International Journal of Research in Engineering Technology -— Volume 1 Issue 6, Sep - Oct 2016

Application of COMSOL Multiphysics in the Simulation of

the Fluid Catalytic Cracking Riser Reactor

Digieneni Yousuo
Department of Chemical Engineering, Niger Delta University, P.M.B 071 Yenagoa, Bayelsa State of Nigeria.

Abstract:

The Fluid Catalytic Cracking (FCC) riser reactor of the Fluid Catalytic Cracking Unit (FCCU)
was studied and simulation was carried out using COMSOL Multiphysics Computational Fluid Dynamics
(CFD)) software. The 20-lump kinetic model was used to describe the kinetics of the cracking reactions in
the riser reactor. The predicted results of the yields of products from the riser reactor were compared using
practical values from Refinery plants as in [2], [8]. The results show that in all cases of comparison, the
deviation is minimal (x10% for gasoline and coke yields while the output temperature is £ 20k). This
implies that COMSOL Multiphysics software can be used to predict the yields and output temperature of

the riser reactor accurately.
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I. Introduction

Modern refinery has many units. Fluid catalytic
cracking unit (FCCU) is one of them and it is the
workhorse of modern refinery. The Fluid catalytic
cracking unit (FCCU) converts heavy petroleum
fractions using catalyst into more usable products
such as gasoline, middle distillate and light olefins
as in [10], [4], [12], [5], [6]. The FCC reactor is one
of the most complex equipment in the refinery. The
FCCU reactor consists of the riser reactor, reactor
catalyst stripper, reactor separator or disengager,
reactor cyclones and other auxiliary parts. Most of
the reactions in the FCC reactor occur in the FCC
riser reactor.

The riser reactor is one of the most important
units in the FCC process, which is widely used in
the modern petroleum refinery industry. A riser
reactor can be divided into four parts from bottom
to top according to their functions: the prelifit zone,
the feedstock injection zone, the full-reaction zone,
and the quenching zone. A detail work on riser
parts description, diameter, height, residence time
and configuration as shown in [12], [4], [14].

COMSOL Multiphysics is a powerful interactive
environment for modeling and solving all kinds of

scientific and engineering problems based on partial
differential equations (PDEs). With this software
you can easily extend conventional models for one
type of physics into multiphysics models that solve
coupled physics phenomena—and do so
simultaneously. A more detailed description of this
mathematical and numerical foundation appears in
(11, [13].

In this study, COMSOL Multiphysics software
was used to simulate the FCC riser reactor of the
FCCU. The 20-lump kinetic model was used to
describe the kinetics of the cracking reactions in the
riser reactor in order to compare the yield with
existing data from plants as in [2], [8]. Detail work
on kinetic lumping is reported in [11], [7], [4], [9],
(2], [5], [6], [3], [14].

II. Methodology

A. The riser reactor equations

Figure 1 shows the FCC reactor which consists of
the riser reactor, reactor catalyst stripper, reactor
separator or disengager, reactor cyclones and other
auxiliary parts. Figure 2 is the riser reactor and its
auxiliary parts. The model equations used was
based on the schematic flow diagrams of the riser
reactor as presented in Figure 3. The riser reactor is
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33m long and the diameter is 0.8m. The 20 lumps
of pseudo components are presented in table 1.0
and the corresponding 190 rate constants from the
20 lumps as they undergo cracking are shown in
table 2.0 and details are shown in [13].

In table 1 and 2, some of the components in one
lump may appear the same as that of another in
their uses but can be only differentiated with some
parameters like their boiling points, their molecular
weight, their heat of combustion, etc are in [5],
[13], [14]. In table 2 row 1, L1 can be cracked to L2,
L3, L4, L5, L6, L7, L8, L9, L10, L11, L12, L13,
L14, L15, L16, L17, L18, L19 and L20 and the
corresponding rate constants are K, Kj3, Ki4, Kjs,

Kis, Ki7, Kis, Kio, Ki10, K111, Ki12, Ki13, Ki14, Kiis,
K116’ K117’ Kng’ K11 and K120. The other cracked
products and there corresponding rate constants are
as shown from row 2 to row 20 in table 2.
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Figure 3: The FCC riser reactor without termination device simulated

Table 1
The 20 lumps of Pseudo Components

L11=LPG
L12=LPG
L13 =n-Csin LPG
L14 =i-Csin LPG
L15=n-C,in LPG
L16 =i-C4in LPG

L1 = Vacuum residue
L2 = Gas o0il/HFO
L3 =LFO

L4 =LFO

L5 = Gasoline

L6 = Gasoline

L7=LPG L17=C;in LPG
L8 =LPG L18 = C,=Dry Gas
L9 =LPG L19 = C,=Dry Gas
L10=LPG L20 = C =Coke

B. The riser reactor equations

In addition to the kinetic equations the the reactor model
equations as explained in [14] were used to describe the riser
system. The model is an ideal plug-flow reactor, described by
the mass balance in equation (1). Assuming constant reactor
cross section and flow velocity, the species concentration
gradient as fraction of residence time ( 7 ) is given in equation

(2). The reaction rates are given by Ty =K jCl. and to

account for the different time scales, two different activity
functions are used. For the non-coking reactions the activity
function is given in equation (3).

dF,
“i=NV.r =R, 1
av. <" W
dF,_d0C)_dC,_ o
dv dv dr

a=e "< 3)

The reaction rates are modified by the activity according to
equation (4). For the coking reactions, the activity function is
given by equation (5) where & is a deactivation constant
depending on the residence time. The modified reaction rates
are given by equation (6). The coke content is given by
equation (7) and equation (8). The values of a,b, @ and &

are obtained from [[9], [2], [13] as shown in equation (9) and
(10) respectively.

rp =akK,C,
j=12,3,4,5,6,781314,15 %)
b= eVt = g ® 3)
r, =bK,C,
j=9,10,11,12,16,17,18,19,20 (6)
C, =243x1071,’ 7
1
C.)= )
QCI=17 69.47(100C,)**
¢ =exp(-at,) )

a=a,ex [_Ej (10)

o €Xp RT
For the mass transport, the inlet and outlet concentrations are
obtained from equation (11) and the velocity and pressure for
ideal gases are obtained from equation (12) and (13)
respectively. The static head of catalyst in the riser can be
calculated using equation (14). The details on choosing the
void fraction variable, assumed gas velocity, slip factor and
the vapourisation heat of the feed in the riser inlet are shown
in [9], [13].

Inlet: ¢ = ¢, , Outlet: ¢ = Coye (11)
RT
v=—2"%F (12)
P

p=RT>C, (13)
d,

~L = p.,gll-¢) (14)
dz

For momentum transport, the inlet and outlet pressure are
obtained from equation (15)
p:pin_pcatg(l_g)(z_z()) (15)

For energy balance, neglecting pressure drop, the energy
balance for an ideal reacting gas, as well as an incompressible
reacting liquid is given by equation (16) and (17). The inlet
temperature is calculated putting into consideration the energy
balance of the components. Equation (18) is used in
calculating the inlet temperature while equation (19) is used
for calculating the outlet temperature.

T
Zi:MiCp,i W = Ws +Q +Qext
0= —Zerj
J
At z =17 =0, wy= 0, Qe = 0, equation (16) and (17)

becomes ZMI.C” Z—‘Y;— 0=0

(16)

an

This implies that
Mcat 'Cpcat (T - T

cat

) + Mgo ‘Cpiro '(Tva - Tgo )
+M,,Cp, T-T, )+M, AH,,
+ Mds 'CPds ’(T - Tds ) = O

That is
Tl
T2
Where
Tl= (M ,,Cp..T..) - M5 Cpleo (T, ~To))
+ (Moo CprooT,,, )= (M ooAH )~ (M Cp,.T,,)

T™=M_Cp, +M; Cpv;,+M,Cp,

cat

Atz =hor z, wy=0, Qe = 0, equation (16) and

0 (18)

cat
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dT

(17) becomes ZMl,CpJ. W =0

) dT
That is, ZMiC”’i W = —Z erj
i J

This implies that

ZHr ZHr
T,-Tp=—-2Ltldv= -2 L (@D)(z-z
z—To ZiMiCp, ZiMiCpi( )( 0)

) DY Hiry
Thatis, T, = Ty — —2J
Xi Micpi

. DY Hir; .

By our correlation T, = T, — —237 is

ZiMiCpi

T,=T, —055*zorT, —7.7+%t"0.35 hence

Outlet: T =T, =T, —7.7*1t"0.35 (19)

C. Boundary conditions

The boundary conditions for the riser reactor are shown in
table 3.

D. Materials

The average molecular weight, the
thermodynamic properties of the feed, the plant
operating conditions and the properties of the
catalyst used in this study, the specific heat of
different lumps and the kinetic parameters for
cracking reactions are found in [8], [9], [2]. The
industrial riser reactor operating conditions are as
shown in table 4.0. Plant 1 to plant 4 in table 4.0 are
operating conditions adopted from [2], and Plant 5
is operating condition from [8].

III. Mesh Generation and

Simulation
The extra fine mesh generator of the COMSOL
Multiphysics software was used to produce grid
refinement in the riser reactor. The detail
procedures for the simulation process is reported in
[14].

IV. Result and Discussion

In plant 1, gas oil/heavy diesel oil, medium
pressure steam and fresh catalyst enter the reactor
riser at a temperature of 494K, 773K and 960K
respectively. In plant 2, gas oil/heavy diesel oil,
medium pressure steam and fresh catalyst enter the
reactor riser at a temperature of 494K, 773K and
1033K respectively. In plant 3, gas oil/heavy diesel

oil, medium pressure steam and fresh catalyst enter
the reactor riser at a temperature of 494K, 773K
and 1004K respectively. In plant 4, gas oil/heavy
diesel oil, medium pressure steam and fresh catalyst
enter the reactor riser at a temperature of 494K,
773K and 1006K respectively. In plant 5 (PHRC
plant), gas oil/heavy diesel oil, medium pressure
steam and fresh catalyst enter the reactor riser at a
temperature of 505K, 464K and 1004K respectively.
In all the plants, the medium pressure steam
atomises the gas oil/heavy diesel oil as they travel
up along the reactor riser increasing catalysis and
the rate of reaction. The hydrocarbons and catalyst
mixture travel upwards and the temperature inside
the FCC riser decreases because of the endothermic
cracking reactions. The mixture temperature at the
inlet of the riser falls sharply to 794K for plant 1,
828.2K for plant 2, 793.5K for plant 3, 806.6K for
plant 4 and 803 for PHRC plant because sensible
heat of catalyst coming from the regenerator is
utilized in providing heat for raising the sensible
heat of feed, for vapourising the feed, and for
further heating of the vapourised feed. Figure 4.0
shows that the mixture temperature at the inlet of
the riser is 819K and the outlet temperature is 803K.
The outlet temperatures from the riser for plant 1 to
plant 5 are shown in table 5.0 to table 9.0. The
predicted values of gasoline and coke which were
compared with practical values from plant 1 to 5 are
also presented in table 5.0 to 9.0. The deviation of
the predicted values from plant 1 practical values is
6.62%, 1.17% and -1K for gasoline, coke and outlet
temperature from the riser respectively. In the case
of plant 2, the deviation is 3.6%, 1.66% and 20K
for gasoline, coke and outlet temperature from the
riser respectively. The deviation of the predicted
values from plant 3 practical values is 7.71%,
1.57% and -11.5K for gasoline, coke and outlet
temperature from the riser respectively. In the case
of plant 4, the deviation is 8.72%, 1.31% and 0.6K
for gasoline, coke and outlet temperature from the
riser respectively while that of Plant 5, the deviation
is 1.0%, 1.1% and 2K for gasoline, coke and outlet
temperature from the riser respectively.

IV. V. Conclusion

The FCCU riser reactor was carefully studied and
simulated using COMSOL Multiphysics software. The

ISSN: 2455-1341

http://www.engjournal.org

Page 20




International Journal of Research in Engineering Technology -— Volume 1 Issue 6, Sep - Oct 2016

predicted values from the simulation were compared
with operatng conditions from 5 different plants, The
results show that in all cases of comparison, the
deviation is minimal (£10% for gasoline and coke yields
while the output temperature is £ 20k) and it is an
indication that COMSOL Multiphysics software can be
used to predict the yields and output temperature of the
riser reactor accurately.

V. Nomenclature

The nomenclature is given in table 10 and 11

Table 2 The 20 Lumps and 190 rate constants of

pseudocomponents
S/N LUMP CRACKED TO RATE CONSTANTS
1. L1 L2,13,L4,L5,L6,L7,L8, L9, L10,L11, L12, Kz, Kiz, Kis, Kis, K, Ki7, Kig, Kig, Ko, K1, Kiio,
L13,L14,L15,L16,L17,L18,L19, L20 K3, Kiig, Kiis, Kiie, K17, Kiig, K9, Koo
2. L2 L3,L4,L5,L6,L7, L8, L9, L10,L11,L12,L13, Ko, Koy, Kos, Kog, Koz, Kog, Koo, Koo, Koy, Koo,
L14,L15,L16,L17,L18,L19,L20 Koz, Koia, Kois, Ko, Ko7, Kois, Koo, Kong
3. L3 L4,L5,L6,L7,L8,1L9, L10,L11,L12,L13,L14, Kss, Kiss, Kas, Kz, Kag, Kso, Ksio, Kai1, K3z, Kays,
L15,L16,L17,L18,L19, L20 K314, K315 Ksi6, K317, K318, K319, Koo
4. L4 L5,Le6,L7,L8,L9,L10,L11, L12, L13, L14, L15, Kis, Kye, Ky, Kyg, Kyo, Kaio, Kai1, Kaiz, Kai3, Kypg,
L16,L17,L18,L19,L20 Kais, Kaie, Ka17, Kais, Kgio, Kang
5. L5 L6,L7,L8,L9,L10,L11,L12,L13,L14,L15, Kse, Ks7, Ksg, Kso, Ksi0, Ksi1, Ksp2, Ksi3, Ksi4, Ksys,
L16,L17,L18,L19, L20 Ksi6,Ks17, Ksis, Ks 19, Ksog
6. L6 L7,L8,L9,L10,L11,L12,L13,L14,L15, L16, K7, Kes, Keo, Ke10, Ke11, Kei2, Kei3s Keia, Keis, Koo,
L17,L18,L19, L20 Ks17, Ke13, Ke19, Koo
7. L7 L8, L9,L10,L11,L12,L13,L14,L15,L16,L17, Ky, K79, K710, K711, K712, K713, Ko14, K715, K716, K717,
L18,1.19,1.20 K715, K719, K720
8. L8 L9,L10,L11,L12,L13,L14,L15,L16,L17,L18, | Kgy, Kgi, Ksgi1, Kg12, Kgi3, Kg1a, Ksis, Kgi6, Kg17, Ksis,
L19,1.20 K319, Ksoo
9. L9 L10,L11,L12,L13,L14,L15,L16,L17, L18, Ko10, Koi1, Kopa, Koz, Koi4, Koys5, Koy, Ko17, Ko, Koo,
L19,L20 Koo
Kio19, Kioo
11. L11 L12,L13,L14,L15,L16,L17,L18,L19, L20 Ky, Kiiss K, Kinis, Kinie, Kiz, Kins, Ko, Kiizo
12. L12 L13,L14,L15,L16,L17,L18,L19 Ki213, Kiaig, Kiais, Kiae, Ki217, Kia1s, Kia19, Kia20
13. L13 L14,L15,L16,L17,1L18,L19,L20 K314, Ki315, Kiz16, Ki317, K318, Kiz10, Kizz0
14. L14 L15,L16,L17,L18,L19,L.20 Kisis, Kisie, Kig17, Kigig, Kisro, Kiso
15. L15 L16,L17,L18, L19,L20 Kisie, Kisi7, Kisig, Kisio, Kiszo
16. L16 L17,L18,L19,L.20 K617, Kisis, Kisig, Kieo
17. L17 L18,L19,L.20 Ki71s, Ki719, Ko
18. L18 L19,L20 Kisgio, Kig2o
19. L19 L20 Koo
20. L.20 - -
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Table 3 Boundary conditions

SETT- BOUND- BOUND- BOUND-
INGS ARY ARY ARIES
3 4 1 and 2
Temperature
Boundary Inlet outlet Wall
type
Boundary Tempe-rature | Temper-ature | Thermal
condition insulation
Value T_0 T n -
Concentration
Boundary Inlet outlet Wall
type
Boundary Concentra- Concentra- Insulation/S
condition tion tion ymmetry
Value ¢, for all Cout for all -
species species
Velocity and pressure
Boundary Inlet Outlet Wall
type
Boundary Velocity Pressure, no No slip
condition viscous stress
Value W = Vs, U= Py=P-n -
V():O
PHRC PLANT
822 g ' :
820
818

816 \

=]
=
=

Temperature (K)
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~
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Figure 4: The temperature in the riser reactor
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Table 5: Comparing this work with Industrial plant 1 data

yield/condition | plant1 | predicted | Deviation
Gasoline yield 43.88 50.50 6.62
(wt %)

Coke yield 5.83 7 1.17
(wt %)

Outlet Temp. 795 794 -1

X

Table 6: Comparing this work with Industrial plant 2 data
yield/condition | plant2 | predicted | Deviation
Gasoline yield 46.90 50.50 3.60
(wt %)
Coke yield 5.34 7 1.66
(wt %)
Outlet Temp. 808 828 20
X

Table 7: Comparing this work with Industrial plant 3 data

yield/condition | plant 3 | predicted | Deviation
Gasoline yield 42.79 50.50 7.71
(wt %)

Coke yield 5.43 7 1.57
(wt %)

Outlet Temp. 805 793.50 -11.50
X
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Table 8: Comparing this work with Industrial plant 4 data

Table 11

Nomenclature

yield/condition | plant | predicted | Deviation
. _ 4 (M.a): Mass flow rate of catalyst, kg/s
Gasoline yield 41.78 50.50 8.72
(wt %) P;.. Inlet pressure, pa
Coke yield 5.69 7 1.31
(wt %) Rg ( Ru ): Gas constant, J/(mol.K)
Outlet Temp. 806 806.50 0.60 )
(K) Teact Temperature of the catalyst, K
€ Void fraction
Table 9: Comparing this work with Industrial PHRC plant data T T ¢ 1K
yield/condition | plant | predicted | deviation g0 emperature of gas otl,
phre Typ:  Gas oil vapourization temperature, K
Gasoline yield 49.50 50.50 1.0 .
(Wt %) Vo Outlet velocity, m/s
Coke yield 5.90 7 1.1 Tas: Temperature of the steam, K
(wt %) . 3
V_R,v, V: React 1 s
Outlet Temp. 805 803 2 -0 cactor voume, m
(K) W,. Additional work term
Q: Heat due to chemical reaction, J/m>.s
Table 10 3
Nomenclature Qext: Heat added to the system, J/m".s
u: Viscosity, N.S/m’
c: Concentration, mol/m’ . 3
p: Density, Kg/m
E: Activation energy for rate .
Y Slip fact
constant, J/mol .
Subscripts
g Acceleration due to gravity, m/s . . .
iE Refers to lump j that is cracked
P: The pressure of gases, pa . . .
i Refers to lump i that is formed
R, Rate expression value . .
p (ors): Particle/solid
T: Tempersature, K . .
a (orf): Air/fluid
t, T: Residence time, s
cat: Catalyst
Vi Volume, m’
c: Coke content
z: Axial distance from the inlet, m
CP_cat  (Cp.a):Specific heat of catalyst, J/kgK
Cp_ds(Cpys):Specific heat of steam, J/kgK
CpL_GO (CPgo): Specific heat of liquid gas oil,
J/kgK
CpV_GO (CPYgo): Specific heat of gaseous gas oil,
J/kgK
C;. Species molar concentrations, mol/m®
Cin: Inlet concentration, mol/m’
Cout: Outlet concentration, mol/m’
Kg: Deactivation constant
M_go (M,,): Mass flow rate of gas oil, kg/s
M_ds Mys): Mass flow rate of steam, kg/s
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