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ABSTRACT

The purpose of this work is to model and simulate the Fluid Catalytic Cracking Unit
(FCCU) riser of a refinery having Kaduna Refining and Petrochemical Company (KRPC)
Kaduna as a study. The unit’s operation is cracking of heavy gasoil (VGO) to light weight
oils in the presence of catalyst (zeolite). The method employed involves the collection of
operating conditions, feed stock stream analysis data from the refinery which was
processed in order to obtain mass fractions of the representative specie involved in the
cracking reactions. A model equation was obtained and simulated using Comsol
Multiphysics software. Furthermore mass and energy balance were carried out. The results
of the simulation of the model showed a good agreement with the experimental results. In
addition to gases and oils, gasoline obtained was 54% by weight fraction. The result
obtained from the simulation was close to the data obtained from KRPC as well as results
from other researchers. Thus the model obtained can be used for the simulation of crudes
other than the Nigerian crude and the computational software used is recommended for the
optimization of process units.
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CHAPTER ONE
1.0 : INTRODUCTION

The merits of the fluid catalytic craéking unit are, firstly, that as a result of the overall
speeding up of the process, the cracking temperature can be lowered somehow and the
process can be conducted at a low pressure and secondly, which is most important, thé
selective action of the catalyst accelerates reactions that lead to the accumulation in the
cracking, gasoline of arenes, iso-alkanes and iso-alkenes possessing high octane numbers

(Erikh et al., 1988).

The features of the catalytic cracking mechanism in comparison with thermal cracking
sharply affect the composition and properties of the gas and gasoline. The gas contains less
low-molecular components, but much more isobutene. The gasolines are enriched in

isoalkanes and arenes (Erikh., ef a/ 1988).

The need for producfs derived from crude oil is essential in all facéts of life whether in the
: developed,-develéping or underdeveloped countries. This has led to the search for more oil
reservoirs by the geologists and geophysicists and subsequent refining of this crude oil by
cherﬁical enginéeré and engineérs from other related fields of 'engineering.. The fluid
catalytic cracking unit (FCCU) in the refinery is where feed oil (heavy hydrocarbon chain
oil) from the crude distillation unit (CDU) and atmospheric distillation unit (ADU) are
cracked .into lighter molecules of hydrocarbons. The feed oil is contacted with ca_t.alyst in
tﬁe pr’es'encé of very hot air in thé riser reactor .which is now sent tc-) the fractionators to

give gasoline of high octane number, light gas oil, heavy gas oil, feed for petrochemical



unit and coke. The coke is sent to the regenerator to be burnt off and the catalyst recycled

for another operation.

- Among the products of the FCCU, gasoline is the most important, in that it is used to run
most motor vehicles, generators to give power and used as solvent in some industries and

road side mechanics.

The reactor Ll.SCd.‘in.[hé FCCU s »thetmost important equipment of the unit as it is the -
central pl‘océssing uxjirjt\'Where ph"_ysical}ﬂuids or solids are converted to desired products
taking into c.onsic[eriltiion the re:Si'dence ftime in which the reaction is expected to take place
in an econonﬁcully viabie way. In view of this, modelling of the riser reactor is important

in order to achieve maximum.yield of gasoline and other FCCU products.

1.1 Aim and Objectives of the Work
The aim of this work is-to model and simulate the cracking reactions that occur in the riser

reactor and this will be achieved using the following objectives.
I To develop a mathematical model that describes the reactions of interest that
takes place in the reactor system.
2 To inve_stighte the influence of the riser to give light end products with high
octanc numbcr. :

3 To sixh’(_ilate the developed model using a computér programme and compare

the simulated results with the experimental results.



1.2 Scope and Limitation of the Study

This work is limited to the riser of the FCCU of Kaduna refining and petrochemical
company (KRPC). The study focuses its attention on the riser reactor and all the cracking

reactions responsible for the heavy gasoil conversion into lighter petroleum fractions.

The simulation would be done with the use of COMSOL Multi physics software to run the
energy and mass balances with the data collected from Kaduna Refining and Petrochemical
Company (KRPC). These data are operating conditions, reactor dimensions, catalyst

properties and feedstock composition.
1.3 Justification for the work

The justification of thi.iqi work fs'bztéed'or; the fact that petroleum refining operations is
presently responsible for dbout 70-85% of world energy and the FCCU is an important unit
in the refinery, knowin‘é that the chief pr:oduct is gasoline. Model equation developed will
help to predict the behaviour and pérl'oxman‘ce of riser reducing volume ol laboratory
experi mentatiqn ur_jd tedious caICL‘ll:atidn‘s'. Tﬁ.e problem sometimes envisaged with
industriul plant i§ i‘n' the éhangingvof sorﬁe, variables in order to obtain better yield of
product but this wbr'ki'in.tends to-:discover’ fhrough médelling and simulation of riser on how
to enhance béttei“yi"elAd of light p'.rod»uctsb.‘ The use of COMSOL Multiphysics software
version 3.4 is reasonable becaﬁse it. has ‘iAn the Comsol Engineering Lab an environment

where mass and energy balances and also chemical reactions can be simulated.
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CHAPTER TWO
2.0 : LITERATURE SURVEY

The fluid catalytic cracking unit in the refinery is one of the primary conversion process
used to crack heavy gas oils to light weight oils in the presence of catalyst at low
temperature and pressure to get gasoline that have high octane numbers which are useful to

car engines. Other products are olefinic gases and coke which is sent to the regenerator to

be burned off.

- Crude oil is distilled in an atmospheric distillation unit to produce LPG, naphtha, kerosene

and diesel oil. The residue from the atmospheric distillation unit is fed to the vacuum
distillation unit where it is separated into vacuum gas oils and vacuum residue. The heavy
vacuum gas oil, which normally constitutes 25-30% of the total crude oil volume, is fed to

the FCCU where it is converted into lighter products (Gupta, 2006).
2.1 Process Description

2.1.1  Riser Reactor-Stripper

~ Most modern fluid catalytic cracking units (FCCU) have, as the most important component

a riser reactor in which the catalyst contacts the feed and a cracking takes place and a
regenerator where the spent catalyst is burnt off and recycled back to the reactor for

another round of operation. In a modern catalytic cracker virtually all reactions take place

between 1.5 to 3 seconds before the catalyst and products are separated in the reactor

(Sadeghbeigi., 2000).



‘From the p‘res.hézitéi"_-fhe f‘ee%i '.-entéfs 'the riser .near the base where it contacts the
regenerated i‘_atdlyél ‘The ratio. of Eatalyst to oil is normally in the range of 4:1 to 9:1 by
weight. The heat a.bsion"bed by the éatﬁl _ySt in the regenerator provides the energy to heat the
feed to its dési;‘_ed- rcﬁckor teinberature{The heat of the reaction occ'urring in the riser is -
endothermic (i.e. it rcquires‘cnergy inpr.l_t).The circulating catalyst provides this energy. :

- The lypical.re.ge:ne‘_faled catalyst temperature ranges between 1,250 ° F to 1,350 °F (677° C E

10732 C). Figure 2.1 shows a typical FCCU.

The catalytic reactions occur in the vapour phase. Cracking reactions begin as soon as the
feed is vaporized. The expanding volumes of the vapours that are regenerated are the main

driving force to carry the catalyst up the riser.

Catalyst and products afg_q-Llickly separated in the reactor. However; some thermal and non
-~ selective catalytic reactions continue.- A number of refineries are modifying the riser

termination devices t“ofm-i'nimichthese»reactions.

The riser iS"L.l'\‘/él't.iC.Ll'l ,pjpe. It ,'Ausﬁarllyv‘has' a 4- to 5- inch (10 to 13 ¢m) thick refractory
lining for insulalio'n '.a.n'd abpjaéion i'esisgénce. Typical risers are 2 to 6 feet (60 to 180 cm) in
diameter and 75 fo_]2.0"féet (25 to 30 fneté:rs) long. The ideal riser simulates a plug flow &
reactor, where the éatalyét and the vapoiml‘ t}'avgl the length of the riser with miﬁimum back -
‘mixing.

Efficient con_wtuc‘.ting of the fe_,ea and ca}talyst is critical for achieviﬁg the desired cracking .
reactions. Steam i.s c(')mmonly:us‘ed Lo atomize the feed. Smaller oil dropl'ets increase the
availability of f:eed at the reactive sites_:on the catalyst. With high activity zeolite catalyst,
virtually all the .cra_ckir.ig,reactioins‘ take place in three seconds or less (Sadeghbeigi., 2000). - d

‘.5
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 Risers are normally deéig’ned for an outlet ‘vapour velocity of 50 ft/sec to 75 ft/sec (15.2 to
22.8 m/sec).The?average_ hydrocarbon refside,nce time is about two seconds (based on outlet

“conditions). As a consequence of the cracking reactions, a hydrogen-deficient material

called coke is:dep_osited on the catalyst, reducing catalyst activity (Sadeghbeigi., 2000).

One of the most important process diffeﬁences in FCC units relates to the location and

- control of the cracking reaction. Until about 1965, most units were designed with a discrete

dense-phase fluidized-catalyst bed in the reactor vessel. The units were operated so most of
the cracking dccurred_in'the reactor bed. The extent of cracking was controlled by varying

reactor bed de’pth Etime)r,and temperature. Although it was recognized that cracking

occurred in the riser feeding the reactor because the catalyst activity and temperature were

at their highest t'f:lere, no signiﬁc‘arit,attempf was made to regulate the reaction by

controlling riser cond_itibns. After the more reactive zeolite catalysts were adopted by

refineries, the amount of cracking occurring in the riser (or transfer line) increased to levels

requiring operational changes in existing}units. As a result, most recently constructed units

have been designed to operate with a minimum bed level in the reactor and with control of

the reaction being maintained by a varying catalyst circulation rate (Gary and Handwerk

2001).Figure 2,;1'_-sho_ws a bsimple-diagram' of a modern refinery with the riser as a vertical

pipe.
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2.1.2 Regenerator

The catalyst is moved from the reucto_i‘ to the regenerator by the flue gases and from the
regenerator to -_thé reactor by hot air. The bottom part of the gas (air) lift called a batcher -
helps the catalyst get into the stream of gas. The regenerator is an apparatus with a square -
€ross sectidn of 3>'<3:rh‘_‘and 27m high made from carbon steel with an internal lining of
refractory bricks (Sadeghbeigi.; 2000).
2.2 Catalysts and Reactions in Catalytic Cracking
A catalyst can be defined as a substance that increases the rate of a chemical reaction -
~without itself” undergoing any change. Thus, the use of fine catalyst is employed in
-cracking reacvtio'nsv.i_n different forms. Commercial cracking catalyst can be divided into . |
three classes (Giury und‘Hzmdwérk 200 l) :
i.  Acid-treated aluminosilicates,
ii.  Amorphous synthetic silica-alumina combinations, and
iii.  Crystalline synthetic silica-alumina catalyst called zeolites or molecular
; sieves.
The -udvzmtages.qf the zeolites catalyst over the natural and synthetic amorphous catalysts
are:.-
i.  Higher activity

ii.  Higher-gasoline yield at a given conversion.




i, - .Pl‘OdUC‘ti_Ol’vl of. éas'o'linef. cbntaining a larger pércentage of-parufﬁnié and: '
urgﬁmﬁlic hydrocarbon_s.l |
iv. | :dee}r-‘_ q-o_.ke' yievld‘ (andi-vtherefore usually a larger through put at a given.‘;‘:;f:
’ i.CQ‘l‘l:V-ell'S'i(.)n level) ]
W lncmdsed i'sobu't;a'n.c p1‘QdL1Ction.
vi. A'b_.ili'l.y'lo. 2o (o hi'gh_erAconversions per pass without over cracking (Gary

and 'HandWerk 2001). ‘
2.2.1 Catalyst Deactivation

A feature of ’c:uAtulylic-crac_king cutal_?yst is their rapid deactivation. The catalyst pores
'hcco‘me clogécd@iiﬁ-cbke ) u.ft,elﬂlf()-liS minutes of operations. Therefore cracking
constantly has to be altemated Witl;l catalyst regeneration. Catalytic processes with
frequent change of the cycles of-operzition and regeneration are called cyclic ones (Erikh _

Cetal. 1988).

“Catalyst can also be deactivated by fouling whereby coke and / or metals deposit can

“block the catalyst pores and thereby limit the mass transfer.

Reversible .depb',si'ts: 4_(:11:iti‘og¢h A‘cvo-’ke)- alire" removed during regencratidn. If we assumed that
the poiso_ﬁing:effe‘c:tr.'will i‘ncfe_;ls;c wi:th‘concentration' then the poisoning effect will be
inversely p.ropor'tionzil. to t'hé_ c‘ufalyét - to - oil‘ratio (CTO) and therefore will be
dependent on thgcbké_s_electi vity of fhe catalyst. Irreversible catal yst poisons (metals) on .

- the other hand, will build up and continue to interact with the catalyst.



in (liquid) eutectic melts on the surface of the catalyst particies, which can be block the

important entrance pores and even glaze catalyst surface completely (O’Connor, 2001).
2.3 Mechanisms in catalytic cracking
2.3.1 Carbonium ion theory

Carbonium ions are similar to their ammonium counterparts and contain a trivalent
positively charged carbon atom. They form the easiest when in a proton of the catalyst

reacts with an alkene.
R-CH=CH;+H"— R-"CH-CHj

The unstable carbonium ions tend to acquire more stable forms by internal regrouping or
reaction with other molecules. They are distinguished by a very high reactivity and can

enter into the most diverse reactions.
The following transformations are the most typical of carbonium ions.

1. Regrouping of the atom in a molecule with the relocation of hydrogen or methyl
group, i.e. in other words, skeleton isomerization leading to the formation of an

isomer ion.

10
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, | ] CH;
|
R —'CH —CH,— CH; .R—CH — "CH, .R - C, - CH;
CHj;
2. Reaction with neutral molecules with the formation of new carbonium ions and
new saturated or unsaturated molecules.
R — "CH — CHs + C4Hyo —. C4Ho" + R —CH, —CHj
"R — CH—CH; + C4Hx — C.A,Hg+ + R —CH = CH,
r Covnsequently., a c.’a_rbp;ni um ion can eithefdetach a proton from other molecules or transfer

its proton to alkenes.and transform into a stable alkene.

3. A carbonium-ion with a large number of carbon atoms generally decomposes
| o g 5
along a 2" position bond, counting from the charged carbon atom. The
decompasition products are an alkenes and carbonium ion with a smaller number

of carb_oh atoms.
* CH; — ,CH— CH; — R— CH; — CH=CH; +R*

Carbonium ion cracking mechanism produces a higher yield of a much more desirable
casoline than thermal ¢racking. While thermally cracked gasoline is quite olefinic,

catalytically cracked gasoline contains a large amount of aromatics and branched

11



compounds which is beneficial for the gasoline octane numbers (RON and MON)

(O’Connor). : .,.
'2.3.2 Alkz‘mesi Y
The ull\'ang y\;hc'r"} ér'qck.ed_decomp_c.)ses iglto an alkene and alkane of a lower molecular
mass. One possible reaction mightbe-: R
CisHs ——> C3H4 + | (-.jo() + Céng

Ethene propené ~ octane

:2.3'.3 Alkenes “.'
In uddit‘_i“orA{ttoA dv_e-cAokmpos.iti"(;)ri;_the z_ﬂkenes enter into reaction of polymerization —
depol&nﬁéri_szi}iqﬁ,'-isiome';'i;a‘tionv, hydl'bgen redistribution and cyclization.
The isomerisuﬁén }l'ezlctioné are especi‘ally diverse. They include structural
l~egr0upin.gS,:mi'gl’aI.:iOn o_fﬁ dogblé bond along the chain, and sometimes also cis -
and lrun-s—i_%;o_.me-ﬁsittio_n.v

1) Deéqm'p(jsftibn Reaction v

‘ "~ CH3; - CH; —CH; — CH=CH —C —CHj;

CH;3

12




2) Ring Isomerisation " CHj

3) Sidé ¢ha-ih';redistril_)_utioﬁ' (migration of substitutes)

CH-CH; CH, CH;

/

CH; l

~4) Dehydrogenation andvDealkylation of cycloalkanes proceed with redistribution of
the hydl'qgeb. Asa resul;,vulfene's and ;ilkenes accumulate in the cracking products.

 Forexample: . CH,CH:CH;

A\

. = C;Hg + 2H2

13



2.3.4 Arenes -

Benzene homOIOgues’generalIy lose their side chains completely, which lead to the
accumulation of b_.enbzene.‘

Polymethylated benzenc homologues are readily isomerised with the redistribution of the .
methyl groups. Thus, in the cracking of P-xylene, the reaction products were found to

contain toluene; trimethyl benzene and O-xylenes.

CHy . -  CH, CH,
- - CH3 .~
» S B, _C_H3
Cll; |
CHy - CHy CH;
‘ ‘ CH;

H;C CH;

14



2.4 Hydrocarbon Types

2.4.1 Normal Pa:ra'f_fins': These crack md_stly to olefins and paraffins and give fair yields of ;-
very light gusdiihé '(r:nos-tly ,C‘5"a:m_d C:G'hydrocarbons).‘ The normal paraffins are fairly

difficult to crack (Bollas and Vasalos 2004).

The reaction rates and products of paraffin cracking are determined by the molecular size '
and structure. Paraffinic molecules containing tertiary carbon atoms crack most readily,

where as quaternary carbon atoms are more resistant to cracking.

2.4.2 Naphlhenés- and is&paraﬂ’_ins teﬁd:to crack about the same rate but the product f
clistributions.;iréi much_different; N‘aphth:enes produce relatively little gas and give excellent
yields of gasoline, of better quality‘_ fhﬁn that from paraffin cracking and contain
upprcciublc quantities of aromu_.tic.:s, res.ult_ing from dehydrogenation of the naphthene ring

(Bollas and Vasalos 2004).

2.4.3 Aromatics c:__ruck in several .Way.s. ?"l"he'“:benzene ring is practically impossible to crack. -
Cbhdensed i‘_ing:m(‘o‘matixcs wilhoqt side}c‘hains are converted tov'a limited extent, but almost
entircly to ixﬂ((l:, Alkyl ufomat,i.cvs. with{side chains‘containing at least three carbon atoms
crack exlens.ive'l-y'b)v/ Shgaring _6ff‘t'he éntire side chain. With long side chains, secondary
reactions will occur, resulting in pl'oduéts similar to those from the cracking of olefins and
paraffins. Ge'ngrally, mlwe aromatic feeds give poorer FCC yields. A contributing factor to
this general trend is that, as the nurﬁber of ring structures in the feed increases, the
likelihood increases that del1yd1‘ogenaﬁ§on from contaminant metals will cause multi-ring
aromatics to fo_nﬁ, leading to c.ondeng_sat‘ion and coking of the catalyst. The molecular

structure of the' aromatic hydrocarbons is another important issue regarding their

15
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crackability. The distribution of aromatics among the degree of condensation clearly
affects the rate of cracking. As the number of rings in polynuclear aromatic molecules
increases, the rate of cracking decreases although the aromatic content appears to remain

the same.

The net result of the catalyst cracking of aromatic hydrocarbons is moderate yields of gas,'
very little gasoline, large quantities of: very aromatic cycle stock and high coke yields

(Bollas and Vasalos 2004). ‘

2.4.4 Olefins seldom éppéar in catalytic cracking feeds but their reactions are of interest
because they uré the primary pr'oducts ..of other cracking reactions. Olefins heavier than
about C, are exlremely reactive‘. ‘The pn‘_oddé[s of olefin cracking are primarily propylene
and butenes, vulon’g,\l)vith butanes from secondary reactions, since polymerization and
cyclization t;lkéS; ﬁlaée in olefin ér‘acki'ﬁg t o produce a small amount of cycle stock and -
fairly high coke yields (Bollas aﬁd- Vbasal:o's 2004).

2.5 Lumps Deve’lobprinielnt

The catalytic cracl;iﬁ.g' kinetics is aléo '.of great importance for the correct prediction of
Mass I’mctimfc',onc'entrut.ions at‘ the riser’s output section. Just like it was shown for the
fluid flow, there a're many Kkinetic modbls in the literature for modelling of the cracking
r_cuctions in a FCC riser 'react.or. The im.p:ortant thing to be considered in a simulation is to
recognize wha{t-'i.s thé m‘.éinv goal bf the :wo.rk and then select the most appropriate kinetic

model for the specific use (Souza., er al 2007).
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2.5.1 Total Lumping of Petroleum Fractions

Total lumping may be viewed as a limiting case of partitioned based lumping. There one is
primarily interested in the overall behaviour of a petroleum fraction. For instance, refiners
would very much like to be able to predict how the overall behaviour (e.g. HDS level)
changes as feeds vary. Process developers want to know how- different reactor types affect
the overall behaviour and it is important for catalyst developments to rank exploratory

catalyst based on their activities for the overall conversion of the feed (Ho, 1995).

2.6 COMSOL Multiphysics

The COMSOL Multiphysics engineering simulation software environment facilitates all

steps in modeling process defining the geometry, meshing, specifying physics, solving and

then visualizing the result.

" Model set-up is quick, thanks to a numbet of predefined physics ihtérfzice’s for applicatipns'
ranging from fluid flow and heat transfer to structural mechanics and electromagnetic
analysis. Material propcrties,'source terms and boundary conditions can all be arbitrary
functions of the dependent variables and predefined multiphysics application templates

- solve many common problem types (COMSOL, 2007).
2.6.1 COMSOL Reaction Engineering Lab

The COMSOL Reaction Engineering Lab® is a tool that uses reaction formulas to create
models of reacting syétems. In this context, a model means the material, energy, and
momentum balances for a system. The Reaction Engineering Lab not only defines these

balances, it can also solve the material and energy balances for space-independent models, -
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balances, it can alsb s‘olvé the material aﬁd energy balances for épace-independent modéls,
that is, for modéls where the composition and temperature in the reacting system vary only
in time. For spaée-dgpen,aeﬁt models, the Reaction Engineering Lab offers a direct
coupling to thé (ihémi"cal Engineer-ing Module, the MEMS Module, and the Earth Science
Module. This direct link enables you io, ére_ate models involving material, energy, and

momentum balances in COMSOL'MuItiphysics® directly from a set of reaction formulas.

Included in these 1__110&«515 are the kinet_ic_'exp;essions for the reacting system, which are
automatically ‘oilgrﬁanual;!.y. defined in thé Reaction Engineering Lab. You also have access
lo a variety of 1'eady;m:ade expressions iﬁ_brder to calculate a system’s thermodynamic and
transport provper"lties. :

In addition to thé EOrml-Jl'atioﬁ-a.nd~solu‘ti'on.of models from reaction formulas, the Reaction )
Engineering _I,Qb' also dets you perfofm parameter estimation calculations. Using this
feature you can 1'c.adily extract kinetic éaramcters from experimental data. Furthermore, in
combination wi_:th COMSOL Scripl,;‘. the Reaction Engineering Lab can implement

parametric stu‘diés 5hd_custom post prep'rocessing (COMSOL 2007).
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CHAPTER THREE

30 METHODOLOGY

3.1 Materials

1. Plant Stream Analysis
“2. Opgrating conditipns and Plant data for KRPC‘(Table 3.3)
3. Comsol Multiphysics Software version 3.4

3.2 Feed Stream Analysis

The feedstock used is \)acuum gas oil (VGO) and is characterized from carbon number C,-
C40.The plant stream gotten from KRPC see appendix A was analyzed by plotting the
individual boiling points in to a True Boiling Point (TBP) graph (Figure 4.1) using

Microsoft Excel.

From this graph, the volume fragtions of the feed stream constituents were obtained and
also the représentative spécie for each lump was selected. Each typeé of hydrocarbon react
under catalytic cracking conditions in certain definite ways. .The major difference among
hydrocarbons. of a particular type is in their “cfackability” or extent of conversion fof a

given set of operating conditions (Bollas et al 2004).
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3.3 The Lumping Strategy

In modelling crude f’l;actions that\z_u‘e a rlni.xt__ure of many hydl‘ocal'boné with a wide range of |
éqr_bon numbeiis and plﬁysiochérﬁical éharacteristics, modellers have found it helpful to
aroup hydro'cmtbon ‘sp_e,c_ies wit_h'sihﬁ]éf properties into new representative species with
averaged prgpelﬁies .jAnv-;m aillem.,pt',lo cuﬁture the entire crude fractions to arrive at a model
that is easier to I1ancile.'ThiS_ s'tr.ateg‘y émployed is referred to as Lumping of the overall

feedstock in to smaller groups or categories.

However, it is left at the modeller’s discretion on how ‘accommodating’ or how large a

fump should be.-Thevsm-aller and more critical a lump is, the better its quality. In refineries, .
.euch lump quz{-ljlty is goveméd by the d;;erating conditions and characteristics of the main »
l’ruclionalors.:Aé a conséquencé, t.h'e nu%nber of lumps established in most kinetic models is -
commonly related with ihe numBer 'ot;_ boiling point cuts considered in the fractionators

(Hernandez-Barajas eral., 2008).

The modified six Tump model is used in this work. It is defined by the following cuts:
Aheuvy cycle oilr.... (Cg_.+), light éyvcle_g oil}' (approximately C;s — Cj;), heavy naphtha _'
(zipproximuth C|, — Cﬂ), light _riztphtlihu (approximately Cs- C,g), butane- butylenes (Cs)
and light guses’-»('ACv;_(:j;); These -:.defin'iti(‘)r;s refer to 4approximate boiling point cuts through |
the range ofl vbo.iling pbi_nts dep"en(‘iingVOn each operating case (Hernandez — Barajas et al.,

2008).This is shown in Table 3.1
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TABLE 3.1 CUTS DERIVED FROM BOILING POINTS

CUTS BOILING POINT RANGE NAMES
(K)

Cay+ : 641.8" Heavy Cycle oil (HCO)
Cis—Ca - 543.8 - 629.7 Light Cycle oil (LCO)
Cia Ty _ 508.62 - 526.23 ' Heavy Naphtha (HN)
Ci~Cp” - 309.21 — 489.47 Light Naphtha (LN)

Cs ' 266.89 Butane — Butylenes (BB)
Ci-G; 111.67 -231.05 Light Gases (LG)

Source of Boiling Points: Handbook of Chemistry and Physics.87" Edition David R.Lide

TABLE 3.2 REPRESENTATIVE SPECIE FOR EACH CUT AND ITS EXTENT OF

CRACKING
LUMP RANGE = PRESENCE IN TYPE EXTENT REP. MW
NO. FEED OF SPECIE  (g/mol)
_ CRACKING '
1 Cart Yes P,O,N, A Yes Py - 422
2 Cis- Cay Yes P,O,N, A Yes Pig 254
3 CisCia Yes P,O,N, A Yes Piy 198
4 Cs-Cyz Yes P,O,N, A Yes Ps 114
5 s - | Yes, very few P,O Yes, very 04 54
. | | well
6 el No P,0 Yes' P, 28

P — Paraffin; O — Olefin; N — Naphthene, A — Aromatic
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Table 3.2 shows the representative species for each lump and their presence in the feed.
The representatives for each lump is selected as the member in the ‘middle’ because it was
observed in the TBP graph (Figure 4.1) that fairly equal volume percents exist amongst
members of both the 1* apd 2" lump. Hence, it is assumed that there will be equal

representation as they crack into members of the rest of the lufnpé.

TABLE 3.3 THE OPERATING CONDITIONS OF A REFINERY (KRPC)

OPERATING PARAMETERS VALUE

Preheat feed temperature (K) 593

Riser inlet temperature (K) . 793

Riser outlet temperature ( K) 773

Feed flow rate of liquid feed (m®/s) 0.0230556
Lengtﬁ of Riser (m) 27.5
Diameter of riser (m) . )35
Catalyst to oil ratio = ; 6
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-

3.4 Development of Modelling Technique
To model a riser using a batch reactor model, the following assumptions are observed.

I. The reacting fluid is gas which is assumed to behave as an ideal gas.

(8]

. Perfectly mixed system was taken into consideration.

{98 ]

. The system is assumed to be an adiabatic one.

4. A batch reactor is used for the work.

N

- Instant vaporization occurs at the inlet of the riser.
0. The reaction is an endothermic one.

7. One dimensional fluid flow is considered.

The rate constants.used for the mode] are obtained from literature (Hernandez — Barajas e
al., 2008) as shown in Table 3.4 and the number of kinetic constants and reaction pathways

are obtained using empirical correlations which are shown in appendix B.

Uniformly mixed gas mixture

SR

Figure 3.1 A Simple Batch Reactor
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The variables to be used for the model equations are;
" i = specie (compound) -

] = reaction

N = highest numbe_r of l'éactions
M = higﬁest nle.bf.:.l;O'f spécies
» CiE specié molar‘ éoncenitralion (mol/m3)
.—c-,‘(;,(._ = l‘éte:'of coﬁcc%ﬁtratifon change ('rﬁo]/ma.s)
V= .-1.11.(_5(16.]' 1'eaélo;‘ ‘volum':ei (m3)
n :_ofdér ofl rez_lcj'tibhn j -
= reqqiibﬁ fate (fnol/mé;s)
kj= réac,tioh constant fér réactionj ([m3 of gas/(g of catalyst s)][m3

of ;g21s/mdl]"")

Chi= heat capacity for s{_pécie i (J/mol.K)
st = scaling factor (unit;/)
-'p = deﬁ-s'it.y of ca"ta;l yst ( gz_/mﬁ)
‘ AH¥ehthznlpy (J/m'ol;s); ‘
Q , = Heat effect _dué to reaction j. (J/s)

Q 1 = rate of energy change (J/s)
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3.4.1 Mass Balance
For a simple reactor, the conservation of mass principle for a constant volume is:

{rate of accumulation of specie within reacting volume} = {rate of specie input into
system} - {rate of specie output from system} + {rate of generation/consumption of

specie within system} - : : - ' 3.1

Acrale—i = Ci rate-in = Ci, rate-out £ C'i, rare -generation/Consumption

With the assumption that for our closed batch reactor, there is no rate of specie input c;, or

rate of specie output ¢y, through the boundaries, 3.2 reduces to;
Acrate—i =+ Crae -generation/Consumption 33

In the batch reactor, generation-or consumption is due to reaction of species. The molar

rate of reaction for-a batch wlwic:h IS given as;
l‘in + dc; /dt 34
And for the nomelgmen.tury reactions in catalytic cracking, the 1}'eaction rate is given as;
(/c;-,,j ldt =kjci;"™ 3.5
Subslituting‘cquution.3'.5 into edﬂz_xtion 3.4 the following is obtained
: .oV o= ke ™Y 3.6
Now, to account for the é,.(,,‘, ceneration/Corsumprion . SUDStitute equation 3.6 into equation 3.2;

25



At ' _— nJ
'\('. rate-l, j .=~ k J Cl.j » 37

Summing up all reactions j for where specie i appear gives as a final mass balance equation

per specie:

N

A ppoci = J i) [k ; C,-,j”'-’] “(mol/kg of catalyst. s) 3.8a

To convert the unit of the above equation into an overall unit to account for what is going
in the reactor, a scaling factor (sf) and the catalyst density ( p ) are used to account for the

‘diffused rate” when the reaction is scaled throughout the entire reactor and for the

fractional volume occupied by the catalyst respectively. When applied, this converts

equation 3.7 to: -

sf ’
Bt -_-? {Vj [k,-c,-__‘,”'{] (mol/m’ of reactor. s) 3.8b

3.4.2 Heat of Reaction.

The Standard heal of reaction is defined as the energy absorbed by the system when the
products after reaction are restored to the same temperature as the reactant. The variation
of heat of reaction with tempen_i‘ture depends on the difference in molal heat capacities of

the products and reugtunts (Smith.; 1981).

AHy; = AH7, + fy AC,dT 3.9

This equation relates AH at any temperature T to the known value at the base temperature

T
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However, what is-of interest in this work is heat of reaction at any temperature as the
reaction is not carried out at standard temperature of 298K. Comsol Multiphysics allows
the use OK as the base or reference temperature. Hence this reduces AHrto zero (i.e the
enthalpy of any substante at absolute zero).

Thercfore, equation 3.8 for any given reaction per mole reduces to ;

AHypj = f; CpidT 3.10

According to NASA polynomial (2005) analysis, the heat capacity of specie at any

temperature is given by a F0L11'i¢r' series of 5 constant coefficients;
Cpi = R (a; + a-T + u;T2 + 114T3 - a5T4) 3.11
Hence substituting 3.11-into 3.10;
AH_T :R sz (hy 4 ztzT:l+'§13T2 + T + a5T4) 3.12

Integrating uﬁd fuctoriziﬁg out T now gj.ves‘:

Al = RT (& % 0.5 25T + 0.53 a;T? +0.25 2, T + 0.20 asT* + a) 3.13
N/B: The addiljpnal coe.fficient ag 1s the constant of integration

Therefore at vuh,yvgiven:tempel‘uture, the eﬁthalpy of reaction will always be calculated as:

AHT}' = Z ( AHproqucts) - Z( AHpeactants) 3.14
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The rate of enthalpy change in the reacting system is a cumulative of all heat

addition/consumption effects of all the reactions. This is given as;

: 5 : ‘
Q rate -generation/Consumption = Zj (AHTj * rj) 315
Where Q j is heat source of reaction, we then have;
Q rate -generation/Consumption =_ Z} (Q/ ) 3.16

3.4.3 Energy balance
To ascertain the quantity of heat required for the cracking reaction, an energy balance is

given using the basic.equation thus;

{Rate of accumulation of energy within the system} =
{Rate transfer of energy into system _-t/lrough system boundary)} - {Rate of transfer of
energy out of svstem through system boundary} + {Rate of energy generation/consumption

within system) - _ 3.17
AQrat‘e—SjAs[ém » :‘ Ql';l(é-i:/ = lec'-uur * Qmlu-ouemrio/l/Cm:,\'uu:pliuu 3.18
With the assumption that for an adiabatic batch reactor, there is no rate of energy input Qj,

(1.e stirring work, Wy ) or rate of energy output Qg (i.e expansion work, PdV) through the

boundaries, 3.16 reduces to;
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AQrate—SyZSCem =+ _Ql'ult‘-qu‘r(1/l'ruI/C}mxumpliun 3.19

“Substituting equation 3.15 into cquatioh 3.18

(5]
(e}

AQrate‘—System el Z}- Q i) - 3,
* This is the overall energy balance and the model equation for the simulation.
The effect of the rate of heat absorbed by or desorbed from a system, AQrgte—system 1N

(J/s) can be q'u_antifie'd'.With the traditional definition of molar heat capacity being;

. dT.

AQraCe System—ZL C: P dt ' ’ 3.21

Substituting this into equation 3.19, we have:

9]
(S

d )
Zl Ci /Jl‘. Z (Q ) N 3
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3.5 Reaction pathways / Rate constants.

The maximum number of reaction pathWays and consequently of rate constants can be

calculated as thus (Hernandez — Barajas., et al 2008);

‘ N! N(N-1)
Number of pathways = ==
21(N=-2)! 2

Calculations are in Appendix C

LCO - HN

Figure 3.2 The Kinetic Network
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3.6 The Kinetic Constants

The kinetic constants in Table 3.4 used for this model is versatile as it possesses the

following properties;

1. It is temperature insensiti?e; 'henc.e, the temperature dependence of the Arrhenius
equation is not reqﬁired.

2. The kinetic constants which were derived from experimental works were
calculated for a limited range of temperatures which is the operating temperature
ranges of the F CCU unit, hence, these kinetic parameters could not be used for

initial temperatures well below 790K.

3. The unit of the kinetic constants was expressed in per catalyst volume basis; hence,
this allows us to use this model for any other catalyst to feed ratios in FCCU

operations.

TABLE 3.4 Kinetic Constants for the six lumps used for the Simulation.

KHCO,LCO=824E_ 1 kHCO,HN=3.01E_1 KHCO,LN = 3.78E_1
KHCO,BB = 7.22E_4 KHCO,LG=3.87E 4 KLCO,HN = 1.67E_1
kLCO,LN =3.81E 1 KLCO,BB = 8.67E_4 KLCO,LG =4.76E_4
KHN,LN = 5.42E 1 KHN,BB = 1.09E_1 KHN,LG = 6.15E_2
KLNBB=261E 4 ~ kLN, LG=3.11E 4 kBB,LG = 2.51E 2
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I = ZV,‘J‘ ,k,’j ci"g . 7 ) Z kj,‘ Cj ,‘ j= 1, 2N 3.24
Equation 3.24 can be written to deécribe,.the disappearance and generation of the heaviest
lump to the lightest lump thus as shown in Table 3.5

TABLE 3.5 Generation and Disappearance of Species.

Lump g | Generation Disappearance
I = 0 . - (kl,z + ... tkin) Clnl
153 v =vizkizc™ - (ko3 + ... tkon) ¢
I N-1 =vinikiner™ +ooF Vo ko ena™ — (kn-1,8) o™
N =vinkine™ + o vanknanena™ 0

Table 3.5 shows that the reaction rate for lump 1, r; includes only disappearance of species
and no generation because it is the biggest lump and hence can only be cracked and not
cracked into. Conversely, the smallest lurap N has its reaction rate ry as only includinrg
generation terms and.ﬁ_o_ disappearance sirjce it is the smallest lump.
kji, kij= reaction rat:ellcanstant§ (m’ offgas/kg of catalyst) [m® of gas/kg mol] i

Vijj = stoichiometric coefficient

M = molecular Weight -

n = order of reaction

g = lump

The stoichiometric coefficients are calculated using vj; =Mj/M; as shown in appendix B
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v

Feed Characterization and Lumping

< Is system perfectly mixed? >—>

Select a 0-dimension batch reactor
model and define control volume size.

No

Develop variables to reduce modelto a_
homogenous system

' E

Enter feed composition data, ¢, for all
species to set up mass balance

Enter thermodynémic data for species
and reactions

Derive rate expressions in mol/m3 of
reactor space

Set solver time, tolerance and initial
temp, and solve

Solution Converge?

Yes

Relate key variable time values to
position along the length of the Riser

Account for simpler reactions with new
lumping strategy )

No

ik

=]
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3.7 Steps for Gathering Data for Model Input
I. Analysis from the TBP graph was carried out to determine the percentage
volumetric cuts of the 6 carbon number lumps.

2. The average molecular mass of the crude was determined.

)

The gaseous volumetric feed flow rate from plant data and molecular mass were
calculated.
4. Relate percenLageb volumetric cufs from TBP graph for present carbon lumps in [eed
o culcul_ulé their various QQILlrhetl'ic flow rates.
5 A static smﬁp-le vblume for analy;s_is with the assumptionzof a perfectly mixed and
homogeripig frfl(iv;/ ‘througvh_lthe l'iéei' was selected; this sample volume will be used

for a batch an;al‘ysi_s in the Cbms_ol Multiphysics software.
3.8 Inclusion of Mass and Energy Balance into Comsol Engineering Lab

The Procedure for including Mass and Ehergy balance into COMSOL Reaction

Engineering Lab.is as follows:
a. Click on the Comsol Reaction Engineering Lab icon on the desktop

b. Select ‘New’ from the Model Navigator dialog box.

The Comsol Reaction Engineering Lab interface opens
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g Follow"tl:we clo‘mnizmd path Modél > Model Seiting. The dialog box will open.

d. 1Inthe Model Séftings diaiog boX, select ‘Batch reactor (conétant vo_lume).’ in the
_Reactbr Vtyp_e‘ ﬁ;_eld box. "

e. Select ‘Gas’ frém the Reaétiﬁg fluid field box.

f.  Enter into the Pressure text boxrz R *T*(cncotcLcotCun+Cin+Cra+CLG)

o. Click the Mass balance Tab. -

h. Typein“1%in t}hé reactor volume text box. This sets the control volume/sample

volume of the model to 1m’.

Modgel Settings. )

1
|
\

Equations
dcfdt = R, ¢ = concentrstion weactor

R =5Tr o= staichiometric ratrix

. e r ST s e —
Reactar type:  Batch {canstant valume) v fﬁGVenera‘I Mass Balance | Energy Balance r—«_ 3 by jl .5t°i5hiﬂ“'itfl l Init

Rzacting fluid:  Gas -~ -+ . - . -

™~ g 4

© | Mass balance praperties
|
|

# Caleulatz thermadynamic propertizs - Quantity Value/Expression Unit Description

Calculstz speass transpart properties 'V.. m m3 Reactor volums
C Includs 'n‘r;"l:dlfmc" d o T T 0,904*yr*Rg*T*r_Yi m3/s Vialumetric production rat=
Cilde 2N2kgy g
vy i m3fs Volumetric flaw rate

|
|

1
|
|

l
|
|
|

IR 1

I SR ... . 2 i

1 f 1 K

| Resst || Close J [ Help ] i

2 J e _ b H

B S e — - - o e e e T T T T D »':':".IV‘HT"‘\“=?

Figure 3.4 Mass balance setting in ‘_the' COMSOL reaction engineering interface
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Mcdel Settings -

i

i, Check the Thermodynamic properties and Energy balance checkboxes to enable
an Enci'gy bzllzmcc.
7 Select the Energy Balance talb.:_'I;eave Shaft Work (ws) and External heat source
(Qext) 'téxt:bo_xes at their default values of zero.
& Enter rthe cumulati vé heat'sdurcé for all 15 reactions in the Heat Source of
Reztétioﬁs (Q..)' (i.e: .Q_ l'}d;2+d_3+Q_4+Q_5 +Q_6+Q_7+Q_8+Q_9+Q_10+
Q1 i'+Q_12+.Q'_13+Q_14+Q_1v5).

[ Go to the Init tab, type 793 into the Initial temperature text box.

Equations
¥ |:"'-.':p.1;'dT"jt =, +Q + Qupe * 'v',_.‘.ipl'dt | ) :L __________ ______________
Feactar type: - Batch (constant volume) v General | |.|555AB,|W;: Energy Balancz | t 5{0.7&;.0“,&,-,-"1 it
Reacting fluid: Gas i k.4 Enzrgy balance proparties
¢ Caleulats thepmadyniamic pr-?perr:ie-; Quantity Value/Expression Unit Description

Caloulatz speaiss branspart propertiss Wi Q W Shaft work

Irhude 2necgy balain Q . wNQUI+QI2+Q_3 W Heat source of reactions :

Irzludz 2nerav balaine s ’

’ Qun 5 WrHQU+Q_2+Q_3+Q_4+Q 5+Q_6+Q_7+Q_8+Q_9+Q_ l0+Q. 11+Q 12 +Q l.»+Q_l4+Q_15,|]

Figure 3.5 Energy balance setting in the COMSOL reaction engineering interface
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Now. the reaction kinctics will be incorporated into the model via the Reaction Settings

- dialogue box. =

d.

d.

P Reaction Setti}'\gs,.

Follow the command path on th'veAmenu bar; Model > Reaction settings. The

Reaction Settings dialogue box opens.

Chick Species tab

Click New to enter a New specie.

Type the lump (é.g HCO) into the Formula text box and press Enter when done.

Enter lhc initial concentration into the Initial concentration text box.

Enter in the cumulative rate expression into the Rate expression for the specie

disap|)éur;ince (e:g: for dHCO/t = -r1-r2-r3-r4-r5)

Reactions | Species

|
|
-
|
|

| Formula
|

HZO
General + 5 {ﬁ'lermc;f :
Parameters

Quantity Value/Expression
M a :

Ezpr.‘essiahs

Quantity Value]Ex;pression
. "Lo~:k':oncentr_a'tionfactivity

< _initial_HCO

N r_1-r_2er_3-r_4-r S

Type: v

Unit
ka/mal

3
m*fmal

l-:gtn13

Unit

=
mol/m?

N
moljim?s}

Description
Malecular weight
Charge

Critical tzmperature !
Critical molar volume !

Compressibility factor

Density

Description

Initial cancentration

Rate 2xpression

Mew © Dalete f
F-‘v:-s-:-‘tl ‘
P S |
e . = oo _ ]
{ Close’-- Dﬁelp ]
e =

Figure 3.6 Specie edit page in the COMSOL reaction engineering interface
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Repeat this for the remaining 5.lumps. -

Next, the reaction kinetic parameters are entered.

d.

b.

d.

o

({Q

Click Reéc_t.ions tab

Click New té enter a New reaction.

Select Irreversible from tl1§ type drop down list.

Type the reaction (e.g HCO-:=> 1.6614LCO) into the Formula text box and
pr¢$$ Lnter Mwn done. The reaction becomes numbered as Reaction 1
Type in the value of & into the Forward rate constant text box.

Type in ll1é reaction rate for the reaction (i.e: cat_density/scaling_factor™ k
*Cpuco’)

Repeat this for the remaining 14 reactions with the appropriate data.
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r® Re

R=zachions | Species

action Set{.ngs

Reaction selzction

Farmula

| HCO=>1.6614LC0O

Finetics Therr;w

“Use Arrhenius 2xprassions

%, ; Arthenius parameters
S ] f | Quantity Value/Expression
FiLH LCO;'.‘S.%E?LG i' I’ forward reverse
/10 HU=51,73684LN [l & 1 |
JiLLH _-DBB‘ i | > a
| = | E—— e

Finetic exprassions

i BB=>1.5257LG

‘Quantity Value/Expression

I ? W cat;density'{ s}i-’alinc_lr_f‘éctcn‘*s 242-1

! b J
! ‘ =quilibwriom constant
{ ‘; 4 N
- i -&q a
- e ey I o 2
Mea || Delete | e i
== " ¢ L3 _1*(c_HCO/1000)~2

Unit

7 3fmal

Unit

mali{m?s)

I
]

Typ2: Irreversible -

Description

Fraquency factor
Temperaturz exponent
Activation energy

Description |
Forward rate constant

Reverse rate constant

Equilibrium constant

Equilibrium expression

Reaction rate

Figure 3.7 Reaction edit page in the COMSOL reaction engineering interface

Finally, we post process and solve the set of model equations entered;

4. Follow the command path Simulation > Solver Parameters. The Solver parameter

(@]

d.

(@]

setting box opens.

In the li-_me_s text box, enter ‘0 100’ . This solves the reaction from 0 to 100 seconds.

Click Apply and-click OK.

Follow the command path Simulation > Solve problem to solve problem.

The results are displayed.
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CHAPTER FOUR

4.0 RESULTS AND DISCUSSION
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Figure 4.1 True Boiling Point graph for the FEEDSTOCK
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Figure 4 l shows the tr ue bonlmc7 pomts of the teedstock used wh1ch was obtamed from
Kaduna Refmmo and Pet1 ochem;cal Company as shown in appendix A. This feed stream
was plotted so as to obtdm the mole h dcnons of the lumps used. The results of the

simulation of the deel are présénted in th'e next pages.

&
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l;igure 4.2 s_ho“_./s 'thét vth.e production of:'gasoline being the chief éomponenl of'the FCCU
simulated at the dper:af.ir{g cond‘iti_onsbsh_‘O\'Nn in Tablé 3.3 reached a maximum value at 3.5
seconds at 5-4%>oflgva‘so,l.ine. Th_é rés‘ult bbtained agrees with the plant data and other works
such as Hernandez Ba‘rajas_et .al (2.008) S;vhich stated that the reaction time is between 3 — 5
seconds. However, thé :gasolihe"production continues beyond this point, so it would be
wise to allow the-reaction to still run for ailo.nger period, say up to 7 seconds. Furthermore,
from sinwlatién’ l;eSUl[_ for gasoline pl'odpcti011 is close to that of the plant data hence

suggesting that the mode used is valid.
The fractions on the graph are made up of
Gasoil (c_ HCO + ¢_LCO +¢_HN)/(c_HCO + ¢_LCO+c_HN+c_LN+c_BB+c_LG)*100

Gasoline (c_LN+c_BB)/ (¢_HCO +¢_LCO+c_HN+c_LN+c_BB+c _LG)*100
‘Gases (¢ _LG) /(c_l ICO + c_LCO+c_HN+C_LN+c_BB+c _LG)*100

¢ means concentration.
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Figure 4.3 Weight Percent Conversions of FCCU Products versus Riser
Length
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Figure 4.3 shows the yield in weight percent for all the FCCU products. There was about

75% conversion of the feed at the riser outlet which is an optimum conversion.

@ T T T T g

Figure 4.4 shows that see there is a rapid increase of the temperature profile from 793K to
857.5K. This is due to the high exothermicity of reactions 1, 2, 3, §, 6, 7, 9, 10, 12, 14, 15.
These reaction represent the cracking of heavy FCC feed components into smaller
paraffinic components (‘paraffinic cracking’). However, reactions 4, 8, 11 and 13 which
represent the hydrocracking of higher species into the only olefin lump, BB (Olefinic

Cracking) are endothermic. It is therefore obvious that the energy release rate by paraffinic
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'crucking dominhtes throughout the entire course of the reaction the energy absorption

the olefinic cracking, yielding a rjet exothermicity with a temperature gain of 64.5K.
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Figure 4.5 shows a graph with the result of the simulation carried out on the work of
Hernandez B_aréja;s et al (2008) us_i'ng cdmsol multiphysics with f'l1e lumping strategy used
for this researcﬁ but__t’he operating.condi?ibns of the author. This shows 54% vield of
gasoline at 1.8 s'ecor‘ld _suggestir;g that tﬁe model used for this work is valid though with

difference in time of maximum yield of the gasoline production.

The difference between this project and that of Hernandez Barajas et al (2008) is the use
different crude oils having different characteristics and operating conditions in the cracking

of the fractions..
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TABLE 4.1 THE _VALUES OF THE PARAMETERS OBTAINED

PARAMETER KRPC Hernandez Quintana- SIMULATED

PLANT 'Barajas etal Solo’rzano RESULT
DATA (2008) et al
(2009)
FCC Yields
Gasoline | 61.4% ~ 51.6% 55.05% 54%
Gases _ 21.5% 19.4% 11.6% 22%

Gasoil 17.1% 29% 333 25%
Operating Condition |

Inlet temperature (K) 793 810 N/A 793
Outlet temperature (K) 773 810 754.9 798
Pressure (KPa) 161.8 193 193 161.8
Catalyst to oil ratio . 6 8 6 6

Table 4.1 is a sur_mﬁary of the resulfs obtairied, the industrial data from KRPC and the
work of two pUblished aﬁthors. A deviatién of 16%, 10.3%, and 11.5% was noticed
between the data obtained from KRPC and the works of Hernédndez Barajas et al '
(2008),Quintana-Solo’rze;no et al (2009) and the simulated results this could be as a result

of the use of different feedstock and operating conditions.
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Table 4.2 EFFEC’I: OF VARIATION OF OPERATING CONDITIONS ON

PRODUCT YIELD

PARAMETER OLD NEW GASOLINE GASES GASOIL

VALUE VALUE

Temperature (K) 793 813 53% 21% 26%
Pressure (KPa) - 161.8 300 60% 20% 20%
Catalyst-oil-ratio 6 9 54% 21% 25%

From Table 4.2 the operating conditions were varied and run with the same model which
shows that an increase in temperature and Catalyst-oil-ratio do not have a marked

difference in the yield of products. |

However an increase in pressure shows an increase in gasoline production. Only the
maximum yield of 60% was obtained at 1.3seconds suggesting that an increase in pressure

increases yield of gasoline at a shorter residence time as long as temperature is constant.
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Table 4.3:

MASS BALANCE FOR FCCU RISER SPECIES

LUMP Mol. Wt

(g/mol)
HCO 422
LCO 254
HN 198
LN 114
BB 54
LG 28

Total |

Molar Molar
Conec. Conc.
i "IN
/m’
(mol/m3) (g/m)

18.6136  7854.939

54660 1388.364
0.4770 94.446
0 0
0 0
0 0

25.185 9337.749

Molar
Conc.

ouT
(mol/m?)

2.8681
8.0938
6.4657
37.2317

1.4633

16.7062

72.161

Molar Conc.

OUT (g/m’)

12103382
2055.8252
1280.2086
42444138

79.0812

467.7736

9337.6406

Table 4.3 shows a balanced mass content for each of the six species per m’ of model

reactor therefore proving that mass 'Was conserved during the entire process despite

concentration changes -
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Figure 4.6 shows thit the simul_ati‘on_'is,:‘in favour of the production of Light Naphtha (LN) :

at 37% which is the chief constituent of the gasoline fraction and its production begins at

the inlet of the riser suggesting that instant vaporization begins at the inlet of the riser thus

the production of gaSOJine begi:n's at the inlet of the riser. The heavy Cycle Oil (HCO), light

Cycle Oil (LCO) and ‘Heuvy Naphtha (HN) show a marked depletion coming to 2.8%, 8%

and 6.5% at the end of the riser length respectively.

Moreover the production of Butane — Butylenes (BB) stand at 1.5% and Light Gases (LG)
16.7% its production was gradual then it soared on towards the end of the riser length this

shows that LG are a sought of by product at the end of the reaction.
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Table 4.4: ENERGY BALANCES FOR FCCU RISER SPECIES

SPECIE Mol frac. Mol. frac. Av Cp Mis Cpav Moy Cpav
IN m;, OUT m,,,  in-out In Out
(mol) (mol) Cp@
793K)
HCO 18.6136 2.8681 1401.400 26085.099  4019.355
LCO | 5.4660 8.0938 856.440  4681.301 6931.854
HN 0.4770 6.4657 678.482 3.0841 41.8052
LN 0.000 31,2317 391.860 0.000  14589.6154
BB 0.000 1.4633 174.990 0.000 25.6.063
LG 0.000 | 167062 109.133 0.000 1823.1977
TOTAL 30769.484 27661.890

Heat of ReaCtionZAH = Z(mout Cpav ATout - miy CpavATin)

[27661.890 * (855-0)] — [30769.484 * (793-0)]

[27661.890 - 30769.484]* (855-793)
-3107.594 * 62

-192670.82 of J/mol

Table 4.4 shows a negative resultant heat effect, hence this is an exothermic reaction.
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CHAPTER FIVE
5.0 CONCLUSIONS AND RECOMMENDATIONS
5.1 CONCLUSIONS

This study is focus on the modelling and simulation of a refinery fluid catalytic cracking
unit riser. From the simulated result obtained it can be drawn that operating pressure
positively affects the gasoline yield. The following conclusion can also be drawn from the

study based on the simulated results obtained:

1. The simulation of the developed model compared favourably with that of the actual
plant data with about 7% difference.

2. The software package (Comsol Multiphysics) used in this study will reduce the
time spent in tedious calculations of some parameters such as the rate constants,

enthalpy of reaction, heat capacity e.t.c.
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52 RECOMMENDATIONS

In view of the results obtained and discussed, the following recommendations were made.

I. A Computdtional software such as Comsol Multiphysics is recommended for this work
and probably for other equipment not only in the oil industry but other chemical process
industries in that it takes care of both mass and energy balance provided the relevant data

are provided and entered in the correct units.

2. A riser reactor of -a longer length is recommended for the feed quality given seeing that
product yield of gdso‘h’nc runs for a longer period beyond the length given though there

would be cost involved in shut down of the plant in for installation and repairs.

3. The pressure employed can be increased during operation though not at once but
increment can be done gradually in that a marked increase and shorter residence time is

experienced. -

4. The model should be employed for simulation of crudes of good quality other than

Nigerian crude (Escravos).

S: Computational software such as Comsol Multiphysics is recommended for the

oplimization of process units.
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APPENDIX B

STOCHIOMETRIC COEFFICIENTS FOR THE FIFTEEN (15) REACTIONS

REACTION Vij=Mi/M; STOICHIOMETRIC
| | COFFICIENT

HCO=>L.CO 422/254 1.6614
COSSTN 4227198 2.1313

~ HCO=>IN 422/114 3.7018
HCO=>BB . 422/54 7.8148
HCOSLG T 422128 15.0714
[COSSTIN 3547198 1.2829

T LCOSIN 254/114 2.2281
LC():SBB 254/54 4.7037
LCO=>LG 754758 9.0714
HN=>LN_ 1:98/1 14 17368
HN=>BB -f98/54 3.6667
1—1N:>L¢- X i98/28 7.0714
N=>BB _ | £14/54 2.1111
R = T 114/28 4.0714
~ BB=>LG 54/28 1.9286
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APPENDIX C

NI ‘;N(,N—l)
2(N=2)! 2

Number of pathways =

N= Number of lumps used/considered in a kinetic model

N NN
CO2AN= 2

AWN-D 2

= 15

Hence: 15 reaction pathways/kinetics are used for the work.
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APPENDIXD

C_alc‘ulaﬁons for Cross Sectional Area and Velocity Using F eed Flow Rate

: CIOSS 's_t.:‘ctional aréé b g nrz
. Djzim_e}éii of .l‘i_SﬁI; .&m) = 135

" qunus o '=i_.l>.35/'2_=()_;675
UG s Bievosne -

© = 1.4307m’
- Linear ’v610qify CV)_-# Fecd flow rate /Cross sectional area
12.837 /1.4307

'V =8.9727m/s

The velocity i's_ used to relate the time profile of any variable to its corresponding position in the

riser reactor.
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