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Sulphur oxides emission during fluidised-bed catalytic cracking
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Abstract

Fluidised-bed catalytic cracking (FCC) of heavy gas oils into high value liquid fuels is a common practice in the oil refining industry. In
this process pollutant compounds, such as sulphur in feedstock, are redistributed into products and emissions. In this work, sulphur balance
is performed around an industrial FCC unit considering riser and regenerator as coupled reactors. This issue is accomplished by considering
formation of sulphur oxides during catalyst regeneration. Also, using a kinetic model that considers explicitly the formation of hydrogen
s hematical
m onditions.
S processes.
A missions.
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ulphide during the catalytic cracking of the feedstock, an estimation of sulphur distribution in the products is performed. A mat
odel for the process is tuned using industrial data and solved to predict operating regions of the industrial unit at different c
imulation results indicate the portion of sulphur in the feedstock that goes to fuels and the portion that is lost as emissions from the
n operating region is proposed in order to comply with requirements of low sulphur content in fuels and low level of sulphur oxides e
2004 Elsevier B.V. All rights reserved.
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. Introduction

During its 60-year evolution, fluidised-bed catalytic crack-
ng (FCC) has become one of the most important oil refining
rocesses. Currently, FCC operates in constrained regions
f medium to high conversion, using synthetic catalysts. The
ost common FCC feedstock is a blend of gas oils, from vac-
um and atmospheric distillation and/or delayed coking. This

eedstock is converted into valuable fuels, such as gasoline
nd C3–C4 olefins. During the last 10 years, environmen-

al concerns about this process have increased, because of
ts great contribution to the gasoline pool and, consequently,
he amount of sulphur of such gasoline. Moreover, due to
he internal coke combustion, this process also emits sulphur
xides (SOx) from the catalyst regenerator.

∗ Corresponding author.
E-mail addresses:rafaelmayayescas@yahoo.com.mx,

maya@zeus.umich.mx (R. Maya-Yescas),
ss@ulsa.mx (D. Salazar-Sotelo).

FCC units consist of two coupled reactors (Fig. 1). The first
one is a transported solid bed reactor, known as “riser”. In
unit, preheated liquid feedstock is supplied close to the
tom and dispersed with medium pressure steam. Meanw
hot catalyst coming from the regenerator, a fluidised be
supplied in order to both heat and evaporate the feedstoc
to be the active surface where the catalytic cracking will
place. Both the vapour reactant mixture and the solid cat
move upward for 2–5 s through the top of the riser, wh
they are separated by using a cyclone. Vapour produc
directed to a fractionation tower and solid catalyst is dire
to a stripper to remove adsorbed vapour hydrocarbons th
incorporated to the product stream. After stripping, cata
moves to the regenerator where the solid by-product, kn
as coke, is burned-off in order to recover catalyst activity
heat necessary for feedstock evaporation and chemical
tions. Once the catalyst is regenerated, it returns to the
and the cycle is repeated inside the unit.

Usually, FCC feed stock contains significant amount
sulphur. Moreover, during refining of medium and he
385-8947/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2004.11.012
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Nomenclature

a, b, c numerical coefficients (dimensionless)
av surface area of particle (m2/m3)
c concentration of lump “A” in gas phase

(kmol/m3)
CA(P) concentration of lump “A” in solid phase

(kmol/m3)
C0

A(P) initial concentration of lump “A” in solid phase

(kmol/m3)
Ci
pAIR specific heat of gas of air (kJ/kg K)

Cpdp specific heat of gas of dense phase (kJ/kg K)
Cp(G) specific heat of gas (kJ/kg K)
Cpgch specific heat of gas of dilute phase (kJ/kg K)
CpP specific heat of catalyst particles (kJ/kg K)
Cp(P) specific heat of catalyst particles (kJ/kg K)
CpVAP specific heat of gas of steam (kJ/kg K)
dp particles diameter (m)
DV molecular diffusivity (m2/s)
Efeedstock−j activation energy of feedstock cracking

(kJ/mol)
Elump−j activation energy of lumps cracking (kJ/mol)
GCO CO molar flow in dilute phase (kmol/s)
GCO2 CO2 molar flow in dilute phase (kmol/s)
Gi

CO initial CO molar flow (kmol/s)
Gi

CO2
initial CO2 molar flow (kmol/s)

Gg flux of gas (kg/m2 s)
GH2O H2O molar flow in dilute phase (kmol/s)
Gi

N2
N2 molar flow in dilute phase (kmol/s)

GO2 O2 molar flow in dilute phase (kmol/s)
Gi

O2
initial O2 molar flow in air (kmol/s)

GSOx SOx molar flow in dilute phase (kmol/s)
Gi

SOx
initial SOx molar flow (kmol/s)

Gi
N2

initial N2 molar flow (kmol/s)

Gi
VAP initial steam molar flow (kmol/s)

hg heat transfer coefficient (kJ/m2 s)
(�H)HNC heat of reaction ofjth lump (dilute phase)

(kJ/kg)
(�Hj) heat of reaction ofjth lump (dense phase)

(kJ/kg)
(�Hr)j heat of reaction ofjth lump “(in riser) (kJ/kg)
kfeedstock−j kinetic frequency factor feedstock–lump

cracking (s−1)
kg mass transfer coefficient (m/s)
k(g) gas thermal conductivity (W/mK)
klump−j kinetic frequency factor lump–lump cracking

(s−1)
mCAT catalyst investment (kg)
mi

CAT initial catalyst investment (kg)
NCOdp CO molar flow in dense phase (kmol/s)
NCO2dp CO2 molar flow in dense phase (kmol/s)
NO2dp O2 molar flow in dense phase (kmol/s)
NSOxdp SOx molar flow in dense phase (kmol/s)

PMj lump molecular weight (kg/kmol)
RCO|dp kinetic for CO in dense phase (kmol/s)
RCO2|dp kinetic for CO2 in dense phase (kmol/s)
RCO|fb kinetic for CO in dilute phase (kmol/s)
RCO2|fb kinetic for CO2 in dilute phase (kmol/s)
Rg gas law constant (kJ/mol K)
RH2O|fb kinetic for H2O in dilute phase (kmol/s)
Rj reaction rate for thejth lump (kmol/m3 s)
RO2|dp kinetic for O2 in dense phase (kmol/s)
RSOx |dp Kinetic for SOx in dense phase (kmol/s)
RO2|fb kinetic for O2 in dilute phase (kmol/s)
SLC sulphur content in cracking products (lumps)

(dimensionless)
T temperature (K)
T i

AIR air temperature (K)
TCAT catalyst temperature (K)
Tdp gas temperature (dense phase) (K)
T i

dp initial gas temperature (dense phase) (K)
Tfb gas temperature (dilute phase) (K)
TG gas temperature (K)
Tp temperatura de la superficie catalı́tica en el riser

(K)
T i

VAP steam temperature (K)
ufb gas rate (dilute phase) (m/s)
ug gas rate in riser (m/s)
up particle rate (m/s)
ut final particle rate (in riser) (m/s)
ugch gas rate (dilute phase) (m/s)
WCq total catalyst (dense phase) (Tm)
Xj feedstock conversion (Adim.)
yCoke coke yield (%p)
yj mol fractionjth lump (dimensionless)
z axial coordinate (riser) (m)

Greek symbols
α catalytic factor (Adim.)
β CO/CO2 formation rates ratio on catalytic sur-

face (Adim.)
ε volumetric void fraction (in riser) (m3/m3)
εfb void fraction (in dilute phase of regenerator)

(m3/m3)
η empirical composition of hydrogen in coke

(Adim.)
κp particle thermal conductivity (W/mk)
µg gas viscosity (in riser) (kg/ms)
ρg gas density (in riser) (kmol/m3)
ρp catalyst density (kmol/m3)
�HNC CO homogeneous oxidation rate (kmol/m3 s)
�HNC|fb gas combustion rate by homogeneous oxida-

tion in regenerator (dilute phase) (kmol/m3 s)
�j reaction rate of “j” lump in riser (kmol/m3 s)
σ SO2/SO3 formation rates ratio on catalytic sur-

face ([kmol/m3]0.5)
Φ activity factor (dimensionless)
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Fig. 1. Typical FCC unit; arrows show catalyst movement.

crude oils, sulphur compounds are more abundant (Table 1).
In contrast, sulphur permissible levels in gasoline are be-
coming smaller each year. Typical FCC gasoline contains
mercaptans, thiophenes, substituted thiophenes, thiophenols,
tetrahydrothiophene and benzothiophenes[1]. All these com-
pounds are, clearly, undesirable.

The same is true for sulphur oxides emissions allowed
in combustion flue gases. SOx emissions from FCC units
have been under standards regulations since 20 years ago.
By January 1, 1985, they were reduced below 60 kg/1000 bbl.
These regulations limit emissions from a revamped FCC unit
to approximately 300 vppm. Regulations are more stringent
for new units[1].

Of the total amount of sulphur carried to the regenerator
by the spent catalyst, the amount that is emitted as SOx in
the flue gas depends on regenerator operation. Emissions are
lower for high regenerator temperatures, low coke on regen-
erated catalyst (ωCRC), high oxygen excess, high total pres-
sure, and full combustion operating mode[2]. The second,
third and fourth factors are antagonistic with respect to the
FCC profitability. Therefore it is necessary to find operating

Table 1
Typical sulphur compounds in three industrial FCC feed stocks[1]

VGO Maya Light Arabic Gulf blend

T

S

regions that fulfil a compromise between minimum impact
of the feedstock sulphur on fuels and emissions and good
economic operation.

In the following sections, the sulphur cycle in an industrial
FCC unit is described and a mathematical model is developed.
Numerical solutions of this model are used to characterise the
operating region and to find feasible operating points. The
main characteristics of the industrial unit used as case study
are listed inTable 2.

As it is usual in industrial operation, riser outlet tem-
perature (sometimes called reaction temperature) is the
control variable, it means that it is maintained at its set
point value. Changes in “catalyst to oil” ratio and airflow
rate affect the regenerator operating temperature. In full
combustion units, regenerator temperature is not a control
variable, because it depends on the coke-burning rate. So the
oxygen concentration at the regenerator outlet is controlled
by the airflow rate, meanwhile the regenerator temperature
establishes[3]. This approach was followed during the
simulation of this industrial unit.

1.1. Sulphur in fuels

The main objective of the catalytic cracking process is to
obtain valuable fuels, such as gasoline and C3–C4 olefins,

T
I

T
O n
F
A
S

otal sulphur (wt.%) 2.77 0.30 2.59

ulphur compounds composition (wt.%)
Mercaptans and sulphides 7 12 26
Thiophenes 59 56 42
Benzo and multiring thiophenes 30 17 29
Oxidic sulphur 4 15 3
able 2
ndustrial FCC unit studied

ype Adiabatic
perating mode Full combustio
eedstock capacity, BPD (kg/s) 25000 (40)
ir-flow rate, average (m3/h) 75000
ulphur in feedstock, average (wt.%) 2.30
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from a heavy feedstock. Due to the inherent desulphurisa-
tion during cracking reactions, which is a consequence of the
partial cracking of the CS bonds in feedstock heterocom-
pounds, sulphur distributes, mainly, to cyclic oils, gasoline,
hydrogen sulphide and coke[4]. Higher yield to sour gas is
preferable because it implies lower sulphur content in gaso-
line and coke; also, this by-product is able to be recovered
and processed downstream (in Claus and SuperClaus units
[4], for example) in order to obtain solid sulphur as value
product instead of being emitted sulphur to the environment.
In order to take into account the amount of sulphur in these
products, a seven lump kinetic scheme[5] and empirical cor-
relations were developed (Appendix A). The objective is to
comply with desired sulphur levels in fuels, for example the
average sulphur levels in the gasoline pool.

The riser model considers plug-flow of catalyst and hy-
drocarbon mixture. Classical mass and energy balances were
developed for each phase and for each one of the compounds
that form the vapour phase. A fourth order Runge-Kutta
method was used to integrate the resulting equations in dis-
crete intervals. In each one of these intervals density, veloc-
ity, kinetic factors and heat and mass transfer coefficients are
updated, on the basis of 33 industrial operating data (propri-
etary).
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dense phase is considered as a dynamic continuous stirred
tank reactor and the freeboard as a stationary plug flow reac-
tor. The mathematical model is solved using a fourth order
Runge-Kutta method. Kinetic parameters were estimated us-
ing 33 industrial operating points (proprietary), and the solu-
tion of the model was performed inside the operating region
delimited by these points; no extrapolations were made.

Numerical simulations were performed solving simulta-
neously the coupled models for riser and regenerator. Typical
manipulate variables (air flow-rate supplied to the regenerator
and mass catalyst to oil ratio) were changed in order to sim-
ulate the whole operating zone. Sulphur from feedstock was
followed up to sulphur content of fuels, hydrogen sulphide
production and sulphur emissions from the regenerator. In all
cases, simulated results are presented as lines and industrial
data as marks. It is important to note that catalyst properties
and additives are not taken into account, explicitly.

2. Results and discussion

The first part of the simulation of the unit was dedicated to
find an operating region that complies with requirements of
gasoline production, and therefore profitability. This search
was performed inside the industrial operating region, in order
t ts are
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t t.%)
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i to oil
r -
i rom

F sults
i

.2. Sulphur in regenerator flue gases

Coke is a solid product that will remain adsorbed to
ctive surface of the catalyst until it is burned inside the re
rator (seeFig. 1). Because of its contribution to the ene
alance, production and combustion rates of coke are
f the most important operating variables inside FCC u
hat is the reason to study both reactors coupled inste
ach one alone.

The coke consists of carbon and hydrogen, mainly,
ay be polluted by sulphur, nitrogen or metals from fe

tock. For the goals of this work, an empirical formulae
he coke[6,7] was modified in order to take into account
ulphur content after riser reactions: CHνSσ . Combustion o
oke follows the kinetic path shown in Eq.(1).

CHνSσ +
[

η + 2

2(η + 1)
+ ν

4
+ 2σ + 3

2(σ + 1)

]
O2

→ η

η + 1
CO+ 1

η + 1
CO2 + ν

2
H2O

+ σ

σ + 1
SO2 + 1

σ + 1
SO3 (1)

ere,ν andσ represent the empirical formulae of the c
ndη is the relationship between CO and CO2 formation rate
valuated at the catalyst surface[6,7]. It should be noted th
ulphur in coke is able to form sulphur oxides that are em
s flue gases.

The mathematical model for the regenerator consis
lassical mass and energy balances for two physical re
resent in fluidised beds: dense phase and freeboard[6]. The
o propose a feasible set of operating conditions. Resul
eferred to the catalyst to oil ratio, the most common ma
late variable during FCC operation. Airflow rate supp

o regenerator is used as second parameter; during ope
his variable controls the rate of coke combustion and, co
uently, energy balance. Airflow rate was varied betwee
nd 20 m3/s during the simulations. In this industrial ran

he yield to gasoline reaches its higher level (about 50 w
t cat-to-oil ratios between 9.5 and 10.5 (Fig. 2); these value
re in agreement with industrial results. Meanwhile, sul

n gasoline decreases inversely proportional to catalyst
atio in the same domain (Fig. 3); however this variable min
mises at the highest catalyst to oil ratios. Therefore, f

ig. 2. Yield to gasoline in the operating region studied. Simulated re
n lines, industrial data in marks.
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Fig. 3. Sulphur content of gasoline in the operating region studied. Simulated
results in lines, industrial data in marks.

the points of view of clean fuels and good profitability, this
operating region seems to be very favourable, and in order
to evaluate its environmental feasibility emissions have to
be analysed too. It is important to note that it is possible to
decrease the sulphur content in gasoline by increasing the
reaction temperature, which provokes the partial cracking of
sulphur compounds in the gasoline[8]; however this oper-
ating mode is not considered in this case because the main
objective of this FCC unit is to produce the maximum feasible
amount of gasoline.

Following the sulphur balance inside the FCC unit, it is
possible to see that sour gas production is proportional to the
catalyst to oil ratio (Fig. 4). This result is also favourable,
because operating at best catalyst to oil values respective to
gasoline yields is also an advantage from the environmental
point of view. As it was pointed out, higher sour gas yield
is preferable instead of sulphur oxides emissions to the envi-
ronment.

The yield to coke increases proportional to the catalyst to
oil ratio in the operating region simulated (Fig. 5). Because
this coke is burned at the regenerator, its amount is important
in two aspects. Firstly, it controls regenerator temperature

F strial
d

Fig. 5. Yield to coke in the operating region studied. Simulated results in
lines, industrial data in marks.

and, secondly, some of the sulphur in the coke is able to
oxidise. For catalyst to oil ratios between 9 and 10 the amount
of coke produced is high, however for higher airflow rates this
situation will not be a problem. The following point to look
at is the sulphur content of this produced coke.

Fortunately, sulphur content in coke decreases inversely
proportional to the catalyst to oil rate in this operating region
(Fig. 6). For the operating conditions that favour gasoline
production, sulphur in coke exhibits values between 1.7 and
2.3 wt.%. Results of sulphur content in gasoline and coke are
in agreement with previous studies[1,5].

Sulphur oxides emissions from regenerator are directly
proportional to the coke amount and its sulphur content.
These emissions decrease inversely proportional to catalyst
to oil ratio from 7 to 10, moreover, the curve exhibits its
minimum close to a catalyst to oil ratio of 9.5. In contrast,
for higher catalyst to oil rates, this trend reverses (Fig. 7).
This inversion in the trend is due to the high amount of coke
that is burned; even when the relative sulphur level is small,
the higher amount of total sulphur in the coke increases the
sulphur oxides emissions.

Accordingly to previous results, in order to obtain gaso-
line with lower content of sulphur and lower emissions of

F lated
r

ig. 4. Sour gas production in the riser. Simulated results in lines, indu
ata in marks.
ig. 6. Sulphur content of coke in the operating region studied. Simu
esults in lines, industrial data in marks.
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Fig. 7. Sulphur oxide emissions in the operating region studied. Simulated
results in lines, industrial data in marks.

Fig. 8. Distribution of feedstock sulphur among products and emissions.
Simulated results.

sulphur oxides, the unit has to be operated at catalyst to oil
ratios between 9 and 10. Evaluating the sulphur balance from
feedstock to fuels and emissions, it is possible to note that this
pollutant is recovered mainly as sour gas; however emissions
coming from coke combustion become important at higher
catalyst to oil ratios (Fig. 8). This situation provokes a com-
promise between cleaner gasoline (obtained at higher catalyst
to oil ratios) and lower emissions (obtained at intermediate
catalyst to oil ratios). In order to perform this sulphur bal-
ance, it is necessary to model the FCC unit considering riser
and regenerator as a coupled system.

3. Conclusions

A seven-lump kinetic scheme, which specifies the gen-
eration of sour gas during catalytic cracking was integrated
to a riser mathematical model for an industrial FCC riser.

Meanwhile, a comprehensive model for the FCC regenerator,
which considers oxidation of sulphur in coke, was coupled to
the riser model. Both models were tuned using industrial op-
erating data. Prediction of sour gas formation, sulphur content
in final products as well as sulphur distribution in regenerator
emissions was performed following a sulphur balance. This
model was a helpful tool for modelling steady state FCC oper-
ation, taking into account valuable clean fuels production and
satisfactory accomplishment of environmental constrains.

It was possible to obtain the best yields to gasoline with
lower sulphur content operating at middle catalyst to oil val-
ues, close to the industrial ones. In addition, sulphur oxides
emissions could be maintained below permissible levels for
this operating region. These results should be considered as
constrains in order to comply with environmental legislation
and economic benefits associated.
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ppendix A

The following kinetic scheme, which considers the
rogen sulphide formation[5], is used in this work: typica

eedstock (bp 343–565◦C) is cracked into cyclic oils (acs, b
22–342◦C), gasoline (gsn, bp 35–221◦C), liquid petroleum
as (lpg, C3–C4), dry gas (gs, H2, C1–C2), sour gas (H2S)
nd solid coke (Table A1). Simultaneously, cyclic oils, gas

ine and LPG are able to crack to lighter entities or to f

able A1
inetic parameters used in the model[5]

racking reaction k0 E (kJ/mol)

eedstock→ cycle oils 240.0 70.0
eedstock→ gasoline 380.0 70.0
eedstock→ LPG 70.5 70.0
eedstock→ dry gas 217.5 80.0
eedstock→ sour gas 2400.0 70.0
eedstock→ coke 0.40 50.0
ycle oils→ gasoline 24.0 60.0
ycle oils→ LPG 30.0 60.0
ycle oils→ dry gas 217.5 60.0
ycle oils→ sour gas 600.0 70.0
ycle oils→ coke 0.60 50.0
asoline→ LPG 1.0 50.0
asoline→ dry gas 145.0 70.0
asoline→ sour gas 300.0 70.0
asoline→ coke 0.50 50.0
PG→ dry gas 261.0 40.0
PG→ coke 0.40 40.0
ry gas→ coke 1.30 40.0
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Fig. A.1. Kinetic scheme of the catalytic cracking[5].

solid coke; dry gas is also able to generate coke (Fig. A.1).
Coke will remain adsorbed to the catalyst surface until its
combustion, situation that will decrease the catalytic activ-
ity. A function for the activity after coke deposition, called
deactivation function, has been considered[5].

Equations utilised in the simulation of the FCC
riser–regenerator system are presented in this appendix. Each
equation appears with its corresponding definition as head-
line.

A.1. Riser reactor

Mass balance for the reacting compound (A) on the cat-
alytic surface:

uP
dCA(p)

dz
− kgav

(
ε

1 − ε
CA(G) − CA(p)

)
= ΦRj (A.1)

I.C CA(p)(z = 0) = C0
A(p) (A.1.1)

Energy balance for the reacting mixture on the catalyst sur-
face:

ug
dTG

dz
+ hgav

ρgCp(p)
(TG − Tp) = Φ

∑ (−�Hr)jRj

Cp′(p)
(A.2)

I

C

Φ

M

k

H

h

Reaction rates for cracking of feedstock to products:

Rfeedstock

= −
∑
j

kfeedstock−jexp(−Efeedstock−j/RgT )C2
feedstock,

j = acs,gsn,LPG,gs,H2S, coke (A.6)

Similar reaction rate expressions are used for the cracking of
lighter products:

Rlump = −
∑
j

kllump−jexp(−Elump−j/RgT )Clump,

j = gsn,LPG,gs,H2S, coke (A.7)

Sulphur content of products (cycle oils, gasoline and coke)
is calculated applying empirical functions. Such functions
depend on feedstock volume conversion[4].

SLC = (a + bX + cX2) (A.8)

Numerical values ofa,b, cdepend on feedstock and cracking
product. They are calculated by using statistical techniques,
and adjusted according to industrial results. These empirical
models calculate the weight percent of sulphur content in
cyclic oils, gasoline and coke.

Kinetic and empiric parameters for sulphur distribution
w pri-
e ur-
i ion
w o ex-
t

A

R oi-
c tion.
F

R

M

.C. Tp(z = 0)T 0
p (A.2.1)

atalyst deactivation factor (Φ):

= 1

1 + αycoke
(A.3)

ass transfer coefficient:

G = 0.57

(
Gg

ρg

)
Re−0.41Sc−2/3 (A.4)

eat transfer coefficient:

g = 0.6
κp

dp
Pr× Re0.3 (A.5)
ere fitted by using 33 industrial operating points (pro
tary), some of them with different operating conditions. D

ng the simulation of the industrial unit, the operating reg
as chosen inside the industrial operating region and n

rapolations were made.

.2. Regenerator reactor

Mass balance in dense phase for O2, CO, CO2 and SOx:

dNO2dp

dt
= Gi

O2
− GO2 + RO2|dp (A.9)

dNCOdp

dt
= Gi

CO − GCO + RCO|dp (A.10)

dNCO2dp

dt
= Gi

CO2
− GCO2 + RCO2|dp (A.11)

dNSOxdp

dt
= Gi

SOx
− GSOx + RSOx |dp (A.12)

O2, Rco, RCO2 andRSOx depend on catalyst weight, st
hiometric coefficient and rate reaction of coke combus
or example in the case of sulphur oxides:

SOx |dp = WCqνSOx�Cq (A.13)

ass balance in dilute phase for O2, CO, CO2 and SOx:

dGO2

dzfb

∣∣∣∣
fb

= RO2|fb
ugch

(A.14)

dGCO

dzfb

∣∣∣∣
fb

= RCO|fb
ugch

(A.15)
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dGCO2

dzfb

∣∣∣∣
fb

= RCO2|fb
ugch

(A.16)

dGSOx

dzfb

∣∣∣∣
fb

= RSOx |fb
ugch

(A.17)

RO2, RCO,RCO2and RSOxdepend on stoichiometric coeffi-
cient and rate reaction of coke, CO and CO2 combustion.

Energy balance for the dense phase:

dTdp

dt
=

(Gi
O2

+ Gi
N2

)Ci
pAIRT

i
AIR

WCqCp

+

(GO2 + GCO + GCO2 + GH2O

+GSO2 + Gi
N2

)CpTdp

WCqCp

+

Gi
VAPCp(T i

VAP − Tdp) + (mi
CATT

i
CAT

−mCATTdp)Cp +
j=5∑
j=1

(−�Hj)�j|dp

WCqCp

(A.18)

Energy balance for the dilute phase:

dTfb

dz
= (−�H)HNC�HNC|fb

(1 − εfb)ρpCp + εfbCp

(∑
yjPMj

)
ugch

(A.19)

D

N

P

Re= dputρg

µg
(in riser) (A.22)

Re= Gg

avφµg
(In regenerator) (A.23)

Sc= µg

ρgDV
(in regenerator) (A.24)
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