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ABSTRACT
Fluid Catrdytic Cracking (FCC) technology is the most important

process used by the refinery industry to convert crude oil to valuable
lighter products such as gasoline. Process development is generally
very time consuming especially when a small pilot unit is being
scaled-up to a large commer&l unit because of the lack of
information to aide in the design of scrded-up units. Such information
can now be obtained by analysis based on the pilot scale
measurements and computer simulation that includes controlling
physics of the FCC system. A Computational fluid dynamic (CFD)
code, ICRKFLO, has been developed at Argome National Laboratory
(ANL) and has been successfitlly applied to the simulation of catalytic
petroleum cracking risers. It employs hybrid hydrodynamic-chemical
kinetic coupling techniques, enabling the analysis of an FCC unit with
complex chemical reaction sets containing tens or hundreds of
subspecies. The code has been continuously validated based on pilot-
scale experimental data. It is now being used to investigate the effects
of scaled-up FCC units. Among FCC operating conditions, the feed
injection condhions are found to have a strong impact on the product
yields of scaled-up FCC units, The feed injection conditions appear to
affect flow and heat transfer patterns and the interaction of
hydrodynamics and cracking kinetics causes the product yields to
change accordingly.

NOMENCLATURE
4 stoichiometric coefficients for Reaction (a)
al., stoichiometric coefficients for Reaction (c)
b, stoichiometric coefficients for Reaction (b)
Cp specific heat (J/kg/K)
E activation energy (J/kmol)
t species concentration
h enthalpy (J/kg)
k reaction rate constant

,

M

%
n

i
s
T
u
v
x

Y

molecular weight (kgkrnol)
evaporation rate (kg/s)
particleldroplet number density
pressure (Pa)
universal gas constant (83 15 J/krnol/K)
source term
temperature-(K)
x-velocity (m/s)
y-velocity (m/s)
coordinate in the main flow dkection (m)
coordinate in the cross-stream direction (m)

Greek Symbols
a catrdyst decay parameter
r effective diffusivity (m%~)
e gasvolume fraction

density (&/m’)

~ general flow propetty

Subscripts
b boiling point
d droplet phase
i gas species or dropletiparticle size group

P particle phase

INTRODUCTION
Fluid Catalytic Cracking (FCC) technology was developed in the

1940’s. Since then, it has become the most important process used by
the refinery industry to convert crude oil to more valuable products
such as gasoline. Today, the FCC units in U.S. refineries produce
about 40% of the nation’s gasoline POOL The FCC process has been
greatly improved over the years by the refineries to compete in the
global markets and meet more stringent environmental regulations. So
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far, the development of catalysts has the most significant impact on
the improvement of the FCC technology. In a modem FCC unit, it is
essential to optimize product selectivity for each type of feed
processed. Recently, the refineries have shown much interest in the
advancement of the feed injection system and the development of
short residence time riser units (Bienstock, et al., 1993). The
advanced FCC processes are usually tested in a small pilot-scale unit
and gradualIy scaled-up to a large commercial unit. The capacity of a
pilot-scale unit is generally about 1 barrel per day (bpd) and the
capacity of a commercial unit can be as high as 100,000 bpd. The
process of scaling-up from a 1 bpd unit to a 100,000 bpd unit requires
many intermediate steps for testing. These intermediate tests are

expensive and time consuming. To facilitate and speed up the
development of new and/or upgraded FCC systems, detailed
knowledge of the relationships between process operating parameters
and conditions within the system are needed. Such knowledge can be
obtained by analysis of measurements from test units and computer
simulation that includes the primary controlling physics of the FCC
system.

Computer simulation of an FCC system began with a kinetic
calculation based on an assumed or simplified flow field. We&nan
and Nate (1970) used a three-lump cracking kinetic model to predict
gasoline production in an FCC unit. The three lumps were feed oil,
gasoline, and dry gas. Later, with the advancement of computational
techniques and computer hardware, computational fluid dynamics
(CFD) codes were used to simulate FCC flow. Theologos and
Markatos (1993) incorporated Weekman and Nate’s lumped kinetic
model into a CFD code to simulate FCC riser reactors. The simulation
included two-phase flow (gas and particle) and two cracking reactions
of three lumped species: oil, gasoline, and dry gas. The code was used
to predict engineering aspects of a riser reactor including pressure
drop, particle slip velocity, and temperature distribution. A separate
CFD code was developed at Argome National Laborato~ (ANL) for
the simulation of FCC riser reactors (1996). The ANL code included
three-phase (gas, liquid, and particle) flow and a four-lump kinetic
model developed by Dave, et al. (1993). Later the code was expanded
to include a general kinetic calculation for many product species
(1997). This code has been validated with pilot-scale data and used to
predict pressure drop, temperature, species, and catalyst distributions,
and droplet evaporation rates of various FCC riser reactor designs.

The ANL code was used in a study to investigate the effects of
riser size on the flow, heat transfer, and kinetics processes of FCC
units. This paper reports the results of the study.

THEORETICAL APPROACH
The ANL code, a multi-phase, multi-species, turbulent reacting

flow simulation code, is called the Integral CraKing FLOW Simulation
or ICRKFLO. A version of the code was specifically written for the
FCC riser flow simulation. An FCC riser flow consists of numerous
species from many reactions in the cracking process. To include all
the reactions and species in a CFD computation is extremely difficult
due to numerical stiffness problems. A hybrid technique is used to
successfully compute both hydrodynamics and chemical kinetics of a
large number of species lumps. The hybrid technique divides the
whole FCC flow computation into two stages: (1) a reacting flow
calculation and (2) a subspecies kinetics calculation. The reacting
flow calculation is a typical hydrodynamic flow calculation with a
small but sufficient number of lumped species to account for the

impact of density change due to reaction on the flow. The subspecies
kinetics calculation calculates the transport of many subspecies (of
order 10 to 100) based on the flow field calculated from the first
reacting flow calculation.

First-Step: Reacting Flow Calculation
An FCC flow consists of oil vapor, feed liquid droplets, and solid

catalyst particles. The first-step reacting flow calculation solves for
the flow properties of all three phases. ArI Eulerian approach is
adopted to formulate the flow governing equations for all three phases.
The gas phase formulation includes a simplified 4-h.rmp kinetic model
to account for the effects of density change due to reaction on the flow
field.

Gas Flow Formulation
The first-step calculation includes a simplified kinetic model.

The kinetic model considers four lumped oil components in two
cracking reactions. Oil species are grouped info four lumps feed oil
(P.), light oil (PI), dry gas (P3, and coke (Ct). Feed oil consists of
those oil species of a boiling point higher than 500 K. Light oil
includes those species with a boiling point lower than 500 K and a
carbon number higher than 5. Dry gas includes oil vapor of carbon
number CS and below. Coke a byproduct of the cracking reaction is
mostly carbon. The cut-off boiling temperature between feed and light
oil lumps may be chosen according to the feed stock and riser
operating conditions. Two cracking reactions includti (a) one that
converts feed oil to light oil, dry gas, and coke and (b) another that
converts light oil to dry gas and coke. ‘llese reactions are denoted as
follows:

(a)

(b)

where the stoichiometric coefficients, a,, a~, a,, b,, and bj, are
expressed in mass fractions. Some inert/lift gas species, i.e., nitrogen
and steam, can also be included in the gas flow calculation.

The gas flow is described by its properties, such as, pressure p,
density p, temperature T, enthalpy h, species concentration f, and
velocities (u and v). Subscript i of the concentration variable ~
represents feed oil vapor, light oil vapor, dry gas, nitrogen, or steam.
These properties can be determined from the state equations and the
conservation equations. The state equations include the ideal gas
equation (1) and the caloric equation (2).

(1)

In equation (l), R is the universal gas constant and M, is molecular
weight of species i.

The conservation equations include the contiriuity, the x- and y-
momentum, energy, and species equations. These equations can be
expressed in a common form

(3)
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in which ~ is a general gas flow property, x and y are coordkates, 9 is
gas volume fraction, r is effective diffusivity, and St is the sum of
source terms. The general gas flow property is a constant 1 for the
continuity equation, u for the x-momentum equation, v for the y-
momentum equation, h for the energy equation, and fi for the species
equations, The effective diffusivity is calculated from both Iarrrinar
and turbulent viscosities and turbulent viscosity is determined from a
k-e model modified for muhiphase flow.

The continuity equation has a source term accounting for dropIet
evaporation. The evaporation rate is calculated in the droplet
evaporation model, The momentum equations have source terms for
the drag forces from droplets and particles and the enthaipy equation
has source terms for the heat transfer to/from droplets and particles.
The drag forces and heat transfer rates are calculated in the interracial
model. The species equations for the feed oil and dry gas have source
terms to account for the consumption of feed oil and the generation of
dry gas from the reactions (a) and (b). The species
consumption/generation terms are calculated in a kinetic model. The
governing transport equations for the inert gases have no source terms.
The light oil concentration is obtained from the algebraic species
conservation equation (4) after the feed oil, dry gas, and inert gas
equations are solved.

~f, =1 (4)

I=gu

The models used to determine the source terms are briefly
described in the phenomenological models section.

Liquid Fiow Formulation
Feed oil is injected into the riser in sprays. Oil droplets in a

spray generally have many sizes. The droplet size distribution is
divided into various size groups. Droplets of a size group k are treated
as a continuum flow. The droplet number density rk, temperature Tt,
and velocities (M and vd of the size group are determined from the
conservation equations of mass, momentum, and energy. These
equations carsbe expressed in a common form

in which ~ is a general droplet property, r is the droplet dMfusivity
resulting from interaction with turbulence in the gas phase, and St is
the sum of source terms.

The droplet number density equation has a sink term for the
evaporation rate of dioplets. The evaporation rates of various size
groups are calculated in the droplet evaporation model. The
momentum equations have source terms for the drag force from gas
and particles, and the energy equation has source terms for the heat
transfer from gas and particles. The drag forces and heat transfer rates
are calculated in the interracial model.

Particle Flow Governing Equations
Particles can also be divided into various size groups. Particles

of each size group k are treated as a continuum flow. In this
application, catalyst particles are a fairly uniform size (about 60
micron diameter), and therefore only one size group is used for
Cataiyst particles. ‘i%eparticle number density nt. temperature Tk, and
velocities (UP*and VN) of the size group are solved from the
conservation equations of mass, momentum, and energy. A special

particle property for the FCC flow simulation is the coke
concentration ct. Coke generated from the CG3Ckitg reactions (a) and
(b) precipitates on the surface of catrdyst particles. A transport
equation is needed for coke. The conservation and transport equations
are all expressed in a common form similar to equation (5).

The particle number densi~ equation has no source term. The
particle momentum equations have source terms for the drag forces
from gas and droplets and the energy equation has source terms for the
heat transfer to/from gas and droplets. The drag forces and heat
transfer rates are calculated in the interracial model. The coke
equation has a source term to account for the generation of coke from
reactions (a) and (b). The coke generation rate is calculated in the
kinetic model.

Phenomenological Models
Phenomenological models include a time-integral lumped

cracking model, a spray evaporation model, an interfacird interaction
model, and a k-~ turbulence model. Thesk models are briefly
described as folIows.

Time-Inte zral Lumued Cracking Model
The lumped cracking model was developed based on the lumped

kinetics modeling works by Dave et al. (1993) and the integral
reacting-flow time-scale-conversion method by Chang and Lottes
(1993). Many reacting flow crdculations experience severe numerical
stiffness problems due to the difference of the flow and the reaction
time scales. A time scale bridging integral as opposed to differential
approach was developed to overcome these numerical problems. The
kinetic model is used to determine the consumption rate for the feed
oil species, and the generation rates for light oil, dry gas, and coke.
The species consumptionlgeneration rates are used in the source terms
of the gas species equations.

SuraYEvaporation Model
Liquid feed oil needs to be vaporized so the oil vapor may be

cracked into products. A droplet evaporation model was based on the
fundamental physics of stationary single droplet evaporation and then
modified for large groups of droplets in a connective environment.
The model is used to calculate the local evaporation rate of the
droplets. The evaporation rate is used in the source terms of the gas
continuity and droplet number density equations.

Interracial Interaction Models

Interracial models were developed for the interactions between
phases. The interactions include the exchanges of mass, momentum,
and energy.

In the dilute flow region, oil droplets and catalyst particles are
driven mainly by the drag force from the gas flow. An empirical
Reynolds formula correlating the drag force with local flow propenies
and velocity difference is used to calculate the interracial drag force.
The drag force is used in the source terms of the gas, liquid, and solid
momentum equations. Catalyst particles are the principal heat
carriers, supplying energy to vaporize the oil droplets. An empirical
Nusselt formula is used to calculate the heat transfer between particles
and gas, and droplets and gas. The heat transfer rate is used in the
source terms of the gas, liquid, and solid energy equations.

In a dense particle flow region, particle-particle and particle-wall
collisions become significant. Particles can be moved from a high to a
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low particle flux region. The particle diffisivity is a linear function of
the gradient of local pa-title mass flux. The particle diffusivity is used
in the particle momentum equation. Next to a wall, the collisions
between particles and the wall cause the particle flow to lose its
momentum, The solid shear stress is used as a boundary condition for
the particle momentum equations.

If particles are packed, particles are directly in contact with the
neighboring particles. A solid pressure is exerted on the particles.
The solid pressure is generrdly assumed to be a function of local solid
volume fraction when solid fraction exceeds a packed value.
Lyczkowski et al. (1994) used local solid volume fraction to calculate
solid pressure in a study of gadparticle flow in fluidized bed reactors.
This approach is commonly used for the simulation of gas/particle
flows, but when particle volume fraction is near the packed state, a
small change in calculated solid volume fraction results in huge
change in solid stress, which can easily cause numerical instability and
divergence of the computation. An alternative approach that is much
more numerically stable is to calculate solid volume fraction from an
accumulated solid pressure. The solid pressure is used in the source
terms of the pmticle momentum equations,

Multi-rzhase k-e Turbulent Model
A turbulent flow consists of a spectzum of rotational eddies. The

eddies, having a size ranging from a tiny, molecular sized rotation to
one the size of the flow, can effectively transport and mix species,
momentum, heat, and other transportable components or properties of
the flow. The mixing rates of the turbulent motion are generally
several orders of magnitude greater than those of the molecular
diffusion. Patankar and Sprdding (1972) developed a turbulence
model employing the turbulent kinetic energy k and its dissipation rate
& for single phase flows. Two additional transport equations, like
Eq.(5), for these turbulent parameters were introduced. By solving
these two transport equations, the turbulent tMfusivity can be
determined from the values of k and G. Among others, Zhou and Chiu
(1983) later modified the turbulence model for multi-phase flows and
an enhanced version of their model is used to model multiphase
turbulence effects.

In the first-step reacting flow calculation, the governing
equations of the flow field of an FCC riser are solved. In the riser,
local flow properties such as velocity, temperature, catalyst particle
number density, feed droplet number density, evaporation rate, and
major species concentrations are calculated. These flow properties are
then used to perform a detailed kinetics calculation.

Second-Step: Subspecies Kinetics Calculation
The major gaseous species in the flow calculation may be

grouped (lumped) into broad categories: feed oil, light oil, dry gas,
and inert gas. However, within these species lumps exist a very large
number of oil subspecies produced from numerous kinetic reactions in
the riser. These subspecies are not included in the first-step flow
calculation due to numerical stiffness problems. After the first-step
calculation, the transport equations of these kinetic subspecies can be
solved on the pre-determined flow field. Free from the interactions of
the pressure and velocity fluctuations, the calculation of the partially
de-coupled species transport equations becomes very stable
numerically.

Subspecies Selection
The de-coupled kinetics calculation allows for a high degree of

flexibility in the selection of subspecies and associated reactions. For
convenience in discussion, a set of subspecies lumps is used. The set
of subspecies lumps consists of n-1 oil vapor lumps (P,, i=2, n) and a
by-product coke (Ck). Some subspecies are defined by their average
carbon numbec Pz, Pl, and P, represent C~.,Cl, and C,, respectively.
Other subspecies (P,-P.) are defined by boiling point range. The
subspecies P$ represents CS and those oil species that have a boiling
temperature between room temperature and TM. Tti is an arbitrarily
chosen temperature higher than room temperature. The other species
Pi (i=6, n) represent those oil species that have a boiling temperature
between Tki., and Tti. T. is an arbitrarily chosen temperature higher
than TM.,. Figure 1 plots the average molecular weights (w), hydrogen
atom to carbon ratios (I-UC), and carbon numbers (C) versus the
boiling temperature Tt.iof the subspecies lumps.
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Figure 1 Fluid Properties of Hybrid Transport Species

Subspecies Reactions
The subspecies reaction model uses reaction set (c) in which a

subspecies Pi is cracked into lighter species Pj. j=2, i-l, and coke is a
by-product.

? A i ai.jpj ‘ai.lck
j=z

i = 3,n (c)

In reaction set (c), ~j’s are stoichiometnc coefficients and k~s are the
reaction rates. An Ahrrenius type formula, Eq.(6), is used to express
reaction rate of the ith cracking reaction.

ki = kOciexp[-E, /R(~-#] i=3,n (6)
r

x 8$exp(-aifd)

in which, b is the rate constant, E is the activation energy, and Q is
deactivation coefficient of the ith cracking reaction, and e, is the
catalyst volume fraction, T, is the reference temperature, and f.k is coke
concentration. The catalyst volume fraction, temperature, and coke
concentration are determined from the previous flow calculation step.
The rate constants, activation energies, and deactivation coefficients
need to be extracted from experimental data.
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Subspecies Transport Equations
A gas phase subspecies Pi is generated in the riser by the

evaporation of oil droplets @/or the cracking reactions. The
subspecies generated is transported by convection, diffusion, and
turbulence in the flow and prut of a subspecies is converted to lighter
subspecies bythe cracking reactions. Thegoveming equation of the
species concentration fp.ican be derived as,

$(epufp,l - rf ~) +$-(epvfp,l - rf ~

‘fi,,rn~+~ ajikjfp,j-~ aijktfp.i
J.-itl J-2

(7)

The density, velocity, temperature, evaporation rate, void
fraction, catalyst volume fraction, and coke concentration determined
from the previous flow calculation step are used in solving the species
transport equation, Eq.(7).

NUMERICAL SCHEME
From the previous sections, a set of governing equations are

derived to solve for the velocity, pressure, density, temperature, and
species concentration of an FCC riser flow. A control volume
approach was used to convert the governing equations to algebraic
equations on a discretized grid system. The grid system is staggered,
consisting of three grids: an x-momentum grid for the gas phase x-
momentum equation, a gas phase y-momentum grid, and a scalar gird
for all the other equations. The algebraic equations are solved
iteratively with proper boundary condhions. In the calculations,
Patankar’s SIMPLER computational scheme (1980) is used to solve
the pressure linked momentum equations.

Grid sensitivity studies were conducted to choose a grid
distribution which gave independent numerical results to three
significant decimal places regardless of further grid refinement in
order to conserve computational time and still provide adequately
accurate results. Grids from 3000 to 5000 cells gave adequate grid
independence for this study. An important feature of the control
volume approach code is that it is conservative in terms of mass,
energy, species, and all variables solved for via the transport
equations, both locally and globally to a very high degree regardless of
grid size.

The simulated riser flow includes five gas species, five droplet
size groups (120 micron mean diameter), a single particle size group
(60 micron diameter), and a coke species carried by particles. In this
computer code, a calculation is considered to have converged if the
local and global mass balances of the three phases are smaller than a
set of predetermined criteria. For this simulation, convergence
criteria, defined by average mass residual of all computational cells,
are 1010(in dimensionless form, normdlzed by the gas mass flow rate)
for the gas phase and 107 for both the liquid and solid phases.
Generally in this application, with reasonable boundary conditions
(inlet flow rates etc.), a converged solution can be obtained in about
2000 iterations. Each iteration includes 10 gas phase calculations and
3 liquid and solid phase calculations. On a Pentium~ 133 personal
computer with 16 megabytes of random access memory, using a 32-bit
FORTRAN compiler, this computation takes about 4 hours for a grid
of about 3000 cells, The subspecies calculation is generally much
faster than the flow calculation depending on the number of
subspecies to be calculated.

VALIDATION
The ICRKFLO code has been validated by comparing calculated

flow properties against several sets of experimental and test data. The
flow properties used for comparisons include velocities, residence
time, pressure drop, temperature, particle volume fraction, and most
importantly product yields.

Figure 2 shows a comparison of measured and computed yield
data over several operating conditions. Agreement of computational
results with measured results is excellent. Some other v~idation
results can be found in previous works (Chang et al., 1996, and Chang
et al., 1997).

0 2 4 6 8 10
Measured Product Yield

Figure 2 Comparison of Calculated and Measured FCC Rker Product
Yields

RESULTS AND DISCUSSION
To show the kinds of flow and process effects that occur when

scale-up is done without preserving geometric or flow similarity a
variety of simulations were performed. Some of the results are shown
in Figures 3 to 8. These simulations were typical of the conditions
used for scale-up in industrial FCC systems. In these cases many of
the operating conditions remain the same, such as catalyst temperature
at the inlet and feed oil droplet and catalyst size, while other
parameters, such as inlet mass flow rates are scaled with the cross
sectional area. The simulated risers were all the same height, about 20
meters. Riser dkrneters and injector configurations for five different
cases ae given in Table 1.

Table 1. Simulated Riser Diameter and Injector Configurations

Case/Riser I Riser Diameter I Feed Oil I Catalyst I

I I I sides
v 1 left and right bottom
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Configuration (i) is a typicat pilot scale FCC riser and
configuration (v) is a typical commercial scale riser with the bottom
modeled at about one to two meters above a typical Y-bend catalyst
entry section. The other configurations are intermediate between the
pilot scale ~d the commercial scale. Clearly the pilot scale and the
commercial scale are very different. Residence times in the pilot and
commercial scale risers tend to be about the same, in the range of one
to two seconds, because riser heights and mass flow rates per unit
cross section are about the same. By preserving residence time and
scaling mass flow rates by the cross section area, industrial users hope
that knowledge gained by pilot state experiments about the process
chemistry can be extrapolated to the commercial scale.

The simulations performed in tlds work are intended to show
that the processes in a commercial scale riser are governed by a
complex mixture of three phase mass, momentum, and heat transfer as
well as the process chemist~. Tlis complex mix of flow processes
can and does change greatly when scale-up is limited to a simple
capacity scale-up in number of barrels of oil processed per day. These
FCC riser systems are so complex, however, with such a large number
of non-dimensional scalkg parameters, that preserving similarity in
scaling up the process capacity of the system is just not feasible.
Because presewation of similarity of system governing parameters is
not feasible, gaining an understanding of the changes in flow field
development that occur in capacity scale-up becomes important in the
effort to optimize operation of the scaled up FCC unit.

Flow Calculation
Due to space limitations only simulation results for one set of

operating conditions and scaled mass flow rates are shown in Figures
3 to 8. A grayscale key is plotted on the right side of each figure
indicating the corresponding shade for the property value. As shown
in Figure 3, the velocity field is plotted as velocity vectors. The vector
length is proportional to,velocity magnitude. All the numbers are
normalized. Results for other operating condkions do tend to show
the same kind of trends, and the most important observation is that
simple capacity scale-up yields very large differences in flow field
patterns, including the distributions of gas velocity, particle number
density, gas temperature, droplet number density, and feed oil, as
shown in Figures 3 to 7. When capacity is scaled-up with an increase
in diameter of the unit, cross section distributions tend to be much less
uniform and this non-uniformity persists much farther up the riser,
indicating that mixing rates are significantly slower in capacity scaled-
UP FCC units. Ttds slower mixing rate and the non-uniform cross
section distributions yesult in delayed vaporization and, in general, a
delayed onset of crude oil cracking reactions. Light oil is the primary
lumped cracking product, which includes gasoline. Slower mixing
and vaporization delay onset of reaction and yield lower
concentrations of the desired cracking product, light oil, as shown in
Figure 8.

The gas velocity field is highly influenced by the mixing between
catalyst and feed oil and the addhion of new mass in the gas phase
from vaporizing oil droplets, as shown in Figure 3. Clearly, for the
pilot-scale inlet configuration flow development rapidly becomes
uniform over the riser cross section. As the riser diameter is
increased, the degree of the catalyst penetration to the center of the
riser is decreased.

Heat from the catalyst vaporizes the feed oil droplet spray, and
gas phase expansion resulting from vaporization is primarily what

drives the flow up the riser. Consequently, when the catalyst particles
do not penetrate to the centerline well (Figure 4), the mixing time is
increased and non-uniformity over the riser cross-section is more
severe and persists farther Up the riser. The consequent temperature
non-uniformity in larger capacity FCC units (Figure 6) causes a large
cross section variation in vaporization rates, which leads to
unvaporized feed droplets persisting a long distance up the riser
(Figure 5). Thesetrends that occur with capacity state-up lead to a

number of problems, already noted. Large non-uniformity in catalyst
and feed oil vapor dktribution leads to non-uniformity in the local
catalyst to oil ratio. The large non-uniformity in local temperature and
catalyst to oil ratio can lead to large variations in the course and extent
of feed oil vapor cracking reactions that affect the product yields at the
riser exit as shown in F@es 7 and 8.

Using simulation to see the effects on the flow field and mixing
patterns when capacity scale-up is done can provide insights that lead
to changing the operating conditions or riser configuration in a way
that yields better mixing and consequently hig%er yields of desirable
refined petroleum products from the FCC units. Such insights become
particularly important when commercial riser residence times become
shorter, which is the current trend. For shorter residence times the
portion of the riser over which mixing occurs increases. Pilot scale
experiments cannot show how to optimize FCC risers under these
circumstances. FCC riser simulations that use chemistry process data
obtained from pilot scale experiments can provide the insights
necessary to significantly improve the operation of commercial scale
risers.

Subspecies Calculation
A typicalresultof subspecies calculation is shown in Figure 9,

which gives product yield d]stnbutions at the exit of the riser for
different cases. A set of kinetic constants was determined to give the
good match between the computational results and experimental data
for a pilot scale riser (Chang et al., 1997). The same set of kinetic
constants was used for the scale-up analysis. As indicated in FQure 9,
with the pilot scale inlet configuration (cases i, ii, and iii), as the riser
diameter increases, less light oil lumps are produced. As discussed
earlier, tkds is caused by reduced penetration of catalyst and poorer
mixing between catalyst and oil vapor, resulting in less cracking, For
the cornmerciat scale riser with the inlet configuration close to the real
operating condhion (case v), more light oil lumps are produced in
comparison to the pilot scale inlet configuration (case iii). To produce
desired optimum product yields, further parametric studies are needed.

0.!2 . — case i ([cm riser)
----case ii (IOcm riser)

0.10. ““-” ---case Yl(lm riser)

“--” ---case v(lm riser)
gol23-
~

)= OQ5.

0.04.
:

002.

0 5 10 15 20 25
Lumps

Figure 9 Yield distributions at the exit of risers



CONCLUSION
The scale-up effects on the flow, heat transfer, and kinetics

process of FCC riser reactors were investigated using a validated CFD
code, ICRKFLO. A hybrid technique is used to couple the
hydrodynamics and chemical kinetics in a way that can handle many
species in the FCC cracking reactions. It has been found that the inlet
configuration has a blg impact on commercial scale risers. The feed
injection conditions appear to affect flow and heat transfer patterns
and the interaction of hydrodynamics and cracking kinetics cause the
product yields to change accorc@gly.
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