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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 refmery which was 
processed in order to obtain mass fractions of the representative specie involved in the 
cracking reactions . . A. model equation ~as obtained and simulated using Comsol 
Multiphysics software. Furthermore mass ;irid 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 imd oiis, gasoline obtained was 54% by weight fraction. The result 
obtained from the simulaiion was close to the data obtained from KRPC as well as res1Jlts 
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 cracking 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, the 

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 111 

isoalkanes and arenes (Erikh" et aI1988). 

The need for products derived from crude oil is essential in all facets of life whether in the 

developed, · developing or underdeveloped countries. This has led to the search for mote oil 

reservoirs by the geologists and geophysicists and subsequent refining of this crude oil by 

chemical engineers and engineers 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 catalyst in 

the presence of very hot · air in the riser reactor which · is now sent to the fractionatms to 

give gasoline of high octane number, light gas oil, heavy gas oil, feed for petrochemical 
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unit and coke. The coke is sent to .the r~generator to be burnt off and the catalyst recycled 

for ~lI1othe r operation .. 

Among the products of the FCCU, gasoline is the most important, in that it is used to run 

mOSl mOlor veh icles, generators to give power and used as solvent in some industries and 

I'oad si de mechanics. 

The reactor used ' in .the .FCCU IS the most impoitant equipment of the unit as it IS the 

centra l processing uhit. where physica l fluids or solids are converted to desired products 

taki ng into consider~ltion the residence time in which the reaction is expected to take pl ace 

in ~Ill economically viable 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 Ai m and Objecti ves of the Work 

The aim of thiswork is·to model and simulate the cracking reactions that occur in the riser 

reaclor and lhlswi ll b~ '-lchieved using the following objectives. 

1 To clevelopa mathematical model th at describes the reactions of interest that 

takes place in the reactor system. 

:2 To in vestigate the infiLience of the riser to give light end products with high 

octane number. 

3 To s.imulaLe the deve loped model using a computer programme and compare 

the simulated results with the experimental results. 

2 



------ ----- - -------- -- -----'----

1.2 Scope and Limita tion of the Study 

This work is limjted 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 fbi' the heavy gasoil conversion into lighter petroleum fractions. 

. -- . 

The simulati on would tie done with the use of COMSOL Multi physics software to run the 

energy and mass babnces 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 Justi fi cation 'fOt" t he work 

'.' .' . 

The justification ot' thi s work is based on the fact that petroleum refining operations is 

presentlyresponsible for about 70-85% of world energy and the FCCU is an important unit 

in the refinery, knowing that the chief product is gasoline, Model equation developed will 

11elp to predict the behaviour and performance of riser reducing volume or laboratory 

e'xperimentation al)d tedious calculations. The problem sometimes envisaged with 

industrial pl ant is i,n rhe changing of sonie variables in order to obtain better yield of 

product but this work intends to discover through modelling and simulation of riser on how 

to enhance bettei'yield Qflighl products,The use of COMSOL Multiphysics software 

version 3.4 is reasonc.ibie because it has in the Comsol EngineeJing Lab an environment 

where mass <1I1d energy balances and also chemical reactions can be simulated. 
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CHAPTER TWO 

2.0 LITERATURE SURVEY 

The fluid catalytic cracking Linit 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 ojl, which normally constitutes 25-30% of the total crude oil volume, is fed.to 

the FeeU where it is converted into lighter products (Gupta, 2006). 

2.1 Process Description 

2.1 .1 Riser Reactor-Stripp·er 

. Most modern fluid catalytjc cracking units (FeeU) 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 modem 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) . . 

4 
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From the pre;heatei· ·the feed . enters the nser near the base where it contacts the 

regenerated -c Olal yst The ratio of catalyst to oil is normally in the range of 4: 1 to 9: 1 by 

'vveight. The heat abso rbed by the catalyst in the regenerator provides the energy to heat the 

reed to its desired reac tor temperature, The heat of the reaction occurring in the riser is 

endoth ermi c (i. e. it rcquires energy input).The circulating catalyst provides this energy. 

The typical regenerated catalyst temperature ranges between 1,250 U F to 1,350 0 F (677 0 C 

to n 2" C). Fi gure 2 .. 1 shows a typic al FCCU. 

The catal ytic reactioll s occur in the vapour phase. Cracking reactions begin as soon as the 

reed is vapori zed. The expanding volumes of the vapours that are regenerated are the main 

dri vin g /"orce to carry the catalyst LIp the riser. 

e llal ys t and products are quickl y separated in the reactor. However; some thermal and non 

se lec ti ve catal yti c reacti.ons continue. · A · number of refineries are modifying the mer 

termination devices to mi"nimizethese·reactions. 
- - . 

The ri se r i S~1 vc rtical pipe. It usually has a 4- to 5- inch (lO to 13 cm) thick refractory 

lining for in sulation Ellid abrasion resistance. Typical risers are 2 to 6 feet (60 to 180 cm) in 

di ameter and
o 

75 to 120 feet (25 to 30 meters) long. The ideal riser simulates a plug flow -

reac tor, where the catalyst and the vapour travel the length of the riser with minimum back 

mi xIng. 

Effi cient contacting of the feed and catalyst is critical for achieving the desired cracking 

reac tion s. Steam is .c() mmonly used to atomize the feed. Smaller oil droplets increase the 

ava ilability o f feed at the reactive sites on the catalyst. With high activity zeolite catalyst , 

virtuall y all the crackin g reactions take place in three seconds or less (Sadeghbeigi ., 2000)0 

5 
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Risers are normally designed for an outlet vapour velocity of 50 ft/sec to 75 ft /sec (15 .2 to 

22.8 m/sec).The average hydrocarbon residence time is about two seconds (based on outlet 

conditions). As a consequence of the cra~king reactions, a hydrogen-deticient materi al 

called coke is deposited on the catal ys t, reducing catalyst activity (Sadeghbeigi .. 2000) . 

One of the most imporiant process differences 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 fluidi zed-cata lyst bedin the reactor vessel. The units were operated so most of 

the cracking occu(red in the reactor bed. The extent or cracking was controlled by varying 

. .' 

r~actor bed depth (time)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 thel.'e , no significantattenipt was made to regulate the reaction by 

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

refineries, the amount ot cracking occurring in the ri ser (or transfer line) increased to level s 

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 (Cjary and Hand werk 

200 1).Figure 2. 1·shows a simplediagramofa modern refinery with the ri se r as a vertical 

pIpe. 
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2.1.2 Regencrclt or 

The ccltal ys t is mo ved from the reactor to the regenerator by the flue gases and from the 

regenerator to th e reactor by hot air. The bottom part of the gas (air) lift called a batcher '. 

helps the catal ys t get i'nto the stream of gas. The regenerator is an apparatus with a square : 

cross section of 3x~m . and 27m high made from 'carbon steel with an internal lining of 

refractory bl~i c ks (Sadeghbeigi. ; 2(00). 

') ') Catalysts and Reactions in Catalytic Cracking 

A c;1tal ys t can ' bc defined as a substance that increases the rate of a chemical reaction 

w ithout itselrulidergoing any change. Thus, the use of fine catalyst is employed in 

' CI'ackin g reactions . i.ndifferent forms . Commercial cracking cata lyst can be divided into ' 

three classes (G'ary and Handwerk 200 i). 

I. . Acid- treated aluminbsilicMes, 

ii. Anloqjholl s synthetic s IJic'~-aluJnina cOlnbinations , and 

III. O:ystallinc synthetic silica-alumina catalyst called zeolites or molecular 

sieves. 

. '. . 

The ad vanrages qfthe z~olites catalyst over the natura l and synthetic amorphous catalysts 

are: 

I . High er activity 

II. Higher·gasoline yield at a given conversion. 
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111. Production of gasOline ' containing a larger percentage of paraffinic and ' 

aromatic hydrocarbons. 

1V. ~ower coke yield (and · therefore usually a larger through put at a given 

.conversion leve l) . 

v. Tn crcased i sobllta~e producti on. 

\ ' 1. Abilily to gota higher conversions per pass wi thout over cracking (Gary 

and Hqndwerk 2001). 

2.2.1 Catalyst Deactivation 

A feature or catalyti c- cracking catalyst is their rapid deactivation. The catalyst pores 

heco lTle c logged with -coke after . 10-15 minutes of operations. Therefore cracking 

constantl y has to be alternated with catalyst regeneration. Catalytic processes with 

frequent cha nge of the cyc les of openition and regeneration are called cyc li c ones (Erikh 

ef (1/., 1988). . 

. Car~t1ys t Can ~t1 s o bc deacti vated by fouling whereby coke and / or metals deposit can 
. '. '. ~ . 

. .' . 

. block the cata'lyst pores and thereby limit the mass transfer. 

Re ve rsible depOsits (nitrogen coke) are removed during regeneration . If we assumed that 
. .' . 

the poi soning . effect will inc\:ease with concentration then the poi soning effect will be 

inverse ly proportional to the catalyst - to - oil ratio (CTO) and therefore will be 

dependent on th~ coke se lectivity of the catalyst. In-eversible catal yst poi sons (metals) on 

the other hand , will buildup and contin ue to interact with the catalyst. 

9 
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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 fonn the easiest when in a proton of the catalyst 

reacts with an alkene. 

. + +C C R - CH = CH2 + H ~ R - H - H3 

The unstable carbonium ions tend to acquire more stable fonns 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 transfonnations 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 lOn. 

10 
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2. Re,iction with neutral molecules with the formation of new carbonium ions and 

new saturated or unsatui'ated molecules. 

. . 

Consequentl y, a carboniLHTI ion can eithei· detach a proton from other molecules or transfer . . . . 

its proton to al kenes and transform i ntoa stable al kene. 

3. A carbonium ion with a l~lI'ge number of carbon atoms generally decomposes 

al ong a 21ld posilion bond, counling from the charged carbon atom . The 

decompos ition products are anaikenes and carbonium ion with a smaller number 

or carbon atoms. 

Carbonium ion cracking mechanismprociuces a higher yield of a much more desirable 

gaso line than thermal cracking. While thermally cracked gasoline is quite olefinic, 

ca talyti ca ll y crtlc ked gasoline contains a large amount of aromatics and branched 

11 
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co mpounds which is benefic i ~li for the gasoline octane numbers (RON and MON) 

(O'Connor) . . ' 

2.3.2 Alkan es 

The ~likan e when crackeddecomposcs into an alkene and alkane of a lower molecular 

mass. One poss ibl e reaction might be: 

Ethene propene octane 

2.3.3 Alkenes 

In addition' to decomposition ,the alkenes enter into reaction of polymerization ­

depol ymerisation,isomerisation , hydrogen redistribution and cyclization . 

The isomeri sation reactions are especially diverse. They include structural 

regroupings, migrat ion of a double bond along the chain, and sometimes also cis­

~lI1d tran s-i so mcri sa tion. 

1) Decomposition Reaction . . 

c ·=>>-----
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2) Ring l somerisation CH~ 

... . 

3) Side cluiinredistrib~tio~ (migration of substitlltes) 

CH~ 

4) Dehydrogenation and Dealkylation of cycloalkanes proceed with redistribution of 

the hydroger. As a resu l~ , . arenes and alkenes accumulate in the cracking products . 

. For examp le: 

13 
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2.3.4 Arenes 

Benze ne hOlTlolbgues genera lly lose their side chains completely, which lead to the · . 

,[ccumulati on of benzene. 

Poiymethy lated benzeile holTlo loglies ,H"e readily i somerised with the redi stribution of the 

m ethyl groups. Thus, in the cl·acking of P-xylene, the reaction products were found to 
. . . 

conta i 11 toillene; trimethy l benzene and O-xylenes. 

CI-h CH3 CH3 

I 

:/ 
CH3 

/ / ~ 
~ 

I ~. ~ 

~ 
~ 

~ . -- CH3 

I 
e ll ] 

CH] CH] CH] 

J CH3 

/ / . / 
~ . + 

... 
. ~ ~ 

"" ~ H]C CH3 

H] 
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2.4 Hydrocarbon Types 

2.4~1 Normal Par~ffins: These crack mostly to olefins and paraffins and give fair yields of 

very light gasol ine (ri1.Ost ly C s and CGhydrocarbons). The normal paraffins are fairl y 

dilTicult to crack (Bollas and V~salos 2004). 

The reaction rates and products of paraffin cracking are determined by the molecular size 

and structure. Pal'affinic molecules containing tertiary carbon atoms crack most readil y, 

where ~IS quat erTi~lry carbon at0l11s are Illore resistant to cracking. 

2.4.2 NaphtheiJes and lso~pa raffins tend to crack about the same rate but the product 

di stributions <.ire much different. Naphthenes produce relatively little gas and give excellent 

yie lds of gaso line , of better quality than that from paraffin cracking and contain 

appreciable quantities of aromatics, resulting from dehydrogenation of the naphthene ring 

(BoII,IS and Vas~lios 2004). 

2.4.3 Aromatics crack in several ways. The benzene ring is practically impossible to crack. 

Condensecl i ~ i[l g aroniatics without si de chains are converted to a limited extent, but almost 

entire ly to coke;. Alkyl ' aromatics with side chains containing at least three carbon atoms 

crack extensively by shea I~ingbff the entire side chain. With long side chains, secondary 

reacti ons will occ ur, res ulting in products similar to those from the cracking of olefins and · 

parallins. Generally , more aromatic feeds give poorer FCC yields. A contributing factor to 

this ge neral trend is that, as the number of ring structures in the feed increases, the 

like lihood incl'eases that dehydrogenation from contaminant metals wi ll cause multi-ri:lg 

aromatics to form,leading to condensation and coking of the catalyst. The . molecular 

structure or · the aromatic hydI:ocarlions IS another important issue regarding their 

15 
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crackability. Thc di strib uti on of aromatics among the degree of condensation clearl y 

,tn'eC ls the rate or cJ:ack ing. As the number of rings In pol ynuclear aromatic molecules 

increases, the ratc of crack ing decreases although the aromatic conte nt appears to remain 

the sanle . 

Thc nct result oft li e catal ys t crackin g of aromatic hydrocarbons is moderate yields of gas, 

very little gaso line , large quantiti es of very aromatic cycle stock and hi gh coke yields 

(Boll as and Vas,i1os2004). 

2.4.4 Olefins se ldom ::tppear in .catalytic cracking feeds but their reactions are of interest 

hecause they are the primary products .of other crackin g reactions. Olefins heavier than 

aboUI e(, are ex tremely reactive. The products of olefin cracki ng are primarily propylene 

and bute nes, along wi th butanes from secondary reaction s, since polymelization and 

, 
cyc Ji zati on takes place in olefin cracking to produce a small amount of cycle stock and 

fair ly high coke yields (Boll as and Vasalos 2004). 

2.5 Lumps Development 

The catalyti c cracking kinetics IS also of great importance for the correct prediction of 

lllaSS fraction cqncentration s at the liser 's output section . Just like it was shown for the 

riuici flow , there are many kinetic models in the literature for modelling of the cracki ng 

reactions in a FCC riser reactor. The important thing to be considered in a simulati on is to 

recogn ize what L S the main goal of the work and then select the most appropriate kinetic 

mode l for the specifi c LJse (Souza. , el cLl 2007 ). 
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2.5.1 Totai 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 ofthe feed (Ho, 1995). 

2.6 COMSOL Multipbysics 

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 number Of predefined physics interface's for applications ' 

ranging from fluid flow and heat transfer to structural mechanics and electromagnetic 

analysis. Material properties, 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 systems. In this context, a model means the material, energy; and 

momentum balances fora 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 al~o solve the material and energy balances for space-independent models, 

that is, 1'01' model s where' the composition and temperature in the reacting system vary only 

in time. For space-dependent model s, the Reaction Engineering Lab offers a direct 
. . .' 

coupl ing to the Chemical Engineering Module, the MEMS Module, and the Earth Science 

Module. This direct link enables ·you to create models involving material, energy, and 

momentum balances in COMSOLMultiphysics@ directly from a set of reaction formulas. 

lilCludcd in these models are the ~ineticexpl:essions for the reacting system, which are 

automatici:t!ly or manually defined in the Reaction Engineeling Lab. You also have access 

to a variety o{readY-fIlade expressions in order to calculate a system's thermodynamic and 

transport properties . . 

Tn addit ion to the formulation and solution of models from reaction formulas, the Reaction 

,; Engineering .Lab al so "lets you perform parameter estimation calculations. Using this 
' .. 

feature you can readily extract kinetic parameters from experimental data. Furthermore, in 

combinaLi on with COMSOL Script, ,. the Reaction Engineering Lab can implement 

parametric studies and custom post preprocessing (COMSOL 2007). 
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CHAPTER THREE 

3.0 METHODOLOGY 

3.1 Materials 

1. Plant Stream Analysis 

·2. Operating conditions and Plant data for KRPC (Table 3.3) 

3. Comsol Multiphysics Software version 3.4 

3.2 Feed Stream Analysis 

The feedstock used is vacuum gas oil (VGO) and is characterized, from carbon number C 1-

C4o.The plant stream gotten fro'm KRPC see appendix A was analyzed by plotting the 

individual boiling points in to a True Boiling Point (TBP) graph (Figure 4.1) usmg 

Microsoft Excel. 

From this graph, the volume fractions of the feed stream constituents were obtained and 

also the representative specie for each lump was selected. Each types of hydrocarbon react 

under catalytic cracking conditions in certain definite ways. The major difference among 

hydrocarbons of a particular type is in their "crackability" or extent of conversion for a 

given set of operating conditions (Bollas et aI2004). 
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3.3 T he Lumping Strategy 

In modelling crude fractions that are a mixture of many hydrocarbons with a wide range of 

carbon numbei-s and physiochemical characteristics, modellers have found it helpful to " 

. . . 

group hydrocarbon species with ' simi larproperties into new representative species with 

ttveraged prope;:'ties jnan attempt [0 capture the entire crude fractions [0 <llTive at a model 
. -. . 

thtl[ is easier to handle. 'This strategy employed is refelTed to as Lumping of the overall 

feedstock into smal ler groLlps or categories_ 

However, it is left tit the modeller' s discretion on how 'accommodating ' or how large a 

lump should be. The .smaller and more critica l a lump is, the better its qual ity. In refineries, . 

each lump quality is governed by the operating conditi ons and charactelistics of the main 

fracl ionators.As a conseq uence, the number of lumps established in most kinetic models is . 

cl)mmonly related with the number of boi ling point cuts considered in the fractionators 

(Hernandez-Barajas el a/., 2008). 

The modified six lump model is used in this work. It is defined by the fol lowing cuts: 

hea vy cycle . oil .' (C21 +), li ght cycle oil ' (approximate ly C IS - C2 1), heavy naphtha · 

. . 

(approx i matcl y C,U -:- C 14), I ightri,tphtlia (approx i matel y Cs- Cd, butane- buty lenes (C4) 

and light gases,(CI_C:~) ' Thesedefinitions refer to approximate boiling point cuts through 

the rtlnge of boili ng points depending on each operating case (Hernandez - Barajas er ai., 

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

. BOILING POINT RANGE NAMES 

(K) 

641.8+ Heavy Cycle oil (HCO) 

543.8 - 629.7 Light Cycle oil (LeO) 

508.62 - 526.23 Heavy Naphtha (HN) 

309.21-489.47 Light Naphtha (LN) 

.266.89 Butane - Butylenes (BB) 

111 :67 - 231.05 Light Gases (LG) 

Source of Boiling Points: Handbo~k of Chemistry and Physics. 87th Edition David R.Lide 

.' 

TABLE 3.2 REPRESENTATIVE SPE:CIE FOR EACH CUT AND ITS EXTENT OF 

CRACKING 

LUMP RANGE · PRESENCE IN TYPE EXTENT REP. MW 

NO. FEED OF SPECIE (g/mol) 

CRACKING 

C21 + Yes P,O,N, A Yes P30 422 . 

2 CW C21 Yes P,O,N,A Yes PIS 254 

3 C13-C I4 Yes P,O,N,A Yes PI4 198 

4 CS-C 12 Yes P,O,N,A Yes Ps 114 

5 C4 Y es;very few P,O Yes, very 0 4 54 

well 

6 CI-C3 No P,O Yes ' P2 28 

P - Paraffin; 0 - Olefin; N - Naphthene, A - Aromatic 

21 

, 



)< • 

, 

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 (Figur~ 4.1) that fairly equal volume percents exist amongst 

members of both the 1st and 2nd lump. Hence, it is assumed that there will be equal 

, 
representation as they crack into members of the rest of the lumps. . . . 

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 (m3/s) 0.0230556 

Length of Riser (m) 27.5 

Diameter .of riser (m) 1.35 

Catalyst to oil ratio '. 6 
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3.4 Deveiop rilent of Modelling Technique 

To model a riser using <1 batch reac tor model, the fo llowing assumptions are observed. 

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

2. Perfec tl y mi xed sys tem waS taken into consideration. 

3. The Systenl i S~lssumed to be <i n adiabatic one. 

4. A b(ltchreaclor is used forthe work . 

."i . In stant vapori zation occurs at the inlet of the riser. 

6. The reac tion is an endothermic Olle. 

7. One dimensional fluid fl ow is considered. 

The rate constanLs used fo r the .model are obtained.from literature (Hernandez - Baraj as et 

a/ ., 2008) asshown iii Table 3.4 and the number of kinetic constants and reaction pathways 

are obtai ned using empirical correl ations which are shown in appendix B. 

T 

Uniformly mixed gas mixture 

rigure 3 .1 A Si mple Batc h Reacto,' 
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The variables to be used for the model equations are; 

. .. i = specie (compound) 

j = reaction . . 

N = highest number of reactions 

M = highest number of species 

. Cj = specie 1T)OIar concentration (mollm 3
) 

cr(i,('= \:ateof concentration change (mollm:1. s) 

v ~ modeJ'reactoi'yol ullie (m3) 

n = order of reaction j. 

r = reaction rate (mollm3;s) 

k j = reac tion constant for reaction j ([m3 of gas/(g of catalyst s)][m3 

of gas/molt' \) 

ell ' = heat capacity for spec ie i (J/moI.K) 

sf = sca ling factor (unity) 
. . 

p = density of cata lyst (g/m:i) 

6H = ent halpy (J/mol.s) . 

Q j = Heat effect due to J:eaction j. (lis) 

Q ,all' = rate Or eriei'gy change (1/s) 
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3.4.1 Mass Balance 

For (l simple reacto r, the conservat ion of mass principle for a constant volume is: 

(rate or accumulation of spec ie within r~acting volume} = (rate of specie input into 

sysrelll) - {I'ate of spec ie output from system} ± {rate of generation/consumption of 

specie w ithin sys tem} 3.1 

!1Cl'Clte-i = Ci. IW;'·ill - Ci. ml(' ,ol;' ± C·i. ml(' 'gell('({/f iIlIl/Coll slImptillll 3.2 

With the assumpti.on that for ollr closedbatch reactor, there is no rate of specie input Cin or 

i'ale ur spec ie output CUlit . through the boundaries, 3.2 reduces to; 

!1Crate-i ::;: ± c ral~ ·gm~ra'iIlIlIC()/ISlllllp'iIJl/ 3.3 

In the batch reactor, generati on or consumption is due to reaction of spec ies. The molar 

r~ll C or rcaction for a batc h wh ich is given as; 

ri V = ± dC i /elt 3,4 

A.ne! for the non~elementary reactions in catalytic cracking, the reaction rate is given as; 

'(Ic" .. /(If - k : II.) 
.I.j - .i Li.) 

. . 

Subst ituting 'equation 3.5 into eqLlation3,4 the following is obtained 

k . c- n . . j 
.I I.} 

3.5 

3,6 

Now, to account for the Croll' ' gelll'rali()IIICIJli .'/l IIIPli{)ll . substitute equation 3.6 into equation 3.2; 
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' " . _ /. . n,) 
,~ \C ml".i) - 1\ j Ci,j 3.7 

SLlJ'nl11ing up allreactionsj for where specie i appear gives as a final mass balance equation ' 

per s pecle~ 

!J.CrG t e-i . = ' It} [k j Ci,/J ] (mol/kg of catalyst. s) 3.8a 

To convert the unil of the above equalion into an overall unit to accounl for what is going 
. ' 

in the reactor, a sca ling f~lctor (sf) and tliecatalyst density (p) are L1sed to account for the 

: cl i Ilusecl r~ lte' wilen the reacti on i s scaled th roughoLit the enti re reactor and for the 

rractiollal volumeoc,cup ied by the catalyst respectively. When applied, this converts 

equation 3,710: ' 

= sf I{V . [k cl/'i ] , ' P L,j J . I, ,J (mol/m3 of reactor. s) 3.8b 

3.4.2 Heat of Reaction. 

The StanclLlrcl heat of re~ti::t ion is def,ined as the energy absorbed by the system when the 

products after reaction are restored to the same temperature as the reactant. The vari ation 

or heat or reaction Willi temperclture depends on the difference in molal heat capacities of 

thc products and reactants (Smith.; 1981). 

t:,I-iT ) " 3.9 

Thi s equation relates t:,H at any temperature T to the known value at the base temperature 
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Howeve r, whatisof interest in thi s work is heat of reaction at any temperature as the 

react ion is not carried out at staIldard temperature of 298K. Comsol Multiphysics allows 

the use OK as the base or reference temperature. Hence this reduces IlHToto zero (i .e the 

entha lpy of any substance at absolute ze ro ). 

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

3.10 . 

Accord in g to ASA polynomi<l l (200S)anal ysis, the heat capacity of spec ie at any 

temperature is given by a Fourier series of 5 constant coefficients; 

3. 11 

Hence Subslituting 3 . .11 ·into 3.10; 

IIH R f· T (' + T · ' T2 · T3 T4) 
D T = .. To al a2 . + a:; + (14 + a5 3.12 

Integratin g and fac tori zing out T now gives: 

3.13 

/ 13: The addirional coe fficient a() is the constant of integration 

. Therefore at m\y gi ven tempen1ture , the enthalpy of reaction wi II always be calcu lated as : 

3.14 
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T he rut e of enthalpy chan ge in the reacting system is a cumulative of all heat 

. 
<ldditioll/conwmplion effects or all the reactions_ This is given as; 

' N ' 

Q !'a IC -gcncr'li lon/CnnSlIJ11pli on = L} (f1,HT j * r j ) 3.15 

Where Q i is heat sou rce of reac tion , we then have; 
. -

3.16 

3.4.3 Energy b£llance 

To asce rtain the quuntity of heat ;'equired f01- the cracking reaction , an energy balance is 

given lIsin g the basic:eqLlation thus; 

, , 

(Reae of [[c:c/-;J/uilati~n o.lenergy within the system) = 

( Role t wllsIer oIellergy into system through system boundary) - (Rat e of t rCl/z.~fer o.f 

('I/i'I,!!," 0111 o!sy.\/C'J// tli l;()[ig li syst(,JIl boundary) + (Rate a/ energy gelleration/collsumption 

Il' illiill systeJll) 3. 17 

3. 18 

W ith the ass limpt ion that for an adi abati c batch reactor, there is no rate of energy input Q in 

(i.e sti rrin g work. W s )or rate oLenergy output Q Oll l (i.e expan sion work, PdV) through the 

houlld<lries, l . 16 red uces to; 
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tJ. Qro te -5Y~Ce11l = ± Q Ulle.Ge/l('(Ulili/llc'o/lS/llIIprio/l 3.19 

. . 

Subs tilutin g equati on 3.15 into equation 3.18 

tJ. Qra te.-System 3.20 

This is the overall energy balance and the model equation for the simulation . 

The effec t of th e rate o f heat absorbed by or desorbed from a system, tJ.Qrat e- s y stem In 

(l Is) can be quantifieclwith the tl'aclitional definition of molar heat capacity being; 

3.21 

Subst ituting thi s into equation 3.19,we have : 

.. 3.22 
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3.5 Reaction pathways / Rate constants. 

The max imum number of reaction pathways and consequently of rate constants can be 

cal culated as thus (Hernandez --:- Barajas. , el af 2008); 

N! 
Num ber of pathways = 

2!(N-2)! 

Calculatio:nsare in Appendix C 

Figure 3.2 The Kinetic Network 

LG 
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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 insensitive; hence, the temperature dependence of the Arrhenius 

equation is not required. 

2. The kineti~ constants which were derived from experimental works were 

calculated for a limited r~ge of temperatures which is the operating temperature 

ranges of the FCCU unit, hence, these kinetic parameters could not be used for 

initial temperatures well below 790K. 

. . 

3. The unitofthekinetic constants ~as 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 Cohst:ants for the siX lumps used for the Simulation. 

kHCO,LCO = 8.24E .. J kHCO,HN = 3.01E_l kHCO,LN = 3.78E_l 

kHCO,BB = 7.22E_4 · kHCO,LG::::: 3.87E_ 4 ' kLCO,HN = 1.67E_l 

kLCO,LN=3.81E.:) . kLcb,BB = 8.67E_ 4 kLCO,LG = 4.76E_ 4 

kHN,LN = 5.42E_l kHN,BB = l.09E_l kHN,LG = 6.15E_2 

kLN,BB = 2.61E_4 kLN,LG = 3.11E_ 4 kBB,LG = 2.51E_2 
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r" J "VI"J" k" cn2, . 1..- " IJ I . " I kji Cj, j= 1,2 ... N 3.24 

Equation 3.24 ca.n be~ritten to describe the disappearance and generation of the heaviest 

lump to the lightest lump thus asshown in Table 3.5 

TABLE 3.5 Generation. and Disappearance of Species. 

Lump g Generation Disappearance 
: = 0 - (kl,2 + ... +kl,N) Clnl 
. nl 

= VI,2 k1,2 Cl - (k2,3 + .. . +k2,N) CI n2 

" k nl ·· k nN-2 
. = VI,N-I I,N CI +. ,. + VN-2,N-I N-2,N-I CN-2 

- k " nl k nN-I . - VI,N I,NCI + ... + VN-I ,N N-l,NCN-1 " o 

Table 3.5 shows thatthe reaction rate for lump 1, rl includes only disappearance of species 

" . . 

and no generation because it is the biggest lump and hence can only be cracked and not 

cracked into. Conv~rsely,the smaUesUump N has its reaction rate rN as only includipg 

generation terms aQdno di~appearance since it is the smallest lump. 

kji; kij = reaction rat~ constants (in3 of gas /kg of catalyst) [m3 of gas/kg mol] n-I 

Vij = stoichiometric coefficient 

M = molecular weight 

n = order of reaction 

g = lump 

The stoichiometric " coefficients are calculated using Vij =M/~ as shown in appendix B 
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[~.· ~ ____ ST~A_RT _______ ) 

.~ 
Feed·.Characterization and Lumping 

< Is system p:erfectly mixed? 

Yes 

Select a O-·dim.ension batch reactor 
model and define control volume size . 

Enter feed compOsition data, Co for all 

species to set up mass balance 

Enter thermodynamic data for species 

and r"eactions 

Derive rate ex pressions in mol/m' of 
reactor spa ce 

Set solver time, tolerance and initial 
temp, ·.and solve 

~> 
Relate key va~iable time values to 

position along the length of th e Riser 

l'----_FNn ______ l 

No 
Develop variables to reduce model to a. 

homogenous system 

. . 

Account fo r simpler reactions with new 
lumping strategy 

No 

Fig 3.3 Si mulation Flow Chart for FCCU Riser Model 
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3.7 Steps for Gathering Data for Model Input 

I. Anal ys is from the TBP graph was canied out to determine the percentage 

vo lumetric cut s bf the 6 carbon number lumps. 

') Tile average molecular mass of the crude was determined. 

3. The gaseo us .volumetric feed flow rate from plant data and molecular mass were 

ca lculated. 

4. Relate percentage vo lul11etJ'ic cuts from TBP graph for present carbon lumps in feed 

. .. 
to calculate their various volumettic flow rates. 

5. A static sample volume for analysis with the assumption of a perfectl y mixed and 

homogenous flow through the ri ser was selected; this sample volume will be used 

for a balch analysis in the Comsol Multiphysics software. 

3.8 I nclus ion of Mass and Energy Balance into Comsol Engineering Lab 

The Procedure {'or including Mass and Energy balance into COMSOL Reaction 

Engineering Lab.is as follow s: 

a. Click on the Comso\ Reaction Engineering Lab icon on the desktop 

b. Select' ew' from the Model Navigator dialog box. 

The Comsof Reaction Engineering Lab intetface opens 
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I • 

I 

: I 
f I 

c. Fo ll owthe command path Model > Model Setting . T he dia log box wi ll open. 

d. In the Model Settings dia log box , select 'Batch reactor (con stant volume), in the 

Rea ctor ty pe t'ield box . 

e . Selecl 'Gas ' from the R eacting fluid field box . 

u C li ck the Mass ba lance Tab. o· 

. . 
h. Type in " I ~ iii the reactor vo lume text box. T his sets the contro l volume/sample 

vO luIlleo l' .lhe mode l to Im J
. 

,\-bdel Setting s . 

Equ3tions 

dcidt = R . c = COl1centr ation .. ; .::ctor 

~e-~~M;;S B~I~nce jE;;~gy-~~~~T~~' ~'-. _ -J.?tOichi~l-:.t~!:JI~ I t 
... . I "'l~ss b~lance properties . • t 

Ba~ch (cQnstant volume) ... 

P. e :.cting fluid: Gas 

./ C 3kul·3t-e- thernKod'y'nami.:proper"ties 

C 31.:uI:;te speCIes. tr3nsp.)rt proper:ties 

~ w, . 

r
' T II V, 

~ 
!+;":v 
\. -" 

n 
~ E! ~C 

-'-, -----:---0;--. 

.j QU'antity Value/ Expression Unit Description I i . 
'Y'r aI . m3 Reactor volum.:: , 

. I 

v p . m3/s Volumetric producti.)n r ~te 

m3/s Volum.::tric flow rate 

--,------ -----

I 
I 
i 

~.-, ........ _ ................. ,' .. >i .. """"~ 

Figure 3.4 Mass ba la nce setting in the COMSOL reaction engineering interface 
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J. Check th e Thermodynamic properties and Energy balance checkboxes to enable 

~l n Encrgy balance. 

J. Se lect the Energy Balance tab. Leave Shaft Work (ws) and External heat so urce 

(Qcxt) tex t· boxes. at thei rdefciul t va l ues of zero . 

k. Enlel' tile c Ulllul ative heatsource for allI S reactions in tile Heat Source of 

Reactions (Q) (i.e : Q_ l+Q~2+Q_3+Q_4+Q_5+Q_6+Q_7+Q_8+Q_9+Q_1O+ 

Q_ll+Q_12+Q_13+Q_14+Q_15). 

I. Go lo th e Init tab , type793 into the Initial temperature text box . 

t .. t)de:l S ettin9~ 

~, ~ V, 1 
.~f 

',./1·j . -t-' . 
Q .. .<; . 

En~r,~y · baI3nc-e pr!)p~rtits 

Quantity Value/ Expression Unit Description 
'/oJ : , 
Q V, 

QO!:ll Ij 

Figure 3.5 Energy balance setting in the COMSOL reaction engineering interface 
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NO\'\_ the reLIction kinetics wi ll be incorporated into the model via the React ion Settings 

dialogue box. 

. . . . 

a. Follow the command path on the menu bar; Model> Reaction settings . The 

Reaction Settings dialogL.le box opens. 

b. Cl ick SI)ecies tab 

c. Click New loenter a New specie. 

d. T ype ·the lump (e.g HCO) into the Formula text box and press Elller when done. 

e. Enter the initial concentrati on into the Initial concentration text box. 

r. Enter in the cumul ati ve rate expression into the Rate expression for the specie 

disappeJr~i n ce (e:g: for dNeO/til = -r1-r2-r3-r4-r5) 

r,;;" Reaction Settings 

rF~~~;----' ------------------.----------

./ LCO 

" HI'I 

U'I 
, E:E: 

LG 

'. -
1 

Delete 

i H~- T .1 ._ '.-'~ Vpe: 

'
I,. G~n~r;I ' .·---r Ther;;;:;-'- -"1 

- ~-~- -- -_. -. 
I 

Qu antity Value! Expr.ession Unit Description 

H 0) kg/mol I'loleculor weight ! 

o Char9~ 

\ I: Crit ical temp~ratur~ 

v , 01
3101'01 Critical molar volume 

Z f] Compressibility factor 

P kg/1ll3 Density 

i Expr~ssioJi's 

Unit Description 

mollm3 Initi 31 (·:.no:.;:ntrati,jn 
I 
1 I' I Co 

Quantity Value/ Expression 

.! Lock conc~ntrati()n/.;ctivity 

,=_'n'ti.31 _HCO 

-r_1-r _~-r _3-r _ 4-r_5 molj l:m3·s ) R 3t-:- .:o xpr-:::s-.;ion 

I 

Ie 

~-

Figure 3.6Specie edit page in the COMSOL reaction engineel-ing interface 

37 

i 

, 



Repeat thi s for rhe remaining S.lurnps . . ' 

. . 

NC.'\t, the re~lc ti o n kinetic p<u'ameters are entered. 

a. Click Reactions tab ' 

b. Click New to en ter a New reac ti on. 

C. Se lect Irreversible from the type drop down li st. 

d. Type the.reaction (e.g HCO.=> 1.66l4LCO) into the Formula text box and 

press Enter when Jone. The reac tion becomes numbered as Reactioll 1 

. e. Type in the va lue of kinto tlie Forward rate constant text box. 

r. Type in the reaction rate for the reacti on (i.e: cat_densitylsca/illgJclctor* k 

~ 

* CIIC,() -) 

g. Repea t thi s for the remaining 14 reactions with the appropriate data . 

. . 
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/1-- =1,~action Sett:,-,g s 

'j ~ : HCO=;'~,J3 13H~'1 

HCO= :, ::, - ')I:::U>J 

.' +: H((}=::. -. 5::;5788 

5: H'':O= > 14 . (I~, 6 7L(; 

.; 6: LC 'J= :' 1..::3~9HN 

I 7 : LCO= ;' 2', 2~ :3L~1 ' 

. /< S: lCO= >4 ,53S71BB 

, / j 9: LCO=>S,4667LG 

.l i 0: HN=:, 1.1 3684LN , 

,I, J 1: HI'!", >3,53688 

J l~: HN= >6 .6LG 

.' 13: U'I= ;, ~ , 3r)S 788 

! 4: LI',I = :' ::,:::U:; 

IS : 88=: J, :3':,';. -L G 

Forlllul3 

HCO= > 16614LCO 

I 
I I 
I I' 

Arrhenius parameters 

,Qu antity Va lue/ Expression 

reVers~ 

Cl '0 _. --.-.~.- .. 
! I! A I ' 11 
i ' E --_._-- --, '0 

.) 
, I 

, 
I , 

Qu ant ity Value/ Expression 

Ii cat~densitYls':alin9._~3ctor"'S,~4e · 1 

rJ 

i 
/1 

- I .. __ ':'._1 

I' 
! !, :-~1;t~.J 

R-!set 1 

'} 

1~e3"1J'~1 *(cJicOl l000)"~ 

Unit 

Jl mol 

Unit 

Typ-= : Irreversible 

Descripti on 

FreqUency factor 

Temper'3tur~ exponent 

Activation ~nergy 

Description 

Forward rate const·3nt 

Equilibrium constant 

Equilibrium expression 

Re,3ctioll r3te 

I ' 

I I 
.1 I 

,i I 
j I 

I I 

~ 
L Close )! Help I, ; 

. 4~ 

Figure 3.7 Reaction edit page in the COMSOL reaction engineering interface 

Fina ll y, wc post process and so lv e the set of model equati ons entered ; 

'\. Fo l low the command path Simulation> Solver Parameters. The Solver parameter 

sc ttin g box opens, 

b. In the tinies text box, ente r '0 100' .Thi s so l ves the reac ti on from 0 to 100 seconds. 

c. Cli ck Ar>p ly andc lick oK. 

d,Follow the command path Simulation> Solve problem to sol ve prob lem. 

c. Thc results are displ ayed. 
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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. shows the [rue boi ling point~ of the feedstock used which was obtain~d from 

Kaduna Refining and PetrochemicalC6mpany as shown in appendix A. This feed stream 

,vas plotted so ~ I S to obtain the mole fractions of the lumps used. The results of the 

simula tion or the model are presented in th'e next pages. 
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Figure 4.2 shows .t~at the production o f gasoline being the chief component of the FCCU 

simulated at the. operating conditi.ons shown in Tabl e 3.3 reached a maximum value at 3.5 

seconds at 54% of gasoline. The result obtained agrees with the plant data and other works 

such as Hernandez Barajas et al (2008) which stated that the reaction time is between 3 - 5 

seconds. However, the gasolineproduction continues beyond this point. so it would be 

wi se to allow the ·reaction to still run tor a longer period, say up to 7 seconds. Furthermore, 

. . 

from simulation result for gasoline production is close to that of the plant data hence 

suggestin g thaUhe model used is valid . · 

The fracti ons on the graph are rnade Lip bf 

,. 

c· means concenrration :· . 
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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 . 
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Figure 4.4 Temperature versus Riser Length 

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, 5, 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 paraffmic 
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cracki ng dominates throughout the entire course of the reaction the energy absorption of 

. the olefini c cracking, yielding a net excithermicity with a temperature gain of 64 .S K. 
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Figure 4.5 showsa graph with the result of the simulation carried out on the work of 

Hernandez Barajas et al (2008) using comsol multiph ysics with the lumping st rat egy used 

for this researc~ butthe operating conditions of the author. This shows 54% yield of 

gasoline at i.8 second suggesting that the model used for this work is valid though with 

difference in time of maximum yieldofthegasoline production. 

The differencebetween thi s project and .that of Hernandez Barajas et al (2008) is the li se 

di ffe rent crude oiIs having different characteristics and operating conditions in the cracking 

of the fractions. 
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Table 4.1 is a summary of the results obtained, the industrial data from KRPC and the 
".. . . 

work of two published authors. A deviation of 16%, 10.3%, and 11 .5% was noticed 

between the data obtained from KRPC and the works ofHermlnd~z Barajas et al 

(2008),Quintana-Sqlo'rzano 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 EFFECT 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 int~mperature and Catalyst-oil-ratio do not have a marked 

difference in the yieldof products. . 

However an increase in pressure shows an increase in gasoline production. Only the 

maximum yiel~ of 60% was obtained at i .3seconds suggesting that an increase in pressure 

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

so 



Table 4.3 : MASS BALANCE FOR FCCU RISER SPECIES 

LUMP Mol. Wt Molar Molar Molar Molar Cone. 
(g/mol) Cone. Cone~ Cone. 

OUT (g/mJ) IN 
IN (g/mJ) OUT 

(mol/mJ) (mol/mJ) 

RCO 422 18.6136 7854.939 2.8681 1210.3382 

LCO 254 5.4660 1388.364 8.0938 2055.8252 

HN 198 ' . 0.4770 94.446 6.465"7 1280.2086 

LN 114 0 0 37.2317 4244.4138 

BB 54 0 0 1.4633 79.0812 

LG 28 0 0 16.7062 467.7736 

Total 25.185 9337.749 72.161 9337.6406 

Table 4.3 shows a balanced mass content for each of the six species .per m3 of model 

reactor therefore proving that mass was conserved during the entire process despite 

concentration changes . 
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. Fi gurc 4.6 sho\.vs:that tlie si mulationisin favour of the production of Light Naphtha (LN) , 

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

the in let of the ri ser suggestingthat instant vaporization begins at the inlet of the riser thus 

the production or gaso line begins at the inlet of the riser. The heavy Cycle Oil (HCO), light 

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

and 6.YYC, at thee'nd of the riser length respectively . 

. Moreover the production of Butane - Butylenes (BB) stand at 1.5% and Light Gases (LC) 

·16.7 % it s prodLlctioiJ was gradual then it soared on towards the end of the riser length this 
. '. . 

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

SPECIE Mol frac. Mol. frac. AvCp m jn Cpav m Oul Cpnv 
IN min OUT mout in-out In Out 
(mol) (mol) 

(Cp @ 
793K) 

RCO 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 37.2317 391.860 0.000 14589.6 154 

BB 0.000 1.4633 174.990 0.000 256.063 

LG 0.000 16.7062 109.133 0.000 1823 .1977 

TOTAL 30769.484 27661. 890 

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

[2766 (890 - 30769.484]* (855-793) 

-3107.594 * 62 

-192670.82 of J/mo1 

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 refmery 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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5.2 RECOMMENDATIONS 

In view or the l:esults obtained and di scussed, the following recommendations were made. 

1. A Computational software such as COl11sol MUltiphysics is recommended for this work 

and prob,lhly for othei· eq uipment not only in the oi I industry but other chemical process 

inuust ri es in that itt<.1kes care of both mass and energy balance provided the rele vant data 

~Irc provided and .entered in the cOITectunits. 

') A ri ser reac [c)]" ofa l ongerl ength is recommended for the feed quality given seeing that 

. . . 
product yi eld of· gaso li ne runs for a longer period beyond the length gi ven though there 

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

l 
3. The pressure empl oycd can be increased during operation though not at once but 

.increment caribe clone graduall y in that a marked increase and shorter residence time is 

ex peri enced .. 

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

igcrian crucle (Escravos) . 

."i. Computatjonal ·soft w~)[e slIch as Comsol MlIltiphysics i s recommended for the 

optimization or pl·ocess ll-nits. 
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APPENDIX B · . 

STOCIIIOMETRIC COEFFICIENTS FOR THE FIFTEEN (15) REACTIONS 

REACTION Vij=MilMj STOICHIOMETRIC 

· . 
COFFICIENT 

HCO=>LCO 422/254 1.6614 

I-lCO=>HN 4221198 2.1313 

Hco=>LN 422/114 3.7018 

HCO=>BB 422/54 7.8 148 

. '. HCO=>LG . . . 422/28 15.0714 

LCO=>HN' 254/198 1.2829 
.. 

LCO=>LN · 254/114 2.2281 

LCO=>BB ' 254/54 4.7037 

LCO=>LG 254128 9.0714 

HN=>LN 198/114 1.7368 

H =>B13 198/54 3.6667 

-
HN=>[C ' 198/28 7.0714 

LN=>BB . 114/54 2.1111 

LN =>LG 114/28 4 .0714 

BB=>LC 54128 1.9286 

~. -. 
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Number or palhways = 

APPENDIX C 

N! . 

2!(N-2)! . 

. N(N - 1) 

2 

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

N! N(N-1) 

2!(N-.2)! 2 

6! 6(6 ~ 1) 

2!(N - 2)! 2 

= 15 

). Hence: I:') reaction p~llbways/kinetics are llsed for the work. 
~ 
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APPENDIX D 

Calculations for Cross Sectional Area and Velocity Using Feed Flow Rate 

Cross sectional area A ~ TfT 2 

Diameter of riser (m) = 1.35 

. Radills = 1.35/2=0.675 

A ~ 3.1 4 * 0.675 2 

= 1.4307m2 

Li near ve loc i ty eV ) = Feed flow rate ICross secti onal area 

12.837 11.4307 

V =8.9727m/s 

The velocity is Llsed to relate the time profi Ie of any variable to its corresponding position in the 

ri se r reLIClOr. 
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