rates were smaller. This is characteristic of a series coking

mechanism.

This agrees with the work of Viner and Wojciechowski (1984) who have shown
that in the disproportionation of cumene, the deactivation of a zeolitic catalyst is a
series reaction with the foulant being propylene. They further reported that decay in
the system was due to propylene adsorbing on two sites and/or two propylenes
dimerizing on two adjacent sites. This is also in agreement with the work of Campbell
and Wojciechowski (1971) where it was shown by mass balances on reaction products
that all the coke formed is due to side chain carbons from the cumene molecule, i.e.
propylene. Hightower and Emmett (1965) imply the same conclusion when they report
that olefins are more effective poisons than saturated molecules. A more recent work
by Acharya et al. (1989) on the kinetics of cumene cracking over a silica—alumina
catalyst under deactivation conditions using a thermobalance, showed that the best fit
to the experimental data for coking reaction was obtained using a series type coking

mechanism.

64 APPLICATION OF THE THEORY USING THE CORRUGATED
PARALLEL BUNDLE PORE MODEL:

6.4.1 Active Site Poisoning of the Support:

Assuming poisoning of the support active sites by coke laydown, then only the
original uncoked support area remains active. When the catalyst is fresh, all the
accessible internal surface area of the catalyst support is active. As the coke begins to
form and starts to deposit on the support walls, the original uncoked support area
begins to reduce drastically causing a large drop in the activity of the catalyst. As the

result of the drop in activity of the catalyst, the conversion levels drop accordingly,
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and since the coking mechanism is series with the reaction product being the coke

precursor, a similar drop in the rate of coking is observed.

6.4.1.1 Conversion Results:

In order to simulate the observed deactivation behaviour, an intermediate
catalyst:feed ratio of 25:1 g/g/min was chosen as the starting point from which the
fitted deactivation parameters will be used to simulate the other catalyst:feed ratios
ranging from 1:1 to 100:1 g/g/min. Initial estimates for the various parameters of the
model (ks, kes, d, d; and a) were provided by previous work (Mann, Sharrat and
Thomson (1986), and Thomson(1986)). From the explorations and examples given in
Chapters Three and Four it became clear that the model was most sensitive to changes
in the product (aks). The effect of changes in the zeolite coke unit size, d;, and the
series coking rate constant, k¢s, was moderate, with the model being least sensitive to

changes in the support coke unit size, d.

Extensive fitting was performed using program OMRANCOR (Appendix—1).
Figure 6.5 shows the observed deactivation behaviour of the cracking reaction for the
catalyst:feed ratio of 25:1 g/g/min, compared with a number of possible theoretical
predictions. The best fit that could be achieved with the corrugated parallel bundle
model undergoing support active site poisoning was one which produced a good
estimation of the conversion for the first few minutes on stream, with the activity
being under—estimated for the remaining time on stream. Table 6.1 shows the fitted
values of the deactivation parameters. Figure 6.6 then shows the theoretical predictions
of the conversion profiles and their experimental equivalents for all the catalyst:feed
ratios. They show similar trends with conversion dropping as time on stream increases
and as catalyst:feed ratio decreases. The slight initial over—estimation of the
conversion predictions for the smaller catalyst:feed ratios may be due to the larger

fitted o value which produces larger zeolite activity. But, as soon as the zeolite
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Parameter Value
Pore length L 14 Microns
Zeolite coke unit size d, 1.2 Angstrom
Support coke unit size d 23 Angstrom
Main reaction rate constant k, 6x10-8 (m?s)
Zeolite fractional activity a 0.86 (Initially)
Series coking rate constant kg 1.18x10!  m*kmol-s!
P.S.D.(Uniform Distribution) 60-3200  Angstrom

Table 6.1  Fitted values of the deactivation parameters for the corrugated
parallel bundle pore model undergoing active site poisoning.

is lost because of coke laydown inside the micropores or due to blockage caused by
coking on the support restricting access to any still active zeolite area, the predicted
conversions subsequently become lower than the experimental conversions. The reason
for this is the lower activity attributed to the support and the support poisoning
causing a drastic reduction in the available active surface area for both the main

reaction and the coking reaction.

6.4.1.2 Coke Content of the Catalyst:

Figure 6.7 shows the predicted coke content profiles and their experimental
equivalents. They show similar trends with the coking rate decreasing as the time on
stream increases. Also, they both show that the coke content of the catalyst increases
as the catalyst:feed ratio is increased. However, the theoretical coke content profiles
produce a significant under—estimation for all times on stream with much lower final

values of coke content for all catalyst:feed ratios. For the catalyst:feed ratio of 100:1
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g/g/min the predicted coke content was about 4%, compared to an experimental coke

content of nearly 8%.

64.1.3 Surface Area of the Catalyst:

Figure 6.8 shows the predicted total catalyst surface area and the experimental
results. They show similar trends with the surface area reducing as the time on stream
increases. Also, they both show that as the catalyst:feed ratio increases, the total
catalyst surface area reduces. Although the theoretical profiles produce a reasonable
estimate of the total area for the first few minutes on stream, they diverge from
experimental results for longer times on stream producing an over—estimation of the

area for all catalyst:feed ratios.

6.4.2 Heavy Support Coking:

From the explorations and examples of Chapter Three and Chapter Four, it
became clear that the maximum coke content of the catalyst, assuming the poisoning
of the active sites, was just about 4%. Most of the coke was deposited inside the zeolite
micropores with a thin layer of coke on the support pores. The experimental coke
content results show that coke levels were twice as high as those predicted with the
poisoning type of coking, approaching 8%. This clearly shows that the support stays
active even when the original surface area is completely covered with a thick layer of
coke. Therefore, the definition of the support active area was modified to allow for
heavy support coking with the coke units assumed to lay on top of each other. The new
definition of the active support area becomes that accessible area even if it is covered
with a thick layer of coke as shown in Figure 2.5 in Chapter Two. This allowed for
heavy support coking while remaining partially active. Then the catalyst becomes
completely deactivated only when the support pores become totally inaccessible due to

coking or isolation by blockage.
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6.4.2.1 Conversion Results:

Figure 6.9 shows the observed deactivation behaviour of the cracking reaction
for the catalyst:feed ratio of 25:1 g/g/min compared with a number of theoretical
predictions. The best fit that could be achieved with the corrugated parallel bundle
pore model undergoing heavy support coking was one which produced an excellent
estimation of the conversion for almost the first 60 minutes on stream with a slight
under—estimation for the remaining time on stream. Table 6.2 shows the fitted values
of the deactivation parameters. Figure 6.10 shows the theoretical predictions of the
conversion profiles for all the catalyst:feed ratios. It is clear that the degree of

e

correlation between the experxmental and theoretical results is best at low catalyst:feed

ratios and reduces as thls ratno is increased. Again, the final under—estimation of the
conversion is due to a larger fitted o value which produces a larger initial zeolitic
activity. As the zeolite micropores are lost as a result of coking and blocking, the
theoretical conversions become lower than the experimental conversions, which is due
to lower activity attributed to the support and due to pore blockage caused by heavy

support coking.

Parameter Value
Pore length L 14 Microns
Zeolite coke unit size d, 1.13 Angstrom
Support coke unit size d 23 strom
Main reaction rate constant k, 6x10-8 5
Zeolite fractional activity 0.86 (Inltlally)
Series coking rate constant kg 1.32x10"  m*kmol s
P.S.D.(Uniform Distribution) 60-3200 Angstrom

Table 6.2  Fitted values of the deactivation parameters for the corrugated
parallel bundle pore model undergoing heavy support coking.
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6.4.2.2 Coke Content of the Catalyst:

Figure 6.11 shows the predicted coke content profiles and their experimental
equivalents. They show similar trends with the coking rate decreasing as the time on
stream increases. Also, they both show that the coke content of the catalyst increases
as the catalyst:feed ratio is increased. The theoretical coke content profiles show a
significant under—estimation compared to the experimental values for all times on
stream producing lower final coke contents. This discrepancy was due to the pore
blockage phenomena that started to occur in the corrugated parallel bundle once some
smaller external support pore elements were fully coked causing the isolation of some
larger internal pore elements reducing the available volume for more coke to be
accommodated. This was also partially due to the lower activity associated with the

support compared with the zeolite indicated by the a value.

6.4.2.3 Surface Area of the Cata.lyst:

Figure 6.12 shows the predicted total catalyst surface area and the experimental
results. They show similar trends with the surface area reducing as the time on stream
increases. Also, they both show that as the catalyst:feed ratio increases, the total
catalyst surface area reduces. However, the theoretical profiles produce a slight
under—estimation of the total surface area for all times on stream and for all
catalyst:feed ratios. As explained earlier, this was mainly due to support pore blockage

causing a reduction in the accessible surface area.

6.5 APPLICATION OF THE THEORY USING THE STOCHASTIC NETWORK
PORE MODEL:

6.5.1 Active Site Poisoning of the Support:



287

‘lapow aiod ajpunq |ajjesed pajebni1od ay} 10}
§9|1j04d JUdUOD 30D |edi}ai03y} ayl |1'9 ainbi4

(s8inuiw) weas}g uQ awl})
ovi ocl o]0] 8 08 09 oV 0¢ 0

I I I I I T
Buiyoo jioddng AAeaH \.,.
\N“\...,o |
7
R O
. 0
] X —
3 = X o
X X O
O O

1sAjeie uQ a400%

[SPON pajebniion ayl
JualU0) °X09 |edllaloay |



288

ovi

‘lepow ailod ajpunq |ajjeled pajebniiod ay)} 40}
BOJe aoeyins }sA|ejed |elo}] |ed11ai0ay) ayl 2I'9 9inbi4

(s@inuiw) weang uQ awi|

0zt oot 08 09 ov 0z 0
L N [ [ T |
9 5
% 0
l/

Bui)ooH jioddng AAeaH

(%) e8ly aoejing E>.Em%

|9PO\ pajebnuiion ay|
eolyy 90eliNg |edllalosay |

W} 08

0c

(0} 4

09

00}



289

For both support pore models the effectiveness factor varied between 0.99 and
1.0 and the apparent overall Thiele modulus for the catalyst was approximately 0.13.
This implied that the reaction was in the regime of negligible diffusional resistances
and that the concentration profile along the pores should be negligible. Also, since the
levels of coke content deposited on the support pores under the active site poisoning
mechanism were very small, preventing pore blockage to any significant degree, it was
reasonable to expect that network pore model would produce similar simulations to
those produced with the corrugated parallel bundle pore model. Therefore, it can be
expected that it will similarly fail to predict the levels of coke produced during the

experiments.

6.5.2 Heavy Support Coking:

6.5.2.1 Conversion Results:

In order to simulate the observed deactivation behaviour, an intermediate
catalyst:feed ratio of 25:1 g/g/min was again chosen as the starting point from which
the fitted deactivation parameters will be used to simulate the other catalyst:feed
ratios ranging from 1:1 to 100:1 g/g/min. Initial estimates for the various parameters
of the model (ks, ks, d, d; and @) were provided by previous work (Mann, Sharrat and

Thomson (1986), and Thomson(1986)).

Figure 6.13 shows the observed deactivation behaviour of the cracking reaction
for the catalyst:feed ratio of 25:1 g/g/min compared with a number of theoretical
predictions. The best fit that could be achieved with the network pore model
undergoing heavy support coking was one which produced a close correlation between
the experiment and the theory for this middle range catalyst:feed ratio. Table 6.3
shows the fitted values of the deactivation parameters. The same parameters were used

to see how well they simulated the other experimental runs with different catalyst:feed
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Parameter Value
Pore length L 14 Microns
Zeolite coke unit size d, 091 Angstrom
Support coke unit size d 21 Angstrom
Main reaction rate constant kg 6x10-8 (m?s)
Zeolite fractional activity a 0.79 (Initially)
Series coking rate constant kes 1.85x10"  m*kmol!s!
P.S.D.(Uniform Distribution) 60-3200 Angstrom

Table 6.3  Fitted values of the deactivation parameters for the stochastic
network pore model undergoing heavy support coking.

ratios. Figure 6.14 shows these theoretical predictions of the conversion profiles for all
the experimental catalyst:feed ratios. It is clear that the network theory is successful in
reproducing the observed activity over the whole length of time and for the entire
range of catalyst:feed ratio to within 4%. Having obtained a fit for the activity
behaviour, checks were carried out on the predicted coke content and total surface area

of the catalyst to test the all round validity of the proposed model of deactivation.

6.5.2.2 Coke Content of the Catalyst:

Figure 6.15 shows the predicted coke content profiles and their experimental
equivalents. They show similar trends with the coking rate decreasing as the time on
stream increases. Also, they both show that the coke content of the catalyst increases
as the catalyst:feed ratio is increased. Actually, the theoretical coke content profiles
produced a high degree of correlation with the experimental values for the whole time

on stream and for the entire catalyst:feed ratios.
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6.5.2.3 Surface Area of the Catalyst:

Figure 6.16 shows the predicted total catalyst surface area and the experimental
results. They show similar trends with the surface area reducing as the time on stream
increases. Also, they both show that as the catalyst:feed ratio increases, the total
catalyst surface area reduces. The theoretical profiles produce a reasonable fit for the

total surface for the whole length of time and for the entire set of catalyst:feed ratios.

6.6 DISCUSSION:

It has been shown that the deactivation of the supported zeolitic catalyst
super—D can be simulated by either active site poisoning or heavy support coking
mechanism. Therefore, it was not possible to differentiate between the two possible
coking mechanisms by only studying the experimentally obtained conversion/time on
stream data. By extending the deactivation model to predict the amount of coke
accumulated with time and the associated change in the accessible surface area of the
catalyst, it became possible to compare their performances. The significant
under—estimation of the coke content and the over—estimation of the surface area by
the active site poisoning mechanism dismissed it as a possible coking mechanism, and

confirmed the likelihood of a heavy support coking mechanism.

Because of the difference in the two support pore structures, there will be for
any given set of fitting parameters, a difference in the reaction rates producing a
difference in the conversions achieved. In this case, the network model out performed
the corrugated model and as a consequence the coking rate constant had to be raised
from 1.32x10M to 1.85x107'! (m*/kmol/s) to reduce the activity to a level that

resembles the activity profiles measured from the experiments. Also, the initial
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conversion of the network model had to be reduced by lowering the fitted initial
fractional activity due to zeolite, a, from 0.86 for the corrugated model to 0.79 for the

network model.

Both pore models predict two distinct deactivation zones, the first being a very
rapid decline in the activity followed by a much slower rate of deactivation. For the
corrugated pore model, Figure 6.17 shows that the zeolite surface area available is
reduced very sharply and is completely wiped out when the catalyst fractional coke
content reached a value just over 0.2 while the overall surface area disappeared at a
value of 0.67 indicative of complete deactivation. For the network pore model, Figure
6.18 shows a similar prediction of rapid zeolite loss with complete deactivation
occurring when the catalyst fractional coke content reached nearly 0.94. Therefore, the
performance of both models for the first deactivation zone representing the coking of
the zeolite micropores was good. As soon as the support macropores started coking
heavily, the theoretical predictions of the corrugated model started to diverge from the
experimental results producing under—estimations in conversion, coke content and
surface area, while the network model reproduced the observed deactivation and
closely simulated the coke content and associated surface area profiles for the entire
duration of the experiments. The discrepancy between the theory and experiment in
the case of the corrugated pore model could be attributed to the over—estimation in the
degree of pore blockage causing a large reduction in the predicted coke contents
compared to the network model (Fig. 6.19). Figure 6.20 shows the number of support
pore elements isolated and Figure 6.21 shows the corresponding support pore volume
isolated for both models clearly showing the effect of pore interconnectivity in the
network model in keeping the degree of pore isolation very small compared to the
corrugated model. Figures 6.22 to 6.25 show visualisations of the coking process within

the corrugated and the network pore models until they become completely deactivated.
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The corrugated parallcl bundle at different stages of coking.

Figure 6.22



Figure 6.23
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deactivation.

Different sets of the corrugated parallel bundle after complete
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The network pore model at different stages of coking.

Figure 6.24



Figure 6.25
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Under the experimental conditions, the effectiveness factor was near unity
indicative of negligible diffusional resistances. The performance of the special case of
straight parallel bundle pore model was compared with that of the general corrugated
and the network pore models. It was interesting to note the close performance to the
network model in predicting the changes in the surface area of the catalyst as the coke
content increased except for the fact that it could not predict the pore blockage
phenomena which accounted for about 6% of the total catalyst area (Fig. 6.26). If the
conditions were changed so that diffusional resistances became very significant, e.g. by
changing the catalyst particle size to be pellets rather than powder form, the
effectiveness factor drops to values far from unity and pore blockage takes place in all
pore models including the parallel bundle. Under these conditions, the performance of
the parallel bundle diverges from that of the network model predicting much larger
coke levels while the corrugated model significantly under—estimated the coke contents

(Fig. 6.27).
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CHAPTER SEVEN

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

7.1  CONCLUSIONS:

This work has been concerned with both the practical and the theoretical
aspects of the deactivation of a commercial supported zeolitic catalyst by coking.
Deactivation studies have been carried out in a fluidised bed reactor using cumene as a
feedstock at a reaction temperature of 500°C and run times up to two hours. The
catalyst:feed ratio was varied from 1:1 g/g/min to 100:1 g/g/min. A blank
experimental run with no catalyst in the reactor showed that at the reaction

temperature, there was negligible thermal cracking.

The results of these experiments have shown a definite correlation between
activity and the catalyst:feed ratio. For all the catalyst:feed ratios, there has been a
very rapid initial deactivation of the catalyst followed by a less marked activity loss.
The experimental coke content profiles show an initial rapid rate of coking of the
catalyst followed by a much slower rate of coking. The experimental surface area
results showed a large drop in the total catalyst surface area at the initial period
followed by a much slower drop for the remaining time on stream. These results have
shown that the rapid activity loss , coke build—up and surface area reduction were due

to zeolite coking, with the slower rate of deactivation being due to the support coking.

A reaction kinetic and coke laydown model has been proposed to account for the
catalyst deactivation by coke deposition. Coke is assumed to deposit randomly on the
support and in the zeolite micropores allowing for deactivation by both active site
coverage and pore blockage. The support pore structure was represented by two

different models:
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(1) The corrugated parallel bundle pore model.
(2) The stochastic network pore model.

Computer simulations of diffusion, reaction and coke laydown have been carried
out in both of these model structures to study the influence of the various parameters
on the deactivation. In these simulations, three different deactivation types were
investigated, namely, the series, parallel and the triangular. Using the information
gathered from these simulations as a guide, an attempt was made to see if the model
could successfully describe the observed deactivation behaviour of the commercial

catalyst super—D.

It was found that the timewise deactivation could be equally well represented
by either a support active site poisoning coking mechanism or a heavy support coking
mechanism, though from investigations of the coke accumulation within the catalyst,
the latter appeared to be more representative of the total deactivation behaviour. The
best fit to the experimental results for the coking reaction was obtained using a series

type coking mechanism.

From the two pore structural models under consideration, the network model
provided the better overall fit. However the corrugated parallel bundle model could not
accurately reproduce either the coke content or the surface area profiles. On the other
hand not only did the network pore model reproduce the observed deactivation, but it
also closely simulated the coke content and associated surface area profiles for the
entire 2 hour duration of the catalytic cracking runs and over a hundredfold range of

catalyst:feed ratios that were used in the experiments.
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7.2 SUGGESTIONS FOR FURTHER WORK:

721 Experimental Developments:

The results of this work have shown that the initial rapid deactivation of the
cracking catalyst appears to be representative of the zeolite micropores coking and
blockage. Further studies in this field of research should attempt to investigate the
deactivation behaviour of the catalyst at much shorter times on stream and to move
towards a more industrially related operation such as a riser—cracker type reactor. The
riser cracker unit operates by mixing vapourised oil feed and catalyst at the bottom of
the reactor. The feed and catalyst then rise up the reactor driven by the velocity of the
vapour where reaction occurs. A typical residence time is of the order of few seconds.
Although the vapour velocity tends to drive the individual catalyst particles up the
reactor, the effect of gravity and inertia is such as to drag the particles downwards,
with the result that the solid velocity is less than that of the vapour. The difference is
known as the slip velocity and equations exist that can describe this. A slip velocity of
zero implies plug flow up the reactor. The major change that would have to be made to
the computer program is changing the performance equation to that of the riser cracker

unit. That is, cocurrent flow of catalyst and feed, including this slip velocity.

Similarly, it ought to be possible to adapt the system of equations to model the
behaviour in the regenerator. Here coke is burned off the catalyst and the equations
that describe the rate of reaction could be modified to be a function of coke content of

the pore element rather than a function of the pore active area as they are at present.

The selectivity of a catalyst plays an important role in any reaction involving
heterogeneous catalysts, and in this work it was observed how the benzene selectivity
was affected by the extent of the deactivation of the cracking catalyst. The extension

of the coking models presented in this work to investigate the effects of coke deposition



312

on the catalyst's selectivity should prove invaluable and ultimately lead to the
specification of improved pore architectures of cracking catalysts, which are more

selective in the face of coke laydown while retaining high activity.

At the moment no attempts at product gas measurement and analysis have
been made. Attempts at on line gas—liquid chromatography and/or mass spectrometry
could provide the means for producing a total mass balance and/or carbon balance for

the system.

The validity of the model could be tested by using a reaction whose kinetics are
well known. If several samples of a catalyst could be produced whose chemical
composition was the same but which differed in their pore structure, ie producing
pellets of catalysts at differing die pressures, then the differences in the catalysts'
activity and selectivity could be attributed only to the support pore structure of the
catalysts. This factor which is incorporated into the present model, should thus be able

to predict the changes in activity and selectivity performance.

New attempts should also be made into finding out where in the catalyst coke
actually deposits as this would produce direct information as to the coke laydown
geometry and to the extent of any associated diffusional limitations that might exist.
At the moment S.E.M. techniques have been used in an attempt to do this but these
results have presently proven inconclusive, but could be reinforced by both image

analysis and the Nuclear Magnetic Resonance (N.M.R.) techniques.
7.2.1 Theoretical Developments:
Whilst the stochastic network pore model does represent a step closer to reality

than the classical straight and corrugated parallel bundle pore models, there is still a

large gap between this and the actual catalyst structure. The pore network model, as
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presented could and should be modified and improved in a number of ways amongst

these are:

(1) The model is two dimensional while catalyst particles are three
dimensional. Unless the three dimensional nature of the pore structure can be
incorporated it is likely that problems will be encountered in, for example, the
estimation of blocked volumes. In practice problems would arise through an increase in
the amount of computation required.

(2) The square network is too restrictive a framework for realistic
representation of a complex pore structure. The introduction of other parameters such
as variable pore length will increase flexibility. This could give rise to other problems.
In particular it is probable that the available experimental data would be insufficient
to determine the values of such parameters.

(3) The next logical step would be to combine the two models presented in
this work to produce a network of pores where each pore segment is made up of a
corrugated pore.

(4) The ideal straight cylindrical smooth pore segments used in the stochastic
pore networks might be replaced by unsymmetrical irregular pores of variable shapes.
Fractal pores such as the ones generated by Mann and Wasilewski (1990) might also be
used.

(5) The topology of a stochastic pore network could be altered by changing
the pore connectivity by setting some pore radii (chosen randomly) to zero. The
maximum pore connectivity would not exceed the original unaltered network

connectivity.

The equations derived in Chapter Two were only set up as a platform for
further work and are therefore understandably crude and have great scope for
improvement. The model assumes equimolar counter—diffusional flow to be occurring

in the pores. From the stoichiometry of the cumene cracking equation, this is clearly
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not the case. Attempts should be made to incorporate this although solution of

diffusion—reaction equations in this case appears to be along way off.

The proposed method of coke deposition in the zeolite micropores is pure
conjecture and this needs to be tightened up by linking further developments in the

method of coke deposition with structural experiments such as N.M.R. and S.E.M..



NOMENCLATURE
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NOMENCLATURE

Fraction of support surface area covered to a depth j in coke
Fraction of support free surface area in a pore element

Fraction of zeolite free surface area in a pore element based on coke
deposition in the zeolite and support

Fraction of zeolite free surface area in a pore element based on coke
deposition in the zeolite

Concentration profile along a pore element (kmol/m3)
Intermediate concentration between pore elements n—1 and n
(kmol/m3)

Bulk concentration (kmol/m3)

concentration in the pore element at x=0 (kmol/ m3)

Mean product concentration in a pore element (kmol /m3)
Size of coke unit in a support pore element (m)

Diffusion coefficient in a pore element n (m2 /s)

Size of coke unit in zeolite micropores (m)

Flow rate of A into the reactor (kmol/s)

Flow rate of A out of the reactor (kmol/s)

Average coke content of the zeolite micropores in a pore element
Coefficient matrix

Proportionality constant

Parallel coking rate constant (m4/ 8/kmol)

Series coking rate constant (m4/s/kmol)

Surface rate constant for main reaction (m/s)

Length of a pore element (m)

Mean depth of coke units in a support pore element

Mean depth of coke units in the zeolite micropores in a pore element

Reaction modulus for pore element n (m_l)
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Number of elements in a pore

Number of active sites in a pore element

A pore element

Matrix order and n'xn' network size

Number of coke units in a pore element

Initial radius of pore element (m)

Average radius of pore element after time t (m)
Radius of pore element n (m)

Rate of reaction of A (kmol/m3 /8)

Initial radius of the zeolite micropores (m)
Radius of the zeolite micropores after time t (m)
Total active surface area in pore element n (m2)
Specific catalyst surface area after time t (m2/g)
Specific zeolite surface area (mz/g)

Time (s)

Volume of catalyst in reactor (m3)

Specific coke content of the catalyst (m3/ g)

Specific support volume (m3/ g)

Specific coke content of the zeolite micropores (m3/g)
Volume of coke in the zeolite micropores (m3)
Volumetric flowrate of A (m3/ 8)

Specific coke content of the support pores (m3/ g)
Volume of coke in a pore element (m3)

Specific volume of zeolite lost (ma/g)

Volume of zeolite lost in a pore element (m3)

Mass of catalyst in reactor (g)

Length along a pore element (m)

Conversion

Fraction of initial activity associated with the zeolite
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nt) Effectiveness factor for the catalyst as a whole

¢ Observed/apparent Thiele modulus for the catalyst
Subscripts:

i Pore number

j Element number
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PROGRAM LAY10
(moemeennes C #x3 THIS PROGRAM SOLVES THE EQUATIONS FOR DIFFUSION AND RE action ¢
Csex THROUGH A SQUARE GRID WITH PORES OF CONSTANT LENGTH BUT HAVING

Crn

COIFFERENT RAD!I. THE REACTIONS A <> B <> COKE AND B > COKE
C 332 IN SE rles are

CMODELLED ASSUMING THAT THE A> B STEP IS

C sax FIRST ORDER lN A lND FI rat order

CIN PORE WALL AREA, THE STEP

C »xx B> COKE IS ASSMD T0 BE FIRST QRDER in b,

CAND SECOND ORODER

E " lNhiREE PORE WALL AREA (CF, VINER & H'SKI),
¢

CPORE SIZES, AND THUS THE CONCENTRATION PROFILES ARE
C ez MODIFIED BY the

CLAYOORN QF THIS COKE, THE LAYOOMN RATE

C 33 EQUATION IS PROGMSSED BY a fourth

CORDER RUNGE-KUTTA METHOD,

C IS A MATRIX OF
CCONCENTR&TIONS
C 1 RADIUS,RADO AND RAD1 STORE THE PO re radit
(ém RATCO IS THE LOCAL RATE OF COKING
¢

REAL18 GOSCAF , DUMMY
INTEGER ZELVO, ZERO(100)
COMMON RADO,RADT /A/ DCO,PL,RKR,RKS, COKAM, RATCO, C,CB, RATE
+ NN, YFREE, AREAS, AREAZ
COMON 7/ COUT, COUTR
DIMENSION €(0:11,0:11),CBI0:11,0:111,RADOID: 10,0:10,2)
+ NN1011,0:11)
DIMENSION RADIUS10:10,0:10,2),RATCO10:10,0:10,2,4)
+,240110:10,0:10,2)
PARNETER (P1=3.141592)
C 1% RESULTS FROM UP TO 40 TIME STEPS
CC  DIMENSION RESUI41,30), CONVER(41)
DIMENSION RESU(200;301,CONVERI41)
OPEN 130)
RERIND 30
¢ OPEN (10,FILE="LAY10")
OPEN (10)
RENIND 10
¢ OPEN (2,FILE="ISOTHERM')
QPEN 120)
C OPEN (2)
REWIND 20
OPEN (99)

REWIND 99
OPEN (10,FILE="LST:")
113 ENTER PARAMETERS DESCRIBING THE SYSTEM

CCCCCCCC  DATA USED  ccecccecceeececececececcceccece
READI30,%) PL,DCO,RK,COUT,CONIN, TSTEP,NLT
+ ,RKP, RKS, SCOK
NTR=1

NLAY=1

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
Els,) PL,DCO,RK,COUT,CONIN, TSTER,NLT NTR
RKP RKS SCOK NLAY

CCCCCCCCC OI‘RAN ADOED DATA

WRITE110,%) PL,DCO,RK

HRITEHO,!] COUT,CONIN,TSTEP

WRITE110,%) NLT,NTR,RKP

OOOIDDOI

-B01-
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WRITE(10,%) RKS,SCOK NLAY
CC  WRITEI10,%) PROZ,0ECRAT
WRITE(10,8) 'snustusans END OF DATA sasxuzsayy
CCCCCCECC  OMRAN ADDED ABOVE DATA
geceeeceeeecececeececcecceececeeceeeeceececececee
WRITE (10,31 "PORE LENGTH IN MICRO-METRES ' PL
WRITE (10,x} 'DIFF,N COEFF,T IN UNITS OF 10°-6 M"2/S  ',DCO
WRITE (10,3) 'RATE CONSTANT, 10°-9 M/3 ' RK

HRITE (10,3) 'PARALLEL COKING RATE CONST 'RKP
CCCCCC%H”E 110,3) "SERIES COKING RATE CONST ' ,RKS

EEEEEEE PAGE 2  cccceecceecceeceeecceecceeccecceecceeccecceccee

MRITE (10,%) "QUTSIOE CONCENTRATION, IN MOL/M'3 ", cout
WRITE (10,%) 'INITIAL CONVERSION ', CONIN
WRITE 110,3) 'COKE SIZE, ANGSTROM ', 5C0K
WRITE 110,3) 'NUMBER OF AXIAL DIVISIONS " NLAY

CC  WRITE 110,%) 'PROPORTION OFACTIVITY WHICH IS ZEOLITE  ',PROZ
CC  WRITE (10,) "RATIQ OF DECAY CONSTANTS ZEQLITE/SUPPORT ' NECRAT
ceeeceeeceeccecceeeecceeccecccecceecceecceecceeccecceecceeccecce
ceeceeccececcecceec e

CC  READL30,%) PROZ,DECRAT

ceececececececceccee

PRINT +, 'ENTER PORE LENGTH IN MICRO-METRES °

READ #,PL
EEANT %, 'ENTER DIFFUSION COEFFICIENT IN UNITS OF 10°-6 M°2/S !

0 +,000
PRINT 1, 'ENTER RATE CONSTANT, IN UNITS OF 10°-9 M/S °
READ x,RK
PRINT »,*ENTER TOTAL QUTSIDE CONCENTRATION, IN MOL/M'3 '
READ ,COUT
PRINT ,"ENTER INITIAL CONVERSION, DECIMAL 0-1 *
READ »,CONIN
PRINT s,'ENTER TIME STEP FOR COKING, SECONDS ,'
READ ,TSTEP
PRINT x,'ENTER NO. OF STEPS PER TRIAL
READ s NLT
PRINT x,'ENTER NUMBER OF TRIALS '
READ 3,NTR
sxx THE COKING RATE CONSTANTS IMPLICITLY INCLUDE THE COKE DENSITY
PRINT 2, 'ENTER PARALLEL COKING RATE CONST (#10°~10)"

READ x,RKP
PRINT ¢, 'ENTER SERIES COKING RATE CONST (x10°-10)"
READ %,RKS
PRINT x,'ENTER MEAN COKE SIZE, ANGSTROM '
READ *,SCOK
PRINT x, 'ENTER NO OF AXIAL LAYERS '
READ 3, NLAY
CCCCCCCCCCCC  OMRAN PUT FOLLOWING FROM SUBROUTINE EFFIC
PRINT &, INPUT PROPORTION OF ACTIVITY WHICH IS ZEOLITE °
READ 3,PROZ
PRINT =, 'INPUT RATIO OF DECAY CONSTANTS ZEOL/SUPPORT'
READ 3, DECRAT
WRITE(s,3) 'PROZ=",PROZ,’DECRAT=",0ECRAT
SCOK=SCOK*1E-10
RKS=-RKSs1E-10
PL=PLY1 E-6
RKP=-RKP1E-10
RK=RK*1E-9
0C0=0C0%1,E-b
CCCCCCCCCCOMAAN ADDED
00 789 IJK=1,1
CC  PRINTs, IXK=', 1)K
IFI1JK,EQ.1) GOTO 333

wizinizivivizsizsizivizsizsizizsisizsieslieslel oo X ool Xor Nl Lo Xar X oy X e

-C01-

PAGE

2



NRHEI10.il
HRITEHO.il

PAGE 3
(C  PROZ:PROZ-0.2

(C  WRITENO,0)'PROZ = ',PROZ
CC  SCOKsSCOKs2

CC  WRITE(10,4)'SCOK = *,SCOK
(C PL =PLsS

(¢ WRITENO,x)'RL = R
C Rk =RKx10

CC  WAITE(10,8) Rk = RK
€ RKS sRKS¥05

CC  WAITEI10,3) 'RKS = RS
CC  CONIN =CONIN-0.05

CC  WAITE(10,%) CONIN (INITIAL CONV, = ', CONIN
ceccececee

ceececcecc

333 00 12 I=1,41

12 CONVER{1i=D

C tex NLAY IS THE NUMBER OF AXIAL LAYERS
DO 1111 LAYER=1,NLAY

C »xx CLEAR THE MATRIX WHICH STORES THE RESULTS - RESU
00 13 1=1,41
D0 13 J=1,30

13 RESULL, =0
NLOOP2:0

€ #xx NTR 1S THE NUMBER OF TRIALS PER LAYER
00 9999 NTRIAL=1,NTR

¢
C sax INITIALISE THE RANDOM NUMBER GENERATOR (MISSES THE FIRST
C wxx N NUMBERS FROM THE SEQUENCE).

(

CCCCCC OMRAN ADDED FOR CHECK

¢ WRITE(s,3)'0K 1"

CCOCCC  OMRAN CANCELLED THE NEXT TWO LINES CCCCCCCCOCOC

¢ 0050 11,20

€ 50 CALL RAND IR) |
CCOCCCCCOCCCCCCECOeeeeeeEaereeeoeeeeeeeeeeeoeeeeeet

€ #x3 T=TIME, INET:NETWORK VOLUME, ZEVIN-ZEQLITE VOLUYE, INITIAL
C was ZEOLITE VOLUE IS ASSUMED PROPORTIONAL TO WALL AREA.

1=0
VNET=0
ZEVIN=0
00 52 1=1,100
ZEROT)=0
052 CONTINVE
C xx3 NOW SET UP THE PARAMETER MATRICES, USING . ANDOM VALUES OF
C *x3 RADIUS CALLED FROM RCALC.GRIDPRIN PRINTS QUT THE GRID.
C sxx THE POROSIMETRY DATA WAS FITTED T0 A 10x10 PORE
C »xx SIZE DISTRIBUTION,DESCRIBED HERE BY DIVISION INTO
g xxx SEVEN REGIONS OF UNIFORM PROBABILITY DISTRIBUTION,
WRITEI10,3) 'SOME RADII IN ANGSTROM ARE AS FOLLOWS '
00 100 1=0,10
cC PRINTs,'1=",]
00 100 J=0,10
e PRINTS,'J=',J
00 100 K=1,2
cC PRINTS, K=" K
C CALL RAND (RND)
CCCCCCCCC  OMRAN ADDED THIS RANDOM NUMBER GENEREATOR
RND=GOSCAF (DUMMY)
ccc WRITE(,%) RND
geeeeeecceecce

IFIRND.LT,0.504) THEN
R=30+20RND/ 0,504

=001~




IF (RND.LT,0,550) THEN
R=50+508 (RND-0,5041 /0,046
6010 85

ENDIF

IF (RND.LT,0.623) THEN
R=100+100% (RND-0,5501/0.073
G010 85

ENDIF
IFIRND.LT.0,742) THEN
R=200+300% (RND-0.6231/0, 119

ceecece

ggggggg PAGE 3 cccceecceeeeeeceececceceeecceceecceeececceeeecee
GOT0 85
ENDIF

IFIRND,LT.0.843) THEN
R=500+500% (RND-0,7421/0, 101
60T 85

ENDIF

R=1000+é0001 (RND-0.8431/0,157

85 CONTINU
CCCCCOCC OMRAN ADDED THE FOLLOWING

R=60+RAND23140

(C  R=1600
0CC  R=60+RNDx3140
{  R=05+RND*2000

¢

cecceceececcececceececece
IF(1,EQ.01 THEN
WRITE(10,3)R

CC  WAITE(x,%IR

ENDIF
ceeececcceecceceececcec
« 21600
CC  IFIRND.LT.0,500) THEN
R=60

o

€ ELSE

C  R=3200

€ ENOIF

CC  R=60+AND*100000
ceeeceeccee

CCCCCC OMRAN ADDED FOR CHECK
C  HRITE(x,*)'0K 2'
C  WRITE(x, %R
R=Rx1,0E-10
RADO(I,J,K)=R
RAD1(1,J,K)=R
VNET=VNET+RR
TEVINSZEVINR
100 RADIUSIT,J,K)=R
KRITE(10,%) " s9XXas s xaa s et XX ey s s uss s xkssxxy xpaaxeanesyss’
CCCCCC OMRAN ADDED THE FOLLOWING
CCC  RADIUSIT,J,K)=RADIUSII,J K)xt E+10
CCC  WRITE(10,%)( RADIUSII,1,1),1=1,10)
CCC  RADIUSII,J,K)=RADIUSII,J, K)x1 E-10
ceeeeceeecececceceecceecceecccececeeecee
00 101 10,10
RADIUS10,1,2120
RADOIO, 1,21=0
ZEVINSZEVIN-RAD110,1,2!
RADt10,1,21=0
RADIUSI1,0,11=0

~£01-

PAGE

4




RADOI1,0,110
VNETaVNET-RADY (1,0,1)3RAD11,0,1)
JEVINSZEVIN-RAD1(1,0,1)
VNETSVNETHPISPL
C x23 RADCON WRITES THE PORE RADII T0 DISC
CALL RADCONIRADIUS)
C s ’S‘Spl?lnﬁl STEP LENGTH T0 1 TIMESTEP PER STEP
NLO0P1=0
00 2000 NLOOP=1,NLT
C »xs ZEROI1) IS USED AS A FLAG TO INDICATE AN INDEFINITE RESULT
C +ax FROM THE MATRIX INVERSION SUBROUTINE
IF 12ERO(11,EQ.2} THEN
6070 2000
ENDIF

C

C vax GENERATE COKING RATES FOR R-K ALGORITHM, THE RATES ARE STORED
C xxx IN RATCO, AFTER THE FIRST CALL OF CRATE THE CONCENTRATION

C »3x PROFILE, KHICH CORRESPONDS TO THE RADII AT TIME T, IS PRINTED
C 1ax USING GRIDPRIN, THE CORRESPONDING PRODUCTIVITIES AND COKE

E xxx CONTENTS ARE ALSO PRINTED.

IF _(NLOOP,GT, 151 THEN
C sxx AFTER FIFTH STEP MULTIPLY STEP LENGTH BY 5
NSTP=5
CC  IF INLOOP.GT,18) THEN
CC  NSTP=15
CC  NSTP=t
iF {5¢INLOOP/S) NENLOOP) THEN
GOTO 2000
ENDIF
NLOOP1=NLOOP1+1

ELSE
NL00P1=NLOOP
ENDIF

CCCCCC QMRAN ADDED FOR CHECK
C  WRITE(x,x)'0K 3'
C »3x SET BOUNDARY CONDITIONS FOR THE GRID IN TERMS OF THE
C xax CONVERSION IN THE PREVIOUS AXTAL LAYER
COUTR=COUTS (1-CONVER (NLOOP1))
DO 51 I=0;H
C(1,00=COUTR
Ci1,11)=C0UTR

ceeeees
CCOCCCC  PAGE 4 CCCCCCCCCCOCCCCCO0CEOCCEaoceeonceeeaeeeeeeeee
ceoeeee
€10, 1)=COUTR
51 Ci14,11=C0UTR
¢ sas CRATE SOLVES THE DIFFUSION/REACTION EQUATIONS.
CCC CALL CRATE (SCOK,1,RK, 2ERO, ZEV, AREAS, AREAZ)
CALL CRATEISCOK, 1,RK, ZERO, ZEV, AREAS, AREAZ )
COCCCC OMRAN ADDED FOR CHECK
¢ HRITE(S,2)'0K 4, "ZEROI1)=", ZERDI1)
C  WRITELS, 310K CRATE 1 °
IF (ZER0I1).E0.2) THEN
CCCCCC OMRAN ADDED FOR CHECK
¢ WRITEI 0K 5
6070 2000
ENOIF
¢ sus STORE AATES, COKE VOL, ZEOLITE VOL ETC. IN RESU,
IF (NLOOP.£Q.11 RATMAX=RATE
RESUINLOOP? ,5)=FESUINLOOPY,5)+RATE
RATE=RATE*100/RATMAX

F01-
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RESUINLOOP1,17)=RESUINLOOPY , 17)4COKAMs100/VNET
RESUINLOOP1, 18)=RESU(NLOOP1, 1814VFREE 400/ VNET
RESUINLOOP1,201=RESU(NLOOP1, 2014ZEV+100/2EVIN
COKAM=COKAMAE 1S
RESUINLOOP1,21=T
RESUINLOOP1, 3)=RESUINLOGP1 ,3) +COKAM
RESUINLOOP1,4)RESUINLOGP1, 4) +RATE
RESUINLOP1,1)=RESUINLOOP1 ,1)+1
00 680 NC=0,10
ceeceec
RESU(NLOOP1 NC+6)=RESUINLOOPY ,NC+6 141, 0E10% (RADOIS,NC,2)
+-RAD1I5,NC,2))
ceececce
680 CONTINGE
C wax INCREMENT TIME COUNTER
=T+TSTEPANSTP
( 323 GENERATE NEW RADII 10 FEED TO CRATE. SEARCH GRID 70 FIND PORES

C wxx RHICH HAVE SHRUNK TO <20 ANGSTROM IN RADIUS AND SET THESE T0 ZERD.

C sxx RECOR THE POSITION OF THE NODES JOINED BY BLOCKTD PORES BY
€ 1xx INCREMENTING NN
00 700 1=0,10
00 700 J=0,10

700 K=1,2
geeceeceeccescecccecececcee
CCCCCCCCC OMRAN ADDED THE FOLLOWING
CCCCCC OMRAN ADDED RATC0(0,0,1,11....10,0,2,2!

CC  RATCO10,4.K,11=0.0
(C  RATCOII,0,K,11=0.0
(0 RATCOL0,J,K,2)0.0
CC  RATCO(I,0,K,2120.0
CC  RATCO10,J,K,31=0.0
0 RATCO(O JK,4=0.0

CC  RATCOI1,0,K,4)20.0
CCCCOCCCC OMRAN ADOED THE ABOVE
RAD14T,J,KI=RADIUSIT, J, KI4TSTEPSNSTPSRATCOIT, J K, 11/2
IF iRAD1(T,J,K),LT.5,0E-10) THEN
NNLT, JI=NNIT, U041
NN(]#Z-K JHK=11=NN{ 142K, J4K-1141
PAD1(T, 4,120
ENDIF
700  CONTINUE
(CCCCC  OMRAN ADDED
Cec WRITE(10,%) * AREAS =',AREAS, 'AREAZ=',AREAZ
cC WRITE(%,3) ' AREAS =',AREAS,'AREAZ=',AREAZ
cecececeecce
CCCC  WRITE(10,5678) ' AREAS =',AREAS,'AREAZ=',AREAZ
WRITE(10,%) ' AREAS =' AREAS,'AREAZ=',AREAZ
WRITE(77,5678)  AREAS,AREAZ
CCCCCCC OMRAN ADDED CCcccccececeeccceceeecee
AREASSS=AREASH(.2
AREAZI2=AREAZS0.8
AREATOT=AREASSS+AREATZZ
WRITE(99,5577)  AREASSS,AREAZZZ, AREATQT
ceceecceeccece
c HRITE(99,56781  AREAS,AREAZ
5678 FORMAT (1H F7.3," ',F7.3)
() WRITE(10,0) * AREAS =',AREAS,'AREAZ=',AREAZ
o WRITEI77,%)  AREAS, AREAZ
cc WRITE(99,%)  AREAS,AREAZ
¢ CALL CRATE SCOK,2,RK,ZERD, ZEV)
g;LliZCI}ATEISCOK.?.RK.ZERO,ZEV,AREAS,AREAZ)
=R+
CCCCCC OMRAN ADDED FOR CHECK
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Ler X ov)

WRITE(x,3)°0K ', ZERO(1)=", ZERD(1)
WRITE(x,31"0K CRATE 2 '

IF IZERO(11,EQ.2) THEN

GOTO 2000

ENDIF
00 710 10,10
00 710 J=0,10
00 710 Kk=1,2
RADYLT,J,K1=RADIUS T, J K14TSTEPRNSTPRRATCOIL, J K, 2112
IF (RAD1(1,J,K).LT,5,0E-101 THEN
NNET,J)sNNIT, Ji+
NN{T#2-K, J#K=1)=NNTT+2-K, J#K=1)+1
RADI(1,4,K)=0
ENDIF

710 CONTINE
CC  CALL CRATE 15C0K,3,RK,ZERD, ZEV)
CALIA.ZCRATHSCOK ,3,RK, ZER, ZEV  AREAS , AREAZ)
+
CCCCCC OMAAN ADDED FOR CHECK
C  WRITE(x,x)'0K 6','ZERO(1)=",ZEROY)
C NR[TEIX,:)'OK CRATE 3!
IF (ZERO(1),EQ.2) THEN
GOTO 2000
ENDIF
00 720 1=0,10
00 720 J=0,10
00 720 k=1,2
RAD111,J,K)=RAOTUSIT, J KI+TSTEPSNSTPSRATCOIT,J K, 3)
ceecece

CCCCCCC  PAGE § - cccceccceccececceeceecceeceececceececceceeccecce

ceececc
IF 1RAD{T,J,K),LT.5,0E-10) THEN
NNLE, JINNET, JI
NNLT#2-K, JHK=1)2NNE 142K, J#K=1141
RAD1MI,J,K)=0
ENDIF
720  CONTINUE
CC  CALL CRATE(SCOK,4,RK, ZERQ, ZEV)
!“:Aiuizc%iATE(SCOK ,4,RK, ZERO, ZEV, AREAS, AREAZ)
A+
CCCCCC OMRAN ADDED FOR CHECK
WRITE(s,%)'0K 7', ' ZERO(1)=",ZEROI1)
C WRITE (%, %} 0K CRhTE 4
IF (ZERO(H.EG.z) THEN

00 730 1=0,10
00 730 J=0,10
00 730 k=1,2

C
E txx MAKE R-K STEP

RADIUSII,J,Ki=RADIUSIT, J,K) +TSTEPSNSTPR IRATCOLT, ) K, 1)
HARATCO(1,J K, 2142
+RATCOI],J K, 314RATCOIT, J K, 4) 116

IF {RADIUSII,J,K),LT,5,0E-10) THEN

RADIUSIT,J.X1=0

NNIT, D)=L, J)4

NNET42=K, JeK=1 1NN 142-K, J+K-1141

NOIF

E
730 RADIIT,J,KI=RADIUSII, J K
cecececee
cce WRITE(10,%) ' AREAS =',AREAS, 'AREAZ=', AREAZ
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ceeceececee
2000 CONTINUE
C w33 NLOOP2 STORES THE NUMBER OF THE LAST FILLED RON OF RESU
C sz FINAL CALL TO CRATE TO FIND FINAL RATES, VOLUMES ETC.
IF (ZERO(11,€0,2) THEN
NLOOP2=MAXO0(NLOOP2,NLOOR1-1)
G070 3000
ENDIF
(CC  CALL CRATE (SCOK,1,RK, 2ERO, ZEV)
CALL, CRATE (SCOK,1,RK, ZERO, ZEV, AREAS, AREAZ)
cec HRITE(10,5568) ' AREAS =°,AREAS,'AREAZ:',AREAZ
WRITE(10,3) ' AREAS =', AREAS, 'AREAZ=',AREAZ
HRITE(77,5566)  AREAS,AREAZ
CCCCCCC OMAAN ADDED ceccceccceeccecceecceece
AREASSSAREAS0,2
AREAZZZ=AREAZ$0,8
AREATOT=AREASSS+AREAZZZ
WRITE(99,5577)  AREASSS,AREAZ1Z,AREATOT
5577 FORMAT (1H ,F7.3,' '.F7.3," ', F7.3)
ceeceeececeece
cce WRITE(99,5566)  AREAS,AREAZ
5566 FORMAT (14 ,F7.,3," ',F7,3)
IF (ZERQ(1),E0,2) THEN
&gngMXDlNLOOP?.NLOOPi )
RESUINLOOP1+1,17)=RESU(NLOOP1+1,17)+COKAMS100/VNET
RESUINLOOP1+1,181=RESU(NLOOP1+1,181+VFREEX100/VNET
RESUINLOOP1+1,20)=RESUINLOOP1+1,201+ZEV100/ ZEVIN
COKAM=COKAMH1E1S
RESUINLOOP1+1,2)=T
RESUINLOOP1+1,5)=RESUINLOOR1+1,5) +RATE
RESUINLOOP1+1,3)=RESUINLOOP14+1,3) +COKAM
RESUINLOOP1+1,1)=RESUINLOOF14+1, 1141
00 1680 NC=0,10
RESUINLOQP1+1,NC+6)=RESUINLOOP1+1,NC+6)+1,0E 10% (RADO(5,NC, 2)
+-RAD1(5,NC,2)

+)
1680 CONTINUE
RATE=RATE $100/RATMAX
RESUINLOOP1#1,41=RESUINLOOP1+1,4 ) +RATE
NLOOP2=NLOOP1+1

ENDIF
9000 ZELVO=NINT!ZEV21000!
CCC  WRITE(20,%)ZELV0
C xax WRITE FINAL COKED RADII TO DISC
CALL RADCONIRADIUS)
9999 CONTINUE
C sz PRINT RESULTS
NRITE (10,4499) LAYER
C  WRITE (10,8) LAYER
C4439 FORMAT (1H ,/1H ,"AXIAL SEGMENT NUMBER’,I3)
4499 FORMAT (1H ,/tH ,'AXIAL SEGMENT NUMBER',I3,///}
CCCCCC OMRAN ADDED
cC WRITE(10,3) * AREAS =',AREAS,'AREAZ=',AREAZ
o WRITE(x,x) * AREAS =',AREAS,'AREAZ=', AREAZ
ceceeceeecce
WRITE 10,4501
ceeecee
EEEEEEE PAGE & CCCcecccecceccceecceecceceeceecceecceecceeccececec
C  WRITE 110,%)
C4501 FORMAT (1H ,'TIME/S COKE VOL,/10°-15M"3 ACTIVITY/% RATE/MOL/S')
4501 FORMAT (1H ,'TIME/S COKE VOL,/10"~15M"3 ACTIVITY/% RATE/MOL/S',/)
00 4500 10=1,NL0O0P2
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00 4505 11=3,18
CCCCCCC CMRAN
(  WRITEIs, 1) 'RESULIO.Y) = ', RESUIIO, 1)
C  WRITE(s,*) "RESULIO0,11) = *,RESUIIO )
ceeecceecceec
CC PRINTs,'10= ',10 ,'11 =',]1
CC  PRINTs,"RESUL10,1)=" ,RESUIID, 1)
CC  PRINTs, "RESULI0,11)=" ,RESULIQ,IT)
eeeeeceee
cecceceec

ﬁESUHO 11)=RESUL10, 11)/RESVLI0, 1)
CCCCCCC OMRAN

CC WRITE(x,s) "RESUII0, 1) = *,RESUINO, 1)
¢ WRITE(s) "RESUITO. 1) = *,RESULIO, 1)
ceceeeeeeoce
4505 CONTINE
RESU(10, 191100-RESUH 10,181 -RESULEO, 17)
RESUI10,201=RESU(10, 201 /RESUII0, 1)
00 CONTINUE
00 4600 10=1,NLOOP2
CCCC KRITE(s,5) CONVER(IO), CONIN,RESUI10, 4) ,NLAY, FLOAT INLAY)
CONVER 101=CONVER 1014CONINARESUI10, 41/ 1100SFLOAT INLAY))
WRITE (10,4601) (RESUI0,111,11=2,5)
WRITE 177.7777) (RESULIO, 11) ) 11=2.5)

7777 FQRMAT (1H 6,0, ', E11.4, "Fre LENA
¢ WRITE (10,4 (RESUIIO I, 1= 22,5

4600 CONTINUE

4601 FORMAT (1H ,F6,0," ',E11.4," 1.2, L ENA

WITE 110,4502)
4502 FORMAT (//,1H ,'TIME/S %VOL COKED %YL FREE %VOL BLOCKED %ZE0
SLITE VOL COMVERSION', /)
¢ +% VoL BLOCKED % ZEOLITE VoL
¢+ CONVERSION')
00 4550 10=1,M.00P2
WRITE 10,4551 RESUI10,2), IRESUI10, 111, 1117, 200, CONVERII0)
ceeeeeeee
cceocceee
HRITE (77,7881 (RESUIIO, 1), 11:17,20),CONVER10) RESUI10, 2
7788 FORMAT (14, F7.2," 1.2
N R AN PR X
¢ R0
¢ WRITE 110,) RESUIIO,2), (RESUIIO, 11, 14=17,201,CONVER(10)
CCCCCCOCCEEE  OMRAN ADDED
RESUI10,21)=RESUI10, 17120, 16
RESUI10, 22121100, 0-RESU( 10,201 140,04
RESUI10, 231=RESUI 10, 21 +RESUI10,22)
RESU(10,24)=CONVER 10131000
ccc WRITE 199,4551) RESU(I0,2) , (RESUIT0, 111, 11=21,24) ,CONVER(10)

(Y
ngggcEgccc&sgcccCCCCCCCCCCCCCCCCCCGCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
4551 FORMAT (1H F6.0," ',F7.2, ' F1.2,
R, ',F7.2,
+! F7 3
NRHE 10,4701
4701 FORMAT (4/,00," TIME /S  COKE DEPTH PROFILE ACROSS
+ PELLET / ANGSTROM',/)
00 4800 J0=1,NLOOP2
CC  PRINTs,'NLOOP2=" NLOOP2
WRITE (10,4801 RESU(I0,2), (RESULI0, 11}, 11=6,18)
CCC WRITE (10,4801) RESULI0,2), (RESULIO,11),113b,16)
WRITE (10,%) RESU!I0,2), IRESUIIO 1) 11z6,16)
4800 CONTINUE
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(CCCC ~ OMRAN CHANGED FORMAT

(4801 FORMAT 11H ,F5.,0,11F6.0)

4801 FORMAT (1H ,F7.0,11F5.0)

(4801 FORMAT (1H ,F7,0,10F5.0,/,1H ,11F5.0)
1111 CONTINGE

(
E 13 NOW CLOSE FILES AND END

CCCCCC  VALUES OF DATA AT END 'OMRAN ADDED'
WRITE10,%) PL,0CO,RK
WRITE(10,%1 COUT,CONIN, TSTEP
WRITE(10,3) NLT,NTR,RKP
WRITE(10,%) RKS,SCOK NLAY
KRITE(99,%) PL,DCO,RK
HRITE(93,%) COUT,CONIN, TSTEP
WRITE(99,8) NLT,NTR,RKP
HRITE(99,%) RKS,SCOK, NLAY
CCCC  WRITE110,%) PROZ,OECRAT
WRITEN1Q,8) "sassxssxxx END OF DATA sxmmxysxsy '
789 CONTINVE
CLOSE (120
CLOSE (10)
ST0P
END

1333

m SUBROUTINES,
111

f2CDICICTHICIO

sxx CRATE FINDS THE MAXIMUM RATE OF COKING IN EACH PORE.
C axx IF ISTEP IS 1 THE COKE CONTENT AND PRODUCTIVITY ARE ALSO
fc) xs3 CALCULATED,

CC  SUBROUTINE CRATE (SCOK,ISTEP,RK,2ER0, 2EV)
SUBROUTINE CRATE (SCOK, ISTER, R, ZERD, ZEV, AREAS, AREAZ)
COMMON RADO,RADY /A/ DCO,PL,RKP,RKS,COKAM,RATCO,C,CB, RATE NN, VFREE
COMMON /B/ BM /C/ COUT,COUTR
DIMENSION COEF110:10,0:10,2),COEF210:10,0:10,2) ,RADO10:10,0:10,2)
DIMENSION ETA10:10,0:10,2),C(0:11,0:11)
DIMENSTON RAD110:10,0:10,2),RATC010:10,0:10,2,4),CB10:11,0:11)
DIMENSION NNIO:11,0:11)
DIMENSTON BMI23,100)
INTEGER ZERO(100)
PARAMETER (P123,141592)

C
E sx3 INITIALISE THE DIFFUSION/REACTION PARAMETERS

ZEV=0
C sx3 EFFIC RETURNS THE LOCAL EFFICIENCY OF EACH PORE AS A FUNCTION
C »xx OF THE LEVEL OF COKING

(ececee
ggggggg PAGE 7  ccceceececcecceeccececeeccececceccececcececeeccee

CCCCCC OMRAN ADDED FOR CHECK
C  WRITEIx,3)°0K CRATE SUBROUTINE 2 '
CALL EFFIC (ETA,SCOK,ZEV, AREAS, AREAZ)
CC  CALL EFFIC (ETA,SCOK, ZEV)
00 100 1=0,10
00 100 J=0,10
00 100 K=1,2
IF (RAD1HI,J,K),G7,5,0E-10) THEN
THIEL=SARTI28RKEETAIL, J,K) 1{RADY (T, J,K)sDECT)
PIRT=THIEL¥DCCRAD1 1, J,K)$RAD1(1,J K)
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NRITEUO.il

THIEL=THIEL$PL

C xxx THIEL IS THE THIELE MODULUS
COEF2(1,J,KI=PIRT/SINRITHIEL)
Egg?II,J,K)-':PIRTITANH(THIEL)

COEF11(1,J,K1=0
COEFEH,J,K):O

ENDI
100 CONTINE

sx3 SET UP THE MAIN MATRIX, THIS STORES THE DIFFUSION/REACTION
sx3 EQUATIONS IN COMPACT FORMAT,

CCCCC OMRAN ADDED FOR CHECK
WRITE{3,%)'0K CRATE SUBROUTINE 3 '
CALL MATSETI(COEF1,COEF2,ETA,RK)
00 110 I=1,10

00 110 J=1,10
ceceecceecceecceeecceececceecceeceeceeeccee
CC THIS LINE OMRAN PUT 1T
CCC NN, J1=3
ceceeccecceecceececcecceccecceeeccecceeccee
C 22 [F NN=4 FOR A NODE THEN IT IS COMPLETELY BLOCKED, THIS
C w3 INFORMATION IS STORED IN ZERO TQ ALLOW THE EQUATION SOLVING
C 343 ROUTINE TO IGNORE THE CORRESPONDING ROW IN THE MATRIX.
CCCCCC OMRAN ADDED FOR CHECK
C  WRITE(s,3)'0K CRATE SUBROUTINE 5 '

IF (NNIT,J1.E0.4) THEN

ZERO(1014J-101=1

ENDIF
110 CONTINUE

C
E 313 SOLVE THE EGUATIONS
¢

CCCCC OMRAN ADDED FOR CHECK
C  HWAITE(s,x)'0K CRATE SUBROUTINE 6 '
CALL MATSOLVE (ZERO)
CCCCCC OMRAN ADDED FOR CHECK
C  WRITE(s,»)'0K CRATE SUBROUTINE 7 '
CCCCC OMRAN ADDED THIS LINE
C  WRITE(s,x) ZERO(1)=",ZERDI1)
geeceeecceecccceceecceeccec
IF (ZERO11),£0,2) THEN
C HRPE'I‘x,n'OK CRATE SUBROUTINE 8

C
¢
¢
C
¢
¢

50  ZEROID=0
cececcececceeecce
C  WRITE(s,»)'ZERO1)=" ZERDIY)
C  WRITE(x,»)'ZERO(S)=", ZERDIS)
C axx PLACE THE CONCENTRATION PROFILE IN Ct1,J)
00 400 1=1,10
00 400 J=1,10
CHl,J1=8M122,10814J-10)
C  WRITE(x,*)'0K CRATE SUBROUTINE 9A’
C sxx QETECT BLOCKED REGIONS BY SEARCHING FOR NODES WHERE C 1S VERY
C xsx SMALL, (IF A REGION IS BLOCKED C=0 AT ALL NODES)
IF {C11,J),LT.1,0E-6) THEN
C  WRITE(x,x)'0K CRATE SUBROUTINE 9’
ZEROI10814)-10)=1
(81,0120
ELSE
C  WAITE(3,x)'0K CRATE SUBROUTINE 9C'

L0t~
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C sax (B4C=COUT ALLOKS CALCULATION OF CB
E%l ,J)=C0UT=CL1, J)

400  CONTINUE
C  WRITE(x,x)'0k CRATE SUBROUTINE 10°
¢ +xx RESET NN FOR THE NEXT STEP
00 500 10,11
00 500 J=0,11
500  NN(1,J1=0
g WRITE(*, 10K CRATE SUBROUTINE 11"

ECEEEC@OH FIND NETT ACTIVITY FOR THE CATALYST AND THE AMOUNT

ggggggg PAGE 8 ccccceceecceeccccecceecceccececceeceeceeceececece
C 338 OF COKE PRESENT,

C #3x HAVING FOUND SOLN, FOR CONC, FIND THE LOCAL COKING RATES

¢
CCOCC OMRAN CHANGED 1=0 T0 1=1,10

00 1000 10,10
CCC DO 1000 1=t,10
C  WRITE(s,x)'0K CRATE SUBROUTINE 124
CCCCC OMRAN CHANGED J=0 TO J=1,10

00 1000 J=0,10

(cc 00 1000 J=1,10
CCCCCCC  OMRAN SET CBIO 01=0,0
¢ CBI0,01=0.0
¢C  0BI0,J1=0.0
(c ceu,m:o.o
CC  CBtE,111=0,0
CC  CBi11,01=0,0
¢ C10,01=C00U7
¢ Ctl,00=C0U1
€ C10,))=C0uT
cc Ci11, 910007

Cil, 11120007
cccccccc OMRAN ADDED ALL ABOVE LINES
WRITE(%,21'0k CRATE SUBROUTINE 128
mlrcu,n'woo I= 1,000 9= ',J
WRITE(10,0 1, ) , ISTEP
RRITE(10,3) AMEX1IC(L,J1,C(I41,d0)
WRITE(10,%) 'CBII,J1=',CBIT,J), ETA
WRITE(10,%) '(B=',(B,'ETA=' ETA
WRITE(10,%) AMAX1ICIT, )1, CUI#1, 000 CilJ),CLIs1, 00
WRITE(s,%) '1=',1,'J=", J, ISTER=", ISTEP
WRITE(x, %) "AMBAXTICIT, J3,CUle4, Jhi=" AMAXY(CIT, J1,CHE41, 00
WRITEtx, ) 'RKP=' AKP, CB=",CB, 'ETA=" ETALL,J,1)
RATCOLT,J, 1,1STEP) = {RKPxAMAX1 {CIT, 01, C1 141, J) 14RKSSAM
+AXT(CBLI, J),CBUT+1 I IXIETALL, J, 1 RETALT, 4,111
+AX1{CBIT, )1, CBUIH, U0
WRITE (x,%)'0K CRATE SUBROUTINE 138’
RATCO(I,J,2, ISTER) = IRKPSAMAXS{CI1,J),C11,J41) )4RKS3AM
+AX1(CBIT, ), CBIT, Jet ) )8IETALT, U, 203ETALT,J,2))
CCC +AX1I(CBLI,J),CBUT, 1011
C  WRITE(s,*)'0k CRATE SUBROUTINE 138'
€ WRITEIs,®) 'RKS=",RKS,'C=",C,'ETA=" ETAIL,J M)
C
¢
¢

I IIOICIDDOO>

[ Xww ]
<>
<>

1000 CONTINUE

WRITE(%,%)°0k CRATE SUBROUTINE 14'
sxe IF THIS 1S THE FIRST CALL OF A R/K STEP THEN FIND THE COKE
xxx VOL,REACTION RATE AND NFREE VOL

IF (15TEP,EQ.1) THEN

RATE=0

COKAM=0

VFREE=0

-m].
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00 3000 1=0,10
K=

IF (1.£0.0) 60TO 2200
00 2100 J=0,10
RATE=RATE#(CI1,J14C 1T, J#11 18 (COEFY 1T, J,K)-COBFR(T,J,K) )
#ETALL JK)
IF {1C(1,01.6T,1,0E-6) ,AND, (CLT,J#1) 6T 1 0E~6)) THEN
VFREE=VFREE+RAD1 (1, J,2)3RADI(1,J,2)

ENDIF
2100 COKAQ:({OKAMRAD!II.J,KHRADOII.J.Kl)tIRkDOII,J.K)-RAmII,J,KH

2200
00 2300 J=1,10
RATE=RATE#IC(I, J)+Ci 144, D) )%1COBF1 11, J,K1-COEF211,J,K))
HETAMLL K
IF 11Ct1,J),6T,1,06-6) AND, (CLT+1,J),6T.1,06-6)) THEN
VFREE=VFREE+RAD1 (1,J,11%RAD1I(1,J, 1)

ENDIF

2300 COKAM=COKAM» (RAD111,J,K)+RADO(T, J K) 1% (RADOIT, J,K1-RADI L, J,K} )
3000 CONTINVE
C  WRITE(s,3)°0K CRATE SUBROUTINE 15’

RATE=RATESRK

COKAM=COKAMSP ] £PL

VFREE=VFREE*PIPL

ENDIF

RETURN

END

C
E s¥3 MATSET INITIALISES THE MATRIX BM,

SUBROUTINE MATSET(COEF1,COEF2,ETA,RK)
COMMON /B/ BM /C/ COUT,COUTR
DIMENSION BMi23,100)
DIMENSION COEF110:10,0:10,21,COEF210:10,0:10,21
DIMENSION ETA10:10,0:10,2)
C xex SET ALL ELMENTS T0 ZERO
00 110 1=1,22
00 110 J=1,100
110 BMI1,J)=0
C »3x ELEMENTS IN BODY OF GRID
00 120 1=2,9
00 120 J=2,9
INDEX=10x]+J-10
BT;},INDEX):COEHII-1,J,1l+COEF1(I,J.1)+COEF1II,J-1,2)+COEF1(I
+0 [
EMI10, INDEX ) ==COEF21(1,J-1,2)
BM12, INDEX1=-COEF2(1,J, 2
BMI1, INDEX)=-COEF21(1-1,J,1)
cceceec

CCCCCCC  PAGE 9 ccecececeececcececcecceccecececcececcecececceccee

geeecee
gMi21, INDEX)=-COEF211,J, 1)
BM122, INDEX)=0
120  CONTINUE
C »xx LEFT AND RIGHT EDGES
00 130 12,9
J=t
INDEX=1081-9
951(;1'.1NDEX)=COEF1(I-1.J.1I+COEF1II.J,1)+COEF1ll,J-1,2)+COEFHI
*0 '
BM(12, INDEX)=-COEF211,J,2)
BMI1, INDEX}==COEF211-1,J,1)
BM(21, INDEX)=-COEF2(1,J,1)
) 1gﬂl22,lWEX)=C0EF2H,J-1.2)!C0UTR
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INDEX=103]
BI]!;},INDEXI:COEFHI-!,JJI*CUEHlI,J,1)+COEF1(I,J~1,2)+COEF1ll
‘C [
BMI10, INDEX)=-COEF2(1,J-1,2]
BMi1, INDEX)=~COEF2i1-1,J,1)
BMi21, INDEX }=-COEF2(1,J,1)
BMI22, INDEX)=COEF2(1,J,2)%COUTR
130 CONTINUE
C 1 ggPﬁBD B0TT0M EOGES

I=1
INDEX=J
BtJﬂ? L INDEX)2COEF 4 11-1,4,104COEF1 (1,4, 114C0EF1 11,01, 2)+C0EF 111
+, )
BM110, INDEX }=-COEF211,J-1,2)
EM112, INDEX)==COEF2(1,J, 2\
BM121, INDEX)=-COEF211,J,1)
BMI22, INUEX)-COEFZ’H 1,J,113C0UTR
;N?gx:%u
B!Jl?.INDEX):COEFﬁI-LJAI+COEF1H,J,1)+CDEF1|I,J-1,2)*COEF1|I
+J.2)
BM110, INDEX)==COEF2I1,J-1,21
BM112, INDEX1==COEF211,J,2)
M1, INDEX)=-COEF211-1,J,1)
BM122, INDEX)=COEF211,J,1)5COUTR
140 CONTINUE
C #x3 CORNERS
BMI11,1)=COEF110,1,1)4COEF111,1,1)4C0EF111,0,2)4C0EF111,1,2)
BM(12,1)=-C0EF211,1,2)
BM(22,11=COUTRS(COEF211,0,214C0EF2(0,1,11)
BM111,101=C0EF 110,10, 1)4C0EF1 11,10, 114COEF111,10,2)
++COEF111,9,2)
BM110,10)=-C0EF2(1,9,2)
BMi21,101=-COEF2(1,10,1)
BMi22,101=COUTR=(COEF211,10,2)4COEF210,10,11)
BMI11,91)=COEF119,1,114C0EF1{10,1,1)4COEF1110,0,2)
++(0EF1110,1,2)
BMI12,91)=-C0EF2110,4,2)
BMI1, 91) -COEF2(9,1,1)
BMI22, 91)-COUTRHCOEF2HO 0,2)+C0EF2(10,1,11)
BMI11, 1001-c0EF1t9 10, 1HCOEF1|10 10, 11+CO£F1|10 9,21
++COEF1110 10,21
BMI10, 100)--CDEF2(10 9, 2)
M1, 100)--COEF2(9 10,1
e Bmz? 100|-COUTR:|COEF2|10 10,2)4C0EF2110,10,1))

ceecece
CCCCCCC  PAGE 10 - ccccccecccecceeceececeeccecceccecceccecceececcece
CCCCCCEND

C
E 133 MATSOLVE SOLVES THE EQUATIONS HELD BY BM

SUBROUTINE MATSOLVE(ZERQ)
COMMON /B/ BM
DIMENSION BM123,100)
INTEGER ZER0(100)

C »3x SCALE THE ROWS
00 100 1=1,100
IF (ZERO(1),EQ,0) THEN
BM(1,1)=BMI1, 1) /BMit1, 1)
BM(10,11=BMI10, T1/BMI1Y, 1)

-001-
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PAGE 15

BMI2,1)BMU12, 1 1/BMI, 1)
BMI21, 11=BMI21, 1) /BMI11, 11
BMI22, 11=BM122, 1) /BMI11,])
BMi11, 1=t
ENDIF
C xax REJECT SMALL ELEMENTS
IF (ABSIBMI1, 100, LT.1,0E-4) THEN
BMI1, 1120
ENDIF
IF (ABSIBMI10,111.LT.1.0E-4) THEN
BMI10,1)20
ENDIF
IF (ABSIBM(12,101.,LT,1,0E-4) THEN
BM112,11=0

ENDIF

IF (ABSIBMI21,1)).LT,1,0E-4) THEN
BM121,11=0

ENDIF

IF MBS(B!&IZZ oJ LT 1L0E-4) THEN

100  CONTINGE
00 200 1=1,99
IF 1ZER011),EQ.1) THEN
6070 200
ENDIF
JMAX=MINO([+10,1001)-]
00 200 J=1, JMAX
RATI0=BMI11-J,1+J)
IF (RATI0.EQ.0) THEN
60T0 200

ELSE |
RATIOSRATIO/MI1Y, 1)
0 180 K=12,21
Bk, 149)BMIK-J, [+J)-RATIOKGMIK, 1)

CONTINUE
oy D?M(?? J14J1=BM122, 1+J)-RATIOSBM 22, 1)

200 CONTINUE
00 300 1=100,1,-1
IF ZEROIT).EG.1) THEN
GOT0 300
ENDIF

$=0
JMAX=MINO(100~1,10!}
00 280 J=1, JMAX
S=S+8M(J+11 T13BM122,140)
2680 CONTINUE
IF (BMI11,1) £Q,0) THEN
CCCCCCERINT t, "INOEFINITE RESULT IN MATSOLVE'
Egggggg PAGE 11 CCCeceecececceececeececececcececceecceccceeceecee
CCCC OMRAN CHANGED THE FOLLOWING ACCORDING TO THESIS PAGE 154
CC  ZERO(NI=2
CC  RETURN
BMI22,1120
e

C
¢

C
CCCCCCEL(SJ’?E LINE OELETED AND THO LINES ADDED
BMI22,1)=(BM122,1,-8)/BMI11, 1)

180

~p0t-



BHl21Jl8BMl21.il/BMI11,II
Il8BMI22.il/BMl11JI
lZEROlII.EG.il

ENDIF
300  CONTINE
RE TURN
c N
E a3z RADCON WRITES THE RADII TO DISC IN AN INTEGER FORM

SUBROUTINE RADCONIRADIUS)
REAL RADIUSI0:10,0:10,21,RADI21,11)
INTEGER RADINT(21,11)
00 1025 1=1,21
IFt 1/252.88.1) THEN
00 1022 J=1, 11
RADINT1, J)=NINTIRADIL,J))
CCCCCCCOCCecCeeecC OMRAN ADDED
(C RADINT(1,J)=RADINTII,J1-000
(c lF(RA%lNT” JY.LE.0.0) RADINTI1,9120.0
¢ceececceeecceeeececcet
1022 CONTINUE
WRITE(20,%) (RADINTIL, &), J=1, 41
ELSE

00 1023 J=1,10
RAD(1, Ji=RADIUSI1/2,J,1)%1,0E10
RADINT!L, JI=NINTIRADIT, J)
CCCCCCCCOCCCCC OMRAN ADDED :
CC RADINTI(L,J1=RADINT(1, J1-000
e IF(RADINTI1,J) LE.0.0) RADINTII,J)=0,0
geceeecececeeccecc
1023 CONTINUE
Nﬁéml’o.*l (RADINTIT,J1,J=1,10)

E
1025 CONTINUE
RETURN
END
ceeccec
Egg%(égg PAGE 12 Cccecceccecceecceeecceecceceeecceecceecceecceecce
SUBROUTINE EFFIC (ETA,SCOK, ZEV, AREAS, AREAZ)
CC  SUBROUTINE EFFIC (ETA,SCOK, ZEV)
COMMON RADQ,RADY
DIMENSION RAD110:10,0:10,21,RAD010:10,0:10,2) ,ETAL0:10,0:10,2)
CCCC THIS LINE ADDED OMRAN
CCCCCC QMRAN ADDED FOR CHECK
C  WAITE(x,3)"0K EFFIC SUBROUTINE 8 °
CCCC NMN=1.0

AAZZ=0
IF INNN.NE. 1) THEN
PRINT ,'INPUT PROPORTION OF ACTIVITY WHICH 1S ZEOLITE °
READ(30,3) PROZ
CC  READ x,PR0Z
PRINT 3, ' INPUT RATIO OF DECAY CONSTANTS Z2EOL/SUPPORT'
READI30,%) DECRAT
¢ REh? 3, DECRAT
WRITE(10,) 'PROPORTION OF ACTIVITY WHICH IS ZEOLITE= ',PROZ
WRITE(10,5) 'RATIQ OF DECAY CONSTANTS ZEOLITE/SUPPORT = *,DECRAT
NWN=1
ENDIF

ceeec Ot'fgég gUDED eecccecceccecceecceeecceeecceeeeece

FRESZ=0
AREAS=0
AREAZ=0

-B02-
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INNN.NE.il
READl30.il
READl30.il
WRlTEI10.il

CCCCCCggtstgcgtgcggCCCCCCCCCCSCCCCCCCCCCCCCCCCCCCCCCC
3 +
00 100 J=0,10

00 100 K=1,2
ceeeecgeececeeeccececceceeeceeecceeeececcececeeeccceececceeeccee
CCC  IF RAD! DROPS BELOW ZERO THEN SET THE RAD! 2ERO
CCC  AND PORE EFFECIENCY TO ZERO
geceecceecceecceecceecceecceeecceecceeeceecceecceecceececeeeeeeee

IF (RADYIT,),K),LE,0) THEN

ETALLE,J K20

RADI(T,J,K1=0

ELSE

Egcccccccc OMRAN ADDED THO LINES
€ DECRNT:6
ceeceoceeecceetoeeeeeece

cCecece

CC  PRINT »,"SCOK=",SCOK, 'DECRAT=",DECRAT, 'PROZ=" ,PROZ, 'ZEV=", 2EV
eeceecc

FRESSEXP( (RADY (1,4, K)=RADO!1, J K11 /SCOK)
CCC  FRES=RAD1(1,J,K}/RADOIT,J K
ceeecce
(C  PRINT s, 'FRESs' FRES
ceeecee

FRESZ=FRESSEXP(DECRAT® (RADY 11, J,K)-RADOIT, J,K11/SCOK!
(CCCCCC  OMRAN ADDED
(C  PRINT 3, FRES=' FRES
CC  PRINT ,'FRESZ=" FRESZ
ceecece
CC  PRINT &, RADLT,J.K)" RADILT, I K)

CC  PRINT s,"RADO(I,J,K)" ,RADOIT, J K
ceceece
CCCCCC%TM 1,J,K=1{1-PROZ ) tFRES+PROZSFRESZ 1xRADO(T, J K1 /RADI (T, 4 K)
(C  PRINT »,°ETAIL,J k)= ETAIT,J K)
ceceece
ZEV=ZEVAFRESIERADOIT, J K)
CCCCCC  OMRAN ADDED

AREAS=AREASHFRES

AREAZ=AREAZFREST
ceeeceeccececceecceeccecce

ENDIF
100 CONTINGE
CCCCCCCC  OMRAN ADDED

AREAS=AREAS/224,

AREAZ=AREAZ 1224,

CCCCC  TO GET X AREA ACTIVE INSTEAD OF FRACTION

AREAS=AREAS*100,

AREAZ=AREAZ3100,
geeceecceeceecceccecceccecceeccecceeccecceeceeece
C  ANIZ=MAZIH
(¢ WRITE(s,8) A2 ' MALZ
N IFIAAZZ NE. 1, THEN
(¢ ENDIF
CCCCC  WRITE(x,x) ' AREAS =' AREAS,'AREAZ=',AREAZ
(CCCC  HRITE(x,x) AREAS,AREAZ,ZEV

eeeccecee
RETURN
END
SUBROUTINE RANDIR)
¢ R0.00
AND=0.9C
RETURN
¢ Sme

-(02-
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327

APPENDIX—2

The Fourth Order Runge—Kutta Algorithm:

The current pore radii are most conveniently represented by a vector r whose
elements are the individual radii. Suppose that the radii at time to are represented
by r. To find the radii at time to+ts , where ts is the time step length, the fourth

order Runge—Kutta algorithm was implemented as follows:
Let r'(r) be the vector whose elements are the rates of change of radius of the

individual pores calculated when the radii are r. Four separate values of the rate

vector must be calculated:

From these, the radii at to+ts are given by:

r(to+ts) = (1/6) ts (1, + 21, + 2, + ) +1I
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MIKRM27 - MRANCOR FORTRAN A

% USER SUPPLIED VARIABLE VARIABLE NAME IN PROGRAM
¢
C NUMBER OF ELEMENTS ELEM
{ PORE SIZE DISTRIBUTION RADO INPORES, ELEM)
tc: CATALYST PHYSICAL PROPERTIES :
T
£ LS BT ekt n
¢ CATALYST MiSS C¥ASS
C FEED FLON RATE FLOW
E DEACTIVATION PARAME fERS:
C  FRACTION OF INITIAL ACTIVITY NLPHA
¢ OUE T0 ZE0LITE
. HbfReege,  n
£ S COKE UNIT SIZE SCOK
C  ZEOLITE COKE UNIT SIZE S0
C  INITIAL BULK CONCENTRATION cout
¢ NMGER OF R-K STERS T
E INITIAL R-K STEP SIZ NSTEP
E PAGE -1- DEACT

PROGRAM PHOMAK

REALSS GOSCAF UMY

REAL mmo m HADDL10,22) BAIUSI 10,22, 48, AT

+10,22,4),C0RI 10

€ né 0 éo m).suar TVOL,FRESUP110,22),

+FREZEN(10,22), TE

INTEGER NBORES, ELEM,NI22)

COMON (DATA1/RADI

COMMN /DATMO/ CONST

COMMON /DATA9/ RADO

COMMON /OATA4/ N

COMMON /DATAS / RATCO,RATE

COMMON /MEGA/ PL,COUT . RKP , RKS

COMMON /DATA7/ FRESUP. FREZEQ

OPENH3, FILE="FILE19' |

RENIND 19

OPEN(B,FILE="FILES")

REWIND 8

OPEN1B5)

RENIND 68
OPEN(10,FILE="FILE10")
RENIND 10
OPENI3, FILE="PORE" )
RENIND 3
OPENIY, FlLE 'FILEY")
RENING 9

CC  OPENI99,FILE="FILER")
OPEN99)

RERIND 99
OPEN(66)

REWIND 66
(CCCCCCCCCCCCCC SIMULATION OF PROGRAM ceccecceeccee
00 417 1X=1,10
IF (LK.EQ.1) THEN

60 Yo m
ELSELF (IJK.NE.1) THEN

KS=K5210.00
ELSEIF (1X.EQ.3) THEN
ALPHA=, 0001

KS=KSs1 0593

IO OO

-B01-
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IIJK.NE.il

MUKRM27 - OMRANCOR FORTRAN A

ELSE&F“IJK.E@.M THEN
3
ELSELF (1JK.EQ.5) THEN

PLa0,014
SCOKaSC0Ke1,0
ELSELF (1XK.EQ.6) THEN

SC0Ka0,020
ELSEIF (1X.EQ.7) THEN

SCOKa2000
SCOKZ=5C0K21,08
ELSEIF (1K,E0.8) THEN

S00K221000

ELSEIF (1JK.EQ.9) THEN
SCOKZ=,001

ALPHAZALPHARY 05
ELSEIF (10K.EQ.10) THEN

=-5¢-20

7T ENDIF
cecececcececccecceccececceececcceceeccecee
Cnmmummtmmunumamnmmmmmmum
¢ ENTER PARMETERS ¥
CORnaRsussasastnsaasssasusst s sRuaRseARSRREEssssRssssRssssssny
¢ ﬁgﬁ; .8} 'ENTER PORE LENGTH IN MICRONS'

R
HRITEL,2) "ENTER DIFFUSION COEFFICIENT (10,E-6 Mss2/S)’
READI19,1)

)

¢ ggﬂt o) ' ENTER RATE CONSTANT 110,E-9 M/S)'
9.1

¢ \NTE(:,:I 'ENTER TOTAL QUTSIDE CONCENTRATION 1KMOL/Ms33)'

READI19, 51 CQUT

¢ WRITE(s,3) 'ENTER COKING STEP IN SECONDS'

READI19,3) TSTEP

€ WRITELa, 1) I NTER NUMBER OF STEPS PER SIMILATION'

READ119,%) NUT

E II:(IJEI*.!) 'ENTER PARALLEL AND SERIES COKING CONSTANTS (310.E

4 ]

READ(19,3) RKP AX

E MlTEll H] 'EN’("R MEAN COKE SIZES FOR ZEGLITE § SUPPORT (ANG!

C

C

(

C

¢

(

EPCPEICIICIEIOICICIIOIIOOOIIDD
~3
-4

READH'! %) SCOKZ, SCOK

lsﬂlTEI 3,11 'ENTER NMGER OF PORES AND NUMBER OF PORE ELEMENT
‘ \J

READ119,3) NPORES,ELEM

‘blﬁﬂitl,x) "ENTER FRACTION OF INITIAL ACTIVITY DUE TO ZEOLITE

READ19,8) ALPNA
l;/!é;tlt.n "INPUT CAT MASS (GM) AND SUPPORT PQRE VOLUME ,CMex
* 1]
¥ HIITE(X %) 'AND FEED FLOWRATE ,Ms33/S'
ceeee IGRAHIHIWTE) <(0,856E-5 MER3/SEC
¢eece 0.5 lGRlHIHlNJIE) 20,429E-5 Mxe3/SEC
READ(19,5) CMASS, YPORE , FLOW
WRITE(S,2) "esstassasts START DATA sssssusssyampsansananasssssss’
meEH.n LN U I TN
WRITEN9,8) 'KS ".KS 'couT =',c0uT
WRITE(9,8) 'TSTEP = TSTEP 'WT = N
WRITEN9,8) 'RP = RKP W = JRKS
WRITE(9,%) 'SCOKZ = SCOKZ 'SCOK =',SC0K
WAITELS, ) 'NPORES:" NPORES, ELEM =, ELEM
WRITE(S, ) "ALPHA =* ALM 'AGS = ,EMASS
WRITEIS,x) 'VPORE ",VPORE 'FLON =’ FLDH
HRITE(9,5) "xxsansxaxanxy END OF om FIEXSIALTANEERANLLRRRATRRLY
WAITE(9,8) 'sasxasxsuass START DATA EEALEERRRRERERBARRRRAARSIAAY’
WRITEES, 0 L = BL,D =D
MITEI% 1) 'KS = KS 'Cour ".COUT
MITEI%J) ‘T8TEP X TSTEP ‘T e N

~C01-
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READl19.il
READI19.il
WRITEl66.il

MUKRM27 - OMRANCOR FORTRAN A

WRITE(66,8) 'RKP 2’ RKP,'RKS = RKS

WAITE(66,2) 'SCOKZ 3 .SCOKZ 'SCOK =',SCOK

WRITE66,) "NPORES" WORES,

WRITE(66,8) 'ALPHA = o ALPHA, 'CWASS .CHASS

mlTEISS.H "YPORE =',VPORE, 'FLOW ' FLOW

WRITE (86,0) 'saxsuasysunsy ém '] om SESIARRARIL RIS ALY
Cttmmuum INITIALIZE THE PORE RADIT AND OTHER VARIABLES tasaxs

27 % :!"mu J), 131, ELEM)

WRITE(1,
101 FMTHH 'RNNH VALUES ASSIGNED FOR RADI! OF ELEMENTS IN THE RA

E £0-3200 A
CCCCCCCC? ng! SIZ DlSTRlBUYION cceeecceeccecceccecc

RMAX=3200
¢ nm»sso

C  RMAX=3200
WRITE(9,8) "RMIN = ' RMIN, °RMAX = ', RMAX

cccee mI;EnFOJkLOHm 70 MISS SOME RANDON NUPEERS ceececececceceece
RANGE sRMAX-RMIN
NUM= | GOSCAF (DUMMY ) SRANGE | +RMIN

79 CONTINE
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
00 100 J=1,NPORES

WITEND,102) J
102 FORMATUH ,'PORE NMBER = 15 /' N
00 200 I=1,ELEY
RANGESRMAX-RHIN
NUM= { GOSCAF (DUMMY ) SRANGE ) #RMIN
CC  NUM={GOSCAF (DUMMY 1332001460
CCC Nt
€0 NUMsIGOSCAF 1DUMHY)33141)+60
C  WRITE(s,3) DUMMY, GOSCAF IDUMMY) NUM
€ WRIEH0,101)
C  NUMc{GOSCAF IDUMMY 139991460
NUM=600

ELEM =' ELEM

NUM=1600
CCCCCC TO MAKE BIMODAL OISTRIBUTION ADOED BELON
CCC  IFIDUMMY,LE.0.5) THEN
CC  IFINUM.LE.1600) THEN
(C NUM=3000
(C ELSE

¢ ENOI
CCCCCC TO MAKE BIMODAL OISTRIBUTION ADDED ABOVE
CCC IFINM.LE,1600) THEN

RADOIT, J) 2N
CCC  OMRAN SET nAnon 1)=RAMAX FOR CONVENIENCE

AADOIY, 1)zRMA
o RAW:H:MN
CCCC  OMRAN'ADOED ABOVE
€6 CORRIL,J):RADOIT, 131, 0E-10

WRITEN0,103) 1.J,RADOII,J)
CCC  WRITEIS, ) RADOIT,))
103 FORMATISN, 'RADDI’ 12,",",15,")=" FB.2)
Cxmunummnmmmzmmnnmxmmmmmmxm
COCCCCCC TEST OF PROGRAM ,SET RADILS OF 1000A TO ALL ELEMENTS
¢ RADOIT,J)=1452,
C  PRINTs, "RADIUS=" ,RADDII, J)
¢ WITEIL,s) 'RADIUS= *,RADOIL,J)

IF (J.61, :n THEN

60'70"200

ELSE
WRITE(9,3] RADOIT, J)

PAGE
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WRI7El66.il
WRITEl66.il
WRITEl66.il
WRITEl66.il

MJKRM2? - OMRANCOR FORTRAN A
cntmam:_tmmummummmmmmmmmmmmx

|
200 CONTINE
C WRITEI9,3)  RADD(T,J) [sf,ELEM)
MI‘EI?) | RADOH 30 1=, ELEM)

cm FORMAT(®X, 109.2

¢ WRITES RADO(T, J1

¢ mm-.u RADOIL, V)

¢ mn;ns 3 RADOLL,J1
00 CONTINE

00 208 Ja1 NPORES
WRITEN0,100  (RADDIT,J) , 1=1, ELEM)
107 FORMATIFG. Y, 2¢,Fb.1,20,F6.1, 2% FB.1, 2K Fb.1,
+ GF6. 9,26, F. 1,20, F6,1,2X,Fb.1,,F6.1,/)
208 CONTINE
WRITE(S,5) "RMIN = * RMIN, 'RMAX = ', AMAX
VOL=0

SURF=0
00 1 J=1.'WRES
NIJ)=ELEM
€ PRINTs, 'ELEM' ELEM,'NLJI' N
1 129 ELEM

3
RlDOH J)=RADOIL, J)#1, 0E-10
TVOL TVOL#MWI isz

1 CONT M.E
TOTAL=ELEMNPORES
gtmullmlmtnmnmnmummmmnmum:

RESWLTS TABLE '
RERREEETSRRES TR bR AR LA TR A S LA A TEA R4 DA

C
CTHE VARIOUS BITS OF DATA ARE STORED IN THE MATRIX 'RESULTS "AND ARE AS
C FOLLOKS:

C
CORpseaansssanaasasussssassassssassssssaassassassasnss

C PAGE -2- DEACTIVATE X
CERABRaBRERERgRssaRsassRnsasasssassasssssaansssnssassnnsy

SRR AN NN N Ea
CRESULTIL, NN, TIME ON STREAM
C RESILTIT,21) .. ACTIVITY OF THE MODEL
c Msu:nlraluu-x voL w COKE lN WT
C RESWT(I,41.,...4 OF SUPPORT AREA THAT IS ACTIVE
¢ ﬁSlI.TH.Sl ..... % VOL OF COKE IN THE ZEOLITE
YOL OF ZEQLITE LOST DUE 0 COKING AND BLOCKAGE

B
C RESWLTIL,7).....% OF ZEOLITE AREA THAT IS ACTIVE
C RESWLTIL 9),....% OF PORE ELEMENTS THAT ARE BLOCKED
C RESWTI1,9),,,..% ACTIVE SUPPORT LOST DUE TO BLOCKING
¢ RESULTI1, 101 .3 ACTIVE ZEOLITE LOST OUE T0 BLOCKING
€ RESUCTII,131....% WT COKE (N SUPPORT (WT, PER GRAM OF CATALYST)
C AESULTII,15).,..% WT COKE IN ZEOLITE (WT,% PER GRAM OF CATALYST)

C RESULT(IJBI....% WT COKE IN CATALYST (TOTAL WT% PER GRAM CATALYST)
VOLUME PERCENTAGES ARE PERCENTAGES OF SUPPORT VOLUME

¢
‘
Emummmmmnmmxtmxmxmnmunmmxmn
SET INITIAL OUTSIDE CONCENTRATIONS
CHEsss A RtRaRBAINSRRRERELERRLERRERERXRXSRIAXALAARAXRLRAXSRRRRANY
YPORE=VPORE 1, 0€-06
COUT=COUTH ,0E-03
C0=COUTS (1-CONVER)
NSTEP=1
g.gn ,0E-06
PL=PL31,0E-06/ELEM
KS=KSs1 ,0E-09
€ RKP=-RKP

-E01-

PAGE

4



NRlTEli.il

NJKRM27 - OMRANCOR FORTRAN A

RKS=-RKS

SCOKaSCOKs 0E-10
SCOK2=SC0KZe1 ,0E-10
AREAZ100,023, 1416XTVOLPL / VPORE
CONST2AREAZ/ { SURF 3PL |
€ READU19,3) PL,SCOK,SCOK2
COCHBNBIEBRIREISRLRTER AR LESRAENERTRERNEEERISEERLAINILINNINLINY
CCCCCCC AN EXTRA 10 0 IN THE ORIGINAL PROGRAM INSTEAD OF 1,0
ECCC PL=PL¥10 £~ E

PL=PLM1, (e -0b/ELEM
T roprrpupryreeyen
€ SCOKaSCOKe1,0E-10
{éc . SCO‘:{#COKM J(E-10
ceeece uCCCCCCCCCéCCCCCCCCCCCCCCCCCCC
€ PREADIN9,3) RKP,

RKS
E&C: FOR SIMULATIONS CHANGING DEACTIVATION PARAMETERS
D0 417 1K=1,6
cee
IF L1K.EQ,1) THEN
60 107

ELSE

ELSEIF {1JK,EQ.2) THEN
PL=B0s1E-6

ELSEIF 11JK.EQ.3) THEN

FLOW=FLOWs2,0

PL=10011E-6
PL=PL¥3
KS=KS205,
RKS=RKS#10,0
CC  RKP=RKPs10.0

C
C  CMASS=CMASSs2.0

{

ccecee

CC  ALPHASALPHA+0,20

CC  ALPHASALPHA+0,199

€ SCOK=SCOK-10,%1,06-10
(C  SCOKZ=SCOKZs2.0

(C  SCOKz=5C0k2/3.0

<>
L]

t‘)gnﬂﬂﬂ(’)ﬁﬂ

CC  SCOK=SCOks2.0
€ ELSEIF [1JK.LE.10) THEN
60 10 1M

ELSE
FLOW=FLON$2,0
WRITE(S,2) 'ummxm START DATA SEERERERAXEXXALLLARATTLAANRNY’

C

¢

¢

¢

C = A,'D D

C  WRITE9,s) kS : K 'COUT : COU¥

¢ WRITE(S.3) "TSTEP =" TSTEP,'MT = T

C  WRITE(S,%) 'REP = RKP ‘RKS s RKS

¢ HRITEH,N '§00KZ = ,SCOKZ.'SCOK ', SCOK

C  WRITE(9,%) 'NPORES=',NPORES,’ ELEM =',ELEM

¢ mnm,n "ALPHA = .M.PHA ‘CHASS =’ CMASS

¢  WRITEI9,x! 'VPORE =',VPORE,'FLOW =',FLOW

( unnm 3) 'sssssasaisany Em 0F OATA ERRLXEAAREERLAERRERRRARRELN’
777 ENOIF

Coxxsxsagsrxanas INITIALIZE THE PORE RADTI AND OTHER VARTABLES ssxsax
¢ RKS=RKS+1.,05

¢ ELSEIF 11JK.EQ.2) THEN

¢ RKS=RKS/1,0520,95

¢ ELSEIF (1)K.£9.3) THEN

E RKS=RKS/0.%8

¢

KS=KSs1,05953
ELSEIF (1JK.EQ.4) THEN

-F01-
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NRITEI9.il
WRITEI9.il
WRITEI9.il
WRITEI9.il

MJKRM2? - OMRANCOR FORTRAN A

K3=KS/1,0530,95
ELSEIF (!al(qgﬁ 5) THEN

a§00ka1 .05
ELSEIF (1XK.EQ.61 THEN
SCOK=SCOK/1,0520,%
ELSEIF (1X.EQ.7) THEN
SCOK=SCOK/0,%

ELSEIF (10€,EQ,9) THEN
1=500k2/0,%
ALPHA=ALPHAY{ 05
ELSEIF (1UK.EQ,10) THEN
ALPHA=ALPHA/1,05%0,95
00 471 J=1,NPORES

1J)=ELEN
&5471 1=1 ELEM
RADI (1, J1=RADOI T, J)

CORRLL, J1=RADOLT, J)
mn RADIUSII,J1=RADOIT, J)
(T:OSCOUT
COBRRE ISR RN TSRS ARENRIIRELIEXSARRXRILISARIILANIN
{ PAGE - 3 = DEACT :
HIRTARTIRITREIEIRT AR IR SPRTAR AR AR be AR ORI At e As e es
C READI19, ) RKP,RKS

C0CCCC  FLOWeFLOW/2.0
0CCCCC THE Das?gelurtoms PRESENT IN ORTGINAL PROGRAM
00 15 J=1,10
15 RESWLTI1, )0
RESULTI0,2):100
RESULTIO. 712100
CCCCCC OMRAN ADOED
RESULTI0, 14120
RESULTIO,17):80
CCCCCC OMRAN ADGED ABOVE
WRITE(9,2321) 1)K
2321 FORMATL 1, W1, "RESULTS FOR FLUIDIZED aso SIMULATION *,12//)
WITES, ) RS =* RS, AP * RG
WRITE(S,3) 'ALPHAS ° ALPHA, "KS= " kS
mnEm ) 50K 00K, *SCOKE="" SeoK
HRITE(x,3) *SCOKs *, 500K, SCOKZ= */SEOKZ
WITE(S, ) 'KS= ' kS, ALPHA= *, ALPHA
WRITE(s, %) 'RKS =' AKS,’ RKP= ' RKP
WITE(s.8) ' '
Consarxsnasass QUIPUT INITIAL CONDITIONS T0 DATA FILES masxsssxaassxs
WRITEIS,X) "PORE SECTION LENGTH IN METERS (PL/ELEM)' ,PL
WRITE(9,%) 'DIFFUSION COEFFICIENT (Mss2/S) °,D
WRITEI,21 "RATE CONSTANT (M/S) ' XS
WRITE(9, 1) *TOTAL QUTSIOE CONCENTRATION (KMOL/Mss3) *,COUT
RITE(9,) "PARMLLEL D SERIES COKING CONSTANTS * kP, AKS
WRITE(9.#) "MEAN COKE SIZES FOR ZEOLITE & SUPPORT *,S00KZ,500

WRITE(9,3) 'NUMBER OF PORES AND PORE ELEMENTS ',NPORES,ELEM
" WRITE(9,») 'FRACTION OF INITIAL ACTIVITY DUE T0 ZEOLITE ',ALP
WALTEL9,%) ' '
CCCCCCCCCCCCCC

WRITES,8) 'TIME ACTIV  VOL SSUPT  #OL  %WOL SZEOL %PORE
E +45UP 3260 EFF '5 w
C  WRITE(,3) -szc zconv COKE AREA  COKE  ZEOL AREA  ELEM
¢ +LOST LOST FACT MODLS '

]

~601-
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MXRKY - OWRANCOR FORTRAY A
¢ WIE ST ACTIV  ZE0L  LOST ACTIV BLOC
¢ ROt B0

E
¢

CCO00CECeee0ees

WRITE(Y,1) "TIME ACTIV  XVOL XSUPT  AVOL  %VOL XZEOL XPOR XS
+UP XZEQ EFF, THIEL'

WRITE(S,3) "SEC  XCONV COKE AREA  COKE  ZEOL AREA ELEM LO
48T *231’ FACT MODLS '
SUPT ACTIV  ZEOL  LOST ACTIV BLOC BL

*OC a0’

NRITEH 1IN ,
CCCCCCCCCCCCCC ceceeceeeeeceeccececececee
Conxnxssasunsy BEGIN TIMEWISE SIMULATION ssszssxxxxaxsesszsssttss
feeeccececeece geeceeeecceceeecececececee

21%=0.0
WRITE 166, %) YOLUMES ARE X VOLUMES OF SUPPORT ALONE'
BRITE 166, #) ' XNT COKE 1S ASSUMING ALL COKE IN SUPPORT ALONE'
WRITE (66, %) ' THICKNESS 1S COKE LAYER THICKNESS FOR EVEN COKING'
tﬁ}%!&,l: LI B I R R R R R A
WRITE (66, %) ' THICKNESS XNTCOK ,XVOLFREE, XVOLCOKED, AWOLBLOCK,
+ XAREA FREE, AAREA COKED, SAREA BLOK'
00 2 NLOPs1 LT
CC IF (NLOOP,LE.15) THEN
IF “é&OOP.LEJSI THEN

LSE
FNSTEP:S,O

Caaaxszasazans CHANGE OF STEP LENGTH ssxxxxxsyxxzsyrssxysasasxiny
T=T+TSTEPSNSTEP
CALL COKRAT11,kS,C0,SC0KZ, SCOK, NPORES, ALPHA)
C WAITE{3, ) '1T RETURNS FROM COKRAT ONCE'®
1FINLOOP,EQ.1) THEN
RATMAX=RATE

00 37 J=1,NPORES
00 37 1=1,N(J)
oy DRATE=DRATE+(1-ALPHA 3223, 14163RADO(, J1 $PL
(cc ORATE=DRATE+ALPHASCONSTRADO 1, J13PL
ORATE=DRATE# {1-ALPHA 18243, 14163RAD0 1, J)PLIFRESURIT, J)

DRATE=DRATE +ALPHASCONSTARADOI 1, J)sPLYFREZEG 1, 41
37 CONTINE

SPAREA=DRATEXVPORE / (TVOL3, 14163PL)
ORATE=0RATEkSxC0

EFF=RATMAX/ORATE

THIELE=20

THIELE=0.,00460

CITIC

00 34 1=1,1000

TTT=TANHI THIELE ) /EFF
VARY={THIELE-TTT)/ ITHIELESTTT1 /2
IF 1ABSVARY  LE0,001) GOT0 33

) IF IABSIVARY) ,LE,1E-05) GOTO 33
THIELE=TTT
34 CONTINUE
. THIELE=9%3
E THIELE=0,00485
CCCC  THE FOLLOWING LINE NOT IN PROGRAM QF THOMSON
ECCCC THIELE=TTT

-
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MUKRM27 - OMRANCOR FORTRAN A

33 IF(ABGIVARYI,LT,0,001: THEN
C 33 IF(ABSIVARY) LT 1E-05) THEN
THIELE={TTT4THIELE) /2

¢
g THIELE=0, 00485
ENDIF
GROUP=EFF sKSECMASSESPAREA /FLOK
ceeceee
¢ceee GROUP=EFFaKSICATFEEDESPARE
CCeete
CONVER=GROUP/ (146R0UP)
RESULT(0,2)2CONVER#100
RESULT(0, 12)=CONVER®100
ceecceeeeeee
& WRITE(%,8) EFF KS,CMASS, SPAREA, FLON, GROUP,, CONVER
ceecceeceeoe
E e VM) TISTERASTE, THIEL,EFF GROLP COMER
¢ WRITEIS,s) * TINE MIN  SCOKVOL SUP SCOKVOL 2 %ZAREA ACT
E v 1SN PG °
¢ WRITE(s,8) (RESULTIO, 1), 1=1,10)  EFF, THIELE

cccccc CHANGE TIME TO MINUTES
RESWLTI0, 1)<RESULTIO, 11/60.
ccccc COMCENTRATION AT INTERFACES INGIDE PORES
COCC  RESILTIO, 14)2AFRESD, 20
RESULT10, 14)=RESULTi0, 450,20
RESULTIO, 17)=RESULT(0,7)30.80
RESULTIO, 18):RESULTIO, 14)SRESULTIO N
WRITE(S, 309) (RESULTIO, 1), 1=, 101 ,EFF, THIELE
CCCC  WRITE(x,%09) (RESULTIO 1), 1=1,10), EFF, THIELE
CCCCCC  WRITE(S,909) (RESULTIO.N),1=1,201 EFF, THIELE
mnmé 9991 (RESULTIO, 11, 1=41,181 EFF , THIELE

no:u.1 NPORES
00 3 I=1,N1JI
¢ WAITE(s, ) J,1,NPORES,NIJ) RADIUSIT, ), TSTER NSTER,RATCOIT, 4, 1)
3 RADLID,)=RADIUSIT, J) +TSTEPNSTEPSRATCOIT, J01) /2
C  WITEWY) IS Evahnmue 0k’
Ct!llttlllllltttllttl!ltttlltttlltltltl!ll!lt!ltl!llll
¢ PAGE -4~ DEACT s
CRBEasxs s nsaa RS RRNs R asXRRtsARsXxRLLRRARINRLAAL

CORBBrRRREsERstasusxsRsssaRanRsRALARILIISAALIALILARLLY

C  CHECK FOR BLOCKED PORES X
RITTE TS TEAT T TTEA T TR P AR PR UART U ASRE ARR A Y

00 11 J=1,NPORES
NG
00 11 1M1,
IFIRADIMT, J).LE.1,0E-10) THEN
ceecceccee IF:&[’)X;I‘M LE.999.0E-10) THEN
RAOIUSH,JI-O
?FDI L=

11 CONTINGE
CALL COKRAT(2,KS,C0,SCOKZ, SCOK, NPORES, ALPHA}
C RRITE (3,¥) 1T RETURNS FROM COKRAT TRICE'
00 4 J-1 N’ORES

4 st
4 PADII éf)-m\musuén + TSTEPENSTEPSRATCO(1, J,21 12
mémn
00 21 1=, i,
IF(RADI(I J1.LE.1.0E-10) THEN

-101-
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NRITEIt.il
1lsRESULTI0.il/60
NRlTEIt.il

MJKRM27 - OMRANCOR FORTRAN A

NiJ)zl=1
RADIUSIT, 120
rleénm.u:o
2 CONTINK
CALL COKRATI3,KS,00,S00K2, SCOK ;NPORES, ALPHA)
¢ wmm 31 '17 RETURNS COKRAT THREE TIMES'
J=1iPP;0R€S
2
eeeee unnsu 3) hwwsu ), RADLLL, )
§  RADIIL,JIRADIUSIT,J) + TSTEPNGTEPSRATCOIT,J,3)
00 31 Je1, NPORES
)
00 31 1MW, 1,1
coee IFIRADI 1,41 .LE.9.0E-101 THEN
(FIRADT 11,1 .LE 1.0E-10) THEN
MNBE
RADIUS 1, J)=0
RADI 11,0120
ENDIF
3 CONTIME
cm comm xs co SCOKZ, SCOK n;gnss ALPHA)
TURNS FROM COKRAT FOUR TIMES’
(‘,xtuummmmmummmmmtmmmm
MAKE RUNGE KUTTA STEP '
Ctll!!tt!tlt!ttllttlt!t!lllI"H!x"ﬂlﬂn“"tlt"
m&g.o
AC0K=0.0
ABLK=0.0
AFB=0.0
Wis0,0
VFR=0.0
¥00K=0,0
VBL=0.0
£0¢=0.0
00 67 J=1,NPORES

00 6 1=1,NIY)
RKSTEP=(RATCO(I,J, 1)#25RATCOI],J,21425RATCOLT, 8, 314RATCOI,

4]
RKSTEP=RKSTEP/6.0tNSTEPtTSTEP
CCCC  OMRAN ADDED BELON ,ASSUMING THICKNESS OF COKE LAYER IS CONSTANT
CCCC  THROUGH THE PORE SEGMENTS AND IT EQUALS THAT OF RADIUSI1,1)
CCCC  OMRAN SET RADIUSI1,1)=3200A FOR CONVENIENCE
IF11,E9.1,AND,J.EQ. 1) THEN
T1¥=2YX-RKSTEP
THICK=2Yxx1 €10
ENOIF

CCCC  OMRAN ADDED ABOVE TO CALCULATE COKE THICKNESS

¢CC CCC=CCC+(~RKSTER)£82,0

ccc WRITE (5, %) RADIUSIT, J) RKSTEP

ccc WRITE(S,8) RADIUSIT, ) RKSTER,CORRIE, J!

RADIUS(T, J)=RADIUSI T, JI4RKSTEP

CeasasssOMRAN ADDED ABOVE TO PRODUE RADIS FOR DRANING 22 PORES
CORRLL, J1=CORRLT, JI4RKSTEP

CCC  CORRLI, Jl-MDIUSIl J)

¢C IFICORRI! JLLES. 0€-10l CORRII,J120,0
IFICORRIT,J1,LE.1,0E-10) CORR(I,J)=0,0

e mnm %) RADIUSIL,JI, RKSTEP CORR(I Jl

¢C WRITE(3 3) RADIUSI'.JI RKSTEF CORRIT

CaxasxxxOMRAN ADDEb 10 PRODUCE R Aﬁll FOR DRANINé CORRUGATED PORES
AFRE=AFRESRADIUSIT, J)
VFR=VFR¢RADIUSII.J)::2.0

CCC VVV=VWY+CORRII, J1%82.0

cC KAITE(9,*) RKSTEP

CC  IFINI)LLE.8) CORRINIJIHY,J1=0.0

0C  HAITELS, $) RKSTEP:', RKSTEP

=J0t-

PAGE

9



RADIUSI1.il

MJKRM27 - OMRANCOR FORTRAN A

6 RADL(L,J1=RADIVSII, )
IFINIJILE.9) CORRINIJI#S,0)20,0
67 CONTINE
CCC  WRITEIS, ) NPORESELEMN(1)
(CCC OMRAN ADOED BELON
€ 2VX2N-RKSTEP
€ TRICK=2rXst, 0610
00 345 Jat NPORES
00445 1=1,ELEN
oce WRITE(9,81 AADIUSIT, J),CORRIT, J)
VYVaVYV+CORRI I, J)222,0
s m:gomn IR

CONTINUE
COCC™ OMRAN ADDED ABOVE

VIV IVWY/T: 5 9100,

AFBa(FBISAT 100,

VER= (VFRI TV 4400,

AFRE= [AFRE/SUF 12100,

VBL=VYV-VFR

ABLKAFB-AFFE

VCOK=100, -VFR-VEL

ACOK=100. ~AFRE-ABLK

WTCOK=VCOKa0, 16
COCC VWY 1S % VOLUKE OF SUPPORT FREE+BLOCKED
COCC  VCOK 16 % VOLUME OF SUPPORT FAEE+BLOCKED
(EC VRIS L VLAE O SPRORT Pt

(eee T _BLOCKED
(ece AFRE lS X lHEA o?fsm FREE
CCCC  ACOK IS % AREA OF SUPPORT COKED

CCCC  ABLK IS % AREA OF SUPPORT BLOCKED
CCC  WICOK 1S % WT COKE IN SUPPORT ASSUMING SP VOL=0,16 CC/GM
CC WRITEIs,3)'THICK=", THICK

¢ WRITEIS) VFRe!, VPR, 'VBL=" VBL, "VCOK=’
& mnm.n THICK=" . THICK 't coxe ] suﬁp urcox
0 WRITEISxl 'VER='VFR, 'VBL=' VI 6L, "Vetke" Yok

(C  WRITE(9,3) 'VFR=' VFR 'YBLs' VBL VCOK".VCOK
cC WRITE(9,917)THICK, HTCOK VFR, VCOK VBL
HRITE(% 917)TI-IICK HTCOK VFR VCOK VBL,AFRE, ACOK,, ABLK

917 FORHATHX OBIF? 2,1
¢ FOﬁhATlFB 0,1X OGIFB 2 1), 1F5,1,1X),1F5,3,1X,F6,2!
(¢ WRITE(9, 4) RADIVSI
¢cc WRITE(x, %) RADWSH
CoaxsasOMRAN ADDED TO' PRODUCE ﬂ&Oll FOR DRAWING CORRUGATED PORES
gg IE’I‘P&’O:OP LEOQ.NLT) THEN
CumuOlﬂsg :DDED ABOV%E EO PRODUCE RADI1 FOR DRAWING 22 PORES

| J=t
{  PRINTS, WDHES'N'P;‘ORES NN
00 41 1=MM,1,-1

ece
c IFICORRI1,J1 LE,1,06-00) CORRII, 1=0.0
CCC OMRAN ADDED 70 CAUSE BLOCKING FOR R=20 ANG
IF(RADI T, J),LE.20,0E-10) THEN
cececceceece IF'(‘F:.A)[))I{I"JI JLE.5.0E-10) THEN
RADIUSII, J1=0
RADIHI, J1=0
cece CORR(T,J1=0,0
ENOIF

CC  WAITE(S,*) RADILT,J)
41 CONTINE
€ KN
CC 00 234 J=1,NPORES
o D0 234 1=1,KJi
CC IFINLOOP.EQ.1) KJI=ELEM

kot~
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WRITElS.il
NRlTEI9.il
NRITEl9.il

NJKRM27 - OMRANCOR FORTRAN A

¢ CORRL, J)=CORRI L, J) +RKSTEP
o IFICORRIL,J1,LE. 1,0E-10) CORRI1, 20,0
gcggd CONTINE

CCC 7O STORE PORE RADII IN FILE FOR DRAWING

00 246 Ja1, NPORES

00 246" 1a1  ELEN

CORRIT, J)=CORRIL, J1nt 0610
¢ WRITE(89,1) coaﬁn,n
& WRITE8S,468) CORRIT,J)

468 FORHMHX F6.1)
CONH.J):CORRH,JM JQE-10
bTRlTEQB,H (CORRIT, 3, I=1,ELEM)

6 CONTINE
(CCC0CC0C000000ce00e0eeceeaneaccectareoeececoeceeceeeee
CALL COERATI1,KS, €0, SCOKT , SCOK, NPORES, ALPHA)
CONVER <RATE/RATMAY'
ATIV -nmmmxnoo
(R e AT S b D bR i PR 820 8h 2 82)382800 8082823823031
C  OUTRUT RESULTS 10 RESULTS MATRIX '
Cumxtms;;a:;taumumunmmxmmmxmn

THIELE=20
PRINT3, "NPORES' , NPORES, 'N{J) ' N

00 28 J=1,NPORES

8 1=1,M))

PRINTs,'RADOIL, J)=" ,RADOIT,J!
PRINTs, 'DIFRAT=" ,DIFRAT
PRINTs, 'FRESUPI1, J)=" FRESUPIL, J)
PRINTs, 'FREZEQ(1, J)=" FREZEQIL, J)
OIFRAT=DIFRAT + (1-ALPHA) %233, 14163RAD0(], J) sPLXFRESUPLL, J)
CC  PRINTs, 'DIFRAT2=",DIFRAT
CCC OMRAN ADDED

IF (DIFRAT,LE.1,E-30) THEN

000=DIFRAT

ELSE
CC  PRINTx,'DIFRAT222=" DIFRAT, 'RATE=",RATE
C  PRINTs, 'DIFRAT' DIFRAT
ConpsanaaasnssRasRsRNsINERREENERRRRLEXITARLRRLRRNNSALLY
¢ PAGE -5- DEACT %
COBSERERXRRERSARRERRRIRRESXRBARRERARARARLLNSIANLANSENLY
OIFRAT=DIFRAT+ALPHASCONST£RADO 1, J)xPLSFREZEO(L, J)

ENDIF
CC  PRINTs, DIFRAT3=" DIFRAT, ‘000<' 000
CC  PRINTs, DIFRAT333:’ ,0IFRAT, 'RATE:" ,RATE
28 CONTINE
SPAREAZDIFRATSVPORE/(TVOLA3, 4164PL)
CC  PRINTe, 'SPAREA’ ,SPAREA
OFRAT=DIFANTaCORKS
CC  PRINTS, 'DIFRATA=" ,DIFRAT
o pnxm&'mmr- DIFRAT, '00=",00, 'KS=" KS, 'RATE=" ,RATE

CC  PRINTs, 'OIFRATS".DlFRAT ,'EFF=’ EFF
CCC OMRAN ACDED BELOW
CCCC  PRINTS,'EFF' EFF
IFIEFF.61.1,0) EFF=1.0
¢ce IFIEFF,LT.0,0010) EFF=1,0
CCC OMAAN ADDED 'ABOVE
c PﬁlNT%'THIEL?; 6&1&5. 'EFF=" EFF,'TTT=", TTT, "VARY=", VARY

TT1=TANHI THIELE ) /EFF
VARY={ THIELE-TTT)/ (THIELE+TTT}/2
IF ABSIVARY),LE.0,001) GOTO 30
THIELE=TTT
29 CONTINE
CC  PRINT®,'THIELE2=", THIELE, 'EFF2=" EFF,'TTT2=", TTT, ' VARY2=' VARY

-L0t-
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1X.F6.il

MJKRM27 - OMRANCOR FORTRAN A

THIELE=99
30 IFIABSIVARY),LY.0,001) THEN
E;%ELE:(TTT*THIELE)I?

GROUPSEFF sKSSCMASSRSPAREA/FLON
CONVER=GROUR { 19GROUP)
C0=00UTE(1-CONVER)
RESULT(MLOOP, 1)=T
RESULTINLOOP, 21=CONVERx 100
V0L=0.0

A=
AB=0
A=0
AD=0
AE=0
AF=0
A5=0
00 22 J=1,NPORES
00 22 =1, ELEM
(C  PRINTs, FRESUPI(1,J) FREZEOIL,))
CCCC OMRAN ADDED BELON
IFIFREZEONT, ) LE 1, 0E-5) THEN
FACTOR: 0.0

ELSE
w]:lCIOk-LOGIFREZEOlI.JI [FRESUPIT, 1)

CCCCC OMRAN AGDED ABOVE
e FACTOR=-LOGIFREZEQ 1, J) FRESUPIT, 1)
PO1SS=4, 06-10/SC0K
CCC PRINTS, mzsupu J) FREZEOIT, J1, FACTOR, POISS
IF(FACTOR. L€, POISS) THEN
M =AF4FACTORS (CONSTARADOI 1, J13PL 13SCOKE
(:ummttmtmmxuntx:nxmxmmxmmmmu
C  NMBER OF COKE UNITS sVOLUME OF ONE COKE ELEMENT s
R T TRt R T et iR i aeaetietsteftattattettstietitgesiti]
COK=FACTORISCOKZ/4.0E~10
AG=AG* (1=FRESUP(],J) 1% (1-COK 114, 0E-10% (CONSTSRADG (T, JisRL)
(:mmmtmtmmmxmmmmtmxmmmmm

( ZEOLITE "SPACE' LOST OUE TO SUPPORT COVERAGE %
CoRassanssaRstaN SRR tRNs BNt eaRssassasssanssnssnassansssy

AG=AGHFACTOR CONSTSRADO(, J13PL ) 85CO0K2

CORXBERERRISXRNRRRRRERRTRILIREIXSRRARARSINRNLILNLINLANS
( ADD ON THE COKE CONTENT IN THE ZEOLITE 70 CALCULATE »
C THE TOTAL LOSS IN VOLWE '
CHRRIRXE IR RRRRARRILRRRASARSEXERERENISRANRRSXIRARIANLANS

ELSE
AF=AF+(CONSTSRABOL1, J)sPL3d, 0E-10)
AG=AG*(CONSTERADO1 T, J) PL34, 0E-10)
CORREEERERRRS RSN RRIRIANIRNERRRIRRRARANSIRNLRSIRNIINNY

C ZEOLITE TOTALLY FULL ¥
cnmxxtxxxm;tmtnmmxnnumtmmmnmm
€

22 VOL=VOL+2, 0SRADOI 1, J18SCOKS (-LOGIFRESUPT, 41 1)
RESULTINLOOP, 51<AF / (TVOLAPLS3, 14161100

ccccccccomawoe'&ao n1wom SOME DIFFICULTIES IN RESULTINODR,S)
IF (RESULTINLOOP, 51 ,LT ,RESULTINNLL,5)) THEN
gsos%nw.ow.suaesm:m.s»

C0CCC OMRAN ADGED ABOVE
CIE AN, VL L AESATOP 5

RESULT(NLOOP, b)=AG/ (TVOL3PLX3, 141613100
IF(RESULTINLOOP,6) LT RESULTINNLL ,61) THEN

PAGE
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MJKRM27 ~ OMRANCOR FORTRAN A
RESULTINLOOP,61=RESULTINNLL,6)
ENOIF

RESULTINLOOR , 3)=V0L/TVOL$100
00 23 Jsf  NPORES
0 23 1A NY)
MehA$FRESUP (1, J)3RADOIT, J1
2 AB=ABSFREZEQ 1, J1aRADOI 1, Ji
RESULTINLOOP, )zAA/SURF 100
RESULTINLOOP 7)=AB/ SURF 100
00 24 J=1,NPlRES

0 u iszm.ELEn
C!li!!!lt!ttllllllll!illll!!ﬁlllll!llt!lli!!iltiiilllt!lﬁ!l'!

PAGE -b- DEACT )
C!!!ll!tlltt!l:ét;;!:!ll!!!tttllltltlltltltl!l!ttt!ttll!txtlt
AL+
AD=ADSFRESUPI 1, J) SRADOI, J)
20 AE=AESFREZEONT, J)sRADOIT, J)

RESULTIN00R, 6)=AC/ TOTAL 100
RESULTINLOOP, 9)=AD/SURF 100
RESULTINLOOP, 10)=AE/SURF 2100

(CCCOCCCCEC  OMRAN ADDED  CCCCE

CCCCCC  ASSUME SUPPORT WOLUME=0.16 CMASI/GH

CCCCCC  ASSUME ZEOLITE VOLUME=0:04 Chss3/GM

CCCCCC  ASSUME CATALYST VOLUME=0,20 CMes3/GH

CCCCCC  ASSUME COKE DENSITY=1.0 GMICMAX3

CCCCC  ASSUME ZEOLITE AREA= 100 Mas2/GM

EEEEEE ASSUME SUPPORT AREA 25 Mrs2/GM
RESULTINOOR, 11)=RESULT INLOOP, 1)

RESULTINLOOP, 12)=RESULT INLOOP, 2)

CCC  RESULTINCODP, 13)=RESULTINCOOP, 313016
RESULTINLOOP, 13)=HTCOK
RESULTINLOOP, 15)<RESULT INLOOP, 5)30,0415.,0
RESULTINLOOP, 16 )=RESULT INLOGP, 131 4RESULT INLOOR, 15)

CCCC  RESULTINLOOP,14)=RESULTINLOOP, 4130, 20
RESULTINLOOP, 141 =AFRE0.20
RESULT INLOOP, 17)=RESULTINLOGP, 7140,

et RESU.TN.OOMB)-RESULTINLOUP 14)*RESULT1NLO0P m

Ccec
(CCCCCeeceeeccecC  OMRAN ADDED ABOVE
¢ WRITE(S, %) ' TIMEACONY'

ceeecee
CCCCCCCCC  WRITE(,909) (RESULTINLOOR, JJJ),JJd=11,20) EFF , THIELE
C0eeeeee WRITE(99,939) (RESULTINLOOP,JJJ),JdJ=11,18) EFF  THIELE

CCCC PRINTS, 'EFF=" EFF, 'THIELE=", THIELE
WRITE(9,909) (RESULTINLODR, JJJ) , uJ=1,101 EFF , THIELE

C909  FORMATIIN ,06(F10.,51,/,1H ,6(F10.5),/)

€909  FORMATIIH |F5.0,2X,11(F6.2.2K1)
C 909  FORMATIFS.O,1X,06(66.2,1X),41F4.1,1%),F6.2)

909 FORMATIFS.0, 1X,06(F6.2, 1X1.3(F4.0; 1K) F5.3,1%,F.2)
0909 FORMATIFS.0,1X,061F6.2. 1K1 3(F4.1,1X) F5.3. 1K F6.2)

999 FORMATIFS,0, 1X,06(F6.2, 1K) 1(F5.1,1K1 . 1F5.3,1K,F6.2)
CC909  FORMATIFS.0. 1K, 06(F6.2, 1K) 3(Fd.1, i Fsum 2
(C999  FORMATIFS.0,1X,061F6.2,1X) 2(F5.1.1X) 1K 6,21
CCCOCCCCC0C  INTERMEDIATE CONCENTRATIONS' éccccccccccccccccccccc
¢ WRITE(3, %) (A(J,4,1),J20,101,C00T,C0
¢ WRITEI9,8) (ALJ.4,1):4=0,10) ,COUT,CO
ccccgccccccgg}c‘%cgcccccccccccccccccccccccccccccccccccccccccccccc

t:mmmmxmmmmmmxmmxxmmmummuu
QUTPUT RESULTS TO SCREEN

c::mmmmmmnxmmmmmmmumxxmtmm

C 0025 10\

(€ 25 WITES,3) IRESULTII,J),J=1,91

N1~
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WRITE(10,8) RESULTINCT,6)
00 112 J=1 NPORES

0 112 §=1, M)
142 RADIUS(T, J)=NINT(RRDIUSI1, Jis1 . 0E10)
CU3  WITE(L,S L,
cceececeee
ceececeee
¢ WRITE(10,51 (AfJ,4,11,J20,10),COUT,00
00 113 J=1, NPORES
0 113 1:1 ELEH
CC  WRITES,®) RADIUSII, V)
mmnb $) RAOIUSIT,Y)
113 CONTINE
CCCC00CCaCoeeeces
¢ 00 113 J=1, NPORES
¢ WITE(B, ) (RADIVSIT,J), I=1, ELEM)
C 113 WRITEND,) (RADIUSIE, ), 1=t ELEM)
417 CONTINE
¢ 417 CONTINE
{ WRITE(2,2) D
§T0P

CORBET AR RS R RERARRXSRIRRRISIRATARRSSRRIXSIAINEY

SUBROUTINES '
R IIT AT RERY MR T A e e R PSR R R TR AR U I
¢

CRrEsRtassRRR Rt iR RRsyRxsRssaRsesRaneIRRRRARRERLIRRLY
C  COKDAT ACTS AS ADRIVER SUBROUTINE )
CONssanunxexs st usx st apsassssxsERtINTARRRLRRLIRLR
SUBROUTINE COKRAT(ISTEP S, €0, SCOKZ, SCOK, NPORES, ALPHA)
REAL A(0:10,4,20001 RADT110,52) Mi10,221 kS L
REAL B10:10,23),0(10,221 ,RADO(10,22)
REAL RATCO (10,22,4) . THETA(10,221 FRESUPI10,22) FREZ
+£0110,22)
INTEGER N122)
COMMON /DATAT! FRESUP ,FREZED
COMMON /ATA4/ N
COMMON /DATAY/ RADI
COMMON /DATAB/ M
COMMON /DATAS/ RATCO, RATE
COMMON /DATA2/ A
COMMON /DATA3/ THETA
COMMON /MEGA/ L, COUT, RKP, RKS
COMMON /DATAG/D
COMMON /DATAS) RADO
Pl=3.1416

L=PL
CALL AREA(NPORES, ALPHA,SCOK,SCOKZ,KS)
CALL COEFSTINPORES,CO,L)
CALL TRIDGINPORES)
Exxm:w gEET CONC OF A AT EACH END OF THE PORE & CALC CONC OF B AT EACH
4|

W 2 J=t 'WRES
AL0,4,0)300
IFIN(J),E8.0) GOTO 2
Cxaxxex NO REACTION SXSXRBxsstrsssssssssxsssssssssis
IFIMINGI,J) ,EQ.0) THEN
Cxarxex DIFFUSION IN END PORE SEGMENT waxsxtxussaxxesay
Et’&“"'“ sAINLI-1,4, 01

Cexsxsy REACTION IN END PORE SEGMENT ssassxaxxxyysxasxs
MNIFJ_).4,Jl=A(N4Jl-1.4,Jl 1 COSHIMINLJI, JixL)

ENDI
c 2 CONTINGE
¢ WRITE(x,3) AI0,4,1),A01,4,10,A12,4,1),A19,4,1),A110,4,1)
-001-

PAGE

14



NRITEHO.il

MJKRM27 - OMRANCOR FORTRAN A

00 13 J=1, NPORES
0 13 {20,N(J)
13 Bil, )iz COUT-MI 4,J)
cmxmmxtnmlmuummnummxmmnum
PAGE -7- DEACY X
COM NN R RN NSRRI R AL BN ERALXIREIRALARARERANALS
IFLISTEP,EQ.1) THEN
CrsuxvasaCALC MAIN RATE
RATE=0
D0 3 J=1,NPORES
IFINIJ) E0.0) GOTO 3
Conaxsaxx N) REACTION IN PORE
TFIMIY,J) 67,000 THEN
ConvaannsREACTION IN'FIRST PORE ELEMENT
RATE=RATE+D(1,J)3RAD1 11, 1828 (MI1, JIsA(1,4,J} /SINHIMIT,J)
+!L!~H|‘I.J)!AID.Q,J)ITNNHI‘I.JltL)l

ELSE
CeaexsDIFFUSION IN FIRST PORE ELEMENT
?FQ!E:RATEHAH.‘,J)~MO,4,JHIL:D(1.JltRADIH,J)u?

END

3 CONTINGE
RATE=-RATESP]
ENDIF

Caanax CAL COK[NG RATES BASED ON 1ST ORDER IN CUNC ,ND ORDER IN AREA
00 4 J=1,NPORES

4i-1 N
»tm=uu-1 G414, 0112,0
BVEAN=(B([-1,J14B11,J1)12.0
cec WITE(s,3) FRESUPI, J)
RATCO(1.J, ISTEP)=AMEANS (FRESUP( 1 J) 13328RKP
RATCOI T J. 1STEP ) <BMEANS (FRESUP 1, J) 1xs28RKS+
v RATCOIL, ). ISTER)
& RATCO(T.J, ISTEP)<AMEANS IFRESUPI1, J1 83 28RKF
o RATCOI1,J. ISTEP)sBMEANS IFRESUPIT, J) 118 28RS+
€+ RATCOIL, V. ISTER)
4 CONTINE

END
CRnmxassunasaaasnasansanssxnssssassasseANLL

SUBROUTINE TRIDG|NPORES)
Cra3THIS ROUTINE SOLVES THE TRIDIAGONAL MATRIX T0 FIND THE CONCENTRATION
REAL A10:10,4,2000)
INTEGER NiZ2]
COMMON /DATA4 /N
COMMON /DATA2/A
00 1 J=i,NPORES
TFINL)LE, 1) GOTO
00 2 1=2,NiJ)-1
Atl,2,00=A(1,2,00-AL1,1, JVIAIE=1,2,))8AM1=1,3,))
2 AL A, J1=h(T,4,00-A00 1, JVIALE1,2, 005A0 D=1, 4, 0)
NM1=(N(J1-11-1
AINLI)-1,4,31=RINLII-1,4,0HAINCIY-4,2,0)
00 3 I=1,N
MeINLJI-1)-]
3 AIM 4, D12 (AIM 4, J1-AIM,3, J0sAIMeE 4,001 AIN, 2,0
1 CONTINUE
RETURN

ENO
CesrxaCOEFST SETS THE COEFFICIENTS FOR TR!GD
SUBROUTINE COEFST (NPORES, CO,L
REALA10:10,4,20001 ,RADI (10, 22) L,M110,221,0110,221
INTEGER Ni22)
COMMON /DATA / D
COMMON /DATA4 / N
COMMON /DATAT / RADI

=P01-
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COMMON /DATAR / M
COMAON /DATA2 / A

00 2 Jat,NPORES

IFINIILE 1) GOTO 2

00 1 1s1,N1J)<2
L L L

PAGE -8~ DEACT !

(RIS R AR L LA 12
¢ FOUR ALTERNATIVES FOR OPEN TO QPEN PORES
( 11 REACTION - REACTION
¢ 2 REACTION - DIFFUSION
¢ 31 OIFFUSION - REACTION
¢ 4) DIFFUSION - DIFFUSION
€ THESE FOUR ARE DEALT WITH BELON
CHS RIS IR S S AR RS SR ARAAALS RS AR

‘ IFIMI1,J1,67.0,0.AND. MUI#1, J1,67,0.0) THEN
E REAC/REAC

AL, D0SMUL, 0800, JISRADTLT, Jisu2/SINHINCT, JisL)
ML2on1z-ME 0t JysRm0L dve2i AR 1sL)
, e:n.z.u:m,z.u-nnﬁ.mm1*1.Jnamu+1,mz2mwm1»1
¢
MT,3,J0=MUT61, 0aD1144, D sRADL 1141, 1 382/SINHIMI 141, JinL)

AT 4=
ceceeceecece
geeecceeecect
¢ WRITE(s, %) [ALJ,4,1),J20,10),000,CO
¥ WRITEND, 0 1ALS, 4,10 ,J20,101,000T,C0
eeceeceee
ceceeeeec
¢ WRITE(s, 8 ALY, J1,M0,2,00,M1,3,0)
RIIIIITEITIE T AML AR AR e R s R AR e 10

ELSEIFIMI1,J),67.0,0,AND. M4, ) £.0,00 THEN

¢
g REAC/DIFF

AL, =ML D0 eDT JYSRADT (T, J)ns2/SINHIMLT, J1sL)

ME2dzM DL Jysra0l i diss2rTanmd, st

L2 0=A0,3, 0100141, J1sRand (11, Jies2iL

A 130J1=0( 14, D1aRAD 41, Jima2iL

Atl,4,0150
Ct!llllll!ltlltll!t!lllltil!lit!tlttl!ttltlxll!ltl!lil!i

ELSEIF(MIT, J).£0.0.0,AD.MIT#1, 41 67.0,00 THEN

(
E DIFF /REAC

A1, 1,002 DUL, D sRADL T, D132/
M1.2,01= DI, JsRADI 11, a2
LMI,2,J)=A(I,2.J)-mM,Jlxoll¢1.JlxRADI(M,Jlxtzlrmmmlﬂ
+,JL)
:l{,i.jl:gllﬂ.JItD(M,JltRth(I¢1,J)n2lsnmml+1,J)tl.)
{1,4,))=
CHRRLatessuaasaRaasa st sxsxstRaRessssassnssssassazssssy
ELSEIF(MIT,J1,E0.0,0,AND MI1+1,J1,£0,0,0) THEN

C
E DIFF IDIFF

AT, 02001, )0 sRADTIT, D1 as2iL
AL,2, 02011, JVARADI (1, J1as2iL <Dil#t, JIRADLLI# , Jis2iL
M1,3 D1=DITH, JsRAGT (¥4, J)ss2iL
MI4.91=0
ENOIF
1 CONTINE
AT 4, D1==Al1,1, 1500
C!l!lll!!!lll!l!11(!!!‘!8!‘!!!!1!!!!!lt!!t!ltliliit!!tlXtt!!!!t

-B02-
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MUKRM27 - OMRANCOR FORTRAN A

C  FOUR ALTERNATIVES FOR OPEN T0 CLOSED PORES

( 11 REACTION = REACTION

¢ &) REACTION - DIFFUSION

¢ 31 OIFFUSTON = REACTION

¢ 4} DIFFUSION - DIFFUSION

€ THESE FOUR ARE DEALT WITH BELON

(AT ITTT I P AT T M T T P M e AR LA AR R AT AL
c IF (MINLI)-1,J),67,0,0,AND. MINLJY, J),67,0,0) THEN
(
¢

REAC/REAC

AINLI=Y, 1, J)sMINLY=Y, J13DINEI )1, JDSRADTINLJD =1, J 132/ SINHL
MINED-1, e )

AN 1 22NN =1, DD INLI) =1, JLRRADTINLJ) =1, J) 332/ TANH (M
R T LT T T b bt
¢ PAGE -9- DEACT X
COaEN NI AL SRS R RS RS AR RIS XN KRR ALRSRRNIRARIASATRANLLS
Hi)=1, L)
AINLIY-1,2,003AINLI=1,2,0) = NI, JISDINEY, J)aRADDINIJ), J)as
SATANRIMING), JisL)
AINL-1,4,0020
(AR Rt R e Rt R T P et e e s e Raqttatteite
ELSEIF (MINLJ)=1,).6T,0,0,AND,MINIJ),J1 EQ.0,0) THEN

¢
E REAC/DIFF

AINEDI=1, 9, D =MINLDY =1, JISDINLI D=1, D) SRADT INLJ =1, J) 832/STNH
+IMINL) =1, )0l )
AINEJI=1,2,J0==MINtJ)=1, S1DINLJI=1, JISRADT IN(JI-1, ) 92/ TANH
+IMINL) -1, sl
MN'JM,‘.J):O
CHRseaasssnanesssessxssssxsss s st asnsasaxasssxssrsaxssansesssy
ELSEIF (MINEJI-1,J).E0.0,0.AND. MINIJ),J),GT.0,01 THEN

¢
E DIFF/REACT

AINCII=1,1,00=DINLII-1, JISRADTINLJI -1, J1382/L
) f:NlJH,2,Jl=-H(N|Jl.J)30IN(Jl.J)lRﬂDI(N(Jl.JlletTAWMlN(J
#,01
AINLII-1,2,012AINL)=1,2,J1-DIN L) =1, J1SRADTINL =1, J1sx2iL
AINLJ)-1,4,01=0
CHrstaaaaagsRessstessxssasaeasssxsxsRassnXssaxsxxsssxbssxssassssy
ELSEIF (MIN(J)=1,J1,E0,0,0,AND MINtJ), J},€8,0,0 THEN

¢
E DIFF /OIFF

AINLI-1,1, 0021
AINLII-1,2,00=-1
AINLJI-1,4,01=0
ENDIF

2 CONTINE
RETURN

END
CazxsaxaxasTHIS ROUTINE ESTABLISHES THE VALUES OF M
SUBROUTINE AREA (NPQRES, ALPHA,SCOK,SCOKZ ¥S)
2 REAL RADO(10,221,RADI(10,22) , THETA(10,22)  FRESUPI10,
+221
REAL FREZEngO ,221,M4110,221 k5,010,220

INTEGE
DMAS I 0
COH'M IDATA10/ CONST
COMMON IDAW | FRESUP, FREZEO
COMMON /DATA3 1 THETA
COMMON /OATA4 / N
COMAON /DATA1 / RADI
COMMON /DATAG / M

~C02-

PAGE

1




c

ceece
1
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COMMON JDATAS / RADO
00 2 Jo! , NPORES
0 2 fa1,NU)
IF(RADL (1,41 ,LE. 400, 0E~10) THEN
ELts)él.Jh?ls.ﬁtRADul.J)

0tl,J)st,06-5
ENOIF

ONTINUE
00 1 Ja1,NPORES

RN
TAREASCONSTSRADOI 1, J)
FRESUPI 1, J)=RADT (1, J) IRADOIT, J)
WITEI, ) RADLIT,J),RADOLT,J) ,SCOKZ, FRESUPIT,J)
IF(LRADT (1, 1-RADOIT, 31 /COKZ) -LE. 2100, | THEN
FREZEDI], J1=0.0

ELSE
E'B?EZEOH.JMEXPI (RADI {1, J1=RADOIT, J}1/SCOKZ) ¥FRESUPI I, J)

WITE(s,3]  FREZEOIT, J)
FRESUPIT,J)=EXP((RADT(1,J1-RADOIT,J11/SCOK!
TFCIRADI (T, JV-RADGIL, J) ) 7SCOKZ. 6E -1.0E =101  THEN
Efssgsou,mzxmmaoiu.u-mou.uuscoxz.:mesupu,.u
FREZEOI1,J1=0.0
ENDIF

THETALL, J)={ 1=ALPHA ) 8283, 14163RADOIT, J) $FRESUP(], J)
THETAUL, J)=THETALL, J)+ALPHAXFREZEQ( 1, J) sZAREA
WRITE(s,2) THETALL,J) KS,RADLML, 00,00, 00
M1, J)=SGRTITHETALL,J)sKS/ (RADI (1, J)ax283,1416xD11,011)

CONTINVE

RETURN
END

PAGE
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APPENDIX-3

Microfiche listing of the program OMRAN10 which solves the equations for

diffusion, reaction and deactivation in the stochastic network pore model.
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APPENDIX—4

Experimental Procedure for Surface Area Measurement

The manufacturer's instructions for using the Quantasorb Unit were as

follows:

(1)

2)
3)

(4)

Take a catalyst sample (0.1 g) in the sample tube. Fix it in the sample
holder in the Adsorption Unit (in the pretreatment position). Put the
heating mantle around the sample tube and clamp it. Pass nitrogen (20
cm3/min) through the sample tube.

Switch on Quantasorb Unit and flow controller.

Put liquid nitrogen in the Dewar flask around the trap in the right hand side
of the unit. Adjust the temperature control-knob until the temperature
reaches 400° C. Keep it under these conditions (temperature 400° C, nitrogen
flow rate 20 cm3/min) for 90 minutes and switch on the recorder.

Allow for the sample tube to cool to room temperature. Transfer it to the
adsorption position (at the front panel of the unit) and pass nitrogen through
the sample by opening the valve at the top of the Quantasorb Unit. Set the
attenuation at 32 (Quantasorb) and bridge current at 150 mA. Set the
recorder span at 5 and chart speed at 0.5 cm/min. Put the by—pass valve to
the by—pass position. Open the helium cylinder and helium valve in the
Quantasorb. Adjust the helium flow control valve in the flow controller to
get flow rate of 18 cm3/min. Adjust the nitrogen flow control valve until the
flow rate of Ny is 2 cm3/min. Open the by—pass valve (at the top) to the
sample position and allow the gas mixture (10% N2 in He) to pass through
the sample. Wait for 30 minutes till a steady base line is observed in the
recorder. Zero the integrator reading in the counter. Put the polarity switch

in the adsorption position (up). Immerse the sample tube in liquid nitrogen.



(5)

(6)

(7
(8)

9)
(10)

(11)
(12)

(13)
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A peak will appear in the recorder due to adsorption. The adsorption is
complete when the recorder pen has returned to the base line, and the
reading becomes constant. Note down the integrator reading. Zero the
integration counts and change the polarity switch to the desorption position
(down). Bring the base line to the original position. Remove the liquid
nitrogen flask from the sample.

Desorption of nitrogen takes place and a peak appears in the recorder. When
the recorder pen returns to the base line and the integrator reading becomes
a constant, note down the reading.

Withdraw 2.5 cm3 of N in a gas syringe from the OUT position in the
Quantasorb and inject it into the carrier stream in the IN position. Watch
the calibration peak and note down the calibration counts when the reading
becomes constant.

Turn the valve at the top of the unit to the by—pass position.

Make another mixture containing 12.5% Na in helium. (Increase the nitrogen
flow rate to 2.5 cm3/min and decrease helium flow rate to 17.5 cc/min)
Repeat steps 4 to 8.

Make another mixture containing 15% N2 in helium, (nitrogen flow rate 3
cm3/min and helium flow rate 17 cm3/min).

Repeat steps 4 to 8.

Shut down the unit as follows:

Switch off the recorder

Switch off the Quantasorb unit

Close the Ny and the cylinders

Close the N2 and helium valves in the Quantasorb Unit.

Determine the weight of the catalyst in the sample tube.
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Surface Area Calculation

Total surface area of a catalyst is wusually determined by the
Brunauer—Emmett—Teller (BET) method. The basis and background of the

technique are treated in numerous articles and books(Allen, 1990; Lowell, 1979).

The usual form of the BET equation that describes the adsorption as a gas

upon a solid surface is:

P/P, C—1,, P
VIRV, 0 Y
where
\% is the volume of gas adsorbed at pressure P,
P, is the saturation pressure (the vapour pressure of liquefied gas at the

adsorbing temperature),
is the volume of gas required to form an adsorbed monomolecular layer, and,

C is a constant related to the energy of adsorption.
When experimental data are plotted as (P/P_)/[V{1—(P/P_)}] the ordinate

against (P/P ) as the abscissa, a straight line results for P/P_ values between 0.05

and 0.35. Intercept and slope are (1/V C) and (C-1) V_ C respectively.

slope + intercept = V:C tyo=—~v—

The monolayer volume is thus expressed as the reciprocal of slope plus intercept.
The total number of gas molecules (N ) is the monolayer volume (in cc/stp) is

given by:

A%
N,= m%ﬁ x Avogadro's number



Total surface area, S, is given by:

S = (N,) (8)

where

S' is the area covered by one adsorbed molecule

Since area covered by one adsorbed nitrogen molecule is given by:
§' = 16.2 A2

or

S'=16.2x 10720 m?

Substituting back into previous equations, the total surface arca, S, is calculated as

follows

S = 5370 X 6:023 x10%x 16.2 x 10720 ni?
or

S=14.35x Vm mn?

Quantasorh  Adsorption Unit for Surface Area Measurement,
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SEM Sample Preparation

Platinum Coating:

(1)  Connect pump power supply plug to coater unit and connect the correct vac
line to the pump.

(2) Ensure Argon cylinder is on and that the vent and leak valves are closed.

(3)  Place sample in holder and adjust platinum source to correct height above
sample (~ 2cm)

(4)  Set selector switch to pump

(5)  Allow vac to reach .08 mbar then leak in Argon for a couple of seconds so
that vac drops to .02 mbar, close the leak valve — repeat this step then allow
vac to drop to ~.03 mbar.

(6)  Set voltage at about 1.4 KV and set selector on "SET HT". Leak in Argon
until a deflection of 16 — 18 mA is seen on the dial then set selector switch to
"Control".

(7)  Set timer switch for desired duration and press start button. The unit will
now coat for set time (try 2 minutes at first).

(8)  When coating is over set selector switch to 'off' and open vent valve until

pressures stabilize. Close vent and leak valves and switch off Argon cylinder.

Then remove sample.
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Carbon Coating: (essential if EDX analysis i8 required):

(1)  Connect the vac. pump power supply plug to left socket on coater unit and
connect the coater unit vac. line to the pump.

(2)  Replace the carbon fibre filament between the electrodes trimming off any
excess. (use the screwdriver as the unit will be hot if it has just been used).

(3) Place sample in the holder (if the sample is deep then lower the sample
holder accordingly). Close lid and place electrode unit in position.

(4)  Close the vent and switch on the pump at the front of the coater unit.

(5) When a vac of .08 mbar is reached switch the selector switch to continuous
and select about 30% on the voltage control. Allow the fibre to glow bright
orange for 30 seconds to drive off any moisture then switch selector to 'off'
position.

(6)  Allow the vac to drop to .03 mbar, place selector switch in pulse position and
set voltage switch on 65%. Pulse power through the fibre for one-second
bursts until the fibre burns out (one—second bursts with 6—second gaps).

(7)  Set selector switch in 'off' position, and voltage control to 0%. Switch off

pump and open vent. When the pressure has stabilized the sample may be

removed.
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NDIX:

Detailed Specification of Experimental Apparatus

(1) Glassware:

Cracking Reactor:

material of construction: Quartz glass (96% silica)
dimensions: see Fig. 5.7

Inlet Section:
material of construction: Pyrex Glass (Borosilicate)
dimensions: see Fig. 5.7

Outlet Section:

material of construction: Quartz glass (96% silica)
dimensions: see Fig. 5.7

Product Condenser (Liebig):

material of construction: Pyrex (Borosilicate)
dimensions: 100 cm? surface area
300 mm overall length

(2) Electrical Equipement:

Feed Pump:
(for flowrate > 0.5 gm/minute)

Watson—Marlowe peristaltic pump (502S) with pumphead module (501R)
silica tubing feed line— 1.66 mm bore.
(for flowrate < 0.5 gm/minute)
The Perfuser syringe pump, with a capacity of 50 ml.
(3) Tube Furnace:

Dimensions: 150 mm inside diameter
450 mm length
Power Rating: 750 Watt



4)

(5)

(6)
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Chemicals:

Cumene:
Supplier: Fison Scientific Apparatus Ltd.
Purity: 99.5% minimum (GLC Assay)
Boiling point: 148—-153°C
Specific Gravity: 0.862—-0.865

Nitrogen:
Supplier: BOC Ltd.
Details: Oxygen free

Temperature Control and Recording:

Control: Three term Eurotherm type 810 controller

Thermocouples: K—type thermocouples

Calibration of Thermocouples: Carried out using a platinum resistance
thermometer.

Temperature Recording:

The thermocouple interfaced with an apricot computer via 3D think lab system
containing a 12 bit analogue/digital card. The A/D card produced a digital
signal in the range 0-4096 which corresponded approximately to the

temperature range 0—700° C.
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Operating Conditions For GLC Analysis

Equipment Description:

Pye Unicam GCD chromatograph Series 204 linked to a Hewlett Packard

18652 A/D converter. Electronic integration by a Hewlett Packard

integrator.

Conditions:

Column

Column Temperature

Carrier Gas and Flow
Detector

Detector Temperature
Attenuation

Injection Type
Injection Temperature
Sample

Chart Speed

1.5mx4mm i.d. glass packed with 5%
Bentone 34, 5% SP 1200 on 80—100 mesh
Chromo—sorb W.

Programmed: 80° C for 2 minutes then at
16°C/min to 110°C.

Nitrogen at 45 ml/min

Flame Ionization Detector (FID)

200°C

64x102

Syringe—on—column

200°C

0.5 pl of cracked products

0.5 cm/min.
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The LECO CS244 Analyser

The illustration below shows a simplified line diagram explaining the operation of

the LECO CS244 Carbon/Sulphur analyser. The catalyst is

removal of moisture 02
and dust from the
product gases
SO2
analysis I
[ ————————
5?:(23{[" Filters
C0,| Catalytic
&2 conversion of
Cco -+ CD2 ]
co Induction
Furnace

S05 z:nré\oraf of SO3 prior
trap 2 analysis

€02 | co,
IR

C
call analysis arbon/Sulfur Analyses

—————> Exhaust

automatically weighed and an equal amount of Iron chip combustion accelerator
added to the sample. The sample and accelerator are then placed in the induction
furnace where they are burned in the presence of oxygen. The product gases are then

analysed by Infra Red Spectroscopy (IR).






