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Abstract – In this study a comparison of 3-lump and 4-lump kinetic models predicting the yield of gasoline,
light gases and coke in FCC riser has been done. Commercial CFD software with K-epsilon turbulence
model is used to investigate the reactions occurrence between fluid and solids in a fluidized bed. An
important feature of this model is that its kinetics includes partial differential equations. This provides
accurate predictions of product yields in the FCC riser. In this simulation different process variables such as
temperature and feed rate are changed to investigate the effect on product yields. Time accurate transient
problem is solved with the prediction of yield profiles of gas oil, gasoline, light gas and coke. The output
curves demonstrate the breaking of heavy hydrocarbon in the presence of catalyst. An approach proposed
in this study shows good agreement with the experimental and numerical data available in literature.
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1 Introduction

The Fluid catalytic cracking (FCC) is one of the
key processes in the oil refining industry. High molecu-
lar weight hydrocarbons are cracked catalytically to more
valuable products of low molecular weight. In FCC riser,
dense catalyst bed is pushed upward by lift steam from
the base of the riser to feed injection point. The high
molecular weight feed comes in contact with the hot cat-
alyst and evaporates rapidly. The feed is cracked into
lighter hydrocarbons (gasoline and light gases). The hot
catalyst provides the heat for this endothermic cracking
reaction. The activity of catalyst is reduced by the coke
deposited on the catalyst during the reaction. The simi-
lar components of FCC process are grouped as “lumps”.
The catalytic cracking of hydrocarbons is very complex
due to many reactions and chemical species involved.
Therefore, the reaction kinetics has been investigated by
making lumps of numbers of chemical compounds. Sev-
eral catalytic cracking reaction kinetic models for the
FCC process have been proposed by different researchers.
Weekman and Nace [1] developed a simple kinetic scheme,
based on the theory of Wei and Prater [2], for the kinetic
modeling of cracking reactions occurring in the riser reac-
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tor. This work can be considered as pioneer in developing
the simple kinetic mechanism for FCC modeling purposes.
Authors divided the charge stock and products into three
components, namely, the original feedstock, the gasoline
and the remaining C4’s (dry gas and coke), and hence
simplified the reaction scheme. The model predicted the
conversion of gas oil (the feedstock) and gasoline yield in
isothermal condition in fixed, moving, and fluid bed reac-
tors. The kinetic parameters of the model were evaluated
using the experimental data. Since the gas oil and gaso-
line cracking rates have different activation energies, an
optimum reactor temperature was also determined for the
system. Lee et al. [3], Dave et al. [4] and Gianetto et al. [5]
proposed the 4-lump kinetic model by dividing light gases
plus coke lump into two separate lumps of light gases and
coke.

This study is novel because 3-lump and 4-lump kinetic
models are compared numerically first time by the us-
ing computational fluid dynamics (CFD) with the finite
volume method (FVM). Some details of the FVM used
by the solver are carefully discussed when implement-
ing terms in the governing equation and boundary con-
ditions (BC) [6–9]. The basic difference between 3-lump
and 4-lump kinetic models is the availability of additional
lump in 4-lump kinetic model. In 3-lump kinetic model,
a single lump is used to represent the mass fraction and
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Nomenclature

CD Drag coefficient

Cμ Turbulence constant

ds Diameter of solid particles, m

es Particle collisions coefficient

g Gravitational acceleration, m.s−2

go Radial distribution function

Hi Specific enthalpy of ith phase, J.kg−1

kΘs Diffusion coefficient, kg.m−1.s−1

ki Turbulent kinetic energy, J.kg−1

P Static pressure, N.m−1

Ps Solid pressure, N.m−1

qi Heat flux, W.m−2

Res Relative Reynolds number

Ts Solid stress tensor, Pa

Ui Velocity of ith phase, m.s−1

α Turbulent kinetic energy dissipation rate, m2.s−3

β Solid gas exchange coefficient, kg.m−3.s−1

ρi Density of ith phase, kg.m−3

εi Volume fraction of ith phase

εi Turbulent dissipation rate, m2.s−3

τi Shear stress tensor of ith phase, N.m−2

γs Collisional dissipation of energy, kg.m−1.s−3

Θs Granular temperature, m2.s−1

μb Solid bulk viscosity, kg.m−1.s−1

μi Viscosity of ith phase, kg.m−1.s−1

μs,dil Solid phase dilute viscosity, kg.m−1.s−1

μt Turbulent viscosity kg.m−1.s−1

reaction kinetics of both light gases and coke. While in
4-limp kinetic model separate lumps are used for light
gases and coke. Due to the availability of extra lump,
numerical model can predict the result more accurately.
In this work, a heavy density catalyst has been used to
develop a two dimensional hydrodynamics and reaction
kinetics model of FCC riser reactor. Heavy density cata-
lyst provides catalytic activity sites, as compared to ze-
olite there are larger pores that provide entry for larger
molecules. This makes the cracking of larger molecules
of higher boiling point possible. This catalyst increases
the conversion of light gases to gasoline significantly. The
FVM solver FLUENT 6.3 is used to simulate FCC riser
reactors. The model studies two-phase flow of catalyst
and vapor. It described the temperature profiles, mass
fraction profiles and the yield of gasoline product in the
FCC riser. The results obtained separately from 3-lump
and 4-lump kinetic models are compared in this article.

2 Mathematical modeling

A granular Eulerian-Eulerian multiphase model is
used to simulate the hydrodynamics of the multiple
phases. In Fluent 6.3 CFD code, finite volume method
is used to discretize the conservation equations.

2.1 Conservation equations

The continuity equation of phase i (i = gas, solid) is
given by:

∂

∂t
(ρiεi) + ∇ · (ρiεiUi) = 0 (1)

with definition: εg + εs = 1.
The conservation of momentum of phase i (i = gas,

solid, k �= i) can be written as

∂

∂t
(ρiεiUi) + ∇ · (ρiεiUiUi) = −εi∇P + ∇τi + ρiεig

− β (Ui−Uk) (2)

The conservation of energy for phase i yields

∂

∂t
(εiρiHi)+∇·(εiρiUiHi) = −εi

∂Pi

∂t
+τi : ∇Ui−∇q+Si

(3)

2.2 Interphase exchange coefficients

From the Syamlal-O’Brian model for the drag force
formulation [10]

β =
3
4
CD

εsεg

2
ρg

ds

(
Res

vr,s

)
|Us − Ug| (4)

The drag coefficient, CD is given by [11]

CD =

(
0.63 +

4.8√
Res/vr,s

)2

(5)

Res =
ρgds |Us − Ug|

μg
(6)

where νr, s is the terminal velocity correlation for the solid
phase [12]:

vr,s = 0.5
√

(0.06Res)
2 + 0.12Res (2B − A) + A2

+ 0.5A − 0.03Res (7)

where:

A = ε4.14
g

B = 0.8ε1.28
g for εg ≤ 0.85

B = 0.8ε2.65
g for εg > 0.85

2.3 Solids pressure

The solids phase pressure (Ps) consists of kinetic term
and the particle collisions term. It is calculated from the
equation of state which is the same as the Van der Walls
equation of state for gases [13]

Ps = (1 + 2 (1 + es) εsgo) εsρsΘs = ρsεsΘs

+ 2goρsε
2
sΘs (1 + es) (8)
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where Θs is the granular temperature, es is the coefficient
of restitution for particle collisions. go, the radial distri-
bution function [14] is given by:

go =

[
1 −

(
εs

εs,max

) 1
3
]−1

(9)

The value of maximum solid packing, εs,max for this sim-
ulation is 0.53.

2.4 Solid shear stress

The solids stress tensor contains bulk and shear vis-
cosities. The solid phase bulk viscosity can be expressed
as [15]:

μb =
4
3
εsρsgs (1 + es)

(
Θs

π

)1/2

(10)

The solids phase shear viscosity is given by [16]

μs =
2μs,dill

(1 + e) go

[
1 +

4
5

(1 + es) goεs

]2

+
4
5
εsρsds (1 + es)

(
Θs

π

)1/2

(11)

The solid phase dilute viscosity is:

μs,dil =
5
16

ρsεsls
√

2πΘs (12)

ls =
√

2
12

ds

εs
(13)

2.5 Granular temperature

The granular temperature Θs is calculated by solving
the turbulent kinetic equation for solid phase:

3
2

∂

∂t
(ρsεsΘs) + ∇ · (ρsεsUsΘs) = Ts : ∇ · (kΘs∇Θs) − γs

(14)
The diffusion coefficient for granular energy, kΘs is repre-
sented by

kΘs =
2kΘs,dill

(1 + es) go

(
1 +

6
5

(1 + es) goεs

)2

+ 2ε2
sρsdsgo (1 + es)

(
Θs

π

)1/2

(15)

where:
kΘs,dill =

75
64

ρsεsls
√

2πΘs (16)

The collisional energy dissipation, γs is given by:

γs = 3
(
1 + e2

s

)
ε2
sρsgOΘs

[
4
ds

(
Θs

π

)1/2−∇Us
]

(17)

2.6 k-epsilon turbulence model

Generally, the FCC riser reactor is under turbulent
flow conditions. Therefore, it is important to use an ap-
propriate turbulence model to describe the effect of tur-
bulent fluctuations of velocities and scalar variables for
the basic conservation equations. A k-ε model was used
to describe the turbulent motions in both phases. In the
k-ε model, the turbulent viscosity is defined as:

μ
(t)
t,i = ρiεiCμ

k2
i

∈i
(18)

The turbulence kinetic energy, k, and its rate of dissipa-
tion, ε, can be calculated from the following transport
equations:

∂

∂t
(ρiεiki) + ∇ · (ρiεikiUi) = ∇ ·

(
εi

μt

σk
∇ki

)
+ (εiGk − εiρi ∈i) (19)

∂

∂t
(εiρi ∈i) + ∇ · (ρiεi ∈i Ui) = ∇ ·

(
εi

μt

σk
∇ ∈i

)

+
∈i

k
(C1∈εiGk − C2∈εiρi ∈i) (20)

The advantage of using k-ε turbulence model is that its
computationally cheap but major weakness is overestima-
tion of turbulence [17].

2.7 Reaction scheme

The catalytic cracking of gas oil produces a wide range
of products. The present work used 3-lump kinetic scheme
proposed by Weekman and Nace [1] and 4-lump kinetic
scheme proposed by Gianetto et al. [5] to describe the
catalytic cracking reactions. In 3-lump scheme, the gas oil
feed is converted to gasoline, light gases plus coke, while
in 4-lump scheme gas oil feed is converted to gasoline,
light gases and a portion of the gasoline is converted to
coke. The catalytic cracking reaction schemes for 3-lump
and 4-lump kinetic models are shown in Figures 1 and 2
respectively. Kinetic data for cracking reactions are shown
in Table 1. The reaction kinetics is merged into the math-
ematical model by solving the species equations of the
components in the form of chemical reaction rates [18].
Equations (21)–(23) are used to describe the reaction ki-
netics of 3-lump kinetic model:

dy1

dt
= −k1y

2
1φ − k3y

2
1φ = −(k1 + k3)y2

1φ = −k0y
2
1φ

(21)
dy2

dt
= k1y

2
1φ − k2y2φ = (k1y

2
1 − k2y2)φ (22)

dy3

dt
= (k3y

2
1 + k2y2)φ (23)

In Equations (21)–(23), y1 represents the gas oil mass
fraction, y2 the gasoline mass fraction and y3 the light
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Fig. 1. 3- Lump kinetic model.

Fig. 2. 4- Lump kinetic model.

gases plus coke mass fraction. Equations (24)–(27) are
used to describe the reaction kinetics of 4-lump kinetic
model:

dy1

dt
= −k1y

2
1φ − k3y

2
1φ − k4y

2
1φ = −(k1 + k3 + k4)y2

1φ

= −k0y
2
1φ (24)

dy2

dt
= k1y

2
1φ − k2y2φ = (k1y

2
1 − k2y2)φ (25)

dy3

dt
= (k3y

2
1 + k2y2)φ (26)

dy4

dt
= k4y

2
1φ (27)

In Equations (24)–(27), y1 represents the gas oil mass
fraction, y2 the gasoline mass fraction, y3 the coke mass
fraction and y4 the light gases mass fraction.

2.8 Boundary conditions

Figure 3 shows the geometry of the riser. GAMBIT
pre-processor is used to construct the 2-D geometry.
Meshing of the geometry is done by using rectangular
grids. The height of the riser is 8.25 m and diameter is
0.2 m. The flow rate of the gas oil is 10 kg.s−1 at the
bottom of the riser. Other properties of gas oil and solids
are mentioned in Table 2.

2.9 Assumptions

Following assumptions reported by different re-
searchers are made to simplify the model

Fig. 3. FCC Riser Mesh.

– At the riser inlet, hydrocarbon feed comes in contact
with the hot catalyst coming from the regenerator
and instantly vaporizes (taking away latent heat and
sensible heat from the hot catalyst). The vapor thus
formed moves upwards in thermal equilibrium with
the catalyst [19, 20].

– There is no loss of heat from the riser and the tem-
perature of the reaction mixture (hydrocarbon vapors
and catalyst) falls only because of the endothermicity
of the cracking reactions [20, 21].

– Ideal gas law is assumed to hold while calculating gas
phase velocity variation on account of molar expansion
due to cracking and gas phase temperature [21].

– Catalyst particles are assumed to move as clusters to
account for the observed high slip velocities [21].

– Heat and mass transfer resistances are assumed as
negligible [20, 21].

– Both phases are assumed in plug flow condition hence
back mixing in both phases is neglected [21].

3 Simulation set up

The 2D geometry is discretized using 19 915 rectan-
gular cells. Grid size analysis is carried out using three
different mesh intervals, i.e. 1 mm, 2 mm and 3 mm. All
the simulation results did not show any major difference.
FLUENT 6.3 worked a time of 65 h for 10 s of real time
simulation at a mean time step of 0.001, number of time
steps 100 000, maximum iteration s per time step 40 on a
dual core Microsystems with 32 bit processor and 1 GB
RAM. The detail simulation procedure is as follow:

(a) Read the mesh.
(b) Specify a transient, 2D model.
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Table 1. Kinetic data for cracking reactions [5].

Cracking reaction Pre exponential factor Activation energy (J/kg mol)

Gas oil to gasoline 0.4272 × 107 87821.4
Gas oil to light gases 0.1012 × 108 97552.4

Gas oil to coke 0.5504 × 105 87504.1
Gasoline to coke 0.1337 × 103 72988.7

Table 2. Properties of Gas oil & solids (catalyst).

GAS OIL SOLIDS

Property Units Value(s) Property Units Value(s)

Density kg.m−3 9.4 Density kg.m−3 3890

Temperature K 620 Temperature K 980

Cp (Specific Heat) j.kg−1K−1 2430 Diameter μm 60

Thermal Conductivity w.m−1.K−1 0.0178 Cp (Specific Heat) j.kg−1.K−1 880

Viscosity kg.m−1.s−1 7 × 10−6 Thermal conductivity w.m−1.K−1 35

Molecular Weight kg.kg−1.mol−1 226.2 Molecular weight kg.kg−1.mol−1 102

Standard State enthalpy j.kg−1.mol−1 –3.3e+08 Standard state enthalpy j.kg−1.mol−1 –1657.7

(c) Define the multiphase model.
(d) Define the species model.
(e) Define the materials and balanced chemical reactions.
(f) Specify the species for the gaseous phase and the bed

phase.
(g) Define the granular secondary phase
(h) Specify the drag law to be used for computing the

interphase momentum transfer.
(i) Set the gravitational acceleration.
(j) Define the boundary conditions.
(k) Adapt the regions to be patched.
(l) Set the solution parameters.

(m) Initialize the solution.
(n) Set the time stepping parameters.
(o) Post-processing.

There are no universal metrics for judging convergence.
Residual definitions that are useful for one class of prob-
lem are sometimes misleading for other classes of prob-
lems. Therefore it is a good idea to judge convergence not
only by examining residual levels, but also by monitoring
relevant integrated quantities such as drag or heat trans-
fer coefficient. For most problems, the default convergence
criterion in FLUENT is sufficient. This criterion requires
that the scaled residuals decrease to 10−3 for all equations
except the energy and radiation equations, for which the
criterion is 10−6. In this simulation the residuals decrease
to 10−12 [22].

4 Results and discussion

This study illustrates simulation results for computa-
tional parameters. In this paper model predicts the tem-
perature profile in the riser, phase temperature profile
and mass fraction profile of a gasoil, gasoline, light gases
and coke. Although the model is very simplified in this
study, it reasonably predicts the trends of variations of

gas and catalyst temperatures in the FCC riser as shown
in Figure 4. At the moment of initial contact between the
hot regenerated catalyst and the vaporized feedstock (di-
rectly as the gas phase), the gas phase heated sharply to a
mixer temperature in the inlet region of the riser reactor.
As expected the temperature decreases significantly from
the bottom to top of the riser. The variations of the phase
temperatures are qualitatively consistent with the litera-
ture [23–26]. Figure 5 shows the temperature in the riser
height. We can observe that the temperature of the riser
is descending as the nature of the reaction is endothermic.
Due to the high temperature at bottom of the riser the
gasoline yield increased, but because of coke deposition
on catalyst the gasoline yield decreased after attaining a
maximum value.

Figure 6 predicts gasoline profile in the riser height.
The model shows that the conversion of gas oil is mostly
occurring in the first 4 m of the riser, which is alike to
the profiles, reported by other researchers [18,24,25]. The
profile shows that the mass fraction of gas oil is descend-
ing gradually. In the riser height the yield of gasoline in-
creased significantly. There are several reasons for this;
first riser has a high catalyst activity at the bottom. More-
over, the concentration of the gas oil decreases at the
bottom due to molar expansion and reaction, thus the re-
action rate of gas oil to gasoline is greatest at the bottom
of riser. Table 3 shows the comparison of plant data with
results predicted in this model. We can observe the good
agreement between plant data and model results.

After the detail modeling of FCC riser using FVM
solver, the major following differences in results of both
kinetic models are observed: (a) there is no significant dif-
ference of phase temperature in both lump models along
the riser height, (b) at exit the temperature of a riser in
4-lump model is higher than 3-limp model, (c) in 4-lump
model prediction of gasoline yield is better than 3-lump
kinetic model, (d) the gasoline yield calculated by 4-lump
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Table 3. Comparison of calculated model results with other models and plant data.

3- Lump kinetic

This Model
Gupta [27] Lan [28] Ali [20]

model

Model Error % Model Error % Plant Error %
Gasoline Yield (wt %) 39 43 9.30 40 2.5 44 11.36

Light Gases + Coke (wt %) 30 24 25 25 20 26 15.38
Unconverted gas oil (wt %) 28 30 6.67 33 15.15 28 0

Riser temperature 760 775 1.94 773 1.68 795 4.40

4- Lump kinetic

Gasoline Yield (wt %) 41 43 4.65 40 2.50 44 6.82

model

Light Gases (wt %) 26 20 30.00 21 23.81 20 30.00
Coke (wt %) 05 04 25.00 04 25.00 06 16.67

Unconverted gas oil (wt %) 26 30 13.33 33 21.21 28 7.14
Riser temperature 765 775 1.29 773 1.03 795 3.77

Fig. 4. Phase temperature (gas oil and catalyst).

Fig. 5. Temperature in a FCC riser.

kinetic model has small percentage error when compared
with other researcher models and plant data available in
literature.

Fig. 6. Gasoline yield in the riser height.

5 Conclusions

A two dimensional multiphase flow reaction model for
FCC riser has been developed by using commercial FVM
solver FLUENT 6.3 with the 3-lump and 4 lump reaction
kinetics models of Weekman and Gianetto et al. respec-
tively. Mass fraction profiles, phase temperature profiles
and riser temperature profiles are predicted by using mul-
tiphase model. The simulation predicts that the inlet zone
of the FCC riser is the most complex segment. Mostly the
reaction occurs in first 1-3 meters of the FCC riser length.
A novel transient case for 3-lump and 4-lump kinetic mod-
els has been considered for the various properties of gas
oil and catalyst. A complex FCC riser is investigated nu-
merically by using CFD approach. The model consisting
of large number of equations of FVM, is solved efficiently.
So, CFD mode capable of handling different constraints,
could be implemented for calculating the accurate results
of FCC riser. In this research work, CFD simulation re-
sults for both gas phase and solid phase have been exam-
ined. It is observed in comparison of both kinetic models,
that the CFD prediction of the gasoline yield and riser
temperature in 4-lump kinetic model gives the lowest er-
ror percentage from the plant data. This is because of
the consideration of separate lump of light gases in CFD
simulation for 4-lump kinetic model. A good agreement
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is observed between the plant data and model results.
The proposed model is applicable for all simulation pro-
cesses of FCC riser. More accurate results can be pre-
dicted by implementing the model to a 3D geometry with
fewer assumptions and coupling FCC riser with regener-
ator model.
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