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Fluid catalytic cracking (FCC) is a refining process for converting heavy oils to valuable products such as gasoline and
olefins. Modeling of this process is quite challenging. A common assumption has been that vaporization is instantaneously fast
and cracking is negligible in the injection zone. Relaxing this assumption, an approach for quantifying the effect of injection
zone cracking on FCC performance is developed. The approach combines a Lagrangian description of the spray behavior with
an Eulerian modeling of transport-cracking coupling in the FCC riser. Included in the model are droplet vaporization, a four-
lump kinetic network, spray penetration trajectory, solid-fluid and solid-solid collisions, and multispray interactions.
Parametric studies show that precracking in the injection zone plays an important role in steering the overall performance of
an FCC riser. The model developed here can accommodate a large number of reactions, thus, allowing for composition-based
modeling of the FCC process. VVC 2012 American Institute of Chemical Engineers AIChE J, 59: 1226–1235, 2013
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Introduction

Fluid catalytic cracking (FCC), the primary conversion
process in oil refining, produces olefins, gasoline, and distil-
lates. It removes sulfur and upgrades residue. In this process
the liquid feed enters into the bottom of a riser reactor
through multiple atomizers installed circumferentially on the
reactor wall, as Figure 1 shows. The issuing liquid jet expe-
riences transverse impingement of the upward flowing cata-
lyst that is extremely hot. The oil drops are vaporized and
cracked upon colliding with catalyst particles. After rising
through the riser, the catalyst goes through cyclones and a
steam stripper. It is then fed to a regenerator to burn off the
coke and returns to the riser to complete the circuit. The
heat generated in the regenerator is used to vaporize and
crack the hydrocarbons in the riser.

The focus of this study is on the riser reactor, which can be
qualitatively divided into three zones as drawn in Figure 1.
Zones 1, 2, and 3 are labeled as feed injection, dense phase,
and dilute phase, respectively. With the high-activity of modern
catalysts, FCC risers have very short contact times. The major-
ity of the cracking and catalyst deactivation occurs in zone 2
where the temperature and catalyst-to-oil ratio are high. Much
effort has been expended on the design of feed nozzles and
improvement on injection zone mixing and dispersion. While it
is desirable to generate small oil drops for fast vaporization,
too small drops may lack enough momentum to penetrate far
into the riser center zone, thus, wasting the catalyst there.

FCC units are designed to crack a wide variety of refinery
feedstocks under various conditions. It is essential that an
FCC process model can capture the dominant features of
kinetics-hydrodynamics interactions, so it can be used for
extrapolation purposes. Also, the model should be able to
predict product yields, composition, and quality. It is, thus,
important to develop robust models based on feedstock com-
position. Such models allow refiners to take full advantage
of recent advances in analytical chemistry, computing,
instrumentation, and control. An example of such a composi-
tion-based model contains over 3,000 chemical species and
30,000 reactions.1 The energy industry takes advantage of
economies of scale. Hence, even a small change in product
slate has a significant impact on economics, making predic-
tive modeling even more important.

In a previous study2 we developed an FCC riser model

that quantifies interactions between hydrodynamics and

cracking kinetics—with emphasis on the dense—phase
zone (zone 2), where catalyst-catalyst collision plays a key

role. The model is represented by a set of first-order ordi-

nary differential equations, and, therefore, can accommo-
date a large number of reacting species (hence, an even

larger number of reactions). As such, this one-dimensional

(1-D) model is ideally suited for molecule-based modeling,
product differentiation, real-time optimization, online moni-

toring and control, feedstock selection, and plant monitor-

ing. This stands in sharp contrast to computational-fluid-dy-
namics-based multidimensional models in which the num-

ber of reactions is quite limited. Advancing the

hydrodynamic capabilities of existing 1-D models to a
higher level has been our strategy for modeling the FCC

process. We did so for zone 2 previously2 and now turn our

attention to zone 1 in this study.
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Most prior FCC models overlook catalytic cracking in the
feed injection zone. The underlying assumption has been that
the cracking time scale is much longer than the time scale of
interfacial transport in the injection zone. So the liquid spray
‘‘instantaneously’’ vaporizes and reaches a thermal equilibrium
state with the surrounding medium before cracking sets in.
From an overall energy balance, one then calculates an overall
catalyst volume fraction and an average gas velocity, which
are used as the inlet condition (z ¼ 0 in Figure 1) for cracking
in the main part of the riser (zones 2 and 3 in Figure 1).

Reasonable as the aforementioned approach may seem,
whether precracking in the injection zone can be ignored
with impunity remains an open question. In FCC it is impos-
sible for any oil drop to avoid colliding with catalyst even
though the droplet volume fraction is very low.3 Within the
injection zone, there are many interacting physicochemical
subprocesses (spray deflection, penetration, vaporization,
etc.) that are governed by droplet-catalyst collision. Given
the high temperature and high-catalyst density in this zone,
it is not unreasonable to expect that highly reactive species
start to crack.

In light of the above, the present study, and building on
our previous work,2 aims to examine the extent of precrack-
ing in the injection zone and its impact on the overall con-
version and selectivity. Specifically, we present an elemen-
tary model for a quantitative analysis of the physicochemical
events taking place in the injection zone. The model captures
some salient features of the coupling between interfacial
(momentum, heat, and mass) transport and cracking reactions
in this zone. Among them are solids and gas entrainments,
spray penetration trajectory, droplet-catalyst collision, droplet
vaporization, transition from a vapor–liquid–solid flow to a
vapor-solid flow, interactions of multiple sprays, and a four-
lump cracking kinetic network.

The article’s layout consists of an analysis of the spray
generated from a single plain circular nozzle, followed by

modeling of multiple nozzles using a superposition approach,
and last calculation results. It is found that precracking in
the injection zone plays an important role in steering the
FCC product slate.

Overview of Prior Work

While the literature on FCC research and development is
vast, to the best of our knowledge, very little modeling or
experimental work has been done on the impact of precrack-
ing in the injection zone on FCC riser performance. Here we
present a brief review of some relevant prior studies. Several
studies were conducted to gain a better understanding of the
hydrodynamics of a single- or multiphase jet discharged into
gas-only or fluidized gas–solid flow in the absence of chemi-
cal reactions. These studies discussed gas and solid entrain-
ment characteristics of single-phase gaseous jets into gas–
solid fluidized beds4–6 or gas-liquid spray jets into gaseous
media.7–9 There are several studies of the effects of droplet-
particle collisions on spray penetration and vaporization in
fluidized gas–solid flows: laboratory-scale experiments,10,11

empirical or fundamental modeling,12–18 and full-field nu-
merical simulation.19,20 A number of investigators studied
the impact of feed injection design on FCC product yields
(e.g., gasoline, light fuel oil, etc.). They examined such
effects as injector geometry,21 atomization,22,23 and spray
injection parameters.24,25 All these prior studies developed
multidimensional models based on computational fluid dy-
namics. As a result, the numbers of reacting species and
reactions are necessarily small. Moreover, none of these
studies considered systems in which vaporization, spray pen-
etration, and cracking are interactively governed by droplet-
catalyst collision.

Here we use a simple four-lump kinetic model26 to illus-
trate how we further enhance the hydrodynamic capability of
a 1-D riser model developed previously.2 As Figure 2 shows,
vacuum gas oil (VGO) is simultaneously cracked into gaso-
line, light gases, and coke. These primary reactions are sec-
ond-order. Due to the high temperatures (e.g., 700–900�K)
used, gasoline is further cracked to coke and gases. These
secondary reactions are first-order, the gravimetric rate con-
stants of which have the units of g oil/s/g cat. Here ki (i ¼
1 � 5) are taken as intrinsic rate constants.

Single Spray Injected into Unbounded Cross-flow
of Hot Catalyst

Referring to Figure 3a, we consider a plain-orifice atom-
izer that injects a compact, uniform spray at an angle into an
unbounded cross-flow of hot catalyst particles (open circles
in Figure 3a). The temperature of the catalyst is far higher
than the boiling point of the heaviest component of the oil
drop (filled circles). The collision between the high-velocity
liquid jet and the flow of massive catalyst particles promotes
intense momentum and heat transfer, leading to bending of
the spray, vaporization of the drops, and cracking of reactive

Figure 1. Schematic diagram of an FCC riser reactor.

Figure 2. Four-lump catalytic cracking network.
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hydrocarbon species. During the flight from the nozzle exit to-
ward the riser center, the drop’s surface decrease can be esti-
mated by the classical D2-law where D is the drop diameter.27

The hydrocarbon vapor flows both radially and axially, as
shown in Figure 3a. Figure 3b depicts that the catalysts inside
the spray region come either from the vapor-jet entrainment
or from the particle convective flow. Note also that the cata-
lyst particles can flow through as well as passing around the
spray region. Thus, we deal with a system involving
interphase transport accompanied by cracking in a vaporizing
gas–solid–liquid flow governed by drop-catalyst collision. To
develop as simple a model as possible and capture most of
the dominant features of the system, we make the following
assumptions. (1) The adiabatic riser is at a quasi-steady state,
(2) the spray is symmetric, (3) catalyst entrainment in the
spray region is driven by the gas jet, (4) a local thermal equi-
librium between hot particles and gas phase is quickly estab-
lished outside the spray region, (5) drop-size variation can be
represented by an average drop size, (6) thermophysical prop-
erties are constants, (7) heat transfers by radiation and natural
convection are negligible, (8) the same catalyst deactivation

function can be used for all reactions, and (9) hydrocarbon
vapors and steam behave like an ideal gas.

Governing equations

Referring to Figure 4a, we use a deterministic Lagrangian
trajectory approach to develop the governing conservation
equations for the three-phase flow in a (n, g) coordinate sys-
tem along the spray’s centerline.18 The spray is injected at
an angle h to the horizontal into an unbounded cross-flow of
hot catalyst. The derivation of the conservation equations in
the (n, g) coordinate system is detailed elsewhere,28 which
was an extension of the treatment for a nonreacting sys-
tem.18 The general forms of the mass, momentum, and
energy balance equations over a control volume in each
phase are of the following form28

d

dn
aiqiuiA/ið Þ ¼ S/i þ S1 (1)

When the index i takes on the ‘‘values’’ g, d, and s, the
corresponding phases are gas, liquid (droplet), and solid,

Figure 3. Spray injection into cross-flow of hot catalyst: (a) spray in gas-solid flow, and (b) ambient solid flow.

Figure 4. (a) Coordinate system used for tracking spray trajectory, (b) conversion of n-coordinate to z-coordinate.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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respectively. The expressions for /i,S/i and Si are shown in
Table 1 in which momentum terms in the g- and n-directions
are associated with sinh and cosh, respectively. The physical
meanings of the symbols are listed in the nomenclature sec-
tion. The ambient flow conditions are denoted by the subscript
1. The bending of the spray, described by the g-component
of the spray momentum, is mainly caused by the collision
between the spray and the upward flow of hot catalyst as well
as by the gas drag on the spray. The deflection of the spray in
the n-direction can be expressed by the ratio of g-component
momentum to its total momentum. This leads to the following
equation for the variation of h along the n direction

dh
dn

¼ S/i þ S1 (2)

where the first term on the righthand side represents the effect
of drag force on jet bending. The second term represents the
momentum increase in the g-direction by the droplet-catalyst
collision arising from the cross-flow of catalyst into the spray.
Figure 4b shows how the (n, g) coordinate for the spray is used
to calculate the height of the spray penetration in the
z-coordinate (riser).

In FCC riser reactors, steam is injected upstream of the
feed injection zone to help disperse the catalyst. The effect
of steam on cracking kinetics can be neglected. Based on the
four-lump kinetic model, the molar concentration balance
equations for each chemical lump as well as steam can be
written as follows

d

dn
CjugA
� �

¼ C1jUsAþ C2jUsAþ C3j (3)

where Us is the catalyst deactivation function due to coke
deposition on the catalyst surface.29 Where the index j takes on
the ‘‘values’’ 1, 2, 3, 4, and 5, the corresponding species are
VGO, gasoline, light gases, coke, and steam, respectively. The
expressions for C1j, C2j, and C3j, are listed in Table 2.

The gas density of the vapor mixture can be obtained
based on the ideal gas law

qg ¼
P

RTg

P5
j¼1 CjMj

� �
P5

j¼1 Cj

(4)

The volume fractions of the three phases are constrained
by

as þ ag þ ad ¼ 1 (5)

Note that the ambient flow conditions are denoted by the
subscript 1 in Tables 1 and 2.

Note that Eqs. 1 and 2 together comprise 10 equations gov-
erning the hydrodynamics of the three-phase flow. Equation 3
comprises five equations accounting for cracking reactions and
catalyst deactivation. With Eqs. 4 and 5, we have 17 coupled
governing equations for 17 independent variables (h, ug, ag,
Tg, ud, ad, Td, us, as, Ts, C1, C2, C3, C4, C5, qg, and A).

Correlations and constitutive relations

To complete the problem statement, we need to supple-
ment the aforementioned equations with constitutive rela-
tions and correlations for various physicochemical subpro-
cesses (e.g., vapor flow induced by ambient convective flow
and spray penetration). The volume of catalyst within the
spray is governed by the combined actions of entrainment by
the spray, vapor-driven acceleration along the spray trajec-
tory, and the convective flow of catalyst outside the spray.
Tables 3a and 3b list various correlations and constitutive
relations that are derived mechanistically, empirically, or
phenomenologically. The details of the correlations and other
supplementary information can be found elsewhere.28

In Table 3a C/O is the local catalyst-to-oil ratio along
the spray jet, while the pre-exponential factor kio is molar-
based, which can be expressed in terms of mass-based pre-
exponential factors kio.

2 Note that a portion of the gas-vapor
mixture will leave the spray region as a result of the strong
convective cross-flow of the ambient gas–solid mixture. The
extent of this outflow, measured by a dimensionless number
denoted by c, depends on the momentum ratio of the cross-

Table 1. Definitions of /i and Source Terms in Eqs. 1 and 228

Phase Equation /i S/i S1

Gas Continuity 1 _mgel� cagqgugl _mvA

n - Momentum ug _mgeug1l cos h� c agqgu
2
gl _mvudA� FDd þ FDsð ÞA

Energy cpgTg _mgelCpgT1 � cagqgugCpgTgl _mvLAþ ECs � ECdð ÞA� ER

Liquid Continuity 1 � _mvA 0

n - Momentum ud � _mvudA FDd � FCdsð ÞA

g - Momentum -
nd 3plddug1 sin h
� �

agqgu2
g þ adqdu

2
d þ asqsu2

s

� � as1qs us1 sin hð Þ2l

agqgu3
g þ adqdu

3
d þ asqsu3

s

� �
A

Energy cpdTd � _mvL:A ECds þ ECd

Solid Continuity 1 _mselþ _mspl 0

n - Momentum us ð _mselþ _msplÞuse cos h FDs þ FCdsð ÞA
Energy cpsTs ð _mselþ _msplÞCpsT1 �ECds � Ecs

Table 2. Coefficients for Eq. 3
28

Lump C1j C2j C3j

VGO � k1 þ k2 þ k3ð ÞC2
1 0

_mvA

M1

� cC1ugl

Gasoline
M1

M2

k1C
2
1 �ðk4 þ k5ÞC2 �cC2ugl

Light Gases
M1

M3

k2C
2
1

M2

M3

k4C2 �cC3ugl

Coke
M1

M4

k3C
2
1

M2

M4

k5C2 �cC4ugl

Steam 0 0
_mgel

M5

� cC5ugl
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flow to the spray flow. This is expressed as a power law
with an exponent n as follows

c ¼
as1qsu

2
s1 þ ag1qgu

2
g1

asqsu2
s þ agqgu2

g þ adqdu
2
d

 !n

(6)

The value of n varies from 0 to 1. We set n ¼ 0.75 in this
study.

The cracking reaction in an FCC unit starts as soon as the
feed vaporizes, so modeling of the droplet vaporization is
very important. The energy received by the droplet is mostly
consumed by sensible heating and vaporization. Hence, the
droplet vaporization rate _mv can be calculated by

_mv ¼ vv
Ecds þ Ecs

L
(7)

where

vv ¼
L

Lþ Cpd Tbd � Tbð Þ (8)

The mass flux of particles penetrated into the spray jet
region depends on a momentum ratio as follows

_msp ¼ as1qsus1 sin h exp � as1qs us1 sin hð Þ2

asqsu2
s þ agqgu2

g þ adqdu
2
d

 !
(9)

The term in the denominator represents the momentum of
the jet flow, whereas that in the numerator represents the
momentum of the ambient particles flowing into the fluidized
bed perpendicular to the jet.

Interaction of Two Feed Nozzles

A prominent feature of the feed injection zone in a com-
mercial FCC riser reactor is the interactions of multiple
sprays. Referring to Figures 5a and 5b, here we consider two
symmetric sprays as an example to illustrate how the interac-
tions of multiple sprays are treated. From modeling pur-
poses, the feed injection zone can be qualitatively divided
into three regions shown as the shaded area in Figure 5a. In
region I, the two sprays do not interact with each other,
whereas they become overlapped in region II. The vapor
passing through region III contains no oil drops. The vapor
flow in region III is driven by the convection of ambient cat-
alyst particles; here the extent of cracking is taken into
account in the model, as will be seen later. The vaporization
and cracking of the feed lead to cooling, volume expansion,
and acceleration of both catalyst and hydrocarbons. As a
result, the ambient flow conditions undergo significant
changes in this region. As such, the concentrations, veloc-
ities, and temperatures of ambient catalyst and vapor-gas
mixture must be determined from solving the jet-interaction
equations.

Figure 5b shows a simple model for studying transport-
reaction coupling in region III. It consists of a number of
‘‘microrisers’’ evenly distributed along the spray path. The
transport-reaction processes in each microriser are modeled
using the approach developed previously.2 The same is true
for modeling the flow and reaction in the spray-overlapped
region. The details of this approach are available

Table 3a. Constitutive Relations and Correlations28

Physical meaning Symbol Expression

Drag force FDi nicDi
p
8
d2
i qgjug � uij ug � ui

� �
i ¼ d; s

Collision momentum transfer FCds fds
msmd

msþmdð Þ ud � usð Þ

Collision frequency30 fds gcondns
p dsþddð Þ2

4
jus � ud j

Collision efficiency17 gco gco ¼ 1 þ 34 dd
ds

q
qs

1
Resd

� ��2

Collision heat transfer ECds fds
p
6
d3
s qsCp;sðTs � TdÞ

Reaction heat ER �
P5
i¼1

ri:DHiA

Heat convection Eci nipd2
i hiðTg � TiÞ i ¼ d; s

Heat transfer coefficient hi hi ¼ NuiK
di

i ¼ d; s

Nusselt number for
evaporating droplet31

Nud
2þ0:6Re�0:5

d Pr0:333

1þCp ðTg�Td Þ
L

� �0:7

Nusselt number for particle32 Nus 2 þ 0:6Re0:5
s Pr0:333

Reaction rate Constant ki ki ¼ �ki0
C
O

� �
exp � Ei

RTi

� �

Table 3b. Empirical Correlations
12

Item Symbol Correlation

Gas or solid
entrainment

_mgee , _mse ai1qg1 0:06ðui � ui1 cos hÞ½
þ0:3ui1ðcos h� cos h0Þ�

i ¼ d; s

Figure 5. Interactions of two symmetric sprays: (a)
shaded area represents the feed injection
zone, (b) Multimicroriser model for region III.
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elsewhere,28 so we do not dwell on them here except to
show how an average field variable (concentration, velocity,
etc.) at the end of feed injection zone is calculated. Let / be
a field variable obtained from averaging over the riser cross-
sectional area. We then have

�/ ¼ /0A0 þ /1A1 þ x
Pm

i¼1 /ciAci

AR
(10)

Where AR is the riser cross-sectional area, m the number
of microrisers, and x the number of nozzles. The subscripts
1, 0 and c represent the ambient, overlapping, and micror-
iser regions, respectively. The results obtained in this section
are used as the inlet conditions for solving the governing
transport-reaction equations for the remaining part of the
riser (combined zones 2 and 3 in Figure 1).

Case Study: Results and Discussion

With the modeling framework developed perviously, we
are now in a position to ascertain how the feed zone hydro-
dynamics and reaction affect the riser performance.

Operating conditions and system parameters

The riser inlet conditions used here are comparable to
those used in commercial FCC units. The regenerated cata-
lysts are fed to the riser through a J-bend with steam aera-
tion (Figure 1). The FCC feedstock considered is a typical
VGO. Table 4a lists the values of operating parameters and
thermophysical constants, while Table 4b lists kinetic con-
stants.

Transport and reaction characteristics of a single
feed spray

To validate our model, it would be ideal to have experi-
mental data on vaporizing spray with cracking reactions in a
fluidized bed of catalysts. However, to the best of our
knowledge, no such data are available in the open literature.
Notwithstanding this, we point out that our hydrodynamic
model of a vaporizing spray has been validated against ex-
perimental measurements in a nonreacting fluidized bed.34 In
what follows we consider a single spray penetrating into an
unbounded flow of catalyst. The main task is to quantify the
extent of cracking inside the spray. To this end, we need to
calculate catalyst concentration, penetration length (hence,
oil residence time), and temperature inside the spray. The
results will be used to investigate the behavior of multiple
jets in the injection zone.

Figures 6 and 7 show the profiles of velocities and volume
fractions of the solid, gas, and droplet phases in the spray
region, respectively. As can be seen from Figure 6, both gas
and droplet velocities decrease along the spray trajectory,
which can be attributed to the catalyst entrainment by the
spray and the momentum transfer to the catalyst via drag
force and droplet-particle collision. Due to droplet’s higher

Table 4a. Operating Parameters and Thermophysical
Constants

Parameter Value

Catalyst feed rate (kg/s) 192
VGO feed rate (kg/s)/Catalyst flow rate (C/O) 25.2/7.6
Riser diameter (m) 1.0
Riser height (m) 35
Riser inlet temperature (K) 925
Inlet riser pressure (atm) 3.15
Number of nozzles 8
Nozzle radius (mm) 15
Nozzle injection angle (degree) 30
Gaseous jet velocity (m/s) 53
Gas thermal conductivity (w/m K) 0.0415
Gas viscosity (Pa s) 5e-5
Gas thermal capacity (J/kg K) 2250
Crude oil molecular weight (kg/kmol) 400
Gasoline molecular weight (kg/kmol) 108
Light gases molecular weight (kg/kmol) 28
Coke molecular weight (kg/kmol) 32
Steam molecular weight (kg/kmol) 18
Droplet volume fraction at injection 0.0764
Droplet velocity at injection (m/s) 35
Droplet temperature at injection (K) 350
Droplet size at injection (lm) 100
Droplet density (kg/m3) 900
Droplet saturated temperature (K) 425
Droplet latent heat (J/kg) 220160
Droplet thermal capacity (J/kg K) 2093
Solids (catalyst) size (lm) 75
Solids thermal capacity (J/kg K) 1214
Solids bulk density (kg/m3) 1400
Solids volume fraction at riser inlet 0.35
Steam velocity at riser inlet (m/s) 1.7

Table 4b. Parameters of Four-Lump Kinetic Model
33

Cracking Reaction DHi, kJ/kg
kio, g oil/
(s� g cat) E, kJ/kmol

VGO ! Gasoline 195 1457.5 57359
VGO ! Light Gases 670 127.59 52754
VGO ! Coke 745 1.98 31830
Gasoline ! Light Gases 530 256.81 65733
Gasoline ! Coke 690 0.022 66570

Figure 6. Solid, gas, and droplet velocities along the
spray trajectory.

Figure 7. Solid, gas, and droplet volume fractions
along the spray trajectory.
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inertia, the droplet velocity decreases more slowly than the
gas velocity. The solid velocity, after an initial dip due to
entrainment and solid-droplet collision, gradually increases
due to the momentum gain from the gas and droplet phases.
The system asymptotically reaches an equilibrium state
where all three phases have the same velocity. With the
intense vaporization and jet expansion, the droplet volume
fraction diminishes along the spray trajectory, as Figure 7
shows. The increase in solid volume fraction is attributable
to the jet entrainment (especially in the initial jet region),
and the enhanced convection driven by the ambient catalyst
flow. The solid volume fraction approaches its ambient level
at the end of the spray region. While the gas volume is
expected to increase rapidly due to droplet vaporization and
cracking, some of the gas was drawn out of the spray region
by the strong convection of ambient gas–solid flow, as
Figure 8 shows. Due to the increased solid volume fraction
and the diminishing droplet volume fraction, the gas volume
fraction in the spray region asymptotically reaches its ambi-
ent value, as displayed in Figure 6.

Figure 9 depicts the solid and gas temperatures along the
spray trajectory in the presence and absence of precracking.
The initial dip in catalyst temperature (and the corresponding
sudden increase in gas temperature) is largely due to the
strong, localized solid entrainment by the relatively ‘‘cold’’
liquid jet in the vicinity of the nozzle exit. Further decrease
in the solid temperature is attributable to liquid vaporization.
As Figure 9 shows, the temperature decrease due to endo-
thermic cracking is rather small under the conditions consid-

ered. As mentioned earlier, most of the gas is drawn out of
the spray region by the convective ambient flow.

The extent of precracking can best be seen by calculating
the concentrations of the cracking products in the spray
region. Figure 10 plots the gas-phase molar concentrations
of the four chemical lumps and steam. As the spray pene-
trates into the ambient gas–solid flow, the VGO concentra-
tion in the gas phase increases due to vaporization and
cracking. Figure 10 shows a slow buildup of gasoline; the
spray has to travel about 0.4 m before a noticeable amount
of gasoline is produced. Here the penetration length is 0.73
m for an injection angle of 30� to the horizontal.

The penetration is defined as vertical distance travelled by
the spray jet (height) from the plane of spray injection where
the residual mass fraction of liquid feed becomes negligibly
small. Figure 11 shows the penetration length as a function
of the injection angle. In this case the maximum radial jet
penetration occurs at an angle of 35�. Note that here the cal-
culation includes the effect of precracking inside the spray.

Effect of precracking in injection zone on riser
performance

The overall effect of the precracking depends on the num-
ber of nozzles, their design and spatial arrangement, and the
geometry of the riser bottom. The precracking in the injec-
tion zone covers the entire shaded area shown in Figure 5a.
In what follows we consider eight symmetrical plain, round
nozzles installed circumferentially on the reactor wall. Based
on the area-average method described earlier, the field varia-
bles (e.g., temperature, velocity, etc.) at the end of the injec-
tion zone are calculated and listed in Table 5. Here the
values of these variables constitute the inlet conditions for a

Figure 8. Fraction of gas escaped from the spray
region driven by convection of ambient gas
solid flow.

Figure 9. Solid and gas temperatures along the spray
trajectory with and without injection zone
precracking.

Figure 10. Vapor molar concentrations of FCC chemi-
cal lumps in the spray region.

Figure 11. Effect of injection angle on spray penetra-
tion length.
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composition-based FCC riser model developed for cracking
in the main section of the riser (combined zones 2 and 3 in
Figure 1).2 Among the distinctive features of the model are
the considerations of catalyst-catalyst collision and catalyst-
fluid interfacial force.

Using Table 5 as the initial conditions for the aforemen-
tioned composition-based riser model,2 we now assess the
impact of injection zone precracking on the overall riser per-
formance. We first look at the gas and solid velocities with
and without precracking. These are shown in Figure 12,
which plots the velocity profiles downstream of the injection
zone (i.e., the riser height here does not include the feed
injection zone). As expected, there is a sharp rise in the cata-
lyst velocity in this dense-phase transport and acceleration
section (zone 2 in Figure 1). There is also a similar rise in
the gas velocity. In either case, the velocity rise is higher in
the presence of precracking, as it should be.

Figure 13 shows VGO and gasoline concentration profiles
with and without precracking. In the former case, the VGO
concentration at the riser outlet is 5% higher than that in the
latter case. As a result, the gasoline outlet concentration is
2.3% lower with precracking than without precracking.

The foregoing results can be interpreted as arising from
two interlocking events. The differences seen in Figures 12
and 13 are largely attributable to the cracking taking place
in zone 2 of Figure 1. The gasoline yield in zone 2 actually
is 16% higher with precracking than without precracking.
This difference can result in large differences in process eco-
nomics thanks to the high throughput of the FCC unit, as
alluded to earlier. As discussed earlier, the physicochemical
events occurring in zone 2 are strongly influenced by the
‘‘initial conditions’’ imparted by the injection zone (zone 1).

This speaks of the importance of injection-zone physics and
chemistry for optimal design of an FCC riser. This why
there has been a vast patent literatute on the development of
new or improved FCC feed injection zone technologies. We
next look at a more telling example of the impact of the
injection zone.

Selectivity vs. conversion

It is of practical interest to know the relationship between
the VGO conversion and the selectivity toward a particular
product. The selectivity for gasoline is defined as the ratio of
gasoline yield to VGO conversion. To demonstrate the
impact of precracking in the injection zone on the gasoline
selectivity, we calculate the gasoline selectivity vs. VGO
conversion for two cases, as shown in Figure 14.

Figure 14 shows two qualitatively different results. They
were obtained by changing only the catalyst inlet tempera-
ture and assuming that all VGO liquid droplets instantly
vaporized upon colliding with catalyst. The gas–solid equi-
librium temperature at the inlet of zone 2 was then calcu-
lated by an overall energy balance. The solid curve in Figure
14 is similar to the results shown in Figure 11b of our previ-
ous article.2 With precracking in the injection zone, the gas-
oline selectivity is higher over a much wider range of VGO
conversions. The peak value of the selectivity is slightly
reduced, from 80% to about 75%.

The aforementioned results obtained from the four-lump
model serve only as an illustrative example. The effect of
precracking is expected to be more pronounced had we used
a composition-based model that contains tens of thousands
of reactions.1

Figure 12. Gas and solid velocity profiles with and
without injection zone precracking.

Table 5. Average Field Variables Used as Input to an
Existing Riser Model

2

Parameter

Cross-section Average at
the End of Injection Zone

With
Precracking

Without
Precracking

Temperature of catalyst (K) 815 827
Solid volume fraction 0.31 0.35
Solid Velocity (m/s) 0.59 0.5
Gas Velocity (m/s) 5.1 2.7
Molar fraction of VGO (%) 69.7 100
Molar fraction of Gasoline (%) 24.25 0
Molar fraction of Light Gases (%) 4.63 0
Molar fraction of Coke (%) 1.42 0
Penetration Length (m) 0.73 0

Figure 13. VGO and gsoline concentration profiles with
and without feedzone precracking.

Figure 14. Gasoline selectivity vs. VGO conversion in
the presence and absence of injection zone
precracking.

AIChE Journal April 2013 Vol. 59, No. 4 Published on behalf of the AIChE DOI 10.1002/aic 1233



Concluding Remarks

Our basic tenet has been that developing a quantitative
treatment of the coupling between hydrodynamics and
kinetics for 1-D FCC riser models is a pragmatically useful
approach to FCC process modeling. Previously, we com-
bined improved momentum equations with the equations of
energy and mass to model physicochemical events domi-
nated by catalyst-catalyst collision in the dense-phase zone.
In this study, we carry out the task of modeling events domi-
nated by droplet-catalyst collision in the feed injection zone.

Specifically, we in this work developed a simple model
that provides a quantitative understanding of the effect of
precracking in the feed injection zone on the riser perform-
ance. The resulting 1-D model comprises two sets of first-
order ordinary differential equations, one for the injection
zone and the other for the main part of the riser. As such,
the model permits composition-based modeling of real feeds
(petroleum fractions, coal liquids, etc.). However, the prob-
lem is reduced to that of solving an initial value problem.
The ultimate initial condition for the initial value problem is
obtained from the treatment developed in this work. With a
four-lump cracking kinetic model as an illustrative example,
we find that precracking in the injection zone plays an im-
portant role in determining the FCC conversion and selectiv-
ity. Further work should relax some of the strong assump-
tions used in this work. For example, to better quantify the
effect of precracking on the cumulative yields of products at
the riser exit, a core-annulus model with catalyst backmixing
near the wall needs to be developed. Future models should
also consider such characteristics as drop size distribution,
molecule-based cracking kinetics, down flow of spent cata-
lysts near the riser wall, to name just a few.

Notation

A ¼ jet cross-sectional area, m2

Cj ¼ molar concentration of jth lump, mol/m3

Cp ¼ specific heat, J/kg K
cD ¼ drag coefficient
D ¼ diameter, m
Ec ¼ convective heat-transfer rate, J/s
ER ¼ reaction heat transfer rate, J/s
Ei ¼ activation energy of the ith reaction, kJ/mol
FD ¼ drag force, N
ki ¼ rate constant of ith cracking reaction
L ¼ latent heat of vaporization, J/kg
l ¼ jet perimeter

Mj ¼ molecular weight of jth lump, kg/mol
_mge ¼ gas entrainment mass flux rate, kg/m2 s
_mse ¼ solid entrainment mass flux rate, kg/m2 s
_msp ¼ solid penetration by convection, kg/m2 s
_mv ¼ droplet vaporization rate, kg/m3 s
nd ¼ droplet number density, m�3

P ¼ pressure, atm
R ¼ universal gas constant, J/mol K
T ¼ temperature, K
u ¼ velocity, m/s

Greek letters

a ¼ volume fraction of different phases
c ¼ partition function for vapor convection
h ¼ spray injection angle, degree
l ¼ dynamic viscosity of fluid, N�s/m2

q ¼ density (kg/m3)
Us ¼ catalyst deactivation coefficient

Subscripts

d ¼ droplet

s ¼ solid
l ¼ liquid
g ¼ gas
b ¼ boiling point
1 ¼ ambient flow condition
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