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ABSTRACT
Staged, fluid catalytic crackhg (FCC) processes are deemed to have the potential to enhance

FCC performance in the areas of product selectivity, operating flexibility, throughput, reliability,
operating costs, and emissions. Computational fluid dynamic (CFD) codes are used to analyze
various staged FCC concepts to help accelerate their development into commercial products.
Three conceptual multi-stage FCC systems were evaluated using a validated CFD code. The
results indicated potential increases of gasoline production from these conceptual designs.
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INTRODUCTION
The rapid advance in the performance of computers has made possible a concurrent advance

in computational approaches to evaluate complex multiphase reacting flows such as fluid catalytic
cracking (FCC) reactors. An FCC reactor is used to convert heavy oil to gasoline and other more
valuable lighter oil products. In an FCC reactor, the multiphase fluid dynamics and interaction
between phases have a significant impact on its flow development and chemical kinetics because
the flow properties relevant to the flow evolution and chemical reactions change fkom point to
point throughout the reactor. These properties include temperature, mixture composition, degree
of mixedness, catalyst concentration, and etc. In general, the determination of these local
properties involves solving large sets of highly coupled partial differential equations. These
equations are primarily coupled through source and sink terms that characterize heat, mass, and
momentum transfer between the phases as well as chemical reactions. In an FCC system, nearly
all the gas phase mass flow comes from vaporizing feed oil sprayed into the FCC reactor and all
the heat for vaporization and the endothermic cracking reactions comes fkom hot regenerated
catalyst particles. Therefore, the cracking process inside an FCC reactor is very much driven by
phase interactions. Although multiphase flow problems remain among the most difllcult to solve,
computational fluid dynamics (CFD) has recently reached a point where it can be used as an cost-
effective tool to study and improve the performance of a complex multiphase reacting flow system
like FCC riser reactor.

Recently, researchers started to make progress in the modeling of FCC riser reactors [1-3].
Argonne National Laboratory has developed a CFD code, ICRKFLO, with specific applications to
the FCC risers [3]. The code includes three phases (gas, liquid and solid) and complex chemical
reactions. It has been validated with experimental data tlom the literature and several industrial
test data U-5]. [n this work, the validated ICRKFLO was used to evaluate the conceptual designs
of multi-stage FCC systems.

THEORETICAL APPROACH
An FCC riser flow contains three phases: a gas phase carrier medium, a feed oil droplet

discrete phase, and a catalyst particle discrete phase. All phases undergo convective, diffusive,
and turbulent transport in a reacting flow mixture of chemical species with momentum, heat, and
mass transfer between the phases, which need be considered in the CFD code. The governing



equations. phenomenological models and numerical scheme used in the ICRKFLO code are
briefly described in the following sections. More detailed description of the code and its
applications can be found in authors’ previous publications [3-5].

Formulation of Multiphase Fiows
In the application presented here, the local flow and thermodynamic variable field is

computed with a reduced cracking kinetics model. The primary information required from the
chemical kinetics model for the computations of the flow field is the heat of reaction and the
change of mixture molecular weight due to reactions, which affects mixture density through the
equation of state. All the governing transport and conservation equations for the three phases are
elliptic-type partial differential equations. For convenience of numerical formulation, they are
arranged in a common form. For the gas phase, the common form is:

(1)

in which < is a general gas flow property, xi are coordinates, 9 is gas volume flaction, r is
effective diffusivity, and S8 is the source term. The effective diffhsivity including both laminar
and turbulent viscosities and the source terms are to be derived from phenomenological models.

For the droplet and particle phases, the Eulerian approach is employed, and the formulation ix

$ --&(%k%k,j5-r:*) =s,, t
(2)

in which < is a general dropletiparticle prope~, r is the dropletiparticle diffusivity resulting from
interaction with turbulence in the gas phase, and S: is the sum of source terms. A special particle
property for the FCC flow simulation is the coke concentration Ck. Coke generated from the
cracking reactions precipitates on the surface of catalyst particles. A coke transport equation
similar to Eq, [2) is derived.

Phenomenological models are used to characterize multiphase reacting flow in a FCC unit
including interracial drag and heat transfer, droplet dispersion and vaporization, two-parameter
multiphase turbulence, coke formation, and lumped integal reaction models, the particle-solid
interaction and droplet-particle heat transfer models [3-5].

ICRKFLO uses a two-step approach to simulate a mixture flow of many oil species. In the
first-step, the major gaseous species are lumped into broad categories: feed oil, light oil, and dry
gas and the above-mentioned multiphase reacting flow equations are solved. However, within
these oil species lumps exist a very large number of oil subspecies produced tiom numerous
kinetic reactions in the riser. These subspecies are not solved in the first-step flow calculation to
avoid numerical stitl%ess problems. In the second-step calculation, the transport equations of
these kinetic subspecies can be solved on the pre-determined flow field. Free from the interactions
with numerical fluctuation of the pressure and velocity during iteration, the calculation of the
partially de-coupled species transport equations becomes very stable numerically. A more
detailed description of the two-step approach is given by Chang et al. [3].

Numerical Scheme
The CFD code uses a control volume approach to convert the governing equations to

algebraic equations on a discretized grid system. The grid system is sfaggered and consists of four
grids: xl-, Xz-,and x3-momentum grid for the gas phase momentum equations and a scalar grid for
all the other equations. The algebraic equations are solved iteratively with the applicable boundary
conditions. There are two major iteration routines in the multiphase reacting flow simulation. The
first is for the gas flow calculation, and the second is for the droplet and particle flow calculation.



Patankar’s SIMPLER computational scheme [6] is used to solve the pressure linked momentum
equations.

In order to conserve computational time and still provide adequately accurate results, grid
sensitivity studies were conducted to choose final grids that gave grid-independent numerical
results to three significant decimal digits upon further grid refinement. An important feature of the
control volume approach used in the computational scheme 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. This feature helps to ensure that results are
physically realistic regardless of grid size and that trends in parametric studies are relatively
independent of grid size even for relatively coarse grids.

The simulated FCC reactor flow includes four gas species, five droplet size groups, a single
particle size group, and a coke species carried by particles. 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, the convergence criteria, defined as the average mass
residual of all computational cells, are 10-1”for the gas phase and 10-’for both the liquid and solid
phases. Generally in this application, with reasonable boundary conditions (e.g. inlet flow rates,
etc.), a converged solution can be obtained in about 1,000 global iterations. Each global iteration
includes ten gas phase iterations and three liquid and solid phase iterations. On a PentiumTMII 600
computer with 64 megabytes of random access memory, using a 32-bit FORTRAN compiler, this
computation takes about four hours.

RESULTS AND DISCUSSION
Staged, fluid catalytic cracking processes are deemed to have the potential to enhance FCC

performance in the areas of product selectivity, operating flexibility, throughput, reliability,
operating costs, and emissions.. In this stidy, three conceptual multi-stage FCC designs were
evaluated using the ICRKFLO code to determine their potentially higher gasoline yield. The three
designs are: I) three catalytic cracking risers in series with the same feed oil (Figure la); II) a
thermal cracking riser followed by a catalytic cracking riser (Figure lb); and III) two catalytic
cracking risers in series with heavier feed oil to the first riser and lighter feed oil to the second
riser (Figure 1c). A preliminary parametric study was conducted to investigate the gasoline yields
of these designs under various operating conditions. Some results are presented in the following.

Multi-Stage FCC Units in Series
A simplified sketch of the design I is shown in Figure la. The unit consists of three riser

sections. Each riser has different size, length, and cracking conditions. Riser 1 is the shortest in
length and the smallest in diameter. [t has very short resident time and the highest catalyst inlet
temperature. The resident time increases and the catalyst inlet temperature decreases for the
following risers. The catalyst temperatures are 980, 932, and 866 K, and the catalyst to oil ratios
are 28, 22.8, and 40 for the Risers 1, 2 and 3 respectively. Calculations were made for various
operating conditions, i.e., C/O ratio, cracking temperature, and residence time, to fmd a window of
operating conditions for higher gasoline yield in comparison to a typical FCC unit. The
simulation did find some cases of higher gasoline productions. An example is shown in Figures
2a and 2b.

Figure 2a shows a detailed distribution of the product yields according to the boiling point at
the exit of the three riser sections and Figure 2b compares the computed products in six groups:
heavy cycle oil (HCO), diesel, gasoline, liquid petroleum gas (LPG), dry gas, and coke. A set of
measured data ffom a high performance commercial unit is also plotted in these figures as a
reference point for comparison. In this example, design I produces about 2% more gasoline than
the reference case.
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Thermal and Catalytic Cracking Risers
Design II consists of a thermal cracking riser and a catalytic cracking riser as shown in Figure

1b. The thermal cracking riser is used to crack the heavy oil lightly and remove unwanted coke
and tieaw metals that are poisonous to the catalyst for the following FCC cracking. Again,
calculations of this design were made for various operating conditions to find a window of
operating conditions for higher gasoline yield in comparison to the reference FCC unit. Figures 3a
and 3b show an example of the computed results.

By selecting a high C/O ratio of 28, a catalysts high temperature of 980 K and short residence
time for the thermal cracking riser, oil droplets vaporize rapidly and only about 15°Afeed oil is
converted to lighter oil products. In the following catalytic cracking riser (C/0=14, TM=900K),
the oil vapors directly contact with the hot catalys~ resulting in good mixing and very high degree
of cracking. The gasoline production (63?40)of this example is much higher than the reference
value (51%).

&J()

0.18

0.16

0.14

0.12

0.08

0.06

0.04

0.02

0.00

1
● Reference

-. — - Thermal cracker
. . . . . .

A

Catslytic crecker
—Feed Oil

<

‘;.

t ‘. r

-!●/

60
{ I

9 Thermal cracker

ECatslytic Cracker

low high HCO Diesel Gasoline
Soling POilrr

LPG Dry Gas coke

(a) Distribution of Product Yields (b) Comparison of Six Product Groups
Figure 3 Computed Product Yields of the LPFCC Design H

20

10

0

ERker 1

❑ ❑ Riser 2

low high HCO Diesel Omdiie
Boiling Point

LPO Dry&r Coke

(a) Distribution of Product Yields (b) Comparison of Six Product Groups
Figure 4 Computed Product Yields of the LPFCC Design HI



Feed Stock Variation
A multi-stage FCC unit can be used to handle various feedstocks in different risers. Figure 1c

shows a simple example of this design with two risers for processing two types of feedstocks.
The feedstocks selected for this study are a heavier and a lighter feedstocks as indicated in

Figure 4a. Again, calculations of this design were made for various operating conditions to find a
window of operating conditions for higher gasoline yield in comparison to the reference FCC unit.
Computed results of an example are shown in Figures 4a and 4b. In this design, riser 1 (C/0=25,
T@=980K) uses higher catalyst temperature to crack heavier feed and riser 2 (C/0=23, TCW=923K)
uses lower catalyst temperature to crack lighter feed. By selecting appropriate operating
conditions, high gasoline yields can be obtained for various feedstocks. In this example, gasoline
yields of the risers 1 and 2 are Szy. and 58’-XO,respectively, higher than the reference value 51’70.

CONCLUSIONS
A validated CFD code was used to evaluate the gasoline yields of three conceptual multi-

stage FCC units. Results of the preliminary numerical simulations show that higher gasoline
yield can be achieved by adjusting the operating conditions, i.e., C/O ratio, temperature, and
residence time. The computed gasoline yield gain for the fmt design is moderate (about 2’%0).
The gain can be flrther increased from a more detailed optimization study or by using different
designs. The second and the third designs are examples of the various design arrangements. The
gasoline yield gains of these two designs are significant (more than 5 VO). Potential benefits of an
multi-staged FCC unit appear to include: 1) better control of product selectivity and 2) more
flexibility in handling a wide range of feedstock. However, since the optimal operating conditions
of these designs are all outside of the normal FCC operating conditions where the CFD code was
validatek fiuther validation of the code in these new found range of operation is needed.
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