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ABSTRACT

A General Kinetics-Flow Coupling Model
Vor FCC Riser Flow Simulation

S.L. Chang, S.A. Lottes, C.Q. Zhou*, B. Golchert, and M,

Argonne National Laboratory
9700 South Cass Avenue
Argonne, Illinois 60439

*Purdue University Calumet

Hammond, Indiana 46323

Petrick

A computational fluid dynamic (CFD) code has been
developed for fluid catalytic cracking (FCC) riser flow
simulation. Depending on the application of interest, a
specific kinetic model is needed for the FCC flow

simulation. This paper describes a method to determine a
kinetic model based on limited pilot-scale test data. The
kinetic model can then be used with the CFD code as a

tool to investigate optimum operating condition ranges
for a specific FCC unit.

INTRODUCTION
Many of the most important processes in energy

production and utilization technologies and in the

chemical industries involve the interactions of multi-
phase hydrodynamics, heat transfer, droplet vaporization,

and chemical kinetics. These interactions play key roles
in controlling the process efficiency and the emission of

pollutants and greenhouse gas. Advanced processes must
be continually developed for industries to meet new
environmental regulations. To decrease the development
time of advanced multi-phase reacting flow systems,

detailed knowledge of the relationships between process

operating parameters for a given system geometry and
process progress within the system are necessary. Such
knowledge can be obtained by computational analysis
based on the controlling physics of the system combined
with mathematical modeling. The use of computational
fluid dynamics (CFD) based analysis is increasing. CFD

is used as a tool to investigate complex flow systems,
especially where experimental investigations for
obtaining the desired information are either too costly or

too difficult. During the past 20 years, the capabilities of
CFD codes have evolved greatly with advancements in

numerical techniques, mathematical process models, and

computer hardware. CFD applications were extended
from simple laboratory-type systems to much more
complex industrial-type flow systems. Computer

simulation is regarded as an effective and cost-saving tool
to tkther improve the performance of flow systems.
Fluid Catalytic Cracking Systems

As one of the applications of multi-phase reacting
flow systems, the fluid catalytic cracking (FCC) process

is extensively used for the conversion of hea~ oil into
valuable lighter products, e.g., gasoline. A commercial-

scale FCC unit was first introduced in early 1940’s. Since
then, the FCC process and catalysts have been constantly
improved and has become the primary conversion process

in the modem refinery industry. Continuing FCC
improvements are required for the reftig industry to
stay competitive and adapt to market changes: gasoline
yield andfor quali~ maximization, new petrochemical
production, conversion of residues, and environmental
requirements.
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Figure 1 Sc~ematic Diagram of An FCC Unit

A typical FCC unit (Figure 1) has two major

components: a riser reactor and a catalyst regenerator.
The riser is used to convert heavy oil to lighter and more
valuable products and the regenerator is used to
regenerate the spent catalyst. Liquid feed oil is injected
into the riser and mixed with regenerated hot catalyst
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particles to vaporize and to crack into gasoline, diesel
fiiel, jet fuel, and other valuable products. Coke is a by-
product of the cracking reactions. Its deposition on the
surfaces of cataiyst particles de-activates the catalyst.
Burning off the coke deposit regenerates catalyst.

The FCC riser shown in Figure 1 has three inlet and
one outlet streams. The inlet streams are those of

catalyst, lift gas, and feed oil. Each of these streams may
come horn several entry points or nozzles, depending on
the detailed geometric design of the riser. The catalyst
stream consists of regenerated hot catalyst particles and a
small amount of carrier gas, entering fkom the lower right
side of the riser. The inert gas enters the riser from the
bottom to lift the catalyst particles up the riser so the hot
particles can effectively mixed with the feed oil. The
feed oiI stream is injected from the lower Iefi side of the
riser, forming a spray of droplets in the riser.

The mixing process includes the combined effects of
interracial interactions (momentum and heat transfer
between phases), flow convection and turbulent diffision

of gas, oil droplets, and catalyst particles. During the
mixing process, the heat carried by the catalyst particles is

transferred to the gas and the oil droplets. Under the

typical operating conditions of an FCC riser reactor, the
catalyst is much more than the feed oil. Consequently,

the vaporization process is only limited by the heat
transfer rate from catalyst particles to oil droplets.

Following the vaporization process, the cracking
process takes place. Feed oil vapor contacts a catalyst
particle, and the cracking reactions on the catalyst surface
convert the feed oil vapor to lighter oil products. Oil
vapor can also be cracked thermally without contacting

catalyst surface at a much slower rate. Coke is a by-
product of the process. It is clear that the interracial drag,

heat transfer, and droplet vaporization processes have a
great impact on the performance of a riser reactor.

CFD Application for FCC Systems
Over the course of process improvement, cracking

reaction time in an FCC unit has been reduced horn
minutes to seconds. The reduction of reaction time
greatly improves the efficiency of the FCC units but the
hydrodynamic effects of feed injection and mixing have a
much greater impact on cracking processes and product
yields when reactor residence time becomes small in
commercial scale units. In reviewing the history of FCC
process improvement, Bienstock et al. (1993) indicated
that fimdamental understanding of the hydrodynamics

and heat transfer in the injection zone of a riser is critical
to the development of a new high performance FCC unit.
The refinery industry has identified the CFD capability as

a critical area for the advancement of the FCC
technology.

Computation of the multiphase flow field in a FCC
riser reactor is extremely complex. It involves three

phases (gas, liquid droplets, and solid particles), multiple
gas species, turbulent mixing, heat transfer, mass transfer,

and cracking reactions. Several computer codes have
been developed in the past for modeling portions of the
kinetics or hydrodynamic processes in riser reactors.
Weekman and Nate (1970) developed a 3-hunp (feed oil,
gasoline, and dry gas) cracking kinetic model to predict
gasoline production in an FCC unit. Dave and et al.
(1993) expanded the model by introducing an additional
coke lump in the simulation to predict the coking of the
heavy oil cracking processes. Pita and Sundaresan (1991)
first used a CFD code for a riser flow simulation. The
simulation investigated the gas-particle flow patterns in a
vertical riser. Later, Theologos and Markatos (1993)

incorporated Weekman’s 3-lump kinetic model in a
commercial CFD code for their FCC flow simulation.
The simulation includes cracking reactions in a two-phase
(gas and particle) flow. In an attempt to simulate a more
realistic FCC riser flow, Chang and et al. (1995)
developed the ICRISFLO code that includes all three
phases (gas, particle and droplet) of the FCC flow. The
code also includes models that govern heat carrier particle
transport, feed oil droplet transport, vaporization of the

feed oil droplets, cracking of the feed oil, and coke
formation and deposition on heat carrier particles.

Although some oil companies have developed
sophisticate FCC kinetics models for their own
applications, most oil companies lack kinetics models for
the benefit of CFD simulation. This paper describes a
method to develop an FCC kinetics model based on pilot-
scale test data.

THEORETICAL APPROACH
ICRKFLO divides a FCC riser flow simulation into

lsvo parts: a hydrodynamic and lumped reaction flow field
computation and a sub-species kinetic and transport

computation. By employing the hybrid technique and a

methodology for extracting kinetic constants using the
ICRKFLO code and experimental data, reacting flow
properties and patterns can be calculated, chemical kinetic
constants can be determined, and the chemical kinetics
and product yields of a large number of products can be
predicted.

The hydrodynamic and lumped reaction flow field
computation gives a complete description of the flow
field including reactions of some major species. The
ICRKFLO code solves the governing conservation
equations for three phases: gaseous species, liquid

droplets, and solid particles. The consemation equations
for mass, momentum, enthalpy, and species are expressed

as elliptic-type partial differential equations which
contain source and sink terms derived horn rate equations
for reaction, vaporization, precipitation, and other
processes which couple the equations. The turbulence



.- ,.

properties, interracial mass, momentqm and heat transfer,
and chemical reactions are defined in phenomenological
models adding either source terms to the equations or
additional transport equations to solve.

Governing Eauations
The gas-phase governing equations include

conservation of momentum, energy, mass, and transport
of turbulence parameters, with separate equations for the
state of an ideal gas and gaseous species conservation.
The liquid-phase formulation is based on an Eulerian
model. Generally liquid droplets of a spray plume have a
spectrum of sizes. To compute properties of liquid
droplets with a size spectrum, the droplets are divided
into size groups, which is a discretization of the droplet

size spectrum. For each size group, droplet properties are
determined by solving the governing equations for that

size group. The governing equations include
conservation of droplet number density, momentum, and
energy. The solid-phase state of the flow is also based on

the Eulerian model and therefore governed by the
equations of conservation of particle number density,
momentum, and energy for each size group. An
additional equation for coke transport and deposition on

particles is also included. The governing equations are
elliptic-type partial differential equations containing
source terms for interphase and intraphase property
exchange rates. These equations are the standard
governing transport equations of fluid mechanics with
additional terms, primarily source and sink terms, for the
phenomenological models. Due to space constraints,
details of the general equations are not provided here but
can be found in Chang, et. al. 1996a.

Phenomenological Models

Phenomenological models are used to help
characterize multiphase cracking flow in the FCC unit,

including interracial drag and heat transfer, droplet

dispersion and, vaporization, two-parameter multiphase
turbulence, coke formation and transport, and lumped
integral (as opposed to differential) reaction models. A
brief description of relevant models is given in the
following. A more detailed description of the models can

be found in a previous publication (Chang et al., 1996b).

Interracial Interaction Model
Hot catalyst particles transfer heat to oil droplets for

vaporization. An interracial model uses empirical drag
and Nuselt correlations to calculate interracial momentum

and energy transfer. A particle-solid interaction model
was developed to account for particle-particle and

particle-wall collisions in regions of high particle volume
&action. The particle-solid interaction model has been
validated against some experimental data (Chang et al.
1997a)

Droplet Vaporization Model
The droplet dispersion and vaporization model

divides the size distribution of feed oil droplets into a
number of size groups, calculates the vaporization rates of
the droplets, and translates the vaporization rates into a
gas mass increase and a droplet size distribution shift.

Lumped Integral Reaction Model
A reaction model is needed in this phase of

hydrodynamic calculation because of the major density
change due to the production of product species. To
avoid numerical stiflhess problems, ICRKFLO employes
a lumped time-integral (as opposed to differential)
cracking reaction model in the FCC riser flow
hydrodynamics simulation. The model includes 4 lumped
oil components, 2 cracking reactions, and a term for

catalyst deactivation due to coke deposition. Oil
components are divided into 4 major lumps: feed oil, light

oil, dry gas, and coke (Dave et al., 1993). One cracking
reaction converts feed oil to light oil, dry gas, and coke;
and the other converts light oil to dry gas and coke

The usual Arrhenius differential formula are
converted to an integral form, which employs the
computational cell residence time in the discretization of

source terms to make it possible for the code to converge
to a level very near the precision of the computer (Chang
and Lottes, 1993). Details of this method can be found in
a previous publication (Chang et al., 1996b).

Subspecies Kinetics and Transport Computation
Concentrations of major species (feed oil, light oil,

dry gas, and inert gas) are computed in the previous
hydrodynamic and lumped reaction flow field

computation. There are also a large number of subspecies

contained within the primary species lumps used in the
hydrodynamic and reacting flow computation. These

subspecies participate in numerous kinetic reactions in the
riser and are computed in a separate kinetic and transport

computation following the flow computation.
Any number of subspecies can be selected for a

subspecies kinetic and transport computation. For

convenience of discussion, a simple example is given
here. The set of subspecies lumps consists of n- 1 oil
vapor lumps (Pi, i=2, n) and a by-product coke (CJ.

Some (PZ-PJ are defined by carbon number and most

subspecies (P~-PJ are defined by boiling point range.
The species PJ, Pq, and Pd represent Cz., Cs, and C4,
respectively. The species P~ represents C~ and those oil

species that have a boiling temperature between room
temperature and T~~. T~5 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 T~,i.l and Tti. Tbi is ~
arbitrarily chosen temperature higher than Tb,i.l. The
molecular weight of Pi increases for larger i. Heavier
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species Pi is cracked into lighter species Pj, j=2, i-1, in a
reaction (a).

i=3,n (a)

in which r+j’s are stoichiometric coefficients and ~’s are
the reaction rates. The stoichiometric coefficients are
determined from a theoretical model or extracted from
experimental data. By assuming an equal probability of
the generation of products, a simple set of ~, can be
determined by balancing the carbon and hydrogen atoms.
An Ahrrenius type formula, Eq.(1), is used to represent
reaction rate of the ith cracking reaction.

k, = kO,,exp[–Ei / R(: -#)] x 6J’ exp(–aft,)

i23 ,n (1)

in which, ~,i is the pre-exponential constant, Ei is the
activation energy, and q is the catalyst reactivity order of

the ith cracking reaction, a is a deactivation coefficient,

and 9P is the catalyst volume &action, T, is a reference
temperature, and fC~is coke concentration.

A subspecies Pi is generated from the vaporization of
oil droplets ardor the cracking reactions. Subspecies

generated are transported by convection and difl%sion in
the flow. The governing equation for subspecies
concentration fP,ican be written as,

in which,

s., =f,.(:).,
i-1

Sg,i= ~ aji kj fP,j – ~ aij k, f,,,
j~+l j=2

(3)

(4)

The density, velocity, temperature, vaporization rate,

void fi-action, catalyst volume fi-action, and coke

concentration determined horn the previous

hydrodynamic and lumped reaction flow field

computation step are used in solving the subspecies
transport equation, Eq.(2). The rate constants, activation
energies, and deactivation coefficients of the reaction rate
formula can be extracted fi-om a matrix of experimental

data as described in a following section.

RESULTS AND DISCUSSION
Computed FCC Riser Flow Field

ICRKFLO was used to calculate the flow field of a

pilot-scale FCC riser. Figure 2 showed some computed
results including the velocity, temperature, catalyst
concentration, and droplet number density. The velocity

shows a typical pipe flow patterns except the entry region.
In the entry region, temperature and particle and droplet
number densities are highly non-uniform. These non-

uniform distributions have a strong impact on the
vaporization and cracking processes.

(a) Velocity
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Fig&e 2 Calculated FCC Riser Flow Properties

The computed flow properties are used in a separate
subspecies computation. Subspecies product yield results
plotted as mixture mass fractions over the large
subspecies lump spectrum are shown in Figure 3 at
different local locations up the riser. The figure shows
how long it takes to convert the heavy oil species to
lighter products
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Figure 3 Calculated Subspecies Concentration in a an

FCC Riser Reactor

Extraction of Kinetic Constants
Kinetic constants including pre-exponential rate

constants, activation energies, and orders of catalyst
reactivity are affected by many factors, such as
temperature, catalyst concentration, local conditions in
the reactor flow, etc. A methodology has been developed
to determine the reasonably good kinetic constants and
activation energies for a particular riser, catalyst, and feed
oil based on a relatively small number of experimental
data sets for different riser operating conditions. Using

temperature as an example operating condition, the
method includes the following steps: (1) select
experimental test data sets for various temperatures, (2)
establish the general trend of the temperature effect on the

measured product yiekls, (3) setup the ICRKFLO code to
compute product yields for the selected test conditions,
and (4) use iteration routines to adjust kinetic constants
and activation energies to match predicted product yields
with experimental data.

Once a set of kinetic constants and activation
energies are determined, they are then used for the
prediction of other test conditions and comparisons are

made again between the predicted results and the

experimental data for further validation of these
constants. Chemical kinetic model constants determined
in this way implicitly contain effects related to the local

hydrodywunic flow field in a particular riser geome~
and comparison between experimental yield results and
results predicted using the extracted kinetic constant set in

computations show vexy good agreement.
To illustrate the methodology for extracting local

kinetic rate constants, two experimental cases with
different exit temperatures, T~ and T~, for an FCC riser
reactor are selected to determine a set of activation

energies. A base experimental case, at a midrange
temperature TM, can be used to iteratively determine pre-
exponential constants that fit the yield data for any

particular set of activation energies. To make this

computation efficient, it proceeds from the species with
the heaviest molecular weight down through the lighter
species. To obtain reasonable set of activation energies

that model the effects of temperature variation, one set of
rate constants and activation energies need to be
determined used for all the test conditions at different
temperatures. The FCC converts heavy oil into lighter
oil, producing a variety of kinetic species. The product
yields measured at the exit of the riser for T~ (high T) and
T~ (low T) are shown in Figure 4. A higher level iteration
routine is used to adjust the activation energy set and then
re-extract the pre-exponential constant set using the lower
level iteration routine until computed product yield

deviations are minimized for the T~ and T~ cases. A
typical set of activation energies determined in this way is

also plotted in Figure 4. To validate this kinetic constant
set in the neighborhood of the operating condition
window, computational yield results are compared against
experimental results for other operating temperatures. In
general, the data match has been very good (within
experimental error) for the current application.
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Figure 4 Extraction of Activation Energies

In a similar manner, the order reaction due to catalyst

concentration, I+, can be determined for the set of
subspecies reactions. This process adds a third layer of

iteration to the kinetic constant extraction process.
Experimental results from the midrange base case and
high and low catalyst to oil ratio cases are used to
determine the set of constants for the catalyst
concentration effect.

Validation of the Kinetic-Flow Model

ICRKFLO has been validated for several FCC

applications by comparing computational results with
experimental data. The U-shape radial solid volume

fraction profile in a riser flow has been troublesome for
many CFD modelers. ICKKFLO correctly predict the
profile (Chang, et al. 1997b). In a previous study of
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thermal cracking process, ICRKFLO demonstrated its
capability to predict product yields, pressure drop, and

temperatures (Chang et al. 1995). In this study, an
experimental test matrix was selected and experiments
were run by an industrial member of a cooperative
research agreement. The predicted subspecies
concentrations showed good agreement with experimental
data as shown in Figure 5.
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Figure 5 Comparison of Computed and Measured Product

Yields

CONCLUSION
A new reacting flow system analysis methodology

was described that can be applied to a large variety of
process systems in the petrochemical and chemical
industries in general. This methodology uses a CFD code
in combination with a relatively small number of
experimental data sets to determine a kinetic constant set
for a specific flow system. As an example of the
methodology, the CFD computer code ICRKFLO was
developed for the simulation of multiphase, multi-species
reacting flows, A hybrid technique was used to include

both hydrodynamics and complex chemical kinetics for a
large number of chemical species, which partially
decouples the computation of an arbitrary number of

subspecies kinetic and transport equations fi-om a

complete hydrodynamic and lumped reaction flow field

computation. A methodology has been developed to
extract kinetic constants from experimental data. The
numeric simulation of a FCC riser flow has demonstrated
that the hybrid technique and the methodology are very

effective. They can be easily used in a CFD code to
predict species concentrations of interest in the flow and

reaction process for many applications.
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