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ABSTRACT
A computational analysis of the combined effects of feed oil injection parameters in a commercial-scale fluidized

catalytic cracking riser reactor was performed using a three-phase, multiple species kinetic cracking computer code. The
analysis showed that the injection operating parameters (droplet diameter and injection velocity) had strong impacts on
the gasoline yields of the FCC unit. A spray injection Reynolds number combining the two parameters was defined. A
correlation between the spray injection Reynolds number and the gasoline product yields for various feed injection
conditions was developed. A range of spray injection Reynolds number for the maximum gasoline yield was identified.

INTRODUCTION
One of the most important conversion processes in

the refining industry is fluidized catalytic cracking (FCC),
which converts heavy oil into gasoline and other lighter
oil products. The use of multiphase, reacting flow
computational fluid dynamics (CFD) to study the
cracking process can lead to the ways to improve the
performance of FCC units. The improvements could
include the increase of conversion rate and better
selection of product yields. Fine-tuning the product yield
distributions to increase selectivity for particular product
yield characteristics is also possible with detailed CFD
analysis. Feed oil injector design has been recently
recognized in the oil refining industry as having a
significant impact on the mixing of oil and catalyst in the
riser, and thus on the product yields [1]. The number of
injection operation parameters for controlling the FCC
riser performance is many. By defining a spray injection
Reynolds number, which combines the highly coupled
effects of important feed oil injection parameters (droplet
size and injection velocity), the number of controlling
parameters may be reduced; thus making the control of an
FCC unit an easier task. This number may also be used to
characterize the penetration of the feed oil droplets into
the main flow in the riser with its consequent effect on
feed oil vapor distribution as oil droplets vaporize.

A typical FCC unit consists of three major
components: a riser reactor, a separator, and a catalyst
regenerator. Heavy feed oil is injected into the riser
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section and undergoes vaporization and cracking reactions
in the presence of hot catalyst particles. The separator is
used to separate oil products from spent catalyst. The
regenerator is used to burn coke off the catalyst particles
for recycle to the riser. The processes that occur in a
typical riser section are illustrated in Figure 1. The
interaction between the three phases in the riser is the
hallmark of the FCC process, and each phase plays an
important role in the process dynamics. The riser section
of a commercial scale FCC unit is the focus of this study.

_ Oil products and w Cracking

Liti Gas “-----””

Figure 1 Mixing, Vaporization, and Cracking Processes
in a Riser Reactor

Computer simulation of FCC systems started with
kinetic calculations based on an assumed or simplified
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flow field. Weekman and Nate [2] used a three-lump
cracking kinetic model to predict gasoline production in a
FCC unit. The three lumps were feed oil, gasoline, and
dry gas. Later, with the advancement of computational
techniques and computer hardware, CFD codes were used
to simulate FCC flow. Theologos and Markatos [3]
incorporated Weekrnan and Nate’s lumped kinetic model
into a CFD code to simulate FCC riser reactors. Later,
Theologos et al. [4] expanded the model to incorporate
more species into the calculations. This code handles
only gas and particle phases. A separate FCC CFD code,
ICRKFLO, was developed at Argonne National
Laboratory [5]. ICRKFLO handles gas, particle, and
droplet phases. Droplet phase modeling is based on spray
combustion modeling of Zhou and Chiu [6]. To model
the cracking processes, ICRKFLO started with a four-
lump kinetic model developed by Dave, et al. [7], and
later the code was expanded to include a general kinetic
calculation for a larger number of oil species [8].
Recently, a new model was developed to describe heat
transfer in collisions between catalyst particles and large
droplets in the spray [9].

THEORETICAL APPROACH
An Eulerian approach is used to derive the governing

equations for the flow field. Separate transport equations
are written for each phase and the conservation equations
(mass, momentum, energy) which are non-linear elliptical
partial differential equations are solved for each phase.

Governing Equations
The gas flow accounts for gas species produced in the

riser as a result of droplet vaporization and cracking
reactions. It also includes the lifi gas for lifting the
catalyst particles at the entry, as well as the carrier gas for
breaking up liquid steam at the nozzle entry points. The
gas phases governing equations include conservation of
mass, momentum, enthalpy, and gaseous species,
transport of turbulent parameters, as well as ideal gas
equation of state and calorific equation of state. For
convenience of presentation, the governing equations for
the gas phase are put in a common form, Eq.(1):

(1)

in which &is a general flow property, p is gas density, @is
gas volume fraction, r is effective diffusivity, St is the
sum of source terms, and xi, and u,, i=1,3 are coordinates
and velocity components, respectively.

The liquid droplets in the spray are represented by a
spectrum of sizes. A droplet size spectrum is a required
component of the vaporization model, which shifts the
spectrum toward the smaller droplet sizes in order to
balance mass when the vaporization mass transfer
between the droplet and gas phase takes place. For the
liquid phase of the k’hdroplet size group, the governing
equations are derived from conservation of mass,

momentum, and energy. They can be put in a common
form, Eq.(2):

$ $(nkuckg-r,~)=s,, k=LK (2)
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in which nk is the droplet or particle number density of the
kthSiZt? group, uC.k,i,i=l,3 are droplet VdOC@ components
of the kti size group in the xi direction, r is droplet
diffusivity, and Sg is the sum of source terms.

The formulation of catalyst particle flow is similar to
that of the liquid phase except an additional transport
equation for coke. Particle governing equations include
equations of mass, momentum, energy, and coke. These
equations can be put in the same common form as the
droplet equations, Eq.(2).

Phenomenological Models
In the governing equations, the turbulence

coefficients and source terms need to be determined from
phenomenological models. Major phenomenological
models include: an interracial drag and heat transfer
model, a lumped time-integral reaction model, a coke
interphase transfer and transport model, a multiphase two-
parameter turbulence model, and a droplet vaporization
model. The reaction and vaporization models are relevant
to this study and will be discussed in details in this paper.
Information regarding the other models may be obtained
from Chang et al. [5,8].

Droulet Vaporization Model The droplets in the feed oil
spray are represented by discrete size groups and range in
size from 30 to 3000 pm [10]. The droplet size
distribution at the injection site is given by a four-
parameter function [6, 11], Eq.(3):

g(r) = brce-ar” (3)

in which r is the droplet radius, g is the number of
droplets in the size interval dr about r. The parameters a
and b are related to the total number density and volume
mean radius. The parameters c and d determine the width
and height of the number density distribution, and need to
be determined empirically.

After the feed oil droplets are injected into the riser,
they are heated by the particlelgas flow and vaporize.
The vaporization rate of the feed oil droplets is based on a
single stationary droplet [12] with modifications to
include a Ranz-Marshall correction [13] for convective
effect. The droplet vaporization rate then becomes Eq.
(4):

(4)

in which r is droplet radius, 1. is the gas conductivity, CPis
the gas specific heat, B is the transfer number, and NU5is



the Nusselt number. The total vaporization rate is
determined by integrating the product of the single droplet
vaporization rate and the spray distribution function over
the droplet size spectrum.

4-Lumt3 Cracking Reaction Model Once the droplet mass
has been transferred into the gas phase, the feed vapor
undergoes cracking reactions. The 4-lump kinetic model
divides oil species into four lumps: feed oil (PO),light oil
(pI), dry gas (PJ, and coke (CJ. 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 C5 and below. Coke,
a byproduct of the cracking reaction is mostly carbon.
Two cracking reactions are considered including: (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.
These reactions are denoted as follows:

in which al, a2, a3, bl, and b2, are the stoichiometric
coefficients that can be determined from the mass balance
of these species.

NUMERICAL APPROACH
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 is used to convert
the governing equations to algebraic equations on a
discretized grid system. The grid system is staggered,
consisting of four grids: three momentum grids for the gas
phase momentum equations and a scalar grid for all the
other equations. The algebraic equations are solved
iteratively with proper boundary condhions. Patankar’s
SIMPLER computational scheme [14] is used to solve the
pressure linked momentum equations.

A grid sensitivity study was conducted to choose a
grid system on which numerical results of three
significant digits Cm be obtained regardless of fhrther
grid refinement. The chosen grid saves computational
time and memory space and still provides adequately
accurate results. 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, a single particle size group, and a
coke species carried by particles. A calculation is
considered converged if the local and global mass
balances of the three phases are smaller than a set of
predetermined criteria. For this study, convergence
criteria, detined by average mass residual of all

computational cells, are 10-10 (in dimensionless form,
normalized by the gas mass flow rate) for the gas phase
and 10-7for both the liquid and solid phases. Generally in
this study, with reasonable boundary conditions (inlet
flow rates etc.), a converged solution can be obtained in
about 2000 overall flow calculation iterations.

RESULTS AND DISCUSSION
Many features of the computer code used in this

study have been validated by comparing the
computational results obtained tlom the code with
experimental data from pilot-scale and commercial-scale
risers as well as open literature. A sample comparison of
experimental and calculated product yields is shown in
Figure 2. More validation comparisons may be found in
Chrmg et al. [5,8,9,15].
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Figure 2 Comparison of Measured with Calculated
Product Yield

The validated ICRKFLO has been used to predict
velocity, pressure, temperature, species, and catalyst
distributions, as well as droplet vaporization rates of
various FCC riser reactor designs. A number of
parametric studies were performed for the optimization’ of
the FCC riser performance.

Effects of Spray Injection Reynolds Number
In the parametric studies of spray injection

conditions, a strong coupling effect of the droplet
diameter and the injection velocity was found on the riser
performance. In order to characterize this effect, a
combined parameter was defined as the spray injection
Reynolds number as shown in Eq.(5):

2f3rkVinj
Re,i = ——————

P
(5)

in which p and K are oil vapor density and viscosity,
respectively, rk is the droplet radius, and Vinj is the droplet
injection velocity. It represents the ratio of injection
inertia forces from droplet momentum and droplet drag
forces.

In this study the effects of the spray injection
Reynolds number on gasoline product yields were
investigated for a commercial-scale FCC riser. A number
of computations were performed with different Reynolds



numbers as well as different combinations of mean
droplet size and injection velocity for the same spray
injection Reynolds number. The computational domain
of the riser is three-dimensional and its schematic is
shown in Figure 3.
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Figure 3 Riser Configuration (side and top views)

The conversion rate of the crude oil from the
injection sites into gasoline at the riser exit was use to
gauge the effectiveness of the feed oil injection process.
Calculations were made for various injection velocities
and droplet sizes. The computed gasoline yields appear to
correlate with spray injection Reynolds number very well.
Figure 4 shows the computed gasoline product yields
versus the spray injection Reynolds number normalized
by a reference value. There is an optimum normalized
Reynolds number range of 0.2-0.4 to produce maximum
gasoline yields.
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Figure 4 Gasoline Yields for Various Spray Injection
Reynolds Numbers

This optimum range is broad enough to provide an
operating window that will remain relatively insensitive
to small changes in the spray injection Reynolds number,
while still producing high gasoline yields. As the spray

injection Reynolds number moves toward either end of
this window, however, small changes in the spray
injection Reynolds number produce a significant decrease
in gasoline yields. A spread of data is seen for the
different combinations of mean droplet size and droplet
velocity producing the same spray injection Reynolds
number. This is due to the other important implications
of changing the mean droplet size of the spray. As the
mean droplet size is varied, factors that are dependent on
droplet size change accordingly. These factors include
drag force, interracial heat transfer and droplet
vaporization. Large droplets injected at a low velocity
may share the same spray injection Reynolds number as
smaller droplets injected at a larger velocity, but the heat
transfer, vaporization rates and drag forces experienced
by each of the droplet sprays will vary. Large droplets
will take longer to completely vaporize than small
droplet, and will experience less of a drag force than
smaller-sized droplets.

In general, at very low Re,i number, droplets do not
penetrate well due to small inertia and at very high Re,i
number, the evaporation of droplets occur slowly because
of the over-penetration of droplets to the riser center. At
the optimum Re,i number, droplets penetrate evenly
across the riser and evaporate quickly enough for high
degree of cracking. This can be seen more clearly in the
flow property distributions presented in the following.

Flow Property Distributions
A comparison of three cases with different values of

spray injection Reynolds number and the subsequent
effects on droplet number density distribution, gas
temperature field, and gasoline concentration in the riser
are presented in the following sections with the aid of
contour plots, in which darker colors represent higher
values and lighter colors represent lower values of the
flow properties.

Droplet Number Densitv The vaporization rate of the
feed oil droplets in the riser not only depends on their size
and properties, but also on their distributions in the riser.
Droplets need a sufficient amount of momentum in order
to penetrate into the main flow of the riser. The
distribution of droplets in the riser will determine the
degree of mixing with the particles in the main flow. An
even mass distribution is necessary to produce a high
gasoline yield. The droplet number density distributions
in the riser for cases of spray injection Reynolds number
in the optimum range versus two out of the optimum
range are shown in Figure 5. Case (a) corresponds to a
relatively low spray injection Reynolds number, while
case (b) is a moderate spray injection Reynolds number in
the optimum range. Case (c) corresponds to a relatively
high spray injection Reynolds number well out of the
optimum range. The droplets in case (a) are localized
near the injection zone. At a low spray injection
Reynolds number, the small mean size and injection
velocity of the feed oil droplets produce small inertia and



less penetration. Consequently, droplet vaporization
occurs soon after injection into the riser. The short
lifetime of small droplets may be seen by the lack of
droplets a short distance above the injection zone. In case
(b), the droplet mass is spread out over the riser cross
section well, and the droplets exist in liquid form long
enough to produce desirable vaporization and cracking,
while still being able to completely vaporize before the
exit of the riser. The feed oil droplets in (c), due to a high
spray injection Reynolds number, are unable to
completely vaporize before the exit of the riser because of
the very large momentum of the spray. The combination
of large droplet size and high injection velocity produces
over-penetration of the droplets into the riser and long
evaporation time.

(a) (b) (c)
Figure 5 Droplet Number Density Distributions

(Size Group 3)

Gas Temperature The effects of the spray injection
Reynolds number on gas temperature in the riser for
different values of spray injection Reynolds number low,
(a), moderate, (b), and high, (c) are shown in Figure 6,
The gas temperature contour plots in Figure 6 are
indicative of the distribution of the droplets in the riser.
Low temperature in the injection zone is due to the
presence of relatively low temperature droplets.
Interracial heat transfer occurs and energy from the main
flow is utilized for droplet vaporization and cracking
react ions. The droplets in the low spray injection
Reynolds number case, (a), lack the inertia to produce an
even distribution of droplet mass across the riser cross
section. The high temperature in the center of the riser in
(a) represents poor utilization of energy due to lack of
droplets in the central zone. The opposite effect can be
seen in (c). The large momentum of the spray causes the
droplets to penetrate quickly into the center of the riser,
lowering the temperature in the central section. The even
temperature distribution seen in (b) is a result of the even
distribution of the droplet mass across the riser cross-
section, and the timely utilization of the flow energy.

950 9S0

., ,,

800

,

(a) (b) (c)
Figure 6 Effects of Re,i on Gas Temperature

Gasoline Yields The effects of three different spray
injection Reynolds numbers on gasoline concentrations in
the riser are illustrated in Figure 7. The three cases are
again a relatively low, moderate, and high spray injection
Reynolds number, respectively. In case (a) there is a high
concentration of droplets around the riser perimeter in the
injection zone. This area of the riser” is where the
vaporization and cracking reactions occur. The result of
low activity in the center of the riser produces low
concentrations of gasoline in the center of the riser, which
in turn results in a lower concentration of gasoline at the
riser exit. In case (c) there is a high concentration of
droplets in the center of the riser. This results in the
development of a “cold zone” where little vaporization
and cracking reactions can occur. The larger droplets also
take longer to vaporize, and this results in a much lower
concentration of gasoline the riser exit. In case (b) of the
optimum range, the good penetration and mixing results
in the proper vaporization of the droplets and thus high
degree of cracking, producing a high concentration of
gasoline across the entire riser exit.
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Figure 7 Effects of Re,i on Gasoline Yields



CONCLUSION
A computational analysis of the three phase, reacting

flow in a commercial-scale FCC riser was performed
using a computer code developed at Argonne National
Laboratory. Coupled effects of two important operating
parameters were investigated. The mean droplet size and
droplet injection velocity of the feed oil injection spray
were combined into one parameter, the spray injection
Reynolds number. It describes the penetration of the
droplets into the main flow of the riser, as well as
determines the subsequent mixing, vaporization and
reactions that occur in the riser. A correlation of spray
injection Reynolds number and gasoline yield was found.
An optimum spray injection Reynolds number range was
determined for the set of operating conditions examined
in this study. Maximum gasoline yields can be produced
by adjusting the spray injection Reynolds number.
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