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Abstract 

This work presents a one-dimensional adiabatic mathematical model for the riser reactor of a commercial fluid catalytic 

cracking unit, FCCU. The cracking reactions in the riser reactor were based on six-lump kinetics of the catalytic cracking 

of vacuum gas oil, taking cognizance of diffusion resistance, which is a departure from the general norm in the literature. 

Moreover, two-phase hydrodynamic model for the riser reactor, coke-on-catalyst deactivation model as well as heat 

transfer resistance between the fluid and solid phases were considered. Two vaporization approaches (the instantaneous 

and one-dimensional vaporization) of the feedstock were investigated. The developed model was a set of eleven highly 

non-linear, coupled and stiff ordinary differential equations, ODEs, which was numerically solved with an implicit 

MATLAB built-in solver, ode23tb, designed deliberately for handling stiff differential equations to circumvent the 

problem of instability associated with explicit methods. The industrial plant data of China National Petroleum 

Corporation (CNPC) were used to validate the simulated results of this study. Moreover, our simulated results revealed 

that the mode of vaporization of the feedstock had influence on the conversion, yield and other process parameters at the 

riser reactor outlet. Excellent agreements were achieved between the CNPC FCCU plant data and the simulated results of 

this study for instantaneous vaporization of feedstock, with AAD being < %5  in all cases investigated, where the 

optimal yields of the cracked products needed to meet market demands and ensuring maximum profit were achieved 
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Introduction 

The fluid catalytic cracking unit, FCCU, is the heart or 
workhorse of a modern refinery. Higher profitability of a 
refinery is synonymous with FCCU. That is why nearly 
every major fuels refinery, including China National 
Petroleum Corporation, CNPC, in the Republic of China, 
has an FCCU. The FCCU is one of the most significant and 
sophisticated contributions to petroleum refining 
technology. Its capacity is usually one-third of 
atmospheric crude distillation capacity. Generally, FCCU 
contributes the highest volume (35 vol %) to the gasoline 
pool through the catalytic conversion of heavy oil 
feedstock in the riser reactor, with the Reformer, 
Alkylation and Isomerization contributing 30, 20 and 15 

vol % respectively. Consequently, oil refineries use fluid 
catalytic cracking to correct the imbalance between the 
market demand for gasoline and the excess of heavy, high 
boiling range products resulting from the distillation of 
crude oil. The fluid catalytic cracking plant ensures the 
conversion of heavy oil feedstock into a high octane 
number gasoline and other valuable products such as 
olefin which serves as the feedstock in the petrochemical 
industry. Typically, the FCCU is an arrangement of 
important item of equipment of riser reactor-disengager-
regenerator, as shown in Figure 1 for the Catalyst Plant of 
China National Petroleum Corporation (CNPC), which is 
under investigation in this study. 

 

 

Figure 1: Block diagram of the reactor-regeneration section of a typical FCCU: DS represents dispersion steam, P 
represents steam +spent catalyst+cracked products from the riser reactor. 
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The feedstock was a residue of FCCU of CNPC, whose properties are presented in Table 1 [1].  
 

Parameter Value Parameter Value 

Density at 20oC 
Viscosity at 100oC 
Molecular weight 

Basic nitrogen 
CCR 

Elemental composition 
Carbon 

Hydrogen 
Sulphur 
Nitrogen 

0.919 g/cm3 
14.15 mm2/s 
444 kg/kmol 

689 ppm 
4.13 wt% 

 
86.81 wt % 
12.22 wt% 
0.61 wt% 
0.30 wt% 

 

SARA composition 
Saturates 
Aromatics 

Resin and asphaltenes 
Simulated distillation 

Initial Boiling Point (IBP) 
10% 
30% 
50% 
70% 
90% 

 
57.8 
35.5 
6.7 

 
261oC 
356oC 
415oC 
461oC 
528oC 
644oC 

Table 1: CNPC FCCU feedstock properties [1]. 
 

The in-situ crystallized FCC catalyst was developed by 
Lanzhou Petrochemical Research Centre of CNPC and 
produced by Catalyst Plant of CNPC Lanzhou 

Petrochemical Corporation. The main properties of the 
catalyst are presented in Table 2 [1]. 

 
Parameter Value Parameter Value 

Pore volume 
Surface area 
Rare earths 

Microactivity index 
Packing density 

0.37 cm3/g 
338.8 m2/g 
6.77 wt% 

60 
0.87 g/cm3 

Attrition index 
Particle size distribution 

0-40 μm 
40-80 μm 
> 80 μm 

1.0 wt% 
 

6.05 wt% 
28.25 wt% 
65.70 wt% 

Table 2: Properties of catalyst produced by Catalyst Plant of CNPC [1]. 
 
The unit is all continuous process that operates 24 h a day 
for as long as 3-5 years between scheduled shutdowns for 
routine maintenance. Its main products are highlighted in 
Figure 2. 
 
 

 

Figure 2: Six-lump model of vacuum gas oil catalytic 
cracking in the riser reactor [2]. 

Almost all the endothermic catalytic cracking of the 
vacuum gas oil, and coke deposition on the catalyst occur 
in the riser reactor, while in the regenerator reactor, air is 
used to burn off the spent coke for catalyst regeneration 
[3,4]. The riser reactor is probably the most focused item 
of equipment in an FCCU. Its modeling is very complicated 
for reasons of many complex reactions occurring in it, 
coupled with mass and heat transfer resistances between 
the gas and solid phases, and catalyst deactivation 
kinetics. Hence, a detailed mathematical model of the 
riser reactor should include all the significant physical 
phenomena and detailed reaction and deactivation 
kinetics [5], as was done in these studies. However, this 
poses a challenge in modelling FCCU riser reactor. For 
simplification, the kinetic mechanism of the fluid catalytic 
cracking was investigated in the literature by dividing the 
feed and products into components commonly known as 
“lump”, as shown in Figure 2. The first kinetic model for 
the catalytic cracking of heavy oil, developed by Weekman 
[6], was based on three lumps: feedstock lump, gasoline 
lump, and dry gas+coke lump. The model may be applied 
to any type of feedstock, only that it may not capture the 
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prediction of the yields of other valuable products such as 
liquefied petroleum gas (LPG), light cycle oil (LCO) and so 
on. Weekman and Nace [7] proposed a kinetic model of 
three lumps: stock oil, gasoline, and C3+C4+dry gas+coke, 
to account for stock oil (gas oil) conversion and gasoline 
yield in isothermal fixed, moving and fluid bed reactors, 
without considering mass and heat transfer effects. 
Moreover, the model was only capable of predicting the 
gasoline yield but failed to consider the effects of the coke 
deposited on the catalyst surface. Coke is mainly the by-
product of the cracking reactions and it provides the heat 
required for the endothermic reactions. Without 
considering the effect of the coke, the conversion is not 
appropriate. Starting from these models, and with the 
increasing power of computation and knowledge on the 
mechanism of the catalytic cracking reactions of heavy oil 
in the riser reactor, more complex kinetic models for 
catalytic cracking of heavy oil were developed in order to 
have a more detailed description of the compositional 
behaviour of FCCU riser reactors, without the 
incorporation of diffusion resistance. These models were 
based on 4-lump [8-12], 5-lump [13-15), 6-lump [16,17], 
7-lump [18-20], 8-lump [21,22], 10-lump [23], 11-lump 
[24,25], 12-lump [26] and 19-lump [27], without taking 
cognisance of diffusion resistance, except the work of 
Olafadehan, et al. (2018) [20]. A comprehensive review 
was presented by Pinheiro, et al. [28] on the subject of 
fluid catalytic cracking process modelling, simulation and 
control. Obviously, the number of lumps of the proposed 
kinetic models for catalytic cracking of heavy oil may be 
increased to obtain more detailed descriptions of the 
catalytic cracking reactions and product distribution 
[29,30]. This increases the number of kinetic parameters 
that need to be experimentally obtained and hence the 
resulting model equations becoming complicated. So, as a 
compromise, one may be constrained to choose a less 
number of lumps that can still provide useful information 
on the yields of marketable products. Which informed the 
use of the six-lump kinetics for the vacuum gas oil 
conversion in the riser reactor in our study, with the 
incorporation of diffusion resistances, which are sparingly 
investigated kinetically in the literature.  

 
Many of the mathematical models in the literature 

describe the riser reactor with one-dimensional mass, 
energy and chemical species balances [31-34]. Alexiadis, 
et al. [15] investigated the catalytic cracking of pure n-
decane (which represented the conventional gas oil feed) 
and admixture of n-decane with 10 wt% 2-ethylphenol, 
EP (which served as a model component for Hydro 
Deoxygenated (HDO) bio-oil over a series of 12 Faujasite 

zeolites in a fluid catalytic cracking unit. In their work, 
they did observe that EP induced fast deactivation of the 
Faujasites, which was more pronounced over materials 
with low mesoporous surface area and/or volume. 
Moreover, the increase in gasoline selectivity and 
decrease in LPG selectivity with time-on-stream (TOS) 
were more pronounced for an EP-containing feeds. John, 
et al. [17] considered detailed steady state model of an 
industrial FCCU in Sudan, with a newly proposed six-lump 
kinetic model that cracks gas oil into diesel, gasoline, LPG, 
dry gas and coke. In their work, frequency factors, 
activation energies and heats of reaction for the kinetics 
of catalytic cracking and model parameters were 
estimated using an optimization technique in gPROMS 
software to minimize the sum of squared errors between 
experimental and calculated values. The major industrial 
riser reactor weight fractions of diesel and gasoline were 
predicted to be 0.1842 and 0.4863 with % errors of 0.81 
and 2.71 respectively when compared with the plant data. 
In our study, comprehensive and feasible one-
dimensional models were employed to a commercial 
CNPC-FCCU riser reactor using six-lump kinetics of 
catalytic cracking of vacuum gas oil, with the 
incorporation of mass and heat transfer resistances, 
which is a deviation from the general norm in the 
literature. Normally, for industrial applications, the main 
goal of FCCU-riser reactor simulations is to predict 
accurately, for a particular set of operating conditions, the 
mass fraction of each component (diesel, gasoline, LPG, 
dry gas, and so on) at the riser reactor outlet, so that the 
set of input parameters may be changed, aiming to 
increase (or maximize) the conversion of a specific 
product. Our developed mathematical models of the riser-
type of this FCCU contained the following components: 
kinetic model of the catalytic cracking of vacuum gas oil, 
catalyst deactivation model, hydrodynamic model of the 
riser reactor, material, force and energy balances. A 
computational code was written in MATLAB environment 
to proffer numerical solution of the resulting system of 
model equations. The simulated results were validated by 
comparison with industrial plant data of the vacuum gas 
oil conversion and yield. Our attempt in modelling and 
simulation of an industrial FCCU-riser reactor data is 
sufficiently precise to be used for the design of new units 
and for system control and optimization of operating 
conditions of any FCCU-riser reactor for the reason of 
demonstration of our model to be used as a powerful and 
simple tool for design, control and optimization of FCCUs, 
combining accuracy with less computational time of about 
5 s to obtain accurate numerical solutions when 
simulating actual FCCU riser reactor operation. 
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Development of Mathematical Models for 
Riser Reactor of Commercial Fluid 
Catalytic Cracking Unit 

The Mathematical Models 

The control-relevant dynamics of the riser reactor-
regenerator section of a typical commercial FCCU can be 
described by modelling the plant as four subsystems, as 
shown in Figure 1. In Figure 1, the oil feed and steam, 
having passed through the vaporizer, enter the catalytic 
riser together with the regenerated catalyst, where 
cracking of vacuum gas oil into lighter products starts as 
it contacts the hot regenerated catalyst from the 
regenerator. The catalyst is made to rise by steam 
introduced at the base of the riser between the 
regenerator and the feed inlet point. The vaporized feed 
and the catalyst pass through the riser into disengager for 
cracked products and catalyst separation. After which, the 
spent catalyst flows down by gravity into the regenerator, 
where air is used to burn off the coke deposited on the 
catalyst in order to return it to a stable state for catalyzing 
the cracking reaction.  
 

Model for the Vaporizer Subsystem 

The vacuum gas oil and steam pass through the 
vaporizer, as shown in Figure 1. Hence, by a consideration 
of the energy balance for the fluid streams (VGO and 

dispersion steam) entering the riser reactor at ,0z

Olafadehan et al. (2018) presented the inlet temperature 

of the vapour phase, 
ingT ,

, to the riser reactor thus:  
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(1) 
 

Mathematical Modelling of the Riser Reactor of 
FCCU 

The mathematical model of the riser-type FCCU 
contains the following components: kinetic model of the 
catalytic cracking of vacuum gas oil, deactivation catalyst 
model, hydrodynamic model of the riser reactor, material 
balance, force, and energy balances. 
 
Kinetics of Catalytic Cracking of Vacuum Gas Oil in the 
FCCU-Riser Reactor: The six-lump kinetic model for 
catalytic cracking of vacuum gas oil as given by Du, et al. 
[2] is shown in Figure 2. In Figure 2, the feedstock (VGO, 
n-heptacosane, C27H56, b.p. > 350oC) was considered as 

one lump, which thus represents a simple model that is 
suitable for a catalytic cracking process using a paraffin 
atmospheric residue. In Figure 2, diesel (n-hexadecane, 
C16H34, b.p. > 221oC, S.G. at 15oC=0.9350), gasoline (b.p. of 
38.5-221oC, S.G. at 15oC=0.7585) and LPG (C3+C4, S.G. at 
15oC=0.540) and dry gas (H2+C1+C2) were considered 
individual lump. However, in Figure 2, coke was 
considered as one lump since it is very important for heat 
balance of the reaction system.  
 

In the reaction mechanisms of Figure 2 for catalytic 
cracking of vacuum gas oil, it was assumed that the 
reactions of converting vacuum gas oil and diesel into 
light products were irreversible second order while other 
reactions were irreversible first-order. All reactions take 
place in the gas phase. Moreover, mass and heat transfer 
resistances between the reacting fluid and the catalyst 
were incorporated in the kinetic model, as against 
previous works in the literature. 

 
The magnitude of the effectiveness factor,  , 

 10  indicates the relative importance of diffusion 

and reaction limitations. The internal effectiveness factor 
of the particle,  , is defined as: 
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The particle effectiveness factor,  , is a direct 

measure of the extent to which diffusion resistance 
reduces the rate of chemical reactions in heterogeneous 
catalysis and it is a function of Thiele modulus. Thiele 
modulus,  , is a measure of the ratio of intrinsic reaction 

rate to diffusion rate and as such equation (3) provides a 
yardstick for determining the rate determining step in 

heterogeneous catalysis. The Thiele modulus, n , for an 

nth-order reaction in a spherical pellet is given by Smith 
[35]: 
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However, the internal effectiveness factor for a first-

order reaction in a spherical catalyst pellet is given by 
Smith, [35]: 
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A similar expression was assumed for a second-order 
reaction, except for the change in the Thiele Modulus 
expression. 

 
For a first-order irreversible reaction, the rate of 

formation of component i, with the incorporation of mass 
transfer resistance, is obtained as (Olafadehan, et al. [20]):  
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where an overall rate coefficient, 0k , is defined thus: 
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However, for a second-order irreversible reaction, the 

rate of formation of component i, with the incorporation 
of mass transfer resistance, is obtained as (Olafadehan, et 
al. [20]):  
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(8) 
 
Catalyst Deactivation Model Coupled with Reaction 
Rates: Empirical correlations have been used to express 
quantitatively the effect of coking on the rates of reaction. 
For a rational design, a quantitative formulation of the 
rate of coke deposition is needed to account for the effect 
of the coking on the riser reactor behaviour. There are 
two types of catalyst deactivation functions used to 
describe FCC catalyst deactivation: time-on-stream based 
function and coke-on-catalyst based function. The latter 
was used in this study in order to give an insight into the 
amount of coke deposited on the catalyst surface. Chen 
and Cao [36] relation between catalyst deactivation 

function,  CKC , and the amount of coke, CKC , on the 

catalyst in the riser reactor was used for the catalytic 
cracking of vacuum gas oil:  
 
 

    



 CKCK CC 1  (9) 

where  

c

VGOCK
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F

Fy
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The catalyst deactivation (or activity) function,

 CKC is the ratio of the rate of reaction on a catalyst 

that has been used for a time, ct ,  )( ci tr , to the rate of 

reaction on a fresh catalyst )0( ct ,  )0(  ci tr , when 

there are no diffusion limitations:  
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Also,  N  and  A  are functions describing the 

poisoning effect of basic nitrogen and the adsorption 
effect of aromatics, resins and asphaltene on the reaction 
rates respectively, and they are respectively given by 
(Xiong, et al. [1]: 
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Hence, for catalytic cracking of vacuum gas oil, Equations 
(9), (12-(14) were combined to obtain the rate of 

disappearance of lump i,  )( ci tr  as follows: 

 

  
     ASPRAAcNN

CKci
ci

yyyKCORtyk

Ctr
tr








11

1)0(
)(




 

(15) 
 
Hydrodynamic Model of the Riser Reactor: The 
hydrodynamics presented herein tries to mimic the real 
situation in a riser reactor. The detailed hydrodynamic 
model of the riser reactor employed in this study can be 
found in Olafadehan, et al. [20], and summarized thus: 
 



Petroleum & Petrochemical Engineering Journal 

  

Olafadehan OA, et al. Modelling and Simulation of Riser Reactor of a Commercial 
Fluid Catalytic Cracking Unit Using 6-Lump Kinetics of Vacuum Gas Oil. Pet Petro 
Chem Eng J 2019, 3(3): 000194. 

  Copyright© Olafadehan OA, et al. 

 

             7   

41.01 47.06.51 t

cg

g

c

g
FrFr

v

U



 




; 

Rg

g

g
A

F
U


 ; 

gRg

g

g
A

F
v





; ; 

Rtt gDUFr  ;   23

gpgcg gDAr   ; 

  5.07439.13348.218
Re

Ar

Ar
t


 ; 

 pggtt DU Re ;

gu

g

g
TR

Mp

1000
 ;

  stmLGGALCOVGOfg FyyyyFF  ;
cg  1 ; 

fstmLGLGGAGALCOLCOVGOVGO

g
FFMyMyMyMy

M
18

1


 ; 

Rcc

c

c
A

F


 ; 

  pcc   1 ; 

ccg

cg

g
GU

U







 

 

where  is slip factor; 
g is interstitial gas velocity in the 

riser; 
gU is superficial gas velocity in the riser reactor; 

c is volume fraction of the cluster phase (catalyst+coke); 

g is volume fraction of the gas phase (VGO+steam); Fr

is dimensionless Froude number; tFr  is dimensionless 

Froude number based on terminal velocity; 
g is density 

of gas phase (heavy oil+steam) in the riser; c is density 

of cluster phase (catalyst+coke) in the riser; RA is cross-

sectional area of riser; g is acceleration due to gravity; Ar

is Archimedes number; tRe  is Reynolds number based 

on terminal velocity; tU is particle terminal velocity; p is 

riser pressure in the riser; iy is yield of lump i; gM is 

average vapour phase molecular weight; uR is universal 

gas constant; 
gT is temperature of fluid phase in the riser; 

cG is mass flux of cluster phase (catalyst+coke) in the 

riser; c  is average voidage of the clusters; g is average 

voidage of the gas phase; and iM is the molecular weight 

of lump i. 
 

The catalyst residence time, 
ct , was calculated using 

the expression: 
 

  ggcatCKgcat
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while the residence time, 
gt , of the gas phase was 

calculated thus: 
 

ggRgg UHvzt    (17) 

 

The cluster phase velocity, cv , in the riser reactor was 

determined by the momentum equation of Tsuo and 
Gidaspow [37], and summarized by Gupta, et al.[5], 
Fernandes, et al. [38] and Han and Chung [34], which is 
given in dimensionless form thus: 
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where 
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For catalytic cracking of vacuum gas oil, the viscosity 

of the gas phase, 
g , was calculated according to 

Bromley and Wilke [39] thus: 
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where  

stmDGLPGGADVGOiFFy gii ,,,,,  (24) 
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 (25) 

In the above equations, the gas phase viscosity of the 

ith component, i , was calculated by the following 

correlation (American Petroleum Institute [40]):  
 

24256 1004832.11000638.11008118.9017352.0061819.09943.18 iiii MMM   

 

iii MInMInM  31035025.820527.3136695.0   

(26) 
 

where   is temperature in oC. 

The viscosity of steam, stm , was determined by the 

correlation of Daubert and Danner [41]: 
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where T is temperature in K. 
 
Continuity Equation of Component in FCCU-Riser 
Reactor: The component mass balance taken over an 
elemental volume of the riser reactor, shown in Figure 1, 
for each of the lumps was obtained as follows: 
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VGO, D, GA, LPG, DG and CK represent vacuum gas oil, 
diesel, gasoline, liquefied petroleum gas, dry gas and coke 
respectively. The assumptions inherent in the model are: 
(1) Adiabatic and one-dimensional transported ideal plug 
flow for gas (VGO+steam) and cluster phase 
(catalyst+coke) but with different velocities, no axial 

back-mixing and no radial dispersion; (2) Diffusion 
resistances are significant, and no adsorption within the 
catalyst particle; (3) There is no heat loss from the riser 
reactor; (4) The pressure drop along the riser length is 
due to the hydrostatic head of catalyst, solid acceleration, 
solid and gas friction in the riser reactor (Pugsley and 
Berruti [42,43]; (5) A variable gaseous superficial velocity 
with axial position along the riser length is assumed; (6) 
The catalyst particles are assumed to move as clusters to 
account for the observed high slip velocities; (7) The coke 
exists as solid and its deposition on the catalyst particles 
does not affect the fluid flow; (8) In each section of riser, 
the cluster (catalyst and coke) and gas (hydrocarbon 
vapours) have different temperature in order to account 
for the heat transfer between the fluid and the solid 
phases Olafadehan, et al. [20]; (9) The reactor dynamics is 
fast enough to justify a quasi-steady state model; and (10) 
Two approaches of the vaporization of the feedstock are 
considered: (i) Instantaneous and complete vaporization 
of vacuum gas oil occurred at the reactor entrance; and 
(ii) One-dimensional vaporization of the VGO. 

 
At steady state, in dimensionless form, for catalytic 

cracking of vacuum gas oil in the riser reactor, Equation 
(28) becomes: 
 

CKDGLPGGADVGOir
d

dyS
ip

i

gg

catv ,,,,,,,2










 



 (29) 
where  
 

g

cRv

R

g

v

HS

A

F
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 (30) 

 

Writing the rate of formation,
ipr ,
 , for lump i in the 

reaction network of Figure 2, the resulting dimensionless 
steady-state model for the yield of each lump in the riser 
reactor of CNPC-FCCU was obtained from Equation (29) 
thus:  
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GADVGOggCK

F
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d
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1

11

6,36,3

2

6,26,2

2

6,16,1

2

 (36) 

 

where  RHz is dimensionless riser length; z is 

axial position in the reactor; RH is the height of riser 

reactor;  jiji MM,  is the chemical measurement 

coefficient for the reaction of lump i to lump j, and 
jik ,

 is 

the specific reaction rate constant for the reaction of lump 
i generating lump j, expressed using Arrhenius equation 
thus: 
 

 















gu
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TR

E
kk
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0,, exp  (37) 

 
Using Equation (37) in Equation (7), we have: 
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 (38) 

 
Thus, the inherent specific reaction rate constants in 

Equations (31)-(36) were modified according to Equation 
(38), noting that the rate expressions for second order 
reactions were used as given in Equation (8). 
 
Force Balance: The expression for predicting the 

dimensionless pressure drop, Rp  along the 

dimensionless height,  , of the riser reactor was 

obtained by Olafadehan, et al. [20] thus: 
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 (39) 

 

where Rp is dimensionless pressure in the riser reactor; 

and   
0

2

0 gin up   is the riser inlet pressure. The 

expression for solids friction factor, sf , suggested by 

Konno and Saito [44] was used in this study since it has 
the widest applicability, and is given by: 
 

 

c

R
s

gD
f



5.0
0285.0

  (40) 

 

The gas friction factor, 
gf , is calculated from Blasius 

[45] friction factor, which is expressed as: 
 

25.0Re316.0 gf  (41) 

 
Energy Balance for the FCCU-Riser Reactor: Since the 
reactor operating condition is adiabatic and the reaction 
is endothermic, energy is consumed. With the 
incorporation of heat transfer between the solid and gas 
phases, at steady state, the energy balance over an 
elemental volume of the reactor for the fluid phase in 
dimensionless form is given by Olafadehan, et al. [20]:  
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inggcatcgsggirxnip
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(42) 
 

In dimensionless form, the energy balance for the solid 
phase is given by: 
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catcatcingggsR

c
CKpCKcatpcat TTTTThALA

d

Td
cFcF  ,,,


 

(43) 

where ,,,,,,
1

, KCDGLPGGADicyc
n

i

piiVGOp 


 gT

is dimensionless temperature of fluid  ingg TT , ;
cT is 

dimensionless temperature of cluster phase   
0cc TT ;

 
irxnH is heat of reaction of lump i generating lump j; h 

is gas-particulate heat transfer coefficient; and
gsA is 

specific surface area of the particulate based on unit 

reactor volume,   pb D 16 . Two vaporization 

approaches of feedstock were considered thus: 
1. Instantaneous vaporization, where the feedstock 

vaporizes as soon as the catalyst gets in contact with it 
at the riser inlet. The fluid is thus considered as an ideal 
gas and the enthalpy balances for the fluid and solid 
phases are given by Equations (42) and (43) 
respectively. 

2. One-dimensional vaporization of the feedstock, where a 
distillation curve is employed for the fraction of gas oil 

vaporized, 
vapX : 

1254.00027.0  TXvap
 (44) 

which is valid from 319.5 – 689.8 K. The gas oil liquid and 
gas phases take place together for a certain period in the 

riser reactor. Therefore, the enthalpy of the mixture, 
fh , 

is computed by: 

 
LvapvapVf hXXhh  1  (45) 

 
By employing the data of Farah (2003), the following 
correlations were obtained (Negrao and Baldessar [46]): 
 

81.3822518.10022608.0 2  TThV
 (46) 

592.328602.10015072.0 2  TThL
 (47) 

 
which are valid from 319.5 – 689.8 K. 
The fluid phase temperature is evaluated by the enthalpy 
balance as follows: 
 

     







 



gce

N

i

catgirxnip

g

Rg
TThAHr

F

LA

d

dh

1

, 1 


 

(48) 
 
which can be used in conjunction with Equation (43) to 
predict the fluid and solid phases’ temperatures for one-
dimensional vaporization of the feedstock. 
 

Computational Procedure 

The developed model equations consist of a set of 11 
coupled, highly non-linear first-order ordinary differential 
equations (16), (18), (31)-(36), (39), (42)/(44) and (43) 
whose exact analytic solutions are somewhat impossible 
so, a powerful, robust numerical method for non-linear 
differential equations must be used. The initial conditions 
needed to solve these equations are: 

 

  1)0(,1)0(,1)0(,5)0(,1)0(,,,,,,0)0(,1)0(  cgRccjVGO TTptvCKDGLPGGADjyy  at 0 . 

 
The computer program for the numerical solution of 

the governing differential equations was written in 
MATLAB R2017a environment, evoking the built-in 
function ode23tb, which is a solver for initial value 
problems for stiff ODEs. This function is based on semi-
implicit Runge-Kutta method with step-size adjustment 
strategy for the numerical solution of the developed 
differential equations with a view to predicting the yield 
of each lump, temperature and pressure profiles and 
other process parameters in the riser of an industrial 
FCCU during the catalytic cracking of vacuum gas oil. This 
numerical method is efficient, accurate and stiffly stable 
so any unenvisaged problem of instability associated with 
explicit methods is removed. Moreover, an iterative excel 

worksheet was used to study the effect of any change in 
operating variables on the riser reactor of CNPC FCCU 
performance. 
 

Before solving the ordinary differential equations, the 
required physical parameters of the process must be 
determined first. The respective molecular weights of 
vacuum gas oil and diesel are 444.0 and 230.0 kg/kmol 
[1]. According to the six-lump reaction network, the 
components of vacuum gas oil include diesel, gasoline, 
LPG, dry gas and coke. n-heptacosane, C27H56, and n-
hexadecane, C16H34, were used as surrogates of VGO and 
diesel respectively [2], whose specific heat capacities as 
functions of temperature obtained from Sinnott and 
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Towler [47] are presented in Table 3. Moreover, to mimic 
the reactions and compounds being formed in the riser 
reactor as closely as possible, and in the face of dearth of 
information on VGO and diesel characterization, a 
pseudo-component was chosen to represent VGO and 
diesel, adopted from the work of Du, et al. [2] since the 
higher the molecular weight of a lump, the more paraffinic 
it is, an alkane of similar molecular weight was therefore 

chosen to represent VGO and diesel lumps individually 
Olafadehan, et al. [20]. Gasoline consists of several 
hydrocarbons, as revealed in the mass spectrometric 
analysis of 1 mol of gasoline. For use in the energy 
balance equation, the specific heat capacities’ constants of 
the components in gasoline lump were obtained from 
Sinnott and Towler [47] and ASPEN PLUS/HYSYS 9.0, and 
presented in Tables 4 & 5.  

 

Component Molecular weight/kg kmol-1 Mass Fraction a  b  410c  
810d  

VGO (n-heptacosane) 444.0 1.0 -21.47 2.568 -14.43 30.8 
Diesel (n-hexadecane) 230.0 1.0 -13.07 1.529 -8.537 18.497 

Table 3: Constants in specific heat capacities of VGO and diesel [47]. 
 

S.No. Component Mol.wt (kg kmol-1) Mass Fraction a  b  410c  
810d  

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24 
25. 
26 
27. 
28. 
29. 
30. 
31. 
32. 

Propane 
isobutane 
n-butane 

trans-2-butene 
3-methyl-1-butene 

isopentane 
n-pentane 

2-methyl-2-butene 
3,3-dimethyl-1butene 
2,3-dimethylbutane 

2-methylpentane 
n-hexane 

methylcyclopentane 
2,2-dimethylpentane 

n-heptane 
benzene 

2,3-dimethylpentane 
2,2,4-trimethylpentane 

2,2-dimethylhexane 
toluene 

2,3,4-trimethylpentane 
2-methylheptane 

n-octane 
p-xylene 

n-propylbenzene 
1,3,5-trimethylbenzene 
1,2,4-trimethylbenzene 

1-methyl-2-ethylbenzene 
1,2,4,5-tetramethylbenzene 

n-dodecane 
naphthalene 

1-methylnaphthalene 

44.097 
72.151 
58.124 
56.108 
70.135 
86.178 
72.151 
70.135 
84.162 
86.178 
86.178 
86.178 
84.162 

100.205 
100.205 
78.114 

100.205 
114.232 
114.232 
92.141 

114.232 
114.232 
114.232 
106.168 
120.195 
120.195 
120.195 
134.222 
134.222 
170.340 
128.174 
142.201 

0.0001 
0.0122 
0.0629 
0.0007 
0.0006 
0.1049 
0.0586 
0.0044 
0.0049 
0.0730 
0.0273 
0.0283 
0.0083 
0.0076 
0.0063 
0.0076 
0.0390 
0.0121 
0.0055 
0.0550 
0.0121 
0.0155 
0.0013 
0.0957 
0.0841 
0.0411 
0.0213 
0.0307 
0.0133 
0.0230 
0.0045 
0.0023 

-4.224 
-9.525 
9.487 

18.417 
21.742 
-16.634 
-3.626 
11.803 
-12.556 
-14.608 
-10.567 
-4.413 

-50.108 
-50.099 
-5.146 

-33.917 
-7.046 
-7.461 
-9.215 

-24.355 
-9.215 

-89.744 
-6.096 

-25.091 
-31.288 
-19.590 
-4.668 

-16.446 
15.265 
-9.328 

-68.802 
-64.820 

0.30626 
0.50660 
0.33130 
0.25636 
0.38895 
0.62928 
0.48734 
0.35090 
0.54847 
0.61504 
0.61839 
0.58197 
0.63807 
0.89556 
0.67617 
0.47436 
0.70476 
0.77791 
0.78586 
0.51246 
0.78586 
1.2422 

0.77121 
0.60416 
0.74860 
0.67240 
0.62383 
0.69961 
0.65188 
1.1489 

0.84992 
0.93868 

-1.586 
-2.729 
-1.108 

0.70138 
-2.007 
-3.481 
-2.580 
-1.117 
-2.915 
-3.376 
-3.573 
-3.119 
-3.642 
-6.360 
-3.651 

-3.0174 
-3.734 
-4.287 
-4.400 
-2.765 
-4.400 
11.76 
-4.195 
-3.374 
-4.601 
-3.692 
-3.263 
-4.120 
-2.879 
-6.347 
-6.506 
-6.942 

3.2146 
3.7234 
-0.2822 
0.8989 
4.0105 
6.8496 
5.3047 
-0.5807 
5.2084 
6.8203 
8.0847 
6.4937 
8.0135 
17.358 
7.6677 
7.1301 
7.8335 
9.1733 
9.6966 
4.9111 
9.6966 
46.180 
8.8551 
6.8203 
10.810 
7.6995 
6.3765 
9.3282 
3.2569 
13.590 
19.808 
20.155 

*Source: Ground water Management Review, Spring, 1990 p.167 (excluding those hydrocarbons whose weight  
fractions in the gasoline were zero). 

Table 4: Constants in the specific heat capacities of components in gasoline [47]. 
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S/No. Component Mol.wt/kg kmol-1 
Mass 

Fraction 
a  b  310c  

710d  
1010e  

2210f  

33. 
34. 
35. 
36. 
37. 

 

2,4,4-trimethylhexane 
3,3,4-trimethylhexane 
2,2,4-trimethylheptane 
methylpropylbenzene 

1,2,3,4-tetramethylbenzene 

128.3 
128.3 
142.3 
120.2 

 
148.2 

0.0087 
0.0281 
0.0105 
0.0351 

 
0.0129 

64.028 
78.651 
50.953 
192.50 

 
3.52 10-8 

0.1427 
0.0783 
0.1669 
-0.3023 

 
0.0361 

2.8395 
2.85 

2.8409 
2.8825 

 
2.73 

-6.8591 
-6.93 

-6.8714 
-7.24356 

 
-10.1 

0 
0 
0 
0 
 

1.59 

0 
0 
0 
0 
 

8.34 

Table 5: Constants in specific heat capacities of other components in gasoline obtained from ASPEN PLUS/ HYSYS 9.0. 

With 1g  for serial numbers 33-37. 

 
Since ASPEN PLUS/HYSYS 9.0 is a very good software 

to characterize feedstock and/or product by pseudo-
components from an assay, it was used to populate the 
VGO and the other components in gasoline properties. 
These give specific heat capacities as functions of 
temperature to be used in the energy balance equation. 
However, representing a property of a lump with a 
surrogate single component may have significant 
deviations on the simulated results when compared with 

plant data. In this study, this was not the case as revealed 
that there was excellent agreement between simulated 
results and the plant data for the case of instantaneous 
vaporization of feedstock. 

 
From the experimental analyses of Du, et al. [2], LPG 

lump consisted of propane and butane while dry gas 
consisted of hydrogen, methane, and ethane, whose 
properties are given in Table 6.  

 

Component Mol.wt/kg kmol-1 Mass Fraction a  b  410c  
810d  

LPG 
Propane 
n-butane 

44.097 
58.124 

0.44 
0.56 

-4.224 
9.487 

0.30626 
0.3313 

-1.586 
-1.108 

3.2146 
-0.2822 

Dry gas 
Hydrogen 
Methane 
Ethane 

2.016 
16.043 
30.070 

0.33 
0.34 
0.33 

27.143 
19.251 
-5.409 

92.748 10-4 
52.126 10-3 

0.17811 

-0.1381 
0.11974 
-0.60938 

0.78451 
-1.132 

0.087127 

Table 6: Constants in specific heat capacities of components in LPG and dry gas. 
 

The molecular weights of gasoline, LPG and dry gas 
were calculated from the weight fractions and molecular 
weights of the components in the lump from Tables 4-6 to 
be 114.7149, 51.9521 and 16.043 kg/kmol, respectively 
while the molecular weight of steam is 18.0 kg/kmol. In 
Tables 3, 4, 6, the specific heat capacity of the component 
is expressed thus: 
 

32 dTcTbTacp   (49) 

which is expressed in J/(mol K). 
 

In Table 5, the specific heat capacities of other 
components in gasoline obtained from ASPEN 
PLUS/HYSYS 9.0 are in the form: 
 

65432 gTfTeTdTcTbTacp   (50) 

which is expressed in kJ/(kg K). 

 
So, the specific heat capacity of gasoline as a lump, 

GApc ,
, is given by: 


)50(

37

33

)49(

32

1

,

equationngusi

j

pjjGA

equationngusi

j

pjjGAp cmMcmc 


  (51) 

which is now expressed in J/(mol K).  
  
The specific heat capacity of LPG was computed using: 

1041048383 ,,, HCpHCHCpHCLPGp cmcmc   (52) 

 
The specific heat capacity of DG was computed using: 

62624422 ,,,, HCpHCCHpCHHpHDGp cmcmcmc   (53) 

The specific heat capacity of coke, which is taken to be 
carbon – graphite, was obtained from Smith, et al. [48] as: 
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 244

, 1067.81071.7771.1   TTRc uCKp
 J/(mol 

K) (54) 
while the specific heat capacity of steam is given thus: 
(Smith. et al.[48]):  
 

 243

, 1021.110450.1470.3   TTRc ustmp
 

J/(mol K) (55) 
 

The specific heat capacity of catalyst does not change 
with temperature during reaction, and its value is (Ahari 

et al., 2008): 087.1, catpc kJ/(kg K). The viscosity of VGO 

was estimated using the correlations obtained from 
ASPEN PLUS/HYSYS 9.0: 
 

31721287 104680.6103150.1102294.1100029.6 TTTVGO

 

   (56) 
 
where T is in K and the viscosities are expressed in 
Ns/m2. 
 

In order to account for temperature effect in the riser 
reactor, the specific heat capacity of each lump in the 
reaction network for the catalytic cracking of vacuum oil 
gas expressed as function of temperature was then 
introduced into the model equations as demanded. This is 
in variance with previous works in the literature.  

 
The kinetic and thermodynamic parameters for the 

catalytic cracking of vacuum gas oil in the CNPC FCCU 
riser reactor are given in Table 7, which were used for 
simulation.  

 

Parameters Frequency factor,  
0, jik  

Activation Energy, 

jiE ,
(J/mol) 

Heat of Reaction, 

 
irxnH  (J/mol) 

k1,2 
k1,3 
k1,4 
k1,5 
k1,6 
k2,3 
k2,4 
k2,5 
k2,6 
k3,4

 

k3,5
 

k3,6
 

k4,5
 

k4,6
 

6712.72 
219000 
637.87 
1869 

1546.40 
240.46 
46.08 
3560 

281.68 
40.39 

1.6 
15.60 
78.98 
296.4 

50727 

70000 
59750 

176440 

59750 

57500 

141950 

81780 
59750 

74220 

135340 

59750 
89270 
31500 

-40970 
-46960 
317440 
790600 
633300 

3600 
212570 
493340 
400080 
111190 
255590 
42420 
57240 
2100 

Table 7: Kinetic and thermodynamic parameters used for riser reactor types of FCCU simulation [2,19]. For feedstock 

cracking, the units of  
0, jik are wt. fraction./s while for other lump cracking, the units of  

0, jik are s1 . 

 
Parameters Value 

Riser Height, RH  

Riser inner diameter, DR 
Particle density, ρp 

Particle mean diameter, Dp 
Gaseous phase density, (ρg)0 

Gas viscosity, µ 
Solids circulation rate, Gs 

32.8 m 
0.6 m 

1500 kg/m3 
60 m 

1.3 kg/m3 
2 10-5Pa.s 

22 kg/(m2 s) 

Table 8: Operational conditions of industrial riser reactor considered [49]. 
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Table 8 provides information on the configuration of 
the industrial plant as reported by Souza, et al. [49]. Other 

parameter values used for numerical simulation are given 
in Table 9.  

 
Parameter Values References 

Feedstock 
Vacuum Gas Oil mass flow rate, FVGO 12744 kg/h Souza, et al. [49] 

Steam mass flow rate, Fstm 442.4 kg/h Souza, et al. [49] 
Steam inlet temperature, Tstm 320oC Souza, et al. [49] 
Feed inlet temperature, TVGO 320oC Souza, et al. [49] 

Flow rate of catalyst, Fcat 62445.6 kg/h Souza, et al. [49] 
Catalyst inlet temperature, Tcat 567oC Souza, et al. [49] 

Riser pressure, pin 2.5 bar Souza, et al. [49] 
Catalyst to oil ratio (COR) 4.9 Souza, et al. [49] 

Physical properties 

Specific heat capacity of liquid feed, 
L

VGOpc ,  2670 J/kg Ahari, et al. [50] 

Specific heat capacity of vapour feed, 
V

VGOpc ,  3300 J/kg Ahari, et al. [50] 

Catalyst density, ρcat
 1560 kg/m3 Souza, et al. [49] 

Gas phase viscosity, µgas 
Particle density, ρp 

2 10-5Pa.s 
1500 kg/m3 

Souza, et al. [49] 

Vaporization temperature of feed, Tvap 698 K Ahari, et al. [50] 
Enthalpy of vaporization, ΔHvap 190 kJ/kg Ahari, et al. [50] 

Specific heat capacity of steam, cp,stm 2.0 kJ/kg K) Souza, et al. [49] 
Pore diameter 2 nm Olanrewaju, et al. [51] 

Particle diameter, Dp 60 µm Olanrewaju, et al. [51] 
Particle tortuosity, τ 7.0 Missen, et al. [52] 

Heat transfer coefficient, h 1 103 kW/(m2 K) Souza, et al. [49] 

Table 9: Other operating conditions of riser reactors of FCCU. 
 

Due to the dearth of some data from the China 
National Petroleum Corporation, data were obtained from 
a similar Refinery investigated by Souza, et al. [49] and 
Ahari, et al. [50] , as indicated in Table 9 for 
computational purposes. 
 

Estimation of Effective Diffusivity and Mass and 
Heat Transfer Coefficients 

The mass transfer coefficient, 
gk , was calculated from the 

Dj  factor and the Schmidt’s number ([35]):: 

 

3
2

 Sc
Gj

k
pg

VD
g


 (57) 

gk

g

D
Sc




  (58) 

 

The heat transfer coefficient, 
gsh , was calculated from the 

Hj  factor and the Prandtl’s number, Pr, (Smith [35]): 
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 (59) 

cat

g

V

VRp

k

c ,
Pr  (60) 

 

The effective diffusivity, eD , was calculated from the 

Knudsen diffusivity (Fogler [53]): 
 



 cpk

e

D
D   (61) 

 

The Knudsen diffusivity, kD , was estimated thus (Smith 

[35]): 
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g

gupore

k
M

TRd
D

1000

8

3
  (62) 

 

In the fluidized bed catalytic reactor, the j-factors ( Dj  

and Hj ) are approximately equal and was estimated 

using the correlation given thus (Smith, et al. [48]): 
 

 
gg

Vp

HD

Gd
jj




1
77.1,


 (63) 

 

Simulation Results and Discussion 

The assignin and evalin MATLAB R2017a functions 
were used to call out the values of the interstitial gas 
velocity, while the gas phase mass flow rate, superficial 
velocity, average molecular weight and density were 
calculated using the results from the code. The simulated 
results of the developed mathematical models for riser 
reactor of CNPC FCCU without mass and heat transfer 
resistances did not match any of the plant data at all as 
the results were unrealistic, especially for the weight 
fraction of each lump being negative. Hence, the results 
were not presented here and neither was discussions 
made in that respect. Only the simulated results with the 
incorporation of mass and heat transfer resistances in the 
developed models were presented and discussed, as these 
results show promising results, as presented in Figures 3-
12. In Figures 3-5, comparison was made between the 
actual plant data of the VGO and product yields with 
simulated results for both instantaneous and one-
dimensional vaporization of feedstock, and summarized 
in Table 10. Excellent agreements were achieved between 
the CNPC-FCCU riser reactor exit yield of VGO, diesel, 
gasoline, LPG, dry gas and coke and the predicted values 
considering instantaneous vaporisation of feedstock with 

maximum % error being  2.41, where optimal yields of 
the cracked products needed to meet market demands 
and ensuring maximum profit were achieved. Moreover, 
our predicted values of the major important riser reactor 
weight fractions of diesel and gasoline: 0.180319 and 
0.471354 compared exceedingly well with those obtained 
by John, et al. [17]: 0.1842 and 0.4863, with % error being

 2.15 and  3.17 respectively using instantaneous 
vaporization of feedstock. However, the simulated results 
in terms of exit yield of each lump did not match the plant 
data except for the VGO exit yield and conversion using 
one-dimensional vaporisation of feedstock model. The % 
errors in this case were all greater than 5 with the 

exception of the yield of VGO with % error being  3.13. 
Hence, instantaneous vaporisation of feedstock must have 
occurred at the entrance of the riser reactor. Moreover, it 
is evident in Figure 3 that almost 75% conversion of VGO 
occurs in the first 10 m of the riser reactor. This agrees 
with literature findings and it can be inferred that the rate 
of cracking is fastest at the entrance into the riser reactor 
(Theologos and Markatos, [54]; Martin, et al. [55]; Kimm, 
et al. [56]; Ali, et al. [31]; Derouin, et al. [57]; Berry, et al. 
[58]; Xu, et al. [59]; Heydari, et al. [18]; Olafadehan, et al. 
[20]). Also, for both instantaneous and one-dimensional 
vaporization of feedstock, most of the conversion occurs 
in the first-third of the riser reactor, implying that, giving 
a head-room of another 5 m for catalytic cracking of VGO 
to occur and for transportation of the products out of the 
riser reactor, then almost the second half of the riser 
reactor is redundant. Probably there is no need for the 
construction of the height of the riser reactor to be 32.8 m 
for the commercial CNPC as espoused in one of our 
studies for the Khartoum Refinery Company (Olafadehan, 
et al. [20]). The predicted results for one-dimensional 
vaporisation of feedstock yielded poor results. Hence, 
instantaneous vaporisation of feedstock must have 
occurred at the entrance of the riser reactor. 

 

Lump 
Plant data Instantaneous Vaporization One-dimensional Vaporization 

Yield (wt %) Yield (wt %) % error Yield (wt %) % error 

VGO 
Diesel 

Gasoline 
LPG 

Dry gas 
Coke 

8.00 
17.80 
48.30 
19.02 
1.95 
4.93 

7.8673 
18.0319 
47.1354 
19.4484 
1.9295 

5.02 

 1.66 

 1.30 
 2.41 
 2.25 

 1.05 
 1.83 

8.25 
19.4875 
44.1354 
22.3103 
1.3107 
5.8899 

 3.13 

 9.48 
 8.62 
 17.30 

 32.78 
 19.47 

Table 10: Comparison of the plant exit yield form the riser reactor of CNPC FCCU with simulated results. 
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Figure 3: Yield and conversion of VGO along height of riser reactor for instantaneous and one-dimensional 
vaporization of feedstock. 

 
 

 

Figure 4: Yield of diesel and gasoline along height of riser reactor for instantaneous and one-dimensional 
vaporization of feedstock. 
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Figure 5: Yields of LPG, dry gas and coke along height of riser reactor for instantaneous and one-dimensional 
vaporization of feedstock. 

 
 
Figure 6 shows the catalyst and gas phase residence 

times in the riser reactor for both instantaneous and one-
dimensional vaporization of feedstock. The gas residence 

time is 7.8 s for both vaporization models. Since the 
catalyst is heavier than the gas, it stays about 13 s inside 
the riser reactor for both vaporization models. 

 
 

 

Figure 6: Catalyst and gas phase residence times along height of riser reactor for instantaneous and one-dimensional 
vaporization of feedstock. 
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Figures 7 and 8 show the respective gas and solid 
phases’ temperature profiles along the height of the riser 
reactor for both instantaneous and one-dimensional 
vaporization of feedstock. The atomization of feed into 
fine drops facilitated high rates of heat transfer between 
catalyst and feed. This resulted in a rapid fall in the 
cluster phase temperature in the first few metres of the 
riser reactor entry zone as it loses heat to hydrocarbon 
feed for both cases of vaporization. Within the same 
bottom zone, the gas phase temperature increased 
quickly until both the gas and solid phases attained 
thermal equilibrium, which remained constant for the 
remaining height of the riser reactor. This is indicative of 

the fact that most of the reactions occurred at the bottom 
of the riser. A predicted outlet temperature of 747.75 K 
was obtained for instantaneous vaporisation of feedstock, 
which was in excellent agreement with plant exit 
temperature of 750 K, with % error being  0.3. However 
for the case of one-dimensional vaporization of feedstock, 
predicted exit temperature of 728.88 K revealed a 
somewhat agreement with the plant data since % error 
was  2.82. The higher temperature for the 
instantaneous vaporisation resulted in a higher feedstock 
conversion of 0.5% more than that for the one-
dimensional model. 

 
 

 

Figure 7: Temperature profile along height of riser reactor for instantaneous vaporization of feedstock. 
 

 

 

Figure 8: Temperature profile along height of riser reactor for one-dimensional vaporization of feedstock. 
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The predicted pressure profiles along the height of the 
riser reactor for both instantaneous and one-dimensional 
vaporization of the feedstock are shown in Figure 9. The 
predicted pressure drops in the CNPC FCCU riser reactor 
were 46.621 kPa and 43.289 kPa for instantaneous and 

one-dimensional vaporisation of feedstock respectively, 
which are in agreement with the actual pressure drop of 
35-62 kPa that exists in commercial FCCU riser reactors 
(Sadeghbeigi [60]). 

 
 

 

Figure 9: Pressure profile along height of riser reactor for instantaneous and one-dimensional vaporization of 
feedstock. 

 
 
The cluster and gas phase velocity profiles and the slip 

factor variation along height of riser reactor for both 
vaporization models of instantaneous and one-
dimensional are depicted in Figures 10-12 respectively. 
The slip factor is high at the beginning of the riser reactor 
indicating the gas velocity is much greater than the 
particle velocity. High catalyst temperature caused high 
catalyst loading which further causes slower vaporisation 
rates and low gas velocities initially. Hence, the gas phase 
velocity first decreases within about 2 m of the riser 
reactor due to deceleration when it contacts the 
regenerated catalyst, and it then increases owing to 

cracking reactions. The gas accelerates the catalyst, which 
thus resulted in a decrease in slip factor as shown in 
Figure 12. The slip factor values may range from 1.2 to 4, 
where 2 is considered typical in a commercial FCCU 
(Fernandes, et al. [38]). In this study, the slip factor 
ranged from 1 to 2.6. Figures 10 and 11 show that the gas 
phase and solid phase velocities are at maximum values 
toward the riser reactor exit. In Figures 10 and 11, lower 
velocities of the solid and gas phases were obtained using 
one-dimensional valorisation of feedstock throughout the 
riser reactor than does the instantaneous vaporisation 
model, as the vaporization does not take place at once.  
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Figure 10: Cluster phase velocity profile along height of riser reactor for instantaneous and one-dimensional 
vaporization of feedstock. 

 
 

 

 

Figure 11: Gas phase velocity profile along height of riser reactor for instantaneous and one-dimensional 
vaporization of feedstock. 
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Figure 12: Variation of slip factor along height of riser reactor for instantaneous and one-dimensional vaporization of 
feedstock. 

 
 
Figure 13 shows the variation of gas phase voidage 

along height of riser reactor for instantaneous and one-
dimensional vaporization of feedstock. This is an 
indication of molar expansion of the gas phase as cracking 

occurs in the riser reactor. At about 3 m, the riser height is 
85% occupied by the gas phase, and this agrees with the 
findings of Gauthier [61]. 

 
 

 

Figure 13: Gas voidage variation along height of riser reactor for instantaneous and one-dimensional vaporization of 
feedstock. 

 
 
Figure 14 shows the variation of gas phase density 

along height of riser reactor for instantaneous and one-
dimensional vaporization of feedstock. The gas phase 
molecular weight along the riser reactor height decreases 

due to the increase of light products percentage in the gas 
phase towards the riser exit. Consequently, the gas 
density decreases along the height of riser, as shown in 
Figure 14 for both vaporisation approaches of feedstock. 
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Figure 14: Gas phase density along height of riser reactor for instantaneous and one-dimensional vaporisation of 
feedstock. 

 
 
Figure 15 shows deactivation function of catalyst and 

concentration of coke on catalyst surface along height of 
riser reactor for instantaneous and one-dimensional 
vaporization of feedstock. The deactivation function 
decreased along riser reactor height due to the fact that 
the catalyst was fresh and its activity was unity before 
catalytic cracking occurred in the riser reactor. As 
catalytic reaction progresses, the catalyst activity 
decreases along the height of riser owing to the 
deposition of coke on the catalyst, thereby poisoning the 

active sites of the catalyst. Coke is being continuously 
generated along the height of the riser reactor so the coke 
concentration on the catalyst surface increases as 
depicted in Figure 15. Figure 16 shows deactivation 
function of catalyst against concentration of coke on the 
catalyst surface for instantaneous and one-dimensional 
vaporisation of feedstock. It is evident that deactivation 
function decreases with increasing concentration of coke 
on the catalyst surface. 

 

 

Figure 15: Deactivation function and concentration of coke along height of riser reactor for instantaneous and one-
dimensional vaporization of feedstock. 

0

2

4

6

8

10

12

14

0 10 20 30 40

D
en

si
ty

 (
k

g/
m

3
) 

Height of riser reactor (m) 

gas phase density…
gas phase density (one-…

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

0 5 10 15 20 25 30 35

C
o

n
ce

n
tr

a
ti

o
n

 o
f 

co
k

e
 (

w
t%

) 

D
e

a
ct

iv
a

ti
o

n
 f

u
n

ct
io

n
 

Height of riser reactor (m) 

deactivation function
(instantaneous)
deactivation function (one-
dimensional)



Petroleum & Petrochemical Engineering Journal 

  

Olafadehan OA, et al. Modelling and Simulation of Riser Reactor of a Commercial 
Fluid Catalytic Cracking Unit Using 6-Lump Kinetics of Vacuum Gas Oil. Pet Petro 
Chem Eng J 2019, 3(3): 000194. 

  Copyright© Olafadehan OA, et al. 

 

             23   

 

 

Figure 16: Deactivation function of catalyst against concentration of coke on the catalyst surface for instantaneous 
and one-dimensional vaporization of feedstock. 

 

 
Figure 17 shows the comparison of the effectiveness 

factor for first and second orders conversion of VGO using 
instantaneous and one-dimensional vaporization of 
feedstock. For the former, the effectiveness factor for first 
order VGO conversion ranged from 0.03688 (at the riser 
inlet) to 0.03596 (at the reactor outlet). It ranged from 
0.03688 (at the riser inlet) to 0.03696 (at the riser outlet) 
for second order VGO conversion. However, for the one-
dimensional vaporisation, the effectiveness factor ranged 
from 0.03687 (at the riser inlet) to 0.03617 (at the riser 

outlet) for first order conversion of VGO while it ranged 
from 0.03687 (at the riser inlet) to 0.03697 (at the riser 
outlet) for second order VGO conversion. These results 
reveal that the effectivess factor does not change 
significantly along the height of riser reactor, thereby 
justifing the assumption of the same effectiveness factor 
for both first and second order, as given in Equation (5): 
the maximum deviation along the riser reactor height is 
negligible (0.00079). 

 

 

Figure 17: Comparison of the effectiveness factors for first and second order conversion of VGO for instantaneous and 
one-dimensional vaporisation of feedstock. 
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Conclusion 

A one-dimensional adiabatic mathematical model of 
an industrial fluid catalytic cracking unit riser reactor was 
presented. The model combined the two-phase 
hydrodynamic model of the reactor and the catalyst 
deactivation model with the six-lump kinetics of catalytic 
cracking of vacuum gas oil. An important contribution of 
this study was the inclusion of the viscosities and the 
specific heat capacities of gas oil and the lump 
components as a function of temperature in the 
developed model, which were usually assumed to be 
constant in most previous works. Moreover, diffusion 
resistance and heat transfer were incorporated into the 
kinetic model, which is a deviation from the general norm 
in the literature. Two vaporization approaches of 
instantaneous and one-dimensional were considered. The 
resulting models consist of 11 highly non-linear, stiff and 
coupled ordinary differential equations, which was a chief 
advantage for the fact that the governing equations for the 
FCCU riser reactor did not include any partial differential 
equations. This facilitated the numerical solution of the 
equations using the MATLAB 2017a buit0in function 
ode23tb, made the model particularly suitable for control 
studies and real time optimization. Simulation studies 
were performed to investigate the effect of changing 
various process variables. Our results revealed that the 
vaporization model had significant influence on the 
product composition at the riser outlet. Also, feedstock 
(VGO) conversions of 92.81% and 92.32% were predicted 
by the developed model in this study for the 
instantaneous and one-dimensional model respectively. 
Excellent agreements were equally achieved between the 
plant data and the predicted yield of the lump and the exit 
riser reactor temperature for instantaneous vaporization 
of feedstock, with % error < 5. Consequently, 
instantaneous vaporization of the feedstock might have 
occurred at the inlet of the riser reactor. Moreover, our 
study revealed that almost half of the riser is redundant 
during the catalytic process and thus the designer of 
industrial/commercial FCCU-riser reactor should 
consider reducing the height of the riser in order to save 
operating cost in terms of the cost of construction of 
materials. Finally, the excellent results obtained with the 
developed model reveal that it is possible to integrate the 
proposed model in a dynamic model of a FCCU-riser 
reactor for use in subsequent studies of control and real 
time optimization. 
 
 
 

NOTATION 

AAD  average absolute deviation 
COR  catalyst to oil weight ratio 

cD   cluster diameter, m 

RD   riser reactor, m 

jiE ,
  activation energy for the reaction of 

lump i to lump j, J/mol 

cF   mass flow rate of cluster phase, kg/s 

iF   mass flow rate of component i, kg/s 

sf   solid friction factor 

cG   mass flux of cluster phase 

(catalyst+coke), kg/(m2 s) 

vG   mass flux of gas phase (VGO+steam), 

kg/(m2 s) 

vapH   vacuum gas oil enthalpy of 

vaporization, J/kg 

Dj   j-factor for mass transfer, 

dimensionless 

Hj  j-factor for heat transfer, dimensionless 

gk    mass transfer coefficient between the 

bulk gas and solid surface,  smm pf

23
 

 
0, jik   frequency factor for the reaction of 

lump i generating lump j, s-1 

Ak   adsorption coefficient of heavy 

aromatics, dimensionless 

Nk   deactivation coefficient of basic 

nitrogen poisoning, dimensionless 

uR   universal gas constant, J/(mol K) 

aS   surface area of the catalyst per unit 

mass of catalyst, m2/kg cat 

Sc   Schmidt’s number, dimensionless 

vS   true weight hourly space velocity, s-1 

t  contact time of oil vapour with catalyst, s 

T   riser temperature, K 

cT   cluster phase temperature, K 

gT   gas phase temperature, K 

RT   riser temperature, K 
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c   dimensionless cluster phase velocity in 

the riser 

 
0c   initial cluster phase velocity in the 

riser, m/s 

Ay   wt% of aromatics in feedstock 

ASPy   wt% of asphaltene in feedstock 

Ny   wt% of basic nitrogen in feedstock 

Ry   wt% of resins in feedstock 

Greek Symbols 

b   void fraction of bed, dimensionless 

   dimensionless riser reactor height 

 RHz  

c   density of cluster phase (catalyst+coke) 

in the riser, kg/m3 

p   density of solid particles 

(catalyst+coke) in the riser, kg/m3 
 
Subscripts 
CK  coke lump 
cat  catalyst 
D  diesel lump 
DG  dry gas 
GA  gasoline lump 
LPG  liquefied petroleum gas lump 
s  solid 
sf  solid friction 
stm  dispersion steam 
VGO  vacuum gas oil lump 
Superscripts 
L  liquid 
V  vapour 
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