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CHAPTER 1

INTRODUCTION

1.1 Fluid Catalytic Cracking Process

Fluid Catalytic Cracking (FCC) is an industrial process that converts heavy
hydrocarbons (namely gas oil), coming from primary refining, to lower molecular
weight products. In the Kingdom of Saudi Arabia, there are two refineries in which
FCC processes exist. These are Jeddah refinery and Samref refinery in Yanbu.
Their capacity is 13,000 b/d and 90,600 b/d , respectively.

The FCC process is at the heart of a modern refinery oriented toward
maximum gasoline production. As a result, a tremendous number of technological
developments have been made since the installment of the first unit in 1942
(Reichle, 1992). Typical FCC units are composed of two reactors: the cracking
reactor where almost all the endothermic cracking reactions and coke deposition on
the catalyst occur; and the regeneration reactor, where air is used to burn off the
coke on the catalyst. The catalyst that loses its activity in the reactor due to coke
deposition is reactivated in the regenerator by burning off the coke utilizing air.
The catalyst serves the dual purpose of catalyzing the reactants and supplying the

necessary heat to the reaction.

In the 1950’s, the old catalyst (i.e. amorphous silica alumina) was changed to

zeolite powders, which are more active and have a higher surface
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area. The new catalyst (zeolites) led the researchers in the fluidization area to
develop a reactor with less residence time to avoid overcracking of feed. The new
improved reactor was called a riser where the flow of the feed in the reactor is
much higher than the minimum fluidization velocity (uny). The riser’s contact time
is few seconds (i.e. very instantan;zous reaction). So the flow in the riser can be

approximated to a flow in a plug flow reactor (Murphy, 1992).

The riser is a very efficient catalytic cracker, therefore all FCC units were
upgraded to operate with a riser reactor. In the last two decades, some drawbacks
of risers appeared. Thereafter, many researches tried to analyze the main problems
of the risers. The major disadvantage they documented was backmixing of catalyst
particles inside the riser. Actually, a significant amount of catalyst is not used

properly because of the backmixing phenomenon.

1.2 The FCC Downer Reactor

Many researchers tried to suggest a remedy that could save the catalyst and to
increase the efficiency of catalytic cracking reactor. As a result of that, Gross &

Ramage (1983) presented the idea of a downer reactor for catalytic cracking of gas

oil instead of the riser reactor, where both the catalyst and the feedstock flow
downwards inside the reactor. They claimed this would lead to uniform distribution
of catalyst, decreased contact time of catalyst with the feed, and reduced coke

formation.

In 1992, Murphy proposed a FCC/heavy oil cracker unit, which incorporates
a downflow reactor and a riser regenerator as illustrated in Fig. 1.1. Catalyst flows
from a hopper in a partially settled state, free of gas and bubbles, into a number of

parallel smaller diameter downflow reactors. The catalyst is first separated by a
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simple inertia separator before the product vapours are passed through high

efficiency cyclones for final cleaning.

Two years later, Pontier et al. (1994) patented a small apparatus utilizing
downflow FCC process to justify :that the downer is more efficient than the upflow
pattern. After that, many researches and projects focused on studying different
aspects in downer reactors and compared them with the risers to investigate the
claimed advantages of downers. For example lately, Fei et al. (1997) presented that
the higher the overcracking rate, as a result of backmixing in risers, the lower the
gasoline yield, which is the desired product. In fact this conclusion supports the
downflow reactor advantages strongly and makes it the future process of FCC.

1.3 Objectives of the Research

The objectives of this research work are as follows:

1. To review the literature related to FCC downer, on both the kinetics,
hydrodynamics, and reactor models proposed for the FCC-downer process.

2. To develop a reactor model that links both the kinetics and hydrodynamics in
the downer.

3. To develop a regenerator model that represents the behavior of the regeneration
process.

4. To develop a comprehensive model for the whole unit linking the regenerator
to the downer.

5. To test the model developed for the FCC-downer process against  the
experimental data obtained from a pilot plant.

6. To carry out sensitivity studies of FCC-downer using operational, design, and

model parameters.
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Fig. 1.1 A proposed FCC design with downer reactor (Murphy, 1992).




CHAPTER 2

LITERATURE REVIEW

2.1 General Overview

In the last five years, some researches studied the downflow reactor (i.e. the
downer) extensively. They either analyzed the downer theoretically or obtained
experimental results utilizing a laboratory scale apparatus (Bolkan-Kenny et al,,
1994; Pontier et al. 1994). But no pilot plant data has been obtained for the downer.
In fact, the High-Severity FCC (HS-FCC) project shared between KFUPM and
Petroleum Energy Center-Japan (PEC) aims to construct a pilot plant as shown in
Fig. 2.1, which will give valuable information to prove whether the downer is
better than the riser or not. Moreover, Nippon Oil Company, Japan, is also
installing a cold flow model as a demonstration unit for FCC downer process in

Japan.

The HS-FCC project aims to increase the gasoline yield and that of olefins, in
the product gases, which are used as feed for many petrochemical industries. Thus
the project integrates the refining with the petrochemical industries in one process

which is considered as a new trend in the chemical industries.

Generally, current drawbacks of risers may be overcome in downflow
circulating fluidized beds systems in which the gas and the catalyst flow in the
direction of gravity. Expected advantages of downers over risers by reviewing the

literature are:
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Fig. 2.1 Schematic diagram for the FCC-downer pilot plant
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1. Backmixing is avoided so that more uniform flow and narrower residence time
distribution (RTD) can be achieved, leading to better reaction control.

2. Shorter residence times can be achieved since slip velocities are small relative
to the risers. That means elimination of the overcracking problem.

3. The downer can also operate }at higher catalyst/oil ratios, giving improved
conversions.

4. In the downer, the catalyst particles can reach a velocity higher than that of the
gas allowing “forward mixing”, so the gas contacts relatively fresher catalyst at
all locations (i.e. enhancing the gasoline yield)

However, these features make the downer reactor a candidate for (Zhu and

Wel, 1994):

1)  Very fast reactions with intermediate desired products.

2) Reactions where high catalyst to gas feed ratio is required.

3) Catalytic reactions with rapid decaying catalysts

2.2 Kinetics of FCC Cracking Reaction

Gas oil, which is the feed to the FCC process, is a heavy petroleum fraction
containing many of different compounds. The cracking of gas oil gives alot of
products. Therefore the study of the FCC reaction kinetics presents restrictions,

which should be considered in modeling the reaction scheme.

The simplest approach in studying the FCC reaction is to “lump” the reactants
and products and deal with a number of components as one. Weekman & Nace
(1970) analyzed the kinetics of catalytic cracking and proposed a three- lumps

scheme describing the reactions carried out during the process as:

» B

l
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where lump A represents the feedstock (gas oil), lump B is the gasoline range

hydrocarbons, and lump C is the coke and light gases.

Six years later, Jacob et al (1976) suggested a network consisting of ten lumps
as shown in Fig. 2.2. This mociel is based upon the molecular structure and
restricted to lumps that could be measured. The major advantage of such a model is
that the conversion of gas oil to the different products can be determined easily.
However, the model offers complicated mathematics and it also lumps the coke
and light gases as one component as the three-lumped model (Ali and Rohani,
1996).

The key of this lumping scheme is as follows; the feed is lumped into
paraffins (Py,,P;), naphthenes (N ,N)), aromatic rings (Ap,A,) and aromatic groups in
both the heavy (Cap) and light fractions (Ca;) of the charge stock. The products are
divided into two lumps. One is gasoline range (G)o) and the other is coke and C,---

C4 gases (Cyo)-

Takatsuka et al. (1987) observed that the catalytic cracking of residual oil (i.e.
gas oil) is strongly influenced by the nature and prior treatment of the feedstock.
So they included the feed stock in the cracking kinetics to give a six-lump model as
shown in Fig. 2.3. In this figure, VR/CSO refers to vacuum resid and VGO/HCO

refers to vacuum gas oil.

Lee et al. (1989) proposed four-lump kinetics for cracking of gas oil as
illustrated in Fig. 2.4. In this model, the light gases and coke are separated from
each other to form two lumps instead of one compared to the three and ten lump
schemes. In fact, many researchers prefer to work with the four-lump model
because of its moderate mathematical simplicity and good results obtained through
modeling (Bolkan-Kenny et al., 1994).
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Fig.2.2 Ten-lumped model (Jacob et al., 1976)

C(VR/CSO)
\

C; (VGO/HCO)

Cs

¢ (COKE)

Fig. 2.3 Six- lumped model (Takatsuka et al 1987)
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Corella and Frances (1990) introduced one more lump to give a five-lumped
model as shown in Fig. 2.5. The five groups are: Feed stock (A), Gas oil (0O),
Gasoline (E), Light gases (G) and coke (C). These lumps are interconnected with
seven different kinetic cracking constants. Most recently, Al-Khattaf and de Lasa
(1999) suggested a seven-lumped ;chemc as shown in Fig. 2.6. The seven lumps
are: Gas oil, Olefins, Napthenes Paraffins, Aromatic, Methane and Coke. A
tabulated comparison between the various schemes suggested is presented in Table

2.1.

2.3 Hydrodynamics of the Downer in FCC Process

Many studies on the hydrodynamics of the downer were presented in the
literature. They discussed the type of the flow in the downer and compared it with
the conventional riser reactors (e.g., Yang et al. (1991); Zhu and Wei (1995)).

Yang et al. (1991) and Wang et a al. (1992) suggested that in the downer, the
section from the top to the position where particle velocities are equal to the gas
velocity is called the”first acceleration section”. Then particle velocity increases
further until the slip velocity between the particles and gas, Ug;p » defined as the
particle velocity minus the gas velocity, reaches a value where the drag force
counter-balances the gravitational force. This section has been referred to as the
“second acceleration section”. When the gravitational force is in balance with the
drag, both particles and gas velocities remain constant downstream, and the
remainder of the downer may be named the constant velocity section as shown in
Fig. 2.7. Yang et al (1991) measured radial solids concentrations for both the riser
and the downer under similar operating conditions. They concluded that the radial

profiles of solids is more uniform in the riser than the downers.
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Fig. 2.4 Four-lumped model (Lee et al. 1989)

A » O
( Feed stock) ( Gas oil)
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Fig. 2.5: Five-lump model (Corella & Frances 1990)
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» Coke
Olefins ka; ks,
ks > Paraffins + Aromatics
Naphthenes
» Methane

Fig. 2.6: Seven-lump model (Al-Khattaf and de Lasa, 1999)
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Moreover, the radial gas velocity profiles along the downer differ
significantly from those observed in the risers (Zhu et al. 1995). Muldowney
(1995) stated that the main difference between the hydrodynamics of the downer
and the riser in few words: "If a tiny observer were standing on a catalyst particle
in a riser, he would see oil passing 'upward around him. In a downer, he would see

oil vapour approximately stagnant around him”.

Bolkan-Kenny et al. (1994) presented a hydrodynamic model based upon a
one-dimensional model. On the other hand, Kimm et al (1996) developed a
hydrodynamic model for laboratory scale down flow reactors, incorporating the
solids circulation rate and superficial gas velocity. Then, the gas and particle

velocity profiles were calculated.

Compared with the riser reactors, downers have a much more uniform radial
gas — solids flow pattern. This is likely due to change of the direction of the gas
and soiids flow from opposing gravity to following it (Zhu et al., 1995).

In both the downer and the riser, higher local solids concentration results in
the reduction of drag coefficient. In the riser, where the drag is the driving force for
the particle flow, reduction of drag decreases the upward particle velocity, which in
turn increases the tendency for particle aggregation. It is noted that increased local
gas and particle velocities in the downer tend to reduce the extent of particle
aggregation. Therfore, the system stabilizes by itself and a more uniform radial
flow structure is present in the downer (Zhu & Wei, 1994). Table 2.2 summarizes

the work done in the downer hydrodynamics area.
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Fig. 2.7 Axial gas-solids flow structure in the downer (Zhu et al, 1995)
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2.4 Modeling Downer Reactors

A general model of the downer reactor is obtained by combining the
hydrodynamics, reaction kinetics of the FCC reaction, and conservation equations
on a differential control volume. There are only two papers in the open literature

reporting models for the downer reactor.

Bolkan-Kenny et al., (1994), developed a model that relates the
hydrodynamics with kinetics to give regerious reactor modeling for downers. In a
given control volume, first the hydrodynamic parameters and the reaction rates
were solved for using separate modules. Then, the information gathered from these
modules was coupled in the material balance equation and the molar flow rates of
all components were computed. Finally, the gas velocity was corrected for
volumetric expansion. The values at the exit of a given control volume were used
as the input values to the adjacent control volume. This illustrates a feature of their
simulator in that as more complex and newly developed kinetics become available,
they can be readily accommodated in the proposed simulation since the reaction
kinetics is described as a separate module. They used four-lump kinetics and one-

dimensional hydrodynamic model with plug flow assumption.

Recently, Fei et al. (1997), claim that the plug flow derivation in risers is
oversimplified. So they introduced a dispersion model (one-dimensional
hydrodynamics and four-lump kinetics) to give a rigorous comparison between the
risers and downers. They utilized this model to show the advantages of newly
developed process. Table 2.3 summarizes briefly the papers on reactor models for

the downer.
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CHAPTER 3

DEVELOPMENT OF FCC-DOWNER UNIT MODEL

3.1 Downer-Regenerator Model Development

The schematic diagram of the whole unit was shown in Figure 2.1. This unit is

composed of two reactors:

1. The downer reactor where the gas oil and catalyst are fed from the top of the
downer causing the endothermic cracking reactions to occur.

2. The regenerator reactor where coke on the spent catalyst is burned by air
through exothermic reactions in order to reactivate the catalyst. The heat
released from the reactions inside the regenerator plays a major role in keeping
the unit heat balanced.

In the proposed model, the stripper role is not considered because it does not
change the heat or the mass of the spent catalyst stripped from the products of the
downer. Thus, it can be assumed that the temperature of the spent catalyst leaving
the downer is the same as that entering the regenerator. Moreover, the model is
derived based on complete combustion mode to model correctly the behavior of the
pilot plant where the air is fed in excess leading to complete combustion. However,
most commercial conventional FCC-riser units are operated with partial
combustion mode not to exceed the temperature rating of the regenerator internals,
since the oxidation of CO to CO,; generates 2.5 times more heat than combustion of

C to CO (Sadeghbeigi, 1995).
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As shown in Chapter 2, the downer reactor hydrodynamics can be
approximated by a plug flow reactor. It is a justifiable assumption because the
downer reactor exhibits uniform radial and axial gas-solids flow pattern (Zhu,
1995).

3.2 Downer model development

Modeling of the downer reactor requires understanding of both the
hydrodynamic aspects of the downer and the FCC-reaction carried out in the

downer.

3.2.1 Hydrodynamics of the downer

The hydrodynamics study of downer reactors presented in Chapter 2 revealed
that the radial solids fraction profile in the downer is flat and uniform which results
in a large reduction of gas and solid backmixing. Therefore it can be inferred from
gas-solids flow patterns that the downer is a plug-flow reactor with two-phase

flow.

3.2.2 Cracking-reaction kinetics in the downer

There are many schemes proposed for FCC-reaction. The extensive study
shown in Chapter 2 involved different schemes. We have selected the four-lump
scheme for our model. It is fairly simple and deals with coke and gases as separate
lumps. In this scheme, the cracking reactions are assumed to be second order. The

reaction rates for the four lumps are:

(" "A)= ¢p (kAB +kyo + k.w))’: 3.1
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("'B) =@ [(kno + ksc) Ya "_kAB y,i] 3.2)
(+1)=0p (kac Y3+ knc s) (3.3)
(+ro)=¢o (kAD )’: + koo Vs ) 34

where y; is dimensionless weight percent of hydrocarbons and ¢, is the deactivation
function.

The reaction kinetic constants are related to temperature by Arrhenuis law.
They are obtained from data supplied by the team of HS-FCC project. The
deactivation of the catalyst due to coke deposition has been the subject of many
research works. In the present work, the deactivation kinetic model of Weekman
(1979) is chosen because of its simplicity, popularity in FCC modeling, and the
abundance of data available in the literature. In the four-lumped scheme, the decay
of the catalyst activity due to coke deposition is represented by a function, ¢p,

which depends on the temperature of the downer and the catalyst residence time, 7¢:

¢, = exp (— o Tc) 3.5)

where a is the catalyst decay coefficient related to the downer by an Arrhenius
equation. The deactivation function has been investigated in the MAT unit by HS-
FCC project team. The data obtained are generally in good agreement with
literature values. Both the FCC-reaction kinetic constants and the deactivation

parameter are shown in Table 3.1.
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Table 3.1 Kinetic parameters Jor reactions in downer and regenerator

kac * 88.0 60.275
kap* 60.0 39.781
kgc 0.0 0.0
ksp 3400.0 76.366
Coke burning , k. 1.4 x 10® m*/(kmol.s) 125
CO catalytic combustion, 247.75 (m*)'*/(kmol” s) 7.74
kco.

a (coking) 24 32.728

* kag» kac, kap values given are multiplied by p,
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3.2.3 Assumption made to derive the downer model

1.

Instantaneous vaporization of the gas oil feed by the hot catalyst. It is a
justifiable assumption because it takes about 0.1 s to fully vaporize the gas oil.
A detailed three-dimensional t;vo-pﬁase modeling study of the flow pattern and
heat transfer in FCC riser reactors was performed by Theologos and Markots
(1993). They concluded that the overall performance of the riser can be
predicted using simple one dimensional mass, energy, and chemical species
balances. Similarly, this assumption can be relaxed to include downer reactors
since the behavior and function of both reactor types are alike.

Plug flow behavior is assumed for the downer according to the survey of
hydrodynamics studies presented in Chapter 2.

The changes due to molar expansion were not accounted for in our model.
Thus, the molar volume of hydrocarbons is constant along the downer. This
assumption simplifies the derivations of the equations by a justifiable idea as
proved by Thelogos and Markatos (1997).

All cracking reactions are considered to take place in the downer. This
assumption is reasonable since the zeolite catalysts and the multi-function
catalyst additives highly activate the cracking reaction rate. Furtherrhore, the
coke formation sharply decreases the catalyst activity towards the exit of the
downer.

Our model uses the four-lumped scheme to represent the different reaction rates
of gas oil, gasoline, coke and gases. Use of this scheme was discussed before in
section 3.2.2.

Catalyst deactivation follows the Weekman Model (1979). Detailed discussion

was presented in section 3.2.2.
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8. The downer bed has a high combined stream velocity and a very short residence
time. Thus, it can be assumed that the dynamic terms due to vapor phase
concentrations, coke formation and downer temperature are negligible in
comparison with the correspoﬁc}ing terms of the coke burning and temperature
in the regenerator. Therefore, the mass and energy balance equations are
considered at steady state.

9. The role of steam used to disperse the feed at the entrance of the downer is
neglected due to its low amount compared with the feed. Its percentage in the
feed is about 2%.

10. The heat losses from the downer, Hyp, is an emperical parameter. Usually this is
taken to be 2 - 3% in the heat balance. This value is in general the heat loss used
in literature (Pierce, 1983; Sadegbiege, 1995).

11. Vapour phase and solid mass flow rates are constant and independent of
position. Likewise, the gases void fraction is assumed constant and independent
of position.

12. Heats of reaction are assumed constant. Other thermal and physical properties

are aslo assumed constant (i.e. Cps , Cp,, p; )-

3.2.4 The downer model equations

Based on the above discussion, the downer model equations using the four-

lumped scheme are derived.

The gas oil mass balance equation is derived by taking an increment with
cross sectional area Ap and a very small width AZ, the mass conservation principle

when applied to this increment results in :
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FgD[yAl _J’AJ ]
b p +AZp

AZ,

= Ap Fpp Poo 9o (-"A) (3.6)

take the limit when AZj, goes to zero, equation (3.8) becomes:

d
-F,p d;; =4, L)) pgD¢D (_’;1) 3.7

rearranging equation (3.7) and substituting for the reaction term, the mass balance

of gas oil becomes:

d —Ap Epp P @
d;; =2 F 72 (kas + kac + k)i (3.8)

Equation ( 3.8) is normalized by dividing the axial length inside the downer

by the total length of the downer. The final gas oil mass balance equation is :

d — @€ pApLpp
dyZA =_TP 8"F g: DT8P [k g + kuc + kopl y? (3.9)

Applying the same procedure to the gasoline, coke, and light gases resuits in

the following dimensionless equations. The detailed derivation of these equation is

presented in Appendix A.



Fsp " ) Fgp

Zp + AZp

Zp

Zp =0

and catalyst

Fig. 3.1 Mass balance around the downer
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Mass Balance of Gasoline (B):

dyg __ pEepApLpP o [(k

7 7 sc t kao))’n - k,w)’:] (3.10)
8D

Mass Balance of Coke (C):

d +0pEpApLpPgp
e - £ £ [kAC Y5+ kge vp ] (3.11)
dz Fep

Mass Balance of Gases (D):

d +0p€pApLpPep
7D, - g 80 [k up ¥2 + kip ¥ | (3.12)
dzZ Fyp

Energy Balance on Downer:

The energy balance of a plug flow reactor is applied for the FCC reaction to
give

dT
dz,

(Fgo CP,D +F,Cp ) == Z¢D (AH i )(— r; )AD EpPp—Hp 3.13)

Then, T is normalized by 7,,p and Z by Lp. And the term X AH; (-ri) is

substituted to give the final form of the energy balance on the downer.

dly _ —oAolopPyp |(BH,okys +AH,K\c +AHADI(ADM] +H, (3.14)
iD :

dz  |F,C,, +FyC, oo +H{AH kg +AH )Y
with the boundary conditions, atZ =1

ya(l) =1

yi(1) =0; i=B_C,and D

Tp (1) = Tor
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Energy Balance at Downer Entrance:

In order to specify Tpr, it is necessary to write an energy balance equation at
contact point between the regenerated catalyst and the “fresh” liquid gas oil.
Therefore, Feed the energy balancé equation at the downer entrance and according
to Fig. 3.2:

AH
Fyp Cps (T; - TDF) = Fgo [Cpl (7; - TF)+ T mp""Cp,,, (TDF - 7;:)] (3.15)
refD

where T, the dimensionless boiling temperature of gas oil and Ty is the
dimensionless temperature of gas oil feed. Noting that the concentration of various
hydrocarbon gases in the downer are normalized with respect to the gas oil feed
concentration, and the downer temperature is normalized with respect to the gas oil

feed temperature (7,.p).

3.3 Regenerator model development

If one wants to model the regenerator mathematically, the different physical and
chemical aspects inside the regenerator should be understood. In other words, the
hydrodynamics should be understood closely and the coke burning reactions of
coke burning should be investigated, in order to obtain a model which could be
used to predict the yields and temperatures in the regenerator. The following two

sections give a background to begin modeling the regenerator.
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Fig. 3.2 (a,b) : Representation of energy balance fort the downer.
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3.3.1 Hydrodynamics of the regenerator

The regenerator reactor consists of two regions, the dense region and the
freeboard dilute region. The freeboard zone is the section of vessel between the top
surface of the dense region and tile exit of the regenerator vessel. In this section,
the gas stream carries some catalyst particles. The rate of solids entrainment is
usually very small compared to the total amount of catalyst retained in the
regenerator vessel. Most of coke on the catalyst has already been burned in the
dense zone. That means, negligible combustion can be considered in this region.
Thus, the effect of the freeboard region on the overall performance of the
regenerator can be ignored. The dense region is further divided into two phases: a
bubble phase and an emulsion phase. The bubbles move in plug flow and exchange
mass and heat with the emulsion phase. In the emulsion phase the air distributors
and the spent catalyst, produce enough turbulence to justify a continuous stirred
tank reactor behavior.

The regenerator conditions are located under bubbling fluidized beds region.
Fig 3.3 maps different fluidization regimes (Kunii and Levenspiel, 1991).

For the Pilot Plant operational conditions:

4, =d, [pg b. P )g] =1.139 (3.16a)
m

and

2 1/3
W = U, Pe =0.562 (3.16b)
Q (ps - pg)g
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From Figure 16(b) in Kunii and Levenspiel (1991), the regenerator operation
is located in “bubbling fluidized beds” region. The regenerator is divided into two
regions the dense region where the main regeneration process takes place and the
dilute region (the freeboard region at the top of the regenerator) to allow the
entertainment of catalyst particles iSadegbeigi, 1995). In our model, the effect of

dilute region is ignored due to its low concentration of catalyst, as stated earlier.

It was shown from previous discussion that the regenerator operates as
bubbling fluidized bed. So the dense region can be divided further into two phases:
the bubble phase which is composed of the gas going through the dense bed, and
the emulsion phase holding the hot solid particles (Kunii and Levenspiel, 1991).

The bubbles in the regenerator play a complex role. They produce good
mixing of the solid catalyst, and affect the emulsion phase temperature through
heat transfer between bubble and emulsion phases. Heat transferred to bubbles is
lost from the system. Another drawback is the by-passing of a certain percentagé of
air without diffusion into the emulsion phase. The bubbles act as a plug rising
through the bed. In the emulsion phase, the air distribution and the spent catalyst
will produce enough turbulence that continuous stirred tank reactor behavior can be
assumed.

The minimum fluidization velocity, Uys , of the emulsion phase can be
calculated from the following correlation proposed by Bueyens and Geldart
(Wilson, 1997)

) 9 x10~* (PP - p, )).934 go.934 dpl.s

mf 0.087

Ik pooe

3.17)
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Fig. 3.3. General flow regime diagram ( Fig. 3-16b in Kunii and
Levenspiel, 1991).
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The volumetric flow rates in the emulsion phase, G; , and in the bubble phase,

Geg, are:
Gic = Unr - A (3.18)
Gee = (U, - Umf)AG "' (3.19)

where U, is the velocity of air and the volume fraction of bubbles is :

Geo ¢
Epg =02 = (U, —Ups ), (3.20)

where t, is the air space time in the regenerator. The void fraction or the gaseous
contents in the emulsion phase, £, is obtained from Figure 6-5a in Kunii &
Levenspiel (1991), see Fig. 3.4. There are exchanges of mass and heat between the

two phases. The mass and heat transfer coefficients should be obtained.

3.3.1.1 Mass transfer coefficient between bubble and emulsion phases:
The bubble diameter should be calculated first by the following correlation

(Kunii and Levenspiel, 1991).

0.4 .
d,, = 0.65 [{4‘- d2 U, — Uy )] (3.21)

then the bubble rise velocity with respect to emulsion phase is calculated as:
U, =0.711(gdy)’"? (3.22)
and

Uy =155 (U, - Upy ) +14.1(d,+0.05)}>? + U,, (3.23)
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Fig. 3.4 Emulsion voidage (Fig 6-5a in Kunii and Levenspiel, 1991).
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where U, is the superficial gas velocity. Therefore, the bubble fraction, §, is given
by:

So, 6 (3.24)

I
S|

Note that the bubble emulsion interfacial area per unit volume be can obtained
using the following equation (Kunii and Levenspiel, 1991):.

_so

4, (3.25)

a,

where g, is the same as the area of heat transfer between bubble and emulsion
phases, a,, in our model. Figure (10 — 13a) in Kunii and Levenspiel (1991) (see

Fig. 3.5) gives the value of k;,, which can be substituted in :
Kpe = kp, ay % (3.26)

o

where K}, is the bubble emulsion mass transfer coefficient, k, in our model.

3.3.1.2 Heat transfer coefficient between bubble and emulsion phase

The following Nusselt number correlation is used (Kunii and Levenspiel,

1991):

Nu, = 2+0.6 Re,'/? p}/? (3.27)
d,U

where R, =L‘:—p’ (3.28)
C

and P = k"” (3.29)
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Fig. 3.5 Experimental values for bubble-emulsion transfer coefficient (Fig
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For low R,, values

hP
hbed =h= ? (330)

3.3.2 Coke burning kinetics in the regenerator

The mechanism and kinetics of the regeneration of coke deposits on cracking
catalysts are thoroughly investigated in the literature. Moorley and de Lasa (1987,
1988) carried out investigations to determine the kinetic parameters for the
regeneration of cracking catalysts. They also studied the effect of the CO post

combustion reaction on the overall performance of the regenerator.

The kinetics of coke burning in this work are simulated based on the work
done by Moorley and de Lasa (1987, 1988). It is assumed that the overall rate of

combustion is controlled by the intrinsic kinetics of combustion.

Thus, the reactions carried out in the regenerator for the case of complete

combustion are:

1. Coke combustion reaction

20 +1 . O

0, co, +—_co
20 +2

"o +1 1+0

where 6 is CO; to CO molar ratio and it is obtained by the following correlation
suggested by Lee & Groves (1985):

o = 0.000953 exp (5585/T), T < 803K
o =1+ (T - 803)(0.00142), 803<T<873K
o =1.1+ (T —873)0.0061), T>873 K.
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2. CO catalytic conversion to CO,

CO+% 0,— CO,

The reaction rate terms for both reactions are;

kc Weg C
. - C ""CG ~Ore (3.31)
MWc
— S5
rCOe—kcmCCOng,e (3.32)

The heat released by the catalytic CO combustion is given by Lee & Groves (1985)

as follows:

AHpco, =—2284375 —1.653 T +29.51x107 T2 + 425588.2/T

3.3.3 Assumptions made to derive the regenerator model equations

1. The regenerator dense bed is assumed to be a bubbling fluidized bed. This
assumption was verified in section 3.3.1.

2. The regenerator dense bed is divided into two phases (i.e. bubble and emulsion)
according to the two phase theory (Kunii and Levenspiel, 1991). The
assumption of two phased was discussed in detail in the introductory part of this
chapter.

3. The presence of excess air in the regenerator bed favors the complete
combustion reaction. So all CO resulting from the coke combustion is converted

to CO, by the excess air condition in the regenerator.
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. In the freeboard or dilute region, the concentration of the catalyst is small. Thus,
the effect of the freeboard region on the overall performance of the regenerator
can be assumed negligible in comparison with the dense bed effect.

. The air distributors and bubl')les produce enough turbulence to make the
assumption of a continuous stirred tank reactor behavior in the emulsion phase
justifiable.

. The bubbles rise through the bed in plug flow mode. That means the bubble
phase can be modeled as a plug flow reactor.

. The homogeneous CO combustion reaction taking place in the bubble phase is
assumed to be negligible comparing with the catalytic CO combustion in the
emulsion phase.

. The heat losses from the regenerator, H;, is an empirical parameter and it is

taken to be 5% as in the literature (Sadegbeigi, 1995).

3.3.4 The regenerator model equations

The concentrations of various gaseous species in the regenerator are

normalized with respect to the oxygen feed concentration, (Coz, f) and the bubble

phase and the emulsion phase temperatures are normalized with rspect to the air

feed temperature (Ty, ).

The amount of coke on the spent catalyst is determined by :

_ Yep(0) (3.33)
c/0

where C/O is the catalyst to oil ratio.
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Based on the assumptions listed in section 3.3.3 and assuming steady state
conditions, the bubble emulsion phase equations are derived applying the

conservation principles

3.3.4.1 Bubble phase equations

CO Mass Balance:

The carbon monoxide mass balance is:

d CCO.b

dz, = Vgas kg (CCO,e - Ceos ) (3.34)

I‘G(Ua - UMf)AG

Normalizing length by total length of the regenerator and concentrations by the

oxygen feed concentration, we get:

d
(Ua - ljmj’)AG_ZZzi = ‘/ga: kg (yCO.e - yCO,b) (335)

Noting that
Ua = Uns)AG = Gee

and Vg =846 Ag Lg
Equation (3.35) becomes :

Yeos _ A; L; g, (1 - ebG) k (y —y )
dz G g \Vco.e co.b (3.36)
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Integrating
Yco.b |
J‘ ) Ycop _ Ag Lge.c (-e.g y‘g J“’Z (3.37)
£ coe ~ Ycob ) ’ Gce
Yco.f 0
Equation (3.37) will be
Yco s
—£¢n ()'co.b - )'co.e) =,z (3.38)
Yeco.r
Finally, the CO material balance in the bubble phase is:
- Yoo % )
Ycos = Yco. T € Yco.r — Yco.. (3.39)

with  yco4(0) = yco,f

O, _Mass Balance:
Similarly as CO balance, the equation of O, mass balance in the bubble

phase will be:
dy,, L.e,;(1-¢
0s.b _ Ag L eG( bG)kg (YOz.b )’oz.z) (3.40)
dz Geo

or after integration:

—a
Yo, = Yo,. T € ' (}’Gz.f — Yo,.e ) (3.41)
where onvf =1

equation 3.41 will be



Yo, = Yo,,e T e ™" (1 = Yo,.e )
with
yOz.b(0)=l

Energy Balance:
Applying the conservation principle:

dT,
[(Ua "'Umf )AG LG]ng CPgG d ZG

—==V, avh(i = fb)
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(3.42)

(3.43)

Normalizing the length of the regenerator by the total length of the

regenerator Zg, and the dimensional temperatures by the air feed temperature

(T—me ). Equation (3.43) becomes after rearrangement:

a7, _ (1—£,6)L; Agah

(Te - Tb)
dz Geg Po Ch,,
The dimensionless group:
(1—€p6)Lg A avh Cp,g is named oy
Gce PgG
Equation (3.44) will be :

=0, @-T)
<

Solving equation (3.45) analytically:

(3.44)

(3.45)
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dT, '
=|o,dz 3.46
T:!‘,, (Te -1, ) '(’: " ( )

Finally equation (3.46) becomes:

Tb = Te + é—ahz bai - Te]

(3.47)
Since T,,r =1, the bubble phase energy balance in its final form becomes:

T, =T, +e*[l-1.1] (3.48)
with T,(0) = 1

3.3.4.2 Emulsion phase equations
Coke Mass Balance

The coke mass balance in emulsion phase is:

Fsg Wep — Feg Wep = Vsg Ps ke Weg Co,.e) (3.49)

where Vs = Volume of solid catalyst in the regenerator

= Vg(l-g5)(-2.)

= Ag (1-g,6)(-¢.)
Equation (3.49) willbe:

Fsg Wep —Wee )=Ve (—€pg) (—€.6)ps (kc Weg Coy.e ) (3.50)



Applying the normalization step, equation (3.50) in its final from becomes:
Fg; (WCD - W )= Ag Lg (l—ebG ) (l—eea)ps Co,.r kc Wee Yo,.e (3.51)

CO Mass Balance

The conservation of mass equation for CO in emulsion phase taking in
account that:

_ —k¢ 1 0.5
—Tco = 3o [m)wcc Coy.e + kc0..Cco.e Coz.e (3.52)

is:
€.G Pp kCO.e CCO,e Cbsz_e

ke 1 (3.53)

Upms Ac Cco.fr +46 Lc (1 - €G)
MW (1+0) 2:€

—(eeG )pS

= )Cco.e +Ac(1-E4G) "t (Ccoe - Ccop )
= Umr AG JCcOo,e t Ac\1-EpG €G ), kg\Ccoe ~Ccos Jozg

Normalizing equation (3.53) to give:

L5 s
€.G Py kco.e Cos.f YCO.e Y0p,

1

k
—(e.6)Ps WC Co,.f T+9) Wee Yo,,e

Coy.f Ums Yco.r +Lg (1-€pg)

1
=Co,y Uy Yeo + (1- €6 Xe)Co, s Lo I()’co.e ~Ycos )dz (3.54)
°

The integral is solved by substituting for yco, » from equation (3.39).

1 1
Ikg ()’co.e = Yco» )dz = Ikg [Vco.e —~ Yco. "()’co.f = Yco. »-a.z ]dz
0 0
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1
.f (yco S yco:) = = (ycfjx,— yco") "
0
= k, (yCO.f - yCO.e)( e _1) Ces ks ()’co.f - }’co.e) ( e —1)

—0q —AGLG eG( G)k

Substitute for the integral in equation (3.54) to give the final form of the CO mass

balance in the emulsion phase:

Gio + Ges 1= )]

A; (- €,5)Ec Beo s = Yeoe)= Lo Py kco.. Cos Yeo. Yo

l-€,.) 1
- L. G/ w
G €0 Ps l+a cG Yo,.e (3.55)

0, Mass Balance

The derivation of oxygen material balance in the emulsion phase of the

regenerator is similar to CO case except that

ke [2a+1 kco,e Cco,e Coy.e
-r, = Wes Co, o + — 2 3.56
02 = Mw, (2a+2] CG ~0y.¢ 2 (3.56)

The final form of the equation of O, in the emulsion phase is:

k;IG +Gco (1 - )]

Ag (1-&p6)EcG

2 1
+ L - eG)p ( a+ )Wca Yo . 3.57)

. 0.5
( )= Lg Py kco.. Co5.f YCo,e Y0p.e
YO3.f — Y03.e]= >

[ e 20+ 2



Energy balance in emulsion phase

Fig. 3.6 shows the heats entering and exiting the regenerator emulsion phase.
Entering heats are provided by air flow, heterogeneous reactions and solid flow.
However, the heats coming out are by air flow, solid flow and losses to

surroundings.

The inner heats can be represented mathematically as :

— Lg Ag (1~€,6 .G Pb (= rco.. J(AH R co
U C T . 9’ ’
mf A PgG CPeG lair, s + {+ Mg (_ rc X_ AHR,C)

while the outer heats expression is :

}*‘ Fsg CpsTp

LG
Ums AG PgG Cryg T, + Ag (I"Ebc)javh(fe ~T,)dZ; + Fs Cpg T, + Hyg
)

Inner heats is equal to outer heats as represented in this equation:

—_ 1_. _ . —AH
Unns A6 056 CrG Tor. 5 +[Lc Ac (-8,6)p5 106 ) )}

+ Mg (-1 ) AHg )
+Fsg Cps Tp =Ups Ag PG Cryg T + A (1 _ebG)Tavh(fe ~T,)dzg+
0

Fsg Cp, T, + Hyg (3.58)
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Fig. 3.6 Energy balance in the regenerator emulsion phase
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Normalizing temperatures by T,.; ¢ and Zg by Lg, and integrating to give the final

form of energy balance in the emulsion phase:

I.GIG -G (e—a;. - l)Jng C;’gG (T

L; A€ P
air _I'e)+ (T —7;)+ —(‘; -
FSG CPS o °

ref F SG CPS

— MSG

[kc Wee Co,. s )’o,.el
T, Fsg Cps

[kCO.e (Coz f )‘5 Yco,e ygf.e ](_ AHp o )+

(~AHRc)-Hy g =0 (3.59)

In conclusion, our regenerator model is similar to the model developed by
Ali & Rohani (1996) since the assumptions used in our work are similar to a great
extent to what they assumed in their model development except that we have steady

state assumption.The detailed derivation is shown in Appendix B.



CHAPTER 4

SIMULATION RESULTS & DISCUSSION

4.1 Introduction

One of distinguished features of the model developed in Chapter 3 is that it
combines both the reactor, which is in this case downer, and the regenerator
reactor. In fact, the model represents what is happening actually in the FCC-
downer unit. The open literature models proposed for downer reactor lack our
model advantage. They deal only with downer reactor without considering the
effect of regenerator on the performance of the whole unit. For example, Bolkan-
Kenny et al. (1994) developed a model that only solves the conversion and
different aspects in the downer without considering the regenerator effects on the
whole units. Moreover, our model considers non-isothermal operation in the

reactor while the models presented in the literature assume isothermal operation.

The kinetic parameters used in our model for FCC-reaction are obtained for
the same catalyst utilized in the pilot plant. Usually, the simulation studies of
FCC-units in literature depend on values taken from the literature.

The pilot plant (P.P) gives the temperature profiles inside the downer and the
regenerator. Also it supplies product yields from the downer and the coke left on
the regenerated catalyst. The presence of such data gives confidence when

comparing the model with the actual outputs.

49
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The comparison between the model and Pilot Plant outputs indicates that the
model predicts the Pilot Plant data reasonably well. It gives close values for output
of the downer (i.e. conversion and yields of gasoline and other components), plus
good prediction for regenerator - temperature and percentage of carbon on the
regenerated catalyst. This shows th;\t the model assumptions presented in Chapter 3

are reasonable.

4.2 Parameters used in simulation

In order to model and simulate the FCC-downer unit, the parameters related
to the model should be obtained. Our model depends upon a lot of parameters since
they relate to the downer, and a fluidized bed in the regenerator where there are

two phases to deal with. In fact, the parameters of this model can be conveniently

divided into different groups:

Operational parameters for downer and regenerator reactors.
Physical properties for downer and regenerator reactors.
Reaction kinetic for downer and regenerator reactors.

Thermodynamic properties for downer and regenerator reactors.

“w LN~

Bubble and emulsion phase properties for regenerator reactor.

The operational parameters used are taken from the operation of the Pilot
Plant since one of the main objectives of this work is to test the model results

against the Pilot Plant data. The operational parameters are listed in Table 4.1.
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Table 4.1 Operational Parameters used to the FCC-downer unit simulation

1.0 m
Dp 10.9 x 10 m
L 1.037 m
Dg 73.9x 1073 m
Fep 2.778 x 10 Kg/s
Fsp 6.94 x 10 Kg/s
for C/O =25
Fsg 6.94 x 107 Kg/s
for C/O =25
Toor 298.15 K
T 523.0 K
U, 57.0x 107 m/s
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The physical properties of both the catalyst used (HS-FCCS in this case) and
the gas oil are supplied by the HS-FCC project team mentioned earlier. Other
physical properties are obtained using CHEMSHARE package which uses
correlations to calculate phys_ical' and thermodynamics properties (Chemshare,

1996). The sets of physical properties used in simulation are listed in Table 4.2.

The reaction kinetics data for the FCC reactions carried out in the downer are
given by HS-FCC project team for the HS-FCCS catalyst used in operation of the
pilot plant. However, the reaction kinetics for the coke burning reaction in the
regeneration are obtained from the work of Moorley & de Lasa (1987). All of the

reaction kinetics parameters are listed in Table 4.3.

The heats of cracking reactions are obtained by fitting technique. They were
obtained by fitting the model to a certain run in the Pilot Plant and then they were
used in the rest of simulation. These adjusted values are in the same order of
magnitude as values presented in the literature as shown in Table 4.4. Whereas, the
heats of coke burning reactions in the regenerator are obtained from the literature

(Sadegbeige, 1995). These parameters are listed in Table 4.4.

Other parameters related to voidage in the downer or the bubble and emulsion

phase in the regenerator, are listed in Table 4.5. The procedure for determining

values for (&p, €, €.¢) and (h, k;) was discussed in section 3.3.1.
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Physical and thermal properties used in the simulation of the
FCC-downer unit

Cpy kJ/(kg.K) HS-FCC Project T

Crop 2.04 kJ/(kg.k) Ali (1995)

Cep 1.149 kJ/(kg.K) CHEMSHARE
Poil 882.0 kg/m® HS-FCC Project Team
Pep 8.40 kg/m’ Ali & Rohani (1997)
Py 0.71 kg/m’ CHEMSHARE
CPs 1.108 kJ/(kg.K) HS-FCC Project Team
Ps 1500 kg/m’ HS-FCC Project Team

Py 820 kg/m’ HS-FCC Project Team
Cp, 1.44 kJ/(kg.K) CHEMSHARE

Pa 0.678 kg/m’ CHEMSHARE

dp 70.0 um HS-FCC Project Team
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Kinetic and deactivation parameters for reactions in the downer

and the regenerator used in the simulation of the FCC unit

kap* 60.0 s 39.781
ksc 00s" 0.0
ksp 34000 s™ 76.366
o (coking) 245" 32.728
ke 1.4 x 10® m*/(kmols) 125
kco.e 247.75 (m®)"* /(kmol®>'s) 70.74

* kag » Kac, kap values given are multiplied by p,
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Table 4.4 Heats of reaction and vaporization used in the simulation of the
FCC-downer unit

& Heats i
AH g 0.5 x 10° 1.647 x 10° kJ/kg
AH, ¢ -3.00x 10° -10.89 x 10° kJ/kg
AH,p 3.50 x 10° 5.40 x 10° ki/kg
AHpgc -3.0x 10° -12.53x 10° -
AHjgp 220x 10° 3.75x 10° ki/kg.
AH( -25/0 x 10° - kJ/mol
AHcop, -282.0 x 10° - kJ/mol
AH,,, 270 - ki/kg
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Table4.5 Other simulation parameters

) 0.997 - Zhu et al. (1995)
EvG 0.571 - Equation 3.20
E.G 0.510 - Kunii & Levenspiel

(1991)
h 2.34 kJ/(m*.s.K) Equation 3.27

kg 3.37 5! Equation 3.26

a, 0.08 m%m’ Equation 3.25
T p 523.0 K HS-FCC project team
T,ef G 298.15 K HS-FCC project team
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4.3 Numerical Procedure

As shown in Chapter 3, we ended up with five ODE’s for the downer and
seven non-linear algebraic equations for the regenerator. The first set represents the
profiles in the downer while the second solves for different unknowns inside the
regenerator. Both sets have dependence on positions except the emulsion phase
equations in the regenerator because the emulsion phase is considered as a well-

mixed tank reactor.

The differential equations are solved by fourth-order Runga-Kutta method
(RK4). Then, the output of this solution is given as an input to the non-linear
algebraic equations in the regenerator which are solved using Newton-Raphson
technique. The output is then moved to the differential equations as an input. This
iterative procedure continues until we get steady values in both units (i.e. the

downer and the regenerator).

The codes developed to solve the problem numerically are written by a new
version of Fortran language. It is called Fortran 90. The codes utilize some IMSL
library sub-routines such as IVPRK and NEQNF. All codes used in our simulation
are given in Appendix C.

4.4 Model results and comparison with P.P. data

The model was solved using the parameters listed earlier in Tables 4.1 to 4.5.
Two runs in the pilot plant are used to reveal the deviation between model results
and actual data, namely runs # 39 and # 62. Table 4.6 lists the model results and
actual data for both runs. The definition of conversion of gas oil in the Pilot Plant

is given by:
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Conversion (wt.%)= 100 - HCO - LCO @.1)

where HCO and LCO are the heavy and light cycle oil respectively exiting with
products of the cracking reactions.

It can be inferred from Table 4.6 that the model predicts downer yields that
are good particularly gasoline. The model predicts the yields and outputs for Run #
62 better than Run # 39. That means that the model predictions are better at higher

catalyst to oil ratio cases.

Fig. 4.1 shows the conversion and concentration profiles predicted by the
FCC-downer model for Run# 39. It is obvious that the model predicts the gasoline
yield rather well. The deviation between the model and actual Pilot Plant data is
about 4%. While the deviation in predicting gases yield is about 20%.

The temperature profile for Run # 39, presented in Fig. 4.2, reveals a typical
view for endothermic reactions which is the same as our case. In fact, there is a
significant deviation between the model and the Pilot Plant data for the temperature
at the entrance of the downer. This happens due to trying to maintain the P.P.
reactor at fixed temperature (isothermal) while in our case we have changing

temperature profile (non-isothermal).

Figs. 4.3 and 4.4 show the temperature and coke on catalyst profiles inside the
regenerator. They are constant a long the regenerator due to CSTR approximation
assumed for the emulsion phase. The deviation between the model and actual
results for the regenerator temperature is about 6%. The difference between the
actual and model results for the regenerated catalyst results from the assumptions

made when modeling the regenerator.
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The model was projected for Run# 62 conditions and gave Figs. 4.5 and 4.6
inside the downer, and Figs. 4.7 and 4.8 in the regenerator. The deviations between
the model results and actual data for gasoline yield, light gases yield, and
regenerator temperature are 3.5%, 10.5%, and 8.6%, respectively.

The discrepancy between the model predictions and the Pilot Plant is
attributed to several factors. The simplifying assumptions imposed on the model
could be one factor. The nature of the methods used to determine the physical

parameters together with the heats of reactions could be another factor.

The direct use of kinetic parameters is another possible source of error
because they were obtained using the MAT unit which is generally used for
screening catalysts purposes but not obtaining kinetic parameters. Moreover, the
heat added to the Pilot Plant unit to keep the whole unit heat-balanced could cause
deviation between model and Pilot Plant data. The model does not consider the role
of steam or nitrogen introduced to the unit which might cause deviation between

our model results and the Pilot Plant data.

4.5 Parametric study for some operational parameters

In this section, the effect of some parameters, namely operational and design
parameters, on the FCC-downer unit using our model will be presented. The effects
considered are upon the conversion and different yields in the downer, the
temperature, and coke on the catalyst in the regenerator. These are the most

important variables which show the performance of the whole unit.

The parametric study includes effects of changing catalyst to oil ratio (C/O),
length of the downer, cross sectional area of the downer, and flow of air to the
regenerator. The effects of these parameters on the performance of the whole unit

will be presented next.
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4.5.1 Effect of changing Catalyst/Oil ratio

The catalyst to oil ratio is changed by either increasing the catalyst flow rate
or flow rate of oil vapors in the downer. The oil fed to the unit is kept constant
here. For instance, the rate of oil :is one kilogram per hour while the rate of catalyst
is changed depending on the C/O. The C/O can be represented mathematically as :

F
clro=-3D
FeD

In our case, the C/O is changed in the range of 10 to 30. The comparison for

each variable in the unit is conducted at three different downer outlet temperatures

(DOT), namely 550, 600 and 650°C.

Figs. 4.9 — 4.16 summarizes the effect of varying C/O on the unit variables
and yields. The conversion does not vary significantly with C/O for all DOT’s
under study as shown in Fig. 4.9. This is expected because the DOT is maintained
constant which means that the temperature profile inside the downer is
approximately the same that gives nearly the same conversion. It can be seen from
Fig. 4.9 that increasing DOT favors the conversion of gas oil. This behavior is
compatible with famous LeChatelier’s Principle which states that supplying heat to

an endothermic reaction favors the reaction progress.

According to Fig. 4.9, the gasoline yield percentage is improved by increasing
of C/O ratio. So operating at higher C/O is better if the objective is to improve the
intermediate product gasoline. Moreover, Fig. 4.10 gives a notification of which
DOT is better to obtain gasoline. In fact, the yield of gasoline is much better at
DOT’s of 550 and 600°C. The difference in the yield between mentioned DOT’s
and DOT of 650°C is 7-10% which is significant especially if intended for a

commercial unit. This is exactly what the pilot plant tells. For example, that
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gasoline yield in Run # 42 where DOT of 550°C is 49.78% while it is 38.64%, in
Run # 41 with DOT of 650°C. In conclusion, the optimum gasoline yield is
obtained at higher C/O and lower DOT.

The gases yield decreasest slightly when we increase the C/O ratio. The
decrease is more obvious when operating at DOT of 650°C as shown in Fig. 4.11.
In addition, the gases profile versus DOT’s shows that operating at higher DOT
gives higher gases yield. In the pilot plant runs, the same conclusion is obtained.
For instance, Run # 42 where DOT is 550°C, the gases yields is 25.0% while it
is 40.49% in Run # 41 where DOT is 650°C. The difference between the two

values is about 15%.

The increase in gases yields with increasing DOT can be explained by the
effect of more conversion at higher DOT as shown in Fig. 4.11. So, the optimum
gases yield results when operating at high DOT. Coke yield in the downer is semi-
stable with changing C/O as shown in Fig. 4.12 due to fixing DOT. But it increases
when the DOT is more. This behavior is expected since more gas oil and more

gasoline are converted to coke at higher temperature profiles in the downer.

The behavior of the regenerator temperature and coke on the regenerated
catalyst against C/O is shown in Figs. 4.13 and 4.14. The regenerator temperature
goes down significantly with feeding more catalyst for all DOT’s under study. This
is attributed to more heat removal from the regenerator by the solid phase when
enlarging the amount of the catalyst. Subsequently, the regeneration process is
affected negatively because lower burning reactions carried out at lower
regenerator temperature. Fig. 4.14 shows how the regeneration process is inhibited
with further increase of C/O.
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4.5.2 Effect of changing cross sectional area of the downer

The cross sectional area of the downer (Ap) is an important design parameter
because it is related to the volume of the reactor which is a term in the reactor
design equation. So increasing or decreasing the volume of the reactor affects the

residence time of the reactor.

It is obvious that the conversion of the gas oil increases with enlargement of
Ap as shown in Fig. 4.15 for Lp of 1 m and in Fig 4.16 for Ly of 2 m for all DOT

cases under study. So operating at higher Ap gives higher conversion of gas oil.

Gasoline is an intermediate product. It is expected that there is an optimum
point for gasoline yield. Fig 4.17 shows that the maximum gasoline yield for Lp of
1 m and DOT of 600°C is obtained at about Ap of 0.80 cm® while optimum A for
producing gasoline is 1.6 cm? at DOT of 550°C and 1 m length. Fig. 4.18 shows
the same trend for Lp of 2 m. The optimum gasoline yields for different Ap and L,

are summarized in Table 4.7.

After reaching the optimum Ap, the gasoline yield returns to lower values
with expanding the reactor cross sectional area. Specifically, at L, of 2 m, the

gasoline yield decreases at large Ap'’s.

Coke yield increases gradually when Ap is enlarged. The slight increase
demonstrated is due to more gas oil converted to coke when the reaction is allowed
to occur in longer residence time. The increase is approximately 0.5% from a small
to large Ap for all cases at different lengths, as shown in Figs. 4.19 & 4.20. So at
larger cross sectional area of the downer, the deactivation of the catalyst is higher

as a result of more coke deposits on the catalyst.
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Table 4.7 Optimum Ap to produce gasoline at different DOT and Lp

550 1.6
1.0 ' 600 0.820
650 0.530
550 0.75
2.0 600 <0.5
650 <0.5
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Gases yield exhibits steady increasing profiles with enlarging the cross sectional
area of the downer. In Figs. 4.21 and 4.22 this behavior is similar for both Lp’s
under study. The increase in the gases yield happens due to move gas oil and
gasoline conversion to gases with enlargement of the downer volume or in other
words extending the residence time'."

As seen in Figs. 4.23 and 4.24 for coke % on the regenerated catalyst and
Figs. 4.25 and 4.26 for the regenerator temperature, changing of the cross sectional
area of the downer does not have a strong effect upon the profiles inside the
regenerator. This can be explained as a result of maintaining DOT constant, which
keeps the regenerator temperature the same and the efficiency of the regenerator to

be the same also.

4.5.3 Effect of changing the length of the downer (Lp)

The length of the downer is a very important design parameter because it is
related to the volume of the reactor which is a term in the design equatit.)n;
Changing the downer length implies changes in the reactor volume. Therefore an
increase in the downer length will affect residence time. Fig. 4.27 shows that
conversion is higher at larger lengths which is expected due to increasing reactor

residence time.

However, the gasoline yield exhibits a maximum with respect to the downer
length. This profile is shown in Fig. 4.28. The optimum L, to produce gasoline is
listed in Table 4.8.

Coke and gases yields in the downer increase as the downer length becomes
larger as shown in Figs. 4.29 and 4.30. The explanation is that more gas oil and

gasoline is transformed to both coke and gases.
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Table 4.8 Optimum L at fixed Ap to produce gasoline at different DOT’s

600 ‘ 48 1.0

650 40 -45 <0.5




95

piolA 8309 uo J8umop 8y} jo yibua) Buibueyd jo 10ey3 62t b4

(w)
Ge e gt l G0 0
1 ! 1 1 1 O
- 60
@)
o
- L)
s
o,
615
X
- G
099=10Q0 = = = 095=10(0 == == 009=L0( = - G'¢




96

pieik seseb uo seumop ayy Jo yibus| Suibueyo jo 108y3 :0e't ‘O

(w) &
S c S’ } S0 0
1 1 ] 1 [ o

- 02
o
»

-0y O
s
.

Log G
P

- 08

099=100 = = = 0S5=10( e = 009=10(] emmmm
L oot




97

Coke on the regenerated catalyst Fig 4.31 increases slightly with the downer
length due to more coke deposited on the spent catalyst coming from the downer.
The regenerator temperature as shown in Fig. 4.32 is constant due to maintaining

the DOT or the temperature of thespent catalyst introduced to the regenerator.

4.5.4 Effect of changing flow rate of air to the regenerator

The previously discussed parameters are directly related to the downer
operation and design. In this section, the effect on the whole unit is viewed by
changing a parameter in the regenerator. It is the air flow rate introduced in the
regeneration process. Air supplies oxygen which burns the coke deposits on the
catalyst. It can be inferred from Figs. 4.33 — 4.38 that the conversion and product
yields reveal semi-constant behavior against the air velocity. Moreover, coke on

the regenerated catalyst and regenerator temperature show constant profiles.

In the FCC-downer unit under study, the experimental data indicates that the
unit is operated with complete combustion mode which requires feed of excess air
in order to achieve this type of combustion. Therefore, the flow of air will not
affect the regeneration process and hence the performance of the whole unit. This
comment is supported by the different figures either for the downer or the
regenerator, Figs. 4.33 — 4.38, because more air means more burning of carbon
deposits on the catalyst. If the unit were operated in partial combustion mode, then
it would be expected that the air flow would play a major role to give effective

regeneration.
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4.6 Parametric sensitivity of the FCC-downer

The transfer of heat and mass between bubble and emulsion phases in the
dense region of the regenerator is a very important phenomenon. The exchange of
gases (reactants and products) an;l-,heat transfer between the two phases plays a
major role in the mass and heat balances of the regeneration process. In this section
we discuss the effect of mass transfer coefficient between bubble-emulsion (kp),
and the effect of heat transfer coefficient between bubble-emulsion phases (k) on
the conversion and product yields in the downer and the temperature profiles in the
downer. Moreover, the sensitivity of the FCC-downer model is studied against the

heat transfer area between the two phases (a,).

4.6.1 Model sensitivity to the bubble-emulsion mass transfer coefficient

It is clear from Figs. 4.39 and 4.40 that the model is sensitive to k, at values
of k; below 0.2 s’'. All the profiles in the downer and regenerator become constant
for k, value > 0.2 s”'. Thus, the model is sensitive to k, in a certain range (i.e. low
values of k,) and not sensitive at k, larger than 0.2 s”'. Similarly, % of coke on
regenerated catalyst is changing sharply at k, values of less than 0.2s as shown in

Fig.4.41.

4.6.2 Model sensitivity to the bubble-emulsion heat transfer coefficient

The heat transfer coefficient between bubble and emulsion phases, A, does not
have a large effect on conversion and coke yield in the downer. Instead, the
gasoline and gases yields vary significantly against & values, as shown in Fig. 4.42.
Moreover, the temperature profiles in the downer and the regenerator decreases
widely with increasing h as shown in Fig. 4.43. That means that the model is

sensitive to A. Coke on regenerated catalyst increases with higher values of & as
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shown in Fig. 4.44. Subsequently, evaluation of & should be done precisely with

the most recent and dependent correlations.

4.6.3 Model sensitivity to the heat transfer area between bubble and emulsion
phases :

The heat transfer area between bubble and emulsion phases, a,, effect on the
profiles inside the downer and the regenerator will be discussed in this section. Itis
clear from Fig. 4.45 that changing a, does not have a strong effect on conversion of

gas oil and product yields.

Similarly the temperatures in the downer and the regenerator show steady
behavior versus a, as shown in Fig. 4.46. However, the coke on the regenerated
catalyst is sensitive to changing a, especially in the range of a, below 0.2 m"' as

shown in Fig. 4.47
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

The primary objectives mentioned in Chapter 1 were fulfilled to a great

extent. The research work gave good outputs and results throughout its period.

Here are some conclusions and recommendations.

a)

b)

The research work resulted in the development of a new model for FCC-
downer unit. The model is the first of its kind because it relates the downer with
the regenerator to represent the actual performance of the whole unit. However,
the previous models present in literature lack this feature. They deal only with
the downer reactor without considering the role of the regenerator in the
operation process. Furthermore, our model considers non-isothermal behavior
in the downer while pervious models worked with isothermal assumptions

inside the downer.

The model was verified against pilot plant data and showed good agreement.
The deviations between the model results and the pilot plant data reflect that the

assumptions made in deriving the model equations are reasonable.

The model uses four-lumped scheme for FCC cracking reaction
accommodating the new researches which consider four-lumped scheme

instead of three-lumped scheme as in the past.
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d)

g)

h)

i)

i)

k)
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The literature review reveals that more work should be done on hydrodynamics
of the downer to understand some aspects which are not clear till now. For

example, there is no extensive study to show the change of voidage of solids

and gases versus the length of:the downer.

The pilot plant should be operated at lower DOT such as 550°C to get more

gasoline yields.

The pilot plant should be operated at higher DOT like 650°C if the objective is

to get more olefins since operating at higher DOT gives more gases yield..

There are optimum designs of downer to improve gasoline yield since it is an
intermediate product. For instance, at L, of 1 m, the cross sectional area should

be about 0.820 cm? at DOT of 600°C and 0.5 cm? at Lp of 2 m.

If the objective is to obtain olefins, it is advised to choose the downer with

larger diameters and larger lengths.

Changing flow of air in the regenerator does not affect the performance of the
unit when it is operated in complete combustion mode or in other words the air

is fed in excess amount.

It is recommended to do more research work on the kinetics of FCC reaction to
get more dependable kinetic parameters obtained under conditions similar to

the operation of the FCC unit.

It is recommended to study the heats of cracking and coke buming reactions
either theoretically by available computer packages or experimentally through

thermodynamic techniques such as calorimetry.
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1) It is recommended to do more investigation of computing h, k, and a, since
they are important parameters in modeling the regenerator, and subsequently

the performance of whole unit.

t

m) It is recommended to develop a model for FCC-riser unit and making a
comparison between it and our model to prove the advantages of downer over

risers claimed in the literature.



Ap, Ag

ay

[kmol O,/m?]

[kmol/m?]

[kJ/kg.K]
[kJ/kg.K]
(ki/kg.K]
[kJ/kg.K]

[m]
[m]
(-1
[m]
(kg/s]
(kg/s]

NOMENCLATURE

t

Gas oil
Area of the downer and the regenerator, respectively

Heat transfer surface area between the bubble and
emulsion phases

Bubble-emulsion interfacial area per bed volume
Gasoline
Coke

Oxygen feed concentration

Concentration of component i in the j phase (1 = CO,
CO,, H,0, and O,) and j = bubble and emulsion

Heat capacity of catalyst

Heat capacity of air

Heat capacity of gases in the downer

Heat capacity of gases in the regenerator

Light hydrocarbon gases

Catalyst average particle size

Effective bubble diameter

Dimensionless measure of particle diameter

Bed or tube diameter

Hydrocarbon gases mass flow rate in the downer

Catalyst mass flow rate from in the regenerator
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Gic

Teo,e

[m/s]
[m3/kmol 0, s]
[ (m>®)!*/kmol

0, % kg of
solids s]

[s™]

[m]
[m]
kel
[kg/kmol]

{kmol coke/kg
cat s]

[kmol CO/kg cat

s]
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Catalyst mass flow rate in the downer

Gas Flow rate in the regenerator emulsion phase
Gas.Flow rate in the regenerator bubble phase
Gravitaﬁonal constant

Dimensionless heat losses from the downer
Dimensionless heat losses from the regenerator
Bubble and emulsion phases heat transfer coefficient

Bubble and emulsion phases overall mass transfer
coefficient

Reaction rate constant for cracking reaction of lump
A to lump B

Mass transfer coefficient
Reaction rate constant for coke burning

Reaction rate constant for the catalytic CO

combustion

Overall coefficient of gas interchange between
bubble and emulsion phase

Downer length

Regenerator bed height

Catalyst holdup in the regenerator
Carbon molecular weight

Rate of coke combustion in the regenerator bed

Rate of catalytic CO combustion in the regenerator
bed



¥j

(-]
[K]
[K]
[-]

K]
[K]
[s]
[s]
[m/s]
[m/s]
[m/s]

[m/s]
[m/s]
[-]
[m’]
[m’/s)

(kg coke/kg
catalyst]

[kg coke/kg
catalyst]

[-]
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Dimensionless temperature
Air feed temperature
Fresh oil feed temperature

Dimensionless temperature of the phase j (j = bubble
and emulsion) in regenerator

Reference temperature for the downer
Reference temperature for the regenerator
Residence time in the downer; €;p Vp/Vgp
Air space time in the regenerator

Air velocity

Minimum fluidization velocity

Rise velocity of a bubble with respect to the
emulsion phase '

Velocity of the bubble rising through a bed
Superfacial gas velocity

Dimensionless measure of particle velocity
Volume of the downer

Volumetric flow rate of gases in the downer

Coke mass fraction from the regenerator
Coke mass fraction in the downer

Dimensionless weight percent of hydrocarbons in
the downer, where j = A, B, C, and D



Yii [-]

Z (-]

Zp [m]

Zg [ m]

z [-]

Greek symbols

o [-]

a;

ap

o [kmol CO,/kmol
CO]

o

AHpp  [Kikg]

AHgpyc  [KI/kg]

AHpap  [Kl/kg]

AHgge  [kJ/kg]

AHggp  [kJ/kg]

AHpg, [kJ/kmol]

AH Reoj [kJ/kmol]

AH,,  [ki/kg]
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Dimensionless concentration of component i in the j
phase, where i = CO, CO,, H;0, and O, and j =
bubble and emulsion

Dimensionless axial distance in the downer, Zp/Lp
Axial distance in the downer

Axial distance in the regenerator bed

Dimensionless axial distance in the regenerator,

Zd/lg

Catalyst decay coefficient
(Ag-E.6 (U - €6)-Lg-ke/Gei), see Eq. (28)

(Ag - (I - &g).a,h.Lc)(Geg - Pga - €Pgc), see Eq. (34)

Instrinsic molar ratio of CO, to CO

Bubble fraction

Heat of reaction for cracking of lump A to lump B
Heat of reaction for cracking of lump A to Lump C
Heat of reaction for cracking of lump A to lump D
Heat of reaction for cracking of lump B to lump C
Heat of reaction for cracking of lump B to lump D

Heat of Reaction for coke burning

Heat of reaction of CO combustion in the j phase, j =
b refers to bubble phase and j = e refers to emulsion
phase

Heat of vaporization of gas oil



&G

E:D

¢
Pa
Pb
Pgp
Psc
Ps
6:

Subscripts

N o w »

Q m ¢ U

[72]

[kg/(m s)]

[kg/m]
[kg/m’]
[kg/m’]
[kg/m’]
[kg/m’]
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Hydrpcarbon gases void fraction in the downer
Bubble void fraction in the regenerator bed
Emulsion phase void fraction in the regenerator
Air v;scosity

Catalyst decay function

Air' density

Catalyst bulk density

Density of gas phase in the downer

Density of gas phase in the regenerator
Density of catalyst particles

Catalyst particle sphericity

Gas oil

Gasoline

Bubble phase in regenerator

Coke

Light gases

Downer

Emulsion phase in the regenerator
Feed

Regenerator

Catalyst solid particles
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APPENDIX A

DETAILED DERIVATION OF THE DOWNER

MODEL EQUATIONS

A.1 Downer Material Balance

Gas Oil (A

Fep ya | = FgD YA | = l(AD AZD)EgDJPgD [¢p (rp)] (A.1.1)
Zp Zp +AZp

Divide by AZp

FgD b’A Zp _j’A ZD+AZJj
AZp

=Ap Fgp pep ¢p (~74) (A.1.2)

Taking the limit at AZ approaches zero

d
- ng;—'; =Ap €4pPgn9p (= 74) (A.1.3)

Normalizing Z, by length of the downer L to obtain the dimensionless form:

Fep  dy,
Lp d(zp/Lp)

=Ap€gpPegndp (~74)

d
or —%ep -;,yZA =Ap Lp€gpPgp $p (=7a) (A.1.4)
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Substitute for the gas oil reaction term (-r,),

d 2
- gojyz"— = Ap €,pPgp 9D [kap + kac + kaplyi

So, the mass balance of gas in the: downer in its final form is:

ApLpe
da__2D7D g0 PD D [kag + kac + kaplyi

dz Fgp

Gasoline (B)

F ~ ’BI =lap 4z, &) [0p (~74)]

gD YB gD D Azp E€gD] PgDI9D\"7A
ZD ZD+AZD

Dividing by Az, and taking the limit giving :

d
EYB—=AD£gD¢D (—r5)

D

~ F,,

Normalizing Zp by Lp to give the dimensionless form:

~-F, d
g0 AYg _
L, dz = Ap Ep P P (_rs)
rearranging

dy
Fep 722 =ApLp€gpPepdp (~78)

or

dyp - ADLDegDpiDq’D (_r )
dz . Fep B
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(A.1.5)

(A.1.6)

(A.L.7)

(A.1.8)

(A.1.9)

(A.1.10)

(A.1.11)
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Substitute for the gasoline reaction term (-rg) to give the final form of gasoline
mass balance:

-Ap Lpe
bp_ 0D gngD%,D‘AB Ya ‘(kBC"'kBD)yB]

dzZ Fep
Coke (C)
Doing the similar deviation as gas oil and gasoline, the coke mass balance in the
downer s :
dyc ~Ap Ly € P 95
= - Al
= F. (-rc) (A.113)

The final form after substituting (-r¢) is:

dy, ApLp €;p P @
¥ . o k.ov2 +koe ] (A.1.14)
Gases (D)
Similarly as before:
-A L €
dyp _ p Lo € Peo $p (r,) (A.1.15)
dZ Fep
or in final form as:
AL, ¢
dy, _ApLp&pw P ¥p (+ Koo y2 +Kgp YB) (A.1.16)

dZ Fp
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A.2 Downer Energy Balance

For plug flow assumption, the heat balance is:

U, pC, g == (iAH)_(—-‘rf\) (A.2.1)

when it is applied to the FCC reaction in the downer:

df .
F,.pn C +C
( gD “~Pgp Ps)‘d_z—D- | (A.2.2)
=-Z¢p(+ AH;)(=rs);*Ap€ep Pep — Hep

Normalize Tby T, and Zby Lpto give:

= - Apeppgpdp Z(AH X-r)-Hyp

or in other form

dT, _ -A, L, €. Pep ?D
dZ  (Fp C,p, + Fyp Cy, )
_ . Hp Lp |
(FgD Ce, + Feo )T refp

Z(AH, X-r,)

(A.2.3)

where :

Z(AH;)(~r,)=(AH sg kpp + AH gsckac + AH 4p kap)yi
+ (AHgc kpc+AHgp kpp)yg
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So, the heat balance in the downer in its final forms is:

dTD -ApLp Ego PgD $p (AH opkap+AH gckac+AH apkap Y4 | °
l 2D Cprgp + Fep Crg Jrref"D +(AH gc kpc +AH gp kgp )y3
Hipp LD \
l sD Cryp + refp

(A24)



APPENDIX B

DETAILED DERIVATION OF THE REGENERATOR

MODEL EQUATIONS

B.1 Material Balances in Bubble Phase

B.1.1 CO Material Balance

dCco,p
]: Vias kg (CCO,e -Cco,b) (B.}.l)

Lc[+(va ~Uns VA —

G
Normalizing as follows:

Z C
2= & yoo = =2
Lg Co,r

Equation (B.1.1) becomes :

dy
(Ua - Umf)AG :;'b = Vgas kg (YCO,e - CCO,b) (B.1.2)

Veas V,
Where V,,, = “'Zs ﬁ Ve = €. (1-856)(4G Lg)

Substituting in equation (B.1.2) to give:
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dycop
gUa - Umf) =g, (1 —1,6)Ac Lg k, ()’co,e _yCO,b) (B.1.3)
Gce
Rearranging
dycop,  AgLcEx (l_ebG)
= k - 1.4
dz Geo g ()'COc YCOb) (B.1.4)
Integrating :
¥CO,b z
J‘ dyco,b Ag Lg e (1-€pG )kg J‘
=+ dz
Wco,e - yco.») R Gcg B
yco, f . o
its solution:
Ycob .
/n (YCOb ~Ycoe ) =+ 0z (B.1.5)
Ycos
or:
’n ()'co.b — yCO,c)_a z B.16
=a, 1.
(Yco.r - yCO'c)

The final form of CO material balance in the bubble phase is:

Yoo =Ycoe t (Yco.f ~Ycoe )Ealz (B.1.7)



B.1.2 O, Material Balance

dC
Lg ["(Ua - U ¢ )AG dzoz'b] = Ve kg (COz-b

G

Normalizing as follows:

Z C
2= 2% and 3o, = 22
L, Co,.f

to give the dimensionless form:

d

YO3.b

_(Ua - Umf )AG d
- ~— + dg
Gce

or

—dYo,0 _ AgLg £ (1-Ei)
dz = Geo (yo2 b ~ Yo, )
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-Co.)  (®B1S8)

= Vgas kg (yoz,b - yoz,e) (B.1.9)

(B.1.10)

Integrating to give the final form of O, mass balance in the bubble phase:

-z
yoz,b = yOz,e + eal (yOZ,f —yOZ,e )

B.2 Material Balances in Emulsion Phase

B.2.1 Carbon Balance

(B.1.11)

Coke enters with weight %, Wcp, and leaves regenerator with Weg while its

reaction rate is



—rc = k¢ Weg Co,,.
The mass balance on coke on the catalyst in the regenerator is:
Fs6 Wep — Fsg Weg = Vsg Ps (—7c)

where Vs = volume of solid catalyst in regenerator

=V {%—-“%—}>=
G

4
=V (1 -&y6) (1 -¢e5)
Substituting in B.2.2 to give:

Fsg Wep —Weg)=Ve (- g6 N1 —€.6)ps (rc)
= Ag L (1 - &56)(1 — £.6)Ps ("c Wee Co, ,e)

Normalizing Cp, , by oxygen feed concentration Cp, 5 as

COz,e

yOz.e CO s
2,

So carbon balance in emulsion phase is:

Fsg Wep — Weg) = A Lo (1 - £46)( — €.6)ps Coy, ke WeG Yo3.e

141

(B.2.1)

(B.2.2)

(B.2.3)

(B.2.4)

(B.2.5)
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B.2.2 CO Balance

The sources of CO to emulsion phase as by flow and as a product from burning

reactions, mathematically as:

Cco.r +P‘C0,e Cco,e C’OSZ,, AG L; (1-€5G )EcG Pb

—kc (ﬁ)wco Co,,e Ac L (1-&p X1-€.6)ps]

and CO out from the emulsion phase by flow and by mass transfer to the bubble

phase, mathematically as:

L
v mf AG )CCO,e +Ag (1-€s6 )Ecc -[o kg (CCO,e -Cco,b )dzc;

So In = Out gives:

5
€.GPbkco,e Cco,e CCo,e

(U mf AG )Cco, f+Ac Lg(l-€pc

1
—\l-€ k| — C
(1-e.6)ps C[1+0’) cGL07.e

LG
= (Umf AG)CCO,e +Ag(1-€pc)ecG -[O kg (CCO.e -Cco,b )de (B.2.6)

Normalize Z; by L; and concentrations by Co, 5as

Z
z:-—c;yE
LG CO{

2
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15 5
€eG Pbkco,e Cco,eCp,, 5 YCO.e Y0, ,e

Co,,f Ums Yco.r +LG (1-€pG) 1
~(1-€.G)Ps kc Coy, | —— WcG Yoj.e

1+¢

1
= Coy.,f Umf ¥co,e + (1-856)(€cG)Co,. f LG IO kg (vco,e— ¥co,p)dZ (B.2.7)

Solving The Integral is solved as follows:

i
I kg (yco.e —YcosHZ
o

1
—oyZ
= kg J.[)’CO.e ~ycoeeo, f +)’co,e)ea' ]dz
0

1

= —kg I()’co, f —Yco,e )5 2 dz
0

1
0

=—kg (yCO,f - }’co,e) Fo1Z

kg (yCO,f —yCO,e) (e_al _ l)
oy

Equation B.2.7 becomes:

: 5
Uy (yCo. f- yco,e)+ Lg (1 - €4G)EeG Pb KO, Csz, £ YC0.6 Y0,

1
~ Lg(l—eg Nl —eg)ps k¢ (ﬁ—o]WCG Y0;.e
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G, _

=—<C (Yco, f =YCo.e Xea‘ - 1) | (B.2.8)
Ag

After rearrangement:

Un=Uie (o _ )]

()’co, f —)’CO,e{U mf — A

5. 5
+ L (1~ €,6)€.6 Pb kc0.eCoy.f Yc0.e YO3,e

1
- Lo (l-epc Nl —€cG)Ps k¢ [m)wcc; Y0y.e =0 (B.2.9)

or:

5 s
+ Ag Lg (1~ €4G) €eG Pb kc0.eCiy.f YCO,e YOp.e

1
- Ag Lo (l-e N1 —€.6)Ps k¢ [m]wca Yoy,e =0 (B.2.10)
as substituting G, and Gc¢s : Gig =Ups Ag and Geg = (U U ,,,f)AG

to give the final equation of CO balance in emulsion phase is :

blG +Gcg (1 - Ea')j

Ag Lg (1 —&p6 )G

()’co, f- yCo.e)

(l—eeG) 1
— L, Y "8G) ok | ——|W,
Lg P Ps ke | 134 |WeG Yor.e

+ Lg Py kcoe Copg Yco.e Yoye (B.2.11)

B.2.3 O, Balance

Derivation is similar to CO, but here:



200 + 1
(_'02) = k¢ (2a+ Z)WCG COz.e

5
kco.e Cco.e Co,,.
2

+
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(B.2.12)

Mass transfer is vise versa (i.e., from bubble phase to emulsion phase). The final

from of O, materials balance in emulsion phase will be:

k;IG + Geg (1 -e% )J

e e r Veos ~Yco)=

5 s
Lg Py (kCO,e Co,.f ))’co,e Y0,.e
2

(l eeG) 2
+ IG —=F pg k W,
€, S k¢ 2 CG Y03,e

B.3 Energy Balance

B.3.1 Energy Balances in Bubble Phase
dT, S—
[(Ua — Uy )I‘G Ag })gG Cpg(; d_ze- =Vea, h (Te - Tb)
Normalizing Z; by Z and temperature by 7,4 to give:

dT,
Geg Pgc Cryg Ti—b = (- &) Lo Aga,h(T, ~ T;)
z

rearranging:

(B.2.13)

(B.3.1)

(B.3.2)



dT, _ (l"gbG)LGAGah(T -T,)
dz Gee PgG Cry

( "ebG)LGAGavh

Leta,, =

Equation (B.3.3) becomes:

dT,
—t = ap (Te - 7}7)
dz
Integrating:
J-Tb dT, jlah dy
Tauf (T Tb)

is

or

or

or
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(B.3.3)

(B.34.)

(B.3.5)
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noting that T, =1, energy balance in the bubble in its final form:

T, =T, +e*"% 1 - 1,] (B.3.6)

B.3.2 Energy Balance in Emulsion Phase

In emulsion phase:

Heat in are - by air flow
- by reactions
- by solid flow
Heat out are - by air flow
- by heat transfer to bubble phase
- by solid flow
- by losses to surroundings ‘
= GiG P3G Cpyg Tois + {Le A (- e46 )G P (1o, - AHR co )+ M sG (- rc )-(AH o)}
+ Fsg Cpg Tp

— Lg — — —
Out = Gy pgg T, + Ag (1 -Eba)jo a,h (T, - T, )de + Fsg Cpg To Hyg

In = Out =

i T
with T = —— and ZEZ—G

refG LG

= GG PgG Cpyi TrefG (Tairf ~T,)+ {Rens }

+ FsG Cpg Trpi (Tp-T.)
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1 _
=Ag (L- &6 )Llc avh T (Te ~Tp) dz (B-3.7)
+ IT[G

Solving the integral:

1 1
j (7. "Tb)dZ:—J' ghz airf -Te]dz
(4] (7]

_ Vg ~Te) o )

_ (Tairf - Te)GCG PeG CPgG (E“" _ l)
(1 - ep6 ) LG AG avh

Equation (B.3.7) will be :

G1GPb Cryg (iy —T.)+ Fsc Cpg (Tp - T,)

) 5
| |Lc Ac (1-epG)eeG Pb kco,e Cloj f YCO.e Y0y.e (-aHRg o)

+ —_—
TrefG |+ Mg L‘c Wee (COZ.f)y02,e](— AH RC)
H,
= Gt 046 Coy T ~TJE™ = 1)+ - (B.3.8)
re
or
616 - Geo €% ~ 1o Crec (T —T.)
Fsg CPS airf e
s @ -T.)+= 1 Lg Ag (1 - €46 e Phkco e ng, £YC0,e )’32,, (-AHRg co)

TrejG FG CPs + MSG kE' WCG COZ-f YOZ,e(_AHR,C)
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___He (B.3.9)
TrejG Fsg CPS '
Taz=T,:
Since ¢ 4o
o e Tairf =1
The final form will be :

I.GIG —Gce (‘?cl h - l)jng Cre (i
Fsg Cpg

L (1 -&46)esc P )
+ GA_G_ bG 77bG b &CO,C Cbg,f yCO,eyosz,ek—AHR,CO)

TrejC Fsg CPS

M .
+ = S¢ D‘CWCG Co,.1 )’Oz,ek-AHR.C)_ H, =0
T,
refc Fsc Cps

T,)+({p - T.)

(B.3.10)



APPENDIX C

COMPUTER CODES DE VELOPED TO ACHIEVE THE SIMULATION

C-1: PROGRAM FOR SOLVING THE DOWNER-REGENERATOR MODEL (
FIVE ODE'S IN DOWNER AND SEVEN NON-LINEAR EQUATIONS IN
REGENERATOR):

sk sk sk ok 3k 3 sk 3k sk sk sk e sk 3k ok vk 3k ok vk o ok s sk ok ok ok ok sk 3k sk A ke sk Sk e 3k sk ok sk ok Sk sk ok ke ok ok ke ok

MAIN PROGRAM
ske 3k sk ok 3k sk o ok ok o ok sk ke ok ok ok sk ok ok ok sk Sk ok s sk sk e ok ok ok sk ok e 3 3k sk e ok ok ke e 3 ok ke e ok ke k

USE MSIMSL

INTEGER MXPARM,M
PARAMETER MXPARM=50, M=4 , J=5]1J=3)
SPECIFICATIONS FOR LOCAL VARIABLES
INTEGER IDO, ISTEP, NOUT
COMMON/GEN/TF,TAIRF, TREFD,TREFG
COMMON/REG/YY,DG,LG,AG,WCD MSG,UA,UMF,MMM,KK
COMMON/DOWN/FSD,FGD,LD,DD,AD
REAL PARAM(MXPARM), TIME, TEND, TOL ,FSTEP,Z,Y(J),X(M),S(J))
REAL  MSG,XGUESSWM),F(M),KC,MWC,KCOD,UP,DOWN,TD1,TREFD,TREFG
REAL  FGD,FSD,LD,DD,AD,WCD
REAL LG,DG,AG,UMF
DATA CPL,TBOIL,HVAP/2.1,673.,270/
DATA CPS,CPGD/1.108,2.04/

EXTERNAL FUN,FCC,FCN
TF=523.

TAIRF=298.15

UA = .057

UMF = 13.6E4
FGD=2.778E-4

MSG =246
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LD=1.0
DD = 10.9E-3
DG = .0739

LG =1.037

! REFERENCES

TREFD=TF

TREFG= TAIRF

OPEN (UNIT=600,FILE=TOTAL#62.NUT ,STATUS="UNKNOWN")
OPEN (UNIT=400,FILE="DN#62.NUT ,STATUS=UNKNOWN")
OPEN (UNIT=800,FILE=RG#62.NUT',STATUS="UNKNOWN)

MMM-=30

XGUESS(4)=950/TREFG
FSD=6.94E-3*29.2/25.
NNN =1

IF(NNN.EQ.1) THEN

XGUESS(1)=.00045
XGUESS(2)=.002
XGUESS(3)=.006

ENDIF
X(4)=XGUESS@4)

DO 777 KK=1,10
! Set initial conditions
TIME =0.0

! Set error tolerance

TOL =0.005
! Set PARAM to default
CALL SSET (MXPARM, 0.0, PARAM, 1)
! Select absolute error control
PARAM(10)=1.0

PARAM(4)=100000
Z2=00
Y(I)=10
Y(2)=0.0
Y(3)=0.0
Y4)=0.0
TS=X(4)*TREFG

UP = FSD*CPS*TS-FGD*(CPL*(TF-TBOIL)+HVAP-CPGD*TBOIL)
DOWN = FGD*CPGD+FSD*CPS
TD1 = UP/DOWN
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Y(S) = TDI/TREFD
IDO=1

DO 20 FSTEP=0,1.,.01
TENP = FSTEP
CALL IVPRK (IDO, J, FCC, Z, TENP, TOL, PARAM, Y)

WRITE (NOUT,'(F6.3,5F12.5)) Z, Y(l;,Y(Z),Y(3),Y(4),Y(5)*’I'REFD
WRITE (400,'(F6.3,5F12.5)") Z, Y(1),Y(2),Y(3),Y(4),Y(S)*TREFD

YY=Y(S)
wCD=Y(3) MMM

20 CONTINUE

! Final call to release workspace
IDO=3

CALL IVPRK (IDO, J, FCC, Z, TENP, TOL, PARAM, Y)

WRITE (NOUT,99999) PARAM(35)

99998 FORMAT (4X, FSTEP, 5X, LENGTH,, 9X, Y1, 11X, 'Y2',9X, 'Y3', 11X, 'Y4)
99999 FORMAT (4X, Number of fcn calls with IVPRK =', F6.0)

ERRREL = 0.001

ITMAX =100

CALL UMACH (2, NOUT(

! Find the solution

CALL NEQNF (FUN, ERRREL, M, ITMAX, XGUESS, X, FNORM)

! Output

WRITE (800,'(3F8.6,F9.3)") X(1).X(2),X(3),X(4)*TREFG
DOI=14

XGUESS(D=X()

ENDDO

NNN = NNN+1
WRITE(600,*)MMM = 'MMM, KK=' KK
WRITE (600,'(F6.3,5F12.5)) Z, Y(1),Y(2),Y(3),Y(4),Y(5)*TREFD
WRITE (600,'(3F8.6,F9.3)) X(1),X(2),X(3),X(4)*TREFG
WRITE(600,*)"
777 CONTINUE
WRITE(600,*YMMM = ', MMM
WRITE (600,'(F6.3,5F12.5)) Z, Y(1),Y(2),Y(3),Y(4),Y(5)*TREFD

WRITE (600,'(3F8.6,F9.3)) X(1),X(2),.X(3),X(4)*TREFG

WRITE(600,*)" :
ENDDO

END
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! SUBROUTINE FUN TO SOLVE NON-LINEAR EQUATIONS
sk 3k ok sk ok 3k ok 3 3k 3 2k ok sk ok sf¢ ok ok ok ske sk ok Sk sk ok 3k ke ok e ke e fe fe ke ke ok ok ke e ke sk ok o ke ke ke ke ek

SUBROUTINE FUN (X, F, M)

USE MSIMSL .
PARAMETER (JJ=3)

EXTERNAL FCN
COMMON/ENV/ALPHA1,ALPHAH, XX
COMMON/GEN/TF, TAIRF,TREFD, TREFG
COMMON/REG/YY,DG,LG,AG,WCD,MSG,UA,UMF,MMM,KK
COMMON/DOWN/FSD,FGD,LD,DD,AD

INTEGER M.,JJ

REAL ALPHA1 ALPHAH,X(M)XGUESS(M),
F(M),KCOD,KCODP,KC,KG,MWC,S(JJ)),MSG
REAL XX(4),PARAM(50),FEED(5), TREFD,TREFG
REAL DG,LG,LD,UMF

DATA EPSDG,KG,R/.51,3.37,8.314/

DATA AV,H,RHOGG,CPGG/5.45,2.34,.71,1.149/
DATA CPS,CPGD/1.108,2.04/

DATA FEED/0.002,0.001,1.0,1.0,.01374/

DATA EPSBG,RHOB,MWC(C/.571,820.,12./
DATA HRC,HRCOD/450.0E3,566.00E3/

FSG=FSD
KG = .51
AV = 08

AG =3.141*DG**2./4.

GIG = UMF*AG

GCG = AG*(UA-UME)

DO I=1.M

XXD=XD)

ENDDO

TD = YY*TREFD/TREFG

RHOS = 1500.
KC=1.4E8*EXP(-125.E3/(R*X(4)*TREFG))
KCOD=247.75*EXP(-70.47E3/(R*X(4)*TREFG))
KCODP=FEED(5)**.5*KCOD

I=0
ALPHA1=AG*EPSDG*(1.-EPSBG)*LG*KG/GCG
MWC=12.0

DO I=14

X(D=ABS(X(D)

ENDDO

GG=GIG+GCG*(1-EXP(-ALPHA1))
AA=AG*(1-EPSBG)*RHOB*LG*(1-EPSDG)
RL=+KCODP*X(2)*X(3)**.5-KC*X(1)*X(3)/MWC
RM=+KCODP*X(2)*X(3)**.5/2.+KC*X(1)*X(3)MWC
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ALPHAH=AG*(1-EPSBG)*AV*H*LG/(GCG*RHOGG*CPGG)

AW= AG*(1-EPSBG)*(1-EPSDG)*LG*RHOS*FEED(5)*KC*X(1)*X(3)
GGS=GG/(AG*(1-EPSBG)*EPSDG)

AAS=LG*RHOB*KCODP

RLS=LG*(1-EPSDG)*RHOS*KC/(EPSDG*MWC)
ATD=(GIG+GCG*(EXP(-ALPHAH)-1.))*RHOGG*CPGG

BTD=FSG*CPS .
CTD=AG*(1-EPSBG)*(1-EPSDG)*RHOB*LG*FEED(5)/TREFG
DTD=KC*X(1)*X(3)*HRC/MWC+KCODP*X(2)*X(3)**.5*+HRCOD
GAMA=ATD/(FSG*CPS)

SETA=AG*(1-
EPSBG)*LG*EPSDG*RHOB*FEED(5)**1.5*KCOD*HRCOD*X(2)*X(3)** 5/(FSG*CPS*TR
EFG)

THETA=MSG*FEED(5)*KC*HRC*X(3)/(FSG*CPS*TREFG)
ATS=ATD/(FSG*CPS)

BTS=AG*(1-
EPSBG)*LG*EPSDG*RHOB*FEED(5)**1.5*KCOD*HRCOD/(FSG*CPS*TREFG)
CTS=MSG*FEED(5)*KC*HRC/(FSG*CPS*TREFG*MWC)

F(1) = FSG*(WCD-X(1))-AW

F(2) = GGS*(FEED(1)-X(2))-AAS*X(2)*X(3)**.5+RLS*X(1)*X(3)

F(3) = GGS*(FEED(3)-X(3))-AAS/2.*X(2)*X(3)**.5-RLS*X(1)*X(3)

F(4) = ATS*(FEED(4)-X(4))+(TD-X(4)+BTS*X(2)*X(3)**.5+CTS*X(1)*X(3)-.00

TIME=0.0

TOL=.005

PARAM(10)=1.0

PARAM(4)=100000

ZEE=0.0

S(1)=0.00

S(2)=1.0

S(3)=TAIRF/TREFG

IDO=1

DO 20 FSTEP=0,1.,.01

TENP = FSTEP

CALL IVPRK (IDO, JJ, FCN, ZEE, TENP, TOL, PARAM, S)

[F(KK.EQ.50) WRITE (800, (F6.3,5F12.5)") ZEE, S(1),S(2).S(3)*TREFG
WRITE (800,'(F6.3,5F12.5)") ZEE, S(1),S(2),S3)*TREFG

WRITE (NOUT,'(F6.3,5F12.5)") ZEE, S(1),S(2),S(3)

20 CONTINUE

! Final call to release workspace

IDO=3
CALL IVPRK (IDO, JI, FCN, ZEE, TENP, TOL, PARAM, S)

! Show number of function calls.

WRITE (NOUT,99999) PARAM(35)

99998 FORMAT (4X, FSTEP, 5X, LENGTH,, 9X, 'S1', 11X, 'S2',9X, 'S3")
99999 FORMAT (4X, Number of fcn calls with IVPRK =', F6.0)
RETURN



END

SUBROUTINE FCN(J,ZEE,S,SPRIME)
COMMON/ENV/ALPHA1,ALPHAH, XX
REAL S(JJ),SPRIME(JJ),ZEE, XX(4) .

SPRIME(1)= ALPHA1*(XX(2)-S(1))
SPRIME(2)= ALPHA1*(XX(3)-S(2))
SPRIME(3)= ALPHAH*(XX(4)-S(3))
RETURN

END

sk sk ok 3k ok o sk sk sk 3k sk ok sk ol sk ok ok ok sk ok sk sk sk ok vk ok ok ok e sk sk sk sk sl sk ok 2k vk e e ok 2k 3k ke dk ok ok %k

! THE SUBROUTINE SOLVING DOWNER'S ODES
sk e ok sk s sk sk ok sk sk ok ok ok sk ok sk e sk e sk o ok s e ke Sk Sk e sk ke e ok e Sk ske ok e o ok ok ok ok sk ok ok ke ok

SUBROUTINE FCC (N, Z, Y, YPRIME)
COMMON/GEN/TF,TAIRF, TREFD,TREFG
COMMON/DOWN/FSD,FGD,LD,DD,AD
INTEGER N
REAL Z, Y(N), YPRIME(N),KAB,KAC,KBC,KAD,KBD,NEMOMSG
REAL LD,DD,AD
DATA R,HAB,HAC,HAD,HBC,HBD/8.314,.5¢3,-3.0e3,3.5e3,-3.35E3,2.20e3/
DATA CPS,CPGD/.98,2.04/
DATA EPSD,RHOGD/.997,8.4/
AD =3.141*DD**2./4.0
KD=24*EXP(-32.782E3/(R*Y(5)*TREFD))
PHID=EXP(-KD*1.36)
MMM=1
CONST = PHID*AD*EPSD*LD*RHOGD/FGD
DEMO = (FSD*CPS+FGD*CPGD)*TREFD
KAB= 31.0*20*EXP(47.626e3/(R*Y(5)*TREFD))
KAC= 4.4*20*EXP(-60.275¢3/(R*Y(5)*TREFD))
KAD= 3.0%20*EXP(-39.781e3/(R*Y(5)*TREFD))
KBC=0.0
KBD= 1.7E2*20*EXP(-76.366e3/(R*Y(5)*TREFD) )

YPRIME(]) = -CONST*(KAB+KAC+KAD)*Y(1)**2
YPRIME(2) = -CONST*((KBC+KBD)*Y(2)-KAB*Y(1)**2)
YPRIME(3) = +CONST*KBC*Y(2+KAC*Y(1)**2)
YPRIME(4) = +CONST*(KBD*Y(2)+KAD*Y(1)**2)
YPRIME(S) = -

155

CONST*FGD/DEMO*(Y(1)**2*(KAB*HAB+KAC*HAC+KAD*HAD)+Y(2)*(KBC*HBC+K

BD*HBD))-.02
MMM=MMM+1
RETURN

END
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C-2: PROGRAM FOR TO DEMONSTRATE THE EFFECT OF CHANGING
CATALYST TO OIL RATIO ON DIFFERENT PARAMETERS IN THE FCC-
DOWNER UNIT

************************************************

MAIN PROGRAM
T L T T T R T P
USE MSIMSL
INTEGER MXPARM, M
PARAMETER (MXPARM=50, M=4 , J=5]1J=3)

INTEGER IDO, ISTEP, NOUT

COMMON/GEN/TF,TAIRF,TREFD,TREFG
COMMON/REG/YY,DG,LG,AG,WCD,MSG,UA,UMF,MMM,LOSS
COMMON/DOWN/FSD,FGD,LD.DD,AD
REAL PARAMMXPARM), TIME, TEND, TOL,FSTEP,Z,Y(J),X(M),S(JJ)
REAL MSG,XGUESS(M),F(M),KCMWC,KCOD,UP,DOWN,TD1,TREFD,TREFG
REAL FGD,FSD,LD,DD,AD,WCD

REAL LG,DG,AG,UMF,LOSS
DATA CPL, TBOIL,HVAP/2.1,673.,270./
DATA CPS,CPGD/1.108,2.04/

EXTERNAL FUN,FCC,FCN

TF=523.
TAIRF=298.15
UA = .057
UMF = 13.6E-4
FGD= 2.778E-4
MSG = 2.46
LD=10
DD = 10.9E-3
DG = .0739
LG = 1.037
1
! REFERENCES

TREFD=TF
TREFG= TAIRF

OPEN (UNIT=600,FILE="T-CO-DOT600.NUT ,STATUS=UNKNOWN")
OPEN (UNIT=1000,FILE='SUM-CO-DOT600.NUT',STATUS=UNKNOWN)
OPEN (UNIT=2000,FILE="SUM+-CO-DOT600.NUT,STATUS="UNKNOWN")
DO MMM=10,30,5

IFIMMM.EQ.10)THEN



OPEN (UNIT=400,FILE='DN-10-DOT600.NUT ,STATUS=UNKNOWN)
OPEN (UNIT=800,FILE=RG-10-DOT600.NUT ,STATUS=UNKNOWN")
XGUESS(4)=950/TREFG

LOSS=.33

ELSEIF(IMMM.EQ.15)THEN

OPEN (UNIT=400,FILE='DN-15-DOT600.NUT ,STATUS=UNKNOWN")
OPEN (UNIT=800,FILE=RG-15-DOT600.NUT ,STATUS="UNKNOWN")
XGUESS(4)=950/TREFG

LOSS=.25

ELSEIF(IMMM .EQ.20)THEN

OPEN (UNIT=400,FILE='DN-20-DOT600.NUT ,STATUS=UNKNOWN)
OPEN (UNIT=800,FILE=RG-20-DOT600.NUT",STATUS="UNKNOWN"
XGUESS(4)=970/TREFG

LOSS=.21

ELSEIF(MMM.EQ.25)THEN

OPEN (UNIT=400,FILE='DN-25-DOT600.NUT ,STATUS="UNKNOWN)
OPEN (UNIT=800,FILE=RG-25-DOT600.NUT ,STATUS=UNKNOWN")
XGUESS(4)=950/TREFG

LOSS=.19

ELSE

OPEN (UNIT=400,FILE="DN-30-DOT600.NUT ,STATUS="UNKNOWN")
OPEN (UNIT=800,FILE=RG-30-DOT600.NUT ,STATUS=UNKNOWN")
XGUESS(4)=950/TREFG

LOSS=.17

ENDIF
305 FSD=6.94E-3*MMM/25.

XGUESS(1)=.00008
XGUESS(2)=.002
XGUESS(3)=.06
XGUESS(4)=970/TREFG
X(4)=XGUESS4)

DO 777 KK=1,200
! Set initial conditions
TIME = 0.0

! Set error tolerance
TOL = 0.005
! Set PARAM to default

CALL SSET (MXPARM, 0.0, PARAM, 1)
Select absolute error control

PARAM(IO) =1.0

PARAM(4)=100000
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Z2=00

Y(1)=1.0

Y(2) =00

Y(3) =00

Y4) =00 .

TS=X(4)*TREFG ;

UP = FSD*CPS*TS-FGD*(CPL*(TF-TBOIL)+HVAP-CPGD*TBOIL)
DOWN = FGD*CPGD+FSD*CPS

TD1 = UP/DOWN

Y(5) =TDI/TREFD

IDO=1

DO 20 FSTEP=0,1.,.01

TENP = FSTEP

CALL IVPRK (IDO, J, FCC, Z, TENP, TOL, PARAM, Y)

WRITE (NOUT,'(F6.3,5F12.5)) Z, Y(1),Y(2),Y(3),Y(4),Y(5)*TREFD
WRITE (400,'(F6.3,5F12.5)) Z, Y(1),Y(2),Y(3),Y(4),Y(5)*TREFD
YY=Y(5)

WCD=Y(3)/MMM

20 CONTINUE
! Final call to release workspace

IDO=3
CALL IVPRK (IDO, J, FCC, Z, TENP, TOL, PARAM, Y)

WRITE (NOUT,99999) PARAM(35)

99998 FORMAT (4X, FSTEP, 5X, 'LENGTH', 9X, 'Y1', 11X, 'Y2'9X, 'Y3, 11X, 'Y4)
99999 FORMAT (4X, Number of fcn calls with IVPRK =', F6.0)

ERRREL = 0.0001

ITMAX = 1000

CALL UMACH (2, NOUT)

! Find the solution

CALL NEQNF (FUN, ERRREL, M, ITMAX, XGUESS, X, FNORM)
WRITE (800,'(3F8.6,F9.3)") X(1),X(2).X(3),X(4)*TREFG

DOI=14
XGUESS(D=X(D
ENDDO

DOT = Y(5)*TREFD-273.15
WRITE(600,*YMMM ='MMM, KK=,KK,' DOT="DOT
WRITE (600,'(F6.3,5F12.5)) Z, Y(1),Y(2).Y(3),Y(4),Y(5)*TREFD
WRITE (600,'(3F8.6,F9.3)") X(1),X(2).X(3).X(4)*TREFG
WRITE(600,*)"

777 CONTINUE
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WRITE(600,*)MMM ='MMM, ' LOSS ='LOSS

WRITE (600,'(F6.3,6F12.5)) Z, Y(1),Y(2),Y(3),Y(4),Y(5)*TREFD,WCD

WRITE (600,'(3F8.6,2F9.3)") X(1),X(2),X(3),X(4)*TREFG,FNORM
WRITE(600,*)'=====——=——=========——c=—=——————c——————=====c==—x="

WRITE(2000,'(14,F7.5,9F10.4))MMM,LOSS,(1.-
Y(1))*100,Y(2)*100,Y(3)*100,Y(4)*10Q,DOT,X(1)*100,X(2)*100,X(3)*100,X(4)*TREFG-
273.15

IF(DOT.LT.595) THEN

LOSS=L0OSS+.003

GOTO 305

ENDIF

IF(DOT.GT.605) THEN

LOSS=LOSS-.003

GOTO 305

ENDIF
WRITE(1000,'(14,F7.5,9F10.4))MMM,LOSS,(1.-
Y(1))*100,Y(2)*100,Y(3)*100,Y(4)*100,DOT,X(1)*100,X(2)*100,X(3)*100,X(4)*TREFG-
273.15

ENDDO

END

SUBROUTINE FCN(JJ,ZEE,S,SPRIME)
COMMON/ENV/ALPHA1,ALPHAH, XX

REAL S(JJ),SPRIME(J)),ZEE,XX(4)
SPRIME(1)= ALPHA1*(XX(2)-S(1))
SPRIME(2)= ALPHA1*(XX(3)-S(2))
SPRIME(3)= ALPHAH*(XX(4)-S(3))

RETURN

END
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SUBROUTINE FUN TO SOLVE NON-LINEAR EQUATIONS
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SUBROUTINE FUN (X, F, M)

USE MSIMSL

PARAMETER (JJ=3)

EXTERNAL FCN
COMMON/ENV/ALPHA1,ALPHAH XX
COMMON/GEN/TF,TAIRF,TREFD,TREFG
COMMON/REG/YY,DG,LG,AG,WCD MSG,UA,UMF,MMM,LOSS
COMMON/DOWN/FSD,FGD,LD,DD,AD
INTEGER M,JJ

REAL  ALPHA1,ALPHAH,X(M),XGUESS(M),
F(M),KCOD,KCODP,KC,KG,MWC,S(1J),MSG
REAL XX(4),PARAM(50),FEED(S),TREFD,TREFG
REAL DG,LG,LD,UMF,LOSS

REAL KCP1,KCP3



DATA EPSDG,KG,R/.51,3.37,8.314/
DATA AV H,RHOGG,CPGG/5.45,2.34,.71,1.149/
DATA CPS,CPGD/1.108,2.04/

DATA FEED/0.002,0.001,1.0,1.0,.01374/
DATA EPSBG,RHOB,MWC(C/.571,820,,12/
DATA HRC,HRCOD/251.540E3,282.0E3/

FSG=FSD

KG = .51

AV = 08

AG =3.141*DG**2./4.

GIG = UMF*AG

GCG = AG*(UA-UMB)

DO I=I.M

XX(D=XD

ENDDO

TD = YY*TREFD/TREFG

RHOS = 1500.

SEGMA=1.7
KC=1.4E8*EXP(-125.E3/(R*X(4)*TREFG))
KCP1=1.0/(SEGMA+1.0)*KC
KCP3=(SEGMA+.5)/(SEGMA+1.0)*KC
KCOD=247.75*EXP(-70.47E3/(R*X(4)*TREFQG))
KCODP=FEED(5)**.5*KCOD

I=0
ALPHA 1=AG*EPSDG*(1.-EPSBG)*LG*KG/GCG
MWC=12.0

DO I=1,4
X@M=ABS(X(D)

ENDDO
GG=GIG+GCG*(1-EXP(-ALPHAL1))
AA=AG*(1-EPSBG)*RHOB*LG*(1-EPSDG)

RL=+KCODP*X(2)*X(3)**.5-KC*X(1)*X(3)/MWC
RM=+KCODP*X(2)*X(3)**.5+KC*X(1)*X(3)/MWC
ALPHAH=AG*(1-EPSBG)*AV*H*LG/(GCG*RHOGG*CPGG)
AW= AG*(1-EPSBG)*(1-EPSDG)*LG*RHOS*FEED(5)*KC*X(1)*X(3)
GGS=GG/(AG*(1-EPSBG)*EPSDG)
AAS=LG*RHOB*KCODP/2.0
RLS=LG*(1-EPSDG)*RHOS*KC/(EPSDG*MWC)
RLS1=LG*(1-EPSDG)*RHOS*KCP1/(EPSDG*MWC)
RLS3=LG*(1-EPSDG)*RHOS*KCP3/(EPSDG*MWC)
ATD=(GIG-GCG*(EXP(-ALPHAH)-1.))*RHOGG*CPGG
BTD=FSG*CPS
CTD=AG*(1-EPSBG)*(1-EPSDG)*RHOB*LG*FEED(5)/TREFG
DTD=KC*X(1)*X(3)*HRC/MWC+KCODP*X(2)*X(3)**.S*HRCOD
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GAMA=ATD/(FSG*CPS)

SETA=AG*(1-
EPSBG)*LG*EPSDG*RHOB*FEED(5)**1.5*KCOD*HRCOD*X(2)*X(3)**.5/(FSG*CPS*TR
EFG)

THETA—MSG*FEED(S)*KC*HRC"‘X(3)/(FSG*CPS*TREFG)
ATS=ATD/(FSG*CPS)

BTS=AG*(1-
EPSBG)*LG*EPSDG*RHOB*FEED(5)**1.5*KCOD*HRCOD/(FSG*CPS*TREFG)
CTS=MSG*FEED(5)*KC*HRC/(FSG*CPS*TREFG*MWC)

F(1) = FSG*(WCD-X(1))-AW

F(2) = GGS*(FEED(1)-X(2))-AAS*X(2)*X(3)**.5+RLS1*X(1)*X(3)

F(3) = GGS*(FEED(3)-X(3))-AAS*X(2)*X(3)**.5-RLS3*X(1)*X(3)

F(4) = ATS*(FEED(4)-X(4))+(TD-X(4))+BTS*X(2)*X(3)**.5+CTS*X(1)*X(3)+LOSS
TIME=0.0

TOL=.005

PARAM(10)=1.0

PARAM(4)=100000

ZEE=0.0

S(1)=0.00

S(2)=1.0

S(3)=TAIRF/TREFG

IDO=1

DO 20 FSTEP=0,1.,.01

TENP = FSTEP

CALL IVPRK (IDO, JJ, FCN, ZEE, TENP, TOL, PARAM, S)

WRITE (800,'(F6.3,5F12.5)") ZEE, S(1),S(2),S(3)*TREFG

WRITE (NOUT,'(F6.3,5F12.5)) ZEE, S(1),S(2).S(3)

20 CONTINUE

! Final call to release workspace

IDO=3
CALL IVPRK (IDO, JJ, FCN, ZEE, TENP, TOL, PARAM, S)

WRITE (NOUT,99999) PARAM(35)

99998 FORMAT (4X, 'FSTEP', 5X, LENGTH, 9X, 'SI’, 11X, 'S2',9X, 'S3")
99999 FORMAT (4X, 'Number of fcn calls with IVPRK =', F6.0)

RETURN

END
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THE SUBROUTINE SOLVING DOWNER'S ODES
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SUBROUTINE FCC (N, Z, Y, YPRIME)
COMMON/GEN/TF,TAIRF, TREFD,TREFG
COMMON/DOWN/FSD,FGD,LD,DD,AD
INTEGER N
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REAL Z, Y(N), YPRIME(N),KAB,KAC,KBC,KAD,KBD,NEMOMSG
REAL LD,DD,AD

DATA R,HAB,HAC,HAD,HBC,HBD/8. 314 .5¢3,-3.0e3,3.5e3,-3.35E3,2.20e3/
DATA CPS,CPGD/.98,2.04/

DATA EPSD,RHOGDY/.997,8.4/

AD =3.141*DD**2./4.0

KD=2.4*EXP(-32. 78253/(R*Y(5)‘TREED))

PHID=EXP(-KD*1.36)

MMM=1

CONST = PHID*AD*EPSD*LD*RHOGD/FGD

DEMO = (FSD*CPS+FGD*CPGD)*TREFD

KAB= 31.0*20*EXP(-47.626e3/(R*Y(5)*TREFD))
KAC= 4.4*20*EXP(-60.275¢3/(R*Y(5)*TREFD))
KAD-= 3.0*20*EXP(-39.78 1e3/(R*Y(5)*TREFD))
KBC=0.0

KBD= 1.7E2*20*EXP(-76.366¢3/(R*Y(5)*TREFD))

YPRIME(1) = -CONST*(KAB+KAC+KAD)*Y(1)**2

YPRIME(2) = -CONST*((KBC+KBD)*Y(2)-KAB*Y(1)**2)

YPRIME(3) = +CONST*(KBC*Y(2)+KAC*Y(1)**2)

YPRIME(4) = +CONST*(KBD*Y(2)+KAD*Y(1)**2)

YPRIME(S) =
CONST*FGD/DEMO*(Y(1)**2*(KAB*HAB+KAC*HAC+KAD*HAD)+Y(2)"‘(KBC*HBC-!—K
BD*HBD))-.02

MMM=MMM+1

RETURN

END



APPENDIX D

FCC- DOWNER UNIT OUTPUT SAMPLE

Run No. [ DF031 | DF032 | DF033 | DF034 | DF035 | DF036 | DF037 | DF038
Date 98/11/04 | 98/11/04| 98/11/07 | 98/11/09] 98/11/11| 98/11/11]| 98/11/16 | 98/11/16
Feed Oil | VGO3 | VGO3 | VGO3 | VGO3 | VGO3 | VGO3 | VGO3 | VGO3

Catalyst | _Eqi4 Eqid Eqi3 Eqi3 Eqi3 Eqi3_ |NFC-87-7|NFC-97-7
RT(s) 1.39 1.42 1.38 0.83 1.36 0.79 1.38 1.38
ROT°C 600 597 600 600 600 600 600 600
Cav/Oil 65.7 38.4 54.1 53.8 52.7 53.4 59.7 48.3
Conv.(wit%  84.0 75.3 75.6 69.7 73.4 71.0 75.1 74.6
m.b.(%) 1000 1000 1000 1000 1000 1000 1000  100.0
Yields(w1%)

H2 0.11 0.08 0.16 0.15 0.17 0.14 0.06 0.07
c1 1.50 1.23 1.70 1.87 1.74 1.73 1.58 1.78
c2 0.83 0.77 1.01 1.14 1.06 1.04 1.15 1.35
Co= 2.00 1.69 2.12 2.42 2.17 2.24 1.89 2.17
c3 1.17 0.88 1.04 0.85 0.98 0.88 0.67 0.69
C3= 11.75 9.39 9.56 9.39 9.34 9.21 7.77 7.66
ic4 3.87 3.04 3.07 217 2.79 2.43 1.63 1.48
nC4 0.82 0.61 0.70 0.50 0.63 0.55 0.36 0.35
2C4= 3.06 2.75 2.69 2.45 2.59 2.48 2.39 2.40
1C4= 2.66 2.38 2.36 2.27 2.31 2.26 2.12 2.16
iC4= 3.39 3.11 2.94 3.03 2.92 2.95 3.34 3.43
c2C4= 2.32 2.09 2.05 1.86 1.97 1.90 1.80 1.82
C4'(Liq.) 0.27 0.40 0.00 0.29 0.00 0.00 0.98 0.84
1,3-8D 0.05 0.06 0.06 0.09 0.07 0.08 0.08 0.09
total gases 33.74 2842 2940 2838 2867 27.81 2574  26.20
Gasl.(C5+ 4034 4260 3982 36.18 3857 37.83 4666  46.27
LCO 977 1235 1191 1339 1285 1226 1397  13.69
HCO 625 1230 1245 1689 1377 1672 1097  11.70
Coke 9.85 4.27 6.36 5.01 6.08 5.30 2.58 2.06
Total 10000 100.00 100.00 99.94 100.00 100.00 100.00 100.00
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Run No. | DF039 | DF040 | DF031 | DFo32 | DF033 | DFo34 | DFo3s | DFo3e
Date 08/11/16 | 98/11/16 | 98/11/04 | 98/11/04 | 98/11/07 | 98/11/09| 98/11/11 | 98/11/11
FeedOil | VGO3 | VGO3 | VGO3 | VGO3 | VGO3 | VGO3 | VGO3 | VGO3
Catalyst [NFC-97-7|NFC-97-7| Eqi4 Eqid Eqid Eqi3 Eqi3 Eqi3
RT(s) 1.38 1.41 1.39 1.42 1.38 0.83 1.36 0.79
ROT°C 600 575 600 597 600 600 600 600
Cavoil 32.4 16.6 65.7 38.4 54.1 53.8 52.7 53.4
Conv.(wt%  70.4 67.3 84.0 75.3 75.6 69.7 73.4 71.0
m.b.(%) 1000 1000 1000 1000 1000 1000 100.0  100.0
Yields(wt%)

H2 0.07 0.05 0.11 0.08 0.16 0.15 0.17 0.14
C1 1.86 1.41 1.50 1.23 1.70 1.87 1.74 1.73
c2 1.48 1.20 0.83 0.77 1.01 1.14 1.06 1.04
C2= 2.44 1.97 2.00 1.69 2.12 2.42 217 2.24
c3 0.66 0.54 1.17 0.88 1.04 0.85 0.98 0.88
C3= 6.45 476  11.75 9.39 9.56 9.39 9.34 9.21
iC4 1.02 0.82 3.87 3.04 3.07 2.17 2.79 2.43
nC4 0.28 0.23 0.82 0.61 0.70 0.50 0.63 0.55
t2C4= 1.99 1.52 3.06 2.75 2.69 2.45 2.59 2.48
1C4= 1.82 1.41 2.66 2.38 2.36 2.27 2.31 2.26
iC4= 2.85 2.18 3.39 3.11 2.94 3.03 2.92 2.95
c2C4= 1.51 1.16 2.32 2.09 2.05 1.86 1.97 1.90
c4'(Liq.) 0.74 0.82 0.27 0.40 0.00 0.29 0.00 0.00
1,3-BD 0.11 0.09 0.05 0.06 0.06 0.09 0.07 0.08
total gases 2317  18.05 3374 2842 2940 2838 2867  27.81
Gasl.(C5+ 4560 4834 4034 4260 3982 3618 3857  37.83
LCO 1503  16.59 977 1235 1191 1339 1285  12.26
HCO 1456  16.07 625 1230 1245 1689 1377  16.72
Coke 1.47 0.79 9.85 427 6.36 5.01 6.08 5.30
Total 9993 99.93 10000 100.00 10000 99.94 100.00 100.00



165

Run No. [ DF037 | DFo38 | DFo39 | DFo40 | DFoa1 | DFo3s | DFo42 | DF043
Date 98/11/16 | 98/11/16 | 98/11/16 | 98/11/16 | 98/11/17| 98/11/16 | 98/11/17| 98/11/17
Feed Oil | VGO3 | VGO3 | VGO3 | VGO3 | VGO3 | VGO3 | VGO3 | VGO3
Catalyst |[NFC-97-7|NFC-97-7| NFC-97-7| NFC-97-7| NFC-97-7| NFC-97-7| NFC-97-7|NFC-97-7
RT(s) 1.38 1.38 1.38 1.41 1.28 1.38 1.43 1.53
ROT°C 600 600 600 575 650 600 549 501
Cavoil 59.7 48.3 32.4 16.6 51.0 48.3 55.0 51.1
Conv.Wt%  75.1 74.6 70.4 67.3 74.0 74.6 725 66.6
m.b.(%) 1000 1000 1000 1000 1000 1000 1000  100.0
Yields(wt%)

H2 0.06 0.07 0.07 0.05 0.15 0.07 0.05 0.05
c1 1.58 1.78 1.86 1.41 4.27 1.78 1.12 0.64
c2 1.15 1.35 1.48 1.20 2.74 1.35 0.80 0.49
c2= 1.89 217 2.44 1.97 5.61 2.17 1.34 0.66
c3 0.67 0.69 0.66 0.54 0.80 0.69 0.56 0.58
C3= 7.77 7.66 6.45 476 8.93 7.66 5.72 4.51
ica 1.63 1.48 1.02 0.82 0.58 1.48 1.95 2.67
nC4 0.36 0.35 0.28 0.23 0.22 0.35 0.34 0.40
t2C4= 2.39 2.40 1.99 1.52 2.16 2.40 1.85 1.57
1C4= 2.12 2.16 1.82 1.41 2.12 2.16 1.61 1.25
iCa= 3.34 3.43 2.85 2.18 3.10 3.43 255 1.87
c2C4= 1.80 1.82 1.51 1.16 1.66 1.82 1.38 1.16
c4'(Liq.) 0.98 0.84 0.74 0.82 0.00 0.84 1.07 0.00
1,3-BD 0.08 0.09 0.11 0.09 0.27 0.09 0.06 0.03
total gases 2574 2620 2317 1805 3260 2629 2040 1587
Gasl.(C5+ 46.66 4627 4560 4834 3864 4627 4978  48.08
LCO 1397 1369 1503 1659 1388 1369 1506 16.35
HCO 1097 11.70 1456 1607 1209 1170 1243  17.09
Coke 2.58 2.06 1.47 0.79 2.73 2.06 2.39 2.61
Total 100.00 10000 99.93 9993 99.94 100.00 100.07 100.00
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RunNo. [ DF044 | DF045 | DF046 | DF047 | DF048 | DF049 | DF050 | DFO51

Date 98/12/14 | 98/12/14 | 98/12/15 | 98/12/21 | 98/12/26 | 98/12/26 | 98/12/26 | 98/12/27
Feed Oil | VGO3 | VGO3 | VGO3 | VGO3 | VGO3 | VGO3 | VGO3 | VGO3

Catalyst [ _Eqié Eqid Eqi4 Eqi4_|NFC-97-7|NFC-97-7| NFC-97-7| NFC-97-7
RT(s) 1.46 1.04 1.05 1.44 1.23 1.11 1.34 1.20
ROT°C 550 550 550 549 550 550 550 550
Cat/Oil 40.0 425 425 447 245 51.4 73.6 58.2
Conv.(wt%  70.5 717 62.2 76.8 67.7 69.0 62.5 59.4
m.b.(%) 1000 1000 1000 1000 1000 1000 1000  100.0
Yields(wt%)

H2 0.06 0.06 0.07 0.06 0.05 0.05 0.05 0.04
Ct 0.66 0.69 0.74 0.63 0.66 0.67 0.76 0.70
c2 0.46 0.48 0.59 0.41 0.49 0.52 0.56 0.55
C2= 0.72 0.78 0.80 0.76 0.74 0.75 0.92 0.85
c3 0.96 1.00 1.02 0.96 0.51 0.46 0.52 0.46
C3= 5.29 6.00 5.09 5.81 5.06 4.94 5.38 472
ica 3.35 3.62 2.55 4.04 2.39 2.01 2.45 2.00
nCa 0.67 0.73 0.63 0.73 040  0.33 0.38 0.31

t2C4= 1.68 1.99 1.65 1.81 1.85 1.80 1.84 1.59
1C4= 1.35 1.59 1.36 1.44 1.44 1.45 1.45 1.31

iC4= 1.86 2.22 2.19 1.76 2.33 2.41 2.31 2.07
c2C4= 1.23 1.46 1.22 1.32 1.36 1.33 1.36 1.17
C4'(Lig.) 1.05 0.66 0.58 1.22 0.00 0.65 0.00 0.37
1,3-BD 0.02 0.03 0.03 0.02 0.03 0.04 0.04 0.04
total gases 19.37 2130 1852 2096 17.32 1743 1802 16.19
Gasl.(C5+ 4664 4622 4118 5006  48.01 49.33 4163  41.13
LCO 1560 1507 17.05 1408 1844 1749 1753  17.32
HCO 1391 1321  20.79 9.14 1387 1350 1999 2324
Coke 455 4.19 2.54 5.82 2.35 2.26 2.83 2.13
Total 10007 100.00 100.07 100.07 100.00 100.00 100.00 100.00
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DF052 DF053 | DF0S4 | DFO55 | DF056 | DF0OS7 | DF0S8 | DFO059 DFO060
98/12/27| 99/1/31 | 99/1//31 | 99/1/31 | 99/1/31 | 98/2/1 97/2/1 97/2/1 97/2/6
VGO3 VGO3 vGO3 vGO3 VGO3 VGO3 VGO3 VGO3 VGO3
NFC-97-7|NFC-97-7| NFC-97-7| NFC-97-7| NFC-97-7| NFC-97-7| NFC-97-7| NFC-97-7| NFC-97-7

1.10 1.26 1.1 0.98 1.55 1.10 0.91 0.70 1.27
550 600 600 600 600 600 600 600 601
64.5 60.9 61.8 62.3 62.1 107.3 111.3 112.7 105.5
69.4 69.3 74.8 73.3 75.0 729 77.7 78.9 74.3
100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
0.04 0.06 0.07 0.06 0.07 0.07 0.07 0.06 0.08
0.64 1.13 1.52 1.31 1.37 1.39 1.39 1.26 1.48
0.49 0.82 1.13 0.98 1.02 0.99 0.95 0.86 1.03
0.76 1.48 1.93 1.70 1.73 1.79 1.82 1.72 1.85
0.44 0.50 0.66 0.56 0.60 0.65 0.62 0.53 0.70
5.15 6.13 7.78 6.79 6.78 8.23 9.25 9.09 8.49
2.09 1.47 1.75 1.47 1.56 1.97 2.02 1.77 2.12
0.33 0.30 0.38 0.33 0.34 0.39 0.17 0.36 0.42
1.91 2.05 2.57 2.23 222 2.54 2.97 3.04 2.63
1.53 1.68 2.14 1.96 1.87 2.15 2.50 2.55 2.23
2.59 2.70 3.45 3.10 3.01 3.43 4.07 4.29 3.53
1.41 1.53 1.93 1.71 1.67 1.90 2.23 2.28 1.97
0.71 0.00 0.00 0.00 0.45 0.00 0.33 0.39 0.00
0.04 0.05 0.08 0.11 0.07 0.07 0.08 0.08 0.07
18.15 19.90 25.39 22.32 22.75 25.57 28.46 28.29 26.60
49.07 46.72 46.41 48.21 49.30 43.54 45.58 47.35 43.53
16.35 17.74 14.95 15.30 15.04 156.23 13.43 12.75 14.61
14.21 12.92 10.27 11.45 9.92 11.82 8.82 8.39 11.10
2.22 2.79 2.92 2.72 2.93 3.84 3.70 3.28 4.10
100.00 100.07 99.94 100.00 99.94 100.00 100.00 100.06 99.94



