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FCC riser performance was examined in a large cold-riser model made of 0.186-m-ID
plexiglass. In the prelift zone, distributions of particle ®elocity and local density in six
cross sections were in®estigated, and the experimental results indicated that the whole
prelift zone can be di®ided into three subzones in the axial direction. In the feedstock
injection zone, some new flow parameters were introduced and fi®e flow parameters in
fi®e different cross sections were measured. When a nozzle jet was injected, secondary
flow of the jet exited in the ®icinity of the riser wall due to ®ortices, and this flow mo®ed
forth at first and then merged into the main stream. Based on the gas � solid two-phase
flow characteristics in each zone, the whole feedstock injection zone of the riser can be
di®ided into four subzones. A new axial particle backmixing model and a simplified
method for computing the radial distribution of the nozzle jet concentration in a differ-
ent riser cross section can predict flow parameters of particles and the jet.

Introduction

The riser reactor is one of the most important units in the
fluid catalytic cracking process, which is widely used in the
modern petroleum refinery industry. A riser reactor can be
divided into four parts from bottom to top according to their
functions: the prelift zone, the feedstock injection zone, the
full-reaction zone, and the quenching zone.

In the prelift zone, catalysts enter the riser reactor from
the regenerator and are then conveyed by the prelift gas.
When the gas�solid two-phase mixture reaches the feedstock
injection zone, catalysts will mix with the feed oil injected
through feedstock nozzles and begin to react rapidly. The
distributions of the particle concentration and of the particle
velocity form in the prelift zone and the distributions will
greatly influence the contact efficiency of catalysts and feed-
stock oil. Moreover, determining the best proper feedstock
injection position also depends greatly on the catalyst flow
conditions, such as its concentration and velocity in this zone.
Therefore, a detailed investigation of the flow pattern in the
prelift zone is of significance for the design and operation of
an FCC riser.

In the feedstock injection zone, feed oil is introduced into
the riser through the feed nozzles, and the heavy oil comes in
contact with the high-temperature catalysts and then reacts
rapidly. The contact and flow conditions of these two phases
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will directly affect the FCC unit. It is obvious that knowledge
of the dynamics of feed jet and solids motion in this area is of
considerable significance for improving reactor operation and
design.

Previous Work
Previous researches indicate that gas�solid two-phase flow

in a riser can be described as a bottom dense area and an
upper dilute area. The upper dilute area, including the radial
annular-core flow structure and the cluster nature of dilute
gas�solid suspensions, has been extensively studied in past
decades. For the prelift zone, however, only very limited in-
formation is available in the literature. The prelift zone is
either described as a turbulent bed, as by Brereton and Grace
Ž . Ž .1993 , or as a bubbling bed, as by Svensson 1996 . Miller

Ž .and Gidaspow 1992 observed an asymmetric flow pattern in
the radial profiles of solids flux and velocity in the bottom
region of a riser, but a detailed description of the flow char-
acteristics in the prelift zone remains very deficient.

The flow in the feedstock injection zone is very complex,
perhaps the most complex flow in a reactor. It can be de-
scribed as ‘‘multiple confined jets injecting into a three-di-
mensional, three-phase flow.’’ The literature contained little
of the dynamic behavior of the gas and solid phases in this
zone, and still much less of the feed jet diffusion.
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There are only a few related articles about three aspects.

Jet in crossflow
Examples of this type of research can be found mainly in

pieces on the transition flight of the VrSTOL aircraft. Keffer
Ž . Ž .and Baines 1963 , Moussa and Sykes 1977 , Crabb and

Ž . Ž .Whitelaw 1981 , Andreopoulos and Rodi 1984 , and Subra-
Ž .maniam 1999 , among others, have done quite a bit of work

in this field. They applied hot-wire, triple-wire, and X-wire
measurements to flow visualization techniques to investigate
the velocity and vortices distribution in the mixing regime,

Ž . Ž .respectively. Needham et al. 1988 and Sergio et al. 1989
even used a very practical asymptotic method to predict the
velocity distribution in the mixing regime. But velocity and
vortices were the key investigated objectives of their work,
not mixing and contact between jet and crossflow, which are
emphasized in the riser�nozzle system. Furthermore, the ve-
locity ratios in their experiments or computations were too

Ž .small usually less than 3 compared with the riser�feed noz-
zle system. Moreover, the occurrence of the dense region
makes the asymptotic method almost inapplicable in the re-
search of the FCC riser feedstock injection zone.

Secondary air injection into a fluidized bed
Secondary air injection into the fluidized bed is widely used

in CFB coal combustors. It is somewhat similar to the
riser�feed nozzle system. In this field, Lummi and Baskakov
Ž .1967 injected a CO tracer with an air jet and measured2
subsequent CO concentration in the bed to obtain mixing2

Ž .rates. Zenz 1968 presented a curve to predict horizontal jet
Ž .penetration depth. Shakhova and Minayev 1968 derived an

expression for horizontal jet penetration depth. Referring to
a specific design of a cap-type air distributor, Kozin and

Ž .Basakov 1967 proposed a penetration correlation. Merry
Ž .1971 measured the penetration depth of a horizontal air jet
injected into fluidized beds of sand, kale seed, and steel shot,
and derived a simple model for jet penetration depth predic-
tion. The dynamics of a jet discharged into a fluidized bed

Ž .were reported by Shakhova and Minakev 1968 , using the
ratio of the length of the gas plume to the height of the flu-
idized bed above the nozzle to describe two characteristic
modes of jet behavior, bubble flow, and coherent flow. Two

Ž .recent papers by Xuerub et al. 1991a,b describe the behav-
iors of thin, two-dimensional, horizontal and inclined jets. In
these papers, several important jet characteristics were pre-
sented, including the proclivity of bubble tracks to hug the
wall through which the jet is introduced. In addition, the ex-
istence of a particle dragging zone is discussed. Chen and

Ž .Weinstein 1993 used X-ray measurement to obtain profiles
of the mean solid fraction and fluctuation in a horizontal
nozzle�rectangular bed system, and the autocorrelation anal-
ysis indicated that there are three discernible regions in the

Ž . Ž .jet-influenced area. Agillion et al. 1996 , Arena et al. 1993 ,
Ž .and Yong et al. 1993 investigated the solid-phase flow be-

havior, such as the axial distribution of the solid fraction, and
the radial distribution of the solid-mass flux when secondary
air was injected into the CFB. Their researches were mainly
concerned with the influence of injection height, jet angle,
and velocity ratio on the flow behavior of CFB.

In CFB coal combustors, burning particles more efficiently
is the final aim, and thus the most desirable condition is the
occurrence of a steady reflux regime. In the riser feedstock
injection zone, however, reflux or backmixing is disadvanta-
geous to the FCC unit. Moreover, the operating conditions,
such as the velocity ratios and the scales of the experimental
devices in CFB coal combustors, are also much different from
the FCC riser. In addition, higher mixing efficiency of feed
jet and catalyst particles is the most crucial factor to cracking
reactions in the FCC riser. The concentration and velocity
distribution of feed oil and of particles in the riser are of
greater importance than other factors considered, such as the
penetration depth, the flux rate, and the hydrodynamic be-
havior of CFB.

Simulation
Simulation is one of the most significant means by which a

comprehensive understanding of the gas�solid two-phase flow
in the feedstock injection zone of the FCC riser can be ob-

Ž . Ž .tained. The works of Thelogs et al. 1996 and Gao 1997 are
quite representative. They incorporated a detailed ten-lump
kinetic model into 3-D computational fluid dynamics tech-
niques. Even the simulation of feedstock vaporization inside
the riser was addressed in detail. In addition, Albrech et al.
Ž .2001 performed an unsteady simulation of three-phase gas-
droplet-particles turbulent flow with heat and mass transfer
in the feedstock injection zone of an industrial FCC riser us-
ing a two-fluid modeling approach. The relevant configura-
tions for further investigation with LES simulation, combined
with deterministic Lagrangian tracking, are defined.

The numerical simulation, however, is too complex for en-
gineering purposes. Moreover, some boundary conditions and
initial conditions in the simulation cannot be precisely given.
They have to be determined by experiment.

Based on the preceding discussion, it is obvious that exper-
imental research on the flow pattern in the prelift zone, espe-
cially in the feedstock injection zone of the FCC riser, is quite
limited.

This article first depicts the flow-pattern feature in the
prelift zone, and then describes the mixing and contact be-
tween the nozzle jet and catalysts, features of the gas-solid
two�phase and it covers the flow in the feedstock injection
zone.

Experimental Studies
Experimental equipment

The experimental setup used is shown in Figure 1. It is
mainly composed of a riser, a gas�solid separation system,
and a recirculation system. The riser consists of a series of
186-mm ID flanged plexiglass pipes with a height of 14 m. At
a height of 4.5 m above the gas distributor, four nozzles cor-
responding to the feedstock nozzles are installed with an an-
gle of 30� to the riser axis, the same as in most industrial
devices. The gas�solid separation system consists of a disen-
gagement chamber located at the end of the riser, a cyclone,
and a bag filter. The solid recirculation system comprises a
300-mm ID plexiglass downcomer fitted with a butterfly valve
for solid flux measurement. The solid flux is calculated by
measuring the time for a known volume of solids accumulat-
ing on top of the butterfly valve after the valve is closed. Both
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Figure 1. Experimental apparatus.
the prelift gas and nozzle jet gas are air, supplied by Roots
blowers, and their flow rates are controlled by different ro-
tameters. The solids were typical FCC catalysts. Their prop-
erties are given in Table 1. The operating conditions are
shown in Table 2

Measurement and data analysis
In this paper, the local density and the local axial particle

velocity in different positions inside the riser are measured
with fiber optic probes.

Measurement of Local Density. As we all know, when a
beam of light irradiates a cluster of particles, part of the light
will be reflected while the other part will be absorbed. The
principle of optical-fiber measurement is based on the fact
that the intensity of reflected light depends on the density of
the particle cluster irradiated.

The measuring system must be calibrated before each mea-
surement. In a box shielded from natural light, the reflected
light intensity, c , in the absence of particles, and the inten-0
sity, c , corresponding to bulk density of particles, are mea-b
sured, respectively. Then the local density in the riser can be

Ž . Ždetermined by the linear interpolation �s � cyc r c yb 0 b
.c , where c denotes the reflected light intensity obtained at0

the measured position in the riser.
Measurement of Particle Axial Velocity. It is well known that

Table 1. Properties for Tested FCC Catalyst
3Ž .Particle density kgrm 1,310

3Ž .Bulk density kgrm 843
Ž .Mean particle size �m 65
Ž .Particle size range �m 30�90

Table 2. Operative Condition

Ž .Prelift gas superficial velocity mrs 2.25�5.1
Ž .Nozzle jet velocity mrs 41.7�83.3

2Ž .Solid mass flux in riser kgrm � s 45�213

the velocity of an object can be determined by the displace-
ment value divided by its shift time. In a complex gas�solid
two-phase flow field, since the particle velocity can be mea-
sured exactly only if the distance of the two transducers is
close to the diameter of the measured particles, the fiber will
be an effective measuring method. In this measurement, five
optical-fiber probes arranged in a line were placed in a stain-
less-steel tube, two receiving incident light and the other three
receiving reflected light. They were transformed to three
electrical signals A, B, and C by a photomultiplier tube.
Therefore, three electrical signals T , T , and T can be ob-a b c
tained when a particle passes through the optical-fiber probes.
The shift times are �T sT yT and �T sT yT , respec-a c a b b c
tively. The sequence of these signals is T ™T ™T or T ™a c b b
T ™T . It is determined by the direction of particle flow soc a
that we can obtain the statistical result of particle numbers
and of mean velocities that flow upward and downward. In
this measurement, signal C is introduced between probe A
and probe B for the sake of judging correlation. Moreover a
logic circuit is used to judge whether the shift time, �T , isa
equal to �T , considering that any particle flow through ab
span of not less than 1 mm can be treated as traveling at a
certain speed. Any signal that reflects �T not equivalent toa
�T should be neglected, thus allowing any false correlationb
signal to be eliminated.

Measurement of Jet Flow Characteristic in a Riser. A hydro-
gen tracer technique is applied to investigate the diffusion
and flow characteristics of jet gas after it is injected into the
riser. Hydrogen is injected into the four nozzles in pulses en-
tering the riser together with nozzle jet. Ten sampling probes
were placed in five different riser cross-sections in a proper
order, and every sampling probe is placed in a different ra-
dial position in each section. Analysis of the concentration
and residency time distribution of the hydrogen tracer in dif-
ferent positions reveals roughly the diffusion and flow pat-
terns of the nozzle jets.

Particle backmixing ratio �

The local particle velocity measured by the optic-fiber
probes indicated that particles inside the riser move upward
and downward dynamically wherever the radial location is.
Even in the upper part of the riser, the downflow of the par-
ticles can be detected in the central region. Because the pro-
portion and magnitude of the upflowing particles are quite
different from those of the downflowing particles, the time-
averaged particle velocities are diverse at different locations.
In fact, the solid phase in a riser is not a continuous phase
from an Euler point of view. Therefore a new parameter � ,
called the particle backmixing ratio, is introduced and is de-

Ž . Ž .fined as the value of n �® r n � ® in a certain locationd d u u
during a given sampling time. The particle backmixing ratio
reflects the momentum ratio of the particles whose velocities
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are downward to those of the upward particles. The parame-
ters n , ® , n , ® can be obtained directly by an optical-fiberd d u u
probe.

It is obvious that the mean axial velocity of particles in a
given measuring position can be expressed by

n ® yn ®u u d d®s .
n qnu d

Eigenconcentration of the jet C
In this research, the hydrogen tracer injection into the noz-

zles is pulsatile; in other words, the injecting time is very
Ž .transient usually 30 ms and the flux of the tracer is much

less than that of the prelift gas and nozzle jets at each loca-
tion. Therefore a new parameter must be introduced to di-
minish the error caused by the measurement system and the
intense turbulence, and especially to decrease the error
caused by the different tracer injection volume at different
operating conditions. The definition of the eigenconcentra-
tion of the jet is expressed as

QC ji
Cs� ž /Q qQCÝ j ri

Ž .in a given position, where the term Qr Q qQ is intro-j j r
duced to avoid the error that results from the difference be-
tween the continuous feedstock and the pulsatile injection of
the tracer. It is as though the Q volume of the solute isj
dissolved in the Q qQ solution volume. The sampled tracerj r
concentration, C , can be obtained directly by the samplingi
system. Here � is the density coefficient and is designated 1
for processing convenience.

The parameter C can reflect the relative concentration of
the jet gas in different riser locations after it is injected into
the riser.

Eigen©elocity of the jet ue

The definition of this parameter is u skrt. The eigenve-e
locity of the jet reflects the relative velocity of jet gas in a
different riser position. The parameter t denotes the mean
residence time of the hydrogen tracer in the sampling posi-
tion, which can be obtained directly using the sampling sys-
tem, while the number k is a constant.

Figure 2. Radial distribution of local density for various
riser heights in prelift zone.

Flow Characteristics in the Prelift Zone. The evolutions of
the typical radial distributions of the time-averaged local
density and of the particle axial velocity along the height of
the riser are presented in Figures 2 and 3. The data were
taken at an operation of solid mass flux of 113 kgrm2s and
superficial prelift gas velocity of 4.3 mrs, while the nozzle jet
velocity was 0 mrs. The dimensionless radial coordinate of
y1 is close to the downcomer.

Some obvious characteristics of the local density in the riser
are shown in Figure 2. First, the local density decreases with
an increase in the axial height. Second, the flow pattern in
the upper part of the riser can be regarded as a typical core-
annular flow, whereas there are some distortions in the bot-
tom region. The radial density profile in the bottommost re-
gion is quite asymmetric due to the effects of the bottom par-
ticles and gas inlet, while numerous symmetric and flatter
profiles are observed in the upper part of the riser.

In the cross sections at 0.9 m, 1.5 m, and 2.5 m above the
gas distributor, the time-averaged local density just above the
solid inlet is higher than that on the opposite side, which can
be seen clearly in Figure 2. The asymmetry of the bottom
radial density profiles disappears around of 2.5 m to 4.5 m
above the gas distributor. The radial density distribution
gradually becomes a flat symmetric profile in the upper re-
gion above 4.5 m and a typical core-annular structure is ob-
tained. The height at which the asymmetric radial profile be-
comes a symmetric profile is important for the design of the
FCC riser feedstock injection zone and for the installation of
feedstock nozzles, since the asymmetric and nonuniform den-
sity profile is generally believed to be disadvantageous in an
FCC unit.

The measured particle velocities generally increase with the
riser’s height, which demonstrates significant solid accelera-
tion in the prelift zone along the riser, as shown in Figure 3.

At the lower heights of 0.9 m, 1.5 m, and 2.5 m above the
gas distributor, the radial particle velocity profiles exhibit a
strong asymmetric quality, with the maximum velocity posi-
tions shifting to the opposite side to the particle inlet. Parti-
cles just above the solid inlet flow up much more slowly than
those on the opposite side. This trend prevails up to a height
of approximately 4.5 m.

As can be seen from the preceding discussion, the whole
prelift zone can be divided into three axial subzones. In this

Žarticle, they are called the mixing accelerating subzone be-
. Žtween 0 and 4.5 m , the uniform accelerating subzone be-
. Žtween 4.5 and 6.5 m , and the fully developed subzone above

Figure 3. Radial distribution of particle velocity for vari-
ous riser heights in prelift zone.
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.6.5 m . In each zone, the flow characteristic is much different
from the others, including the mathematical description.

The diffusibility equation and the continuity equation for
the solid phase are given as follows:

® ��r� rq® ��rr�	q® ��r� zr 	 z

2 2 2 2 2sD � r��r� r rr� rq� �rr �	 q� �r� z 1Ž . Ž .j

� ® �� � ® � ® ��r r zq® q � q � q®r zr � r � r � z � z

�� � ®	q® q � s0. 2Ž .	 r�	 r�	

Here the parameter �s � 
 .p p
In the mixing accelerating subzone, particles are being ac-

celerated, while all flow parameters are distributed asymmet-
rically, which is denoted as �r�	 �0, �r� z�0, and � ® r� r �z
0. After analyzing Eqs. 1 and 2 simultaneously, we see that
the mixing accelerating subzone can be described as a typical
three-dimensional flow field.

In the uniform accelerating subzone, asymmetrical distri-
bution has already disappeared, but particles are still acceler-
ating. By analyzing Eqs. 1 and 2 simultaneously and consider-
ing �r�	s0, � ® r� z�0 of the flow parameter distribution,z
we see that ® �0, ® �0 indicate that the uniform accelerat-z r
ing subzone is a representative two-dimensional flow area in
which the mass exchange of particles occurs intensely be-
tween the dense phase region near the wall and the central
dilute phase region.

In the fully developed subzone, the two-phase flow has al-
ready developed into a typical annular-core structure by the
time the particles have finished accelerating. If we analyze
Eqs. 1 and 2 simultaneously, and considering ��r� zs0, �r�	
s0, and � ® r� zs0 of the flow parameters distribution, wez
see ® �0 shows that this zone can be characterized as a typi-z
cal one-dimensional flow region.

From the preceding analysis, we can draw two important
conclusions about how to decide the proper feedstock nozzle
position.

First, the nozzles should not be placed in the mixing accel-
erating subzone due to its asymmetric distributions of flow
parameters, which is believed to be disadvantageous to the
FCC unit. That is to say, the nozzle should be fixed at a height
of H G4.5 m.j

Figure 4. Measured parameters at the nozzles’ installed
height when there is no jet injection.

Figure 5. Measured parameters at 0.375 m above the
nozzles.

Second, the fully developed subzone is not the most appro-
priate position to install feedstock nozzles either, though lo-
cal concentration and particle velocity are symmetrically dis-
tributed. Instead, it is because of its much lower mean-den-
sity value in this area. Furthermore, the larger density and
particle velocity distribution gradients near the wall region,
especially, in the area of r �0.86, are larger than those in the˜
uniform accelerating zone, and that makes it unsuitable for
nozzle fixing.

The most proper installation location of feedstock nozzles
is in the uniform accelerating subzone, that is, the appropri-
ate location for installing feedstock nozzles is H GH G4.5a j
m, which can be advantageous to the contact and mixing of
catalysts and feed oil.

Based on the experimental data, we can obtain the particle
acceleration length and axial mean voidage distribution cor-
relation:

0.08
H Da 0.034 0.1684s9.14�10 Re ReŽ . Ž .g p ž /d dp p

0.493
� y �p g y0.535 y0.41

� Ar Fr 3Ž . Ž . Ž .ž /�g

y0.1119 y0.0784
� y �D p gy0.1145


s0.3296 ReŽ .p ž /ž /d �p g

0.0686z0.1249
� Fr . 4Ž . Ž .ž /dp

The applicability of Eqs. 3 and 4 is subject to the following
constraints:
Re sranging from 27,560 to 62,600;g
Re sranging from 122 to 693;p
Frsranging from 8,756 to 45,161.

Flow Characteristics in Feedstock Injection Zone. In this
article, four nozzles corresponding to feedstock nozzles are
installed at a height of 4.5 m above the gas distribution.

We plot all the measured flow parameters in one diagram
so that we can determine their various relationships, which
are shown in Figures 4�8. It is an effective way to analyze the
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Figure 6. Measured parameters at 0.675 m above the
nozzles.

mixing process and flow characteristics in the feedstock injec-
tion zone, although the units or dimensions of these parame-
ters are quite different. In these five figures, a typical operat-
ing condition is taken at which the nozzle jet velocity is 62.5
mrs, the prelift gas velocity is 3.28 mrs, and the solid flux is
113 kgrm2� s.

In these figures, the unit of particle velocity is 10 mrs, while
the local density is 1,000 kgrm3.

Hs0 m, U s3.28 mrs, U s0 mrs. Figure 4 shows whenr j
there was no jet injecting, the relationship of the particle
backmixing ratio, the particle velocity, and the local density
in the riser cross section, where the nozzles were installed
Ž .Hs4.5 m . As discussed earlier, the gas�solid two-phase
flow in this figure presents a typical annular-core structure
Ž .referring to Figures 2 and 3 . Another important characteris-
tic is that the inflexion of the particle backmixing ratio pro-
file exactly matches that of the local density distribution,
which demonstrates that the particle concentration is the
dominant factor to its backmixing when there is no jet injec-
tion.

Hs0.375 m, U s3.28 mrs, U s62.5 mrs. Figure 5 showsr j
the relationships of the particle backmixing ratio, the particle
velocity, the local density, the eigenconcentration of the jet,
and the eigenvelocity of the jet in the cross section at 0.375 m
above the nozzles.

A: Features of the Jet. Under the free-jet condition, the jet
should reach the central line at a height of 0.161 m above the

Figure 7. Measured parameters at 1.075 m above the
nozzles.

Figure 8. Measured parameters at 1.375 m above the
nozzles.

nozzles. But under this operating condition, a minimum of
the jet eigenconcentration appears at the center of the cross
section, which denotes that the jet has not yet reached the
central line of the riser because of intense underwashing by
the flow taking place in the prelift zone. At the same time,
the end of the jet appears at rs0.32 as the maximum of jet˜
eigenconcentration in this cross-section coming from there,
and the deflexion angle of the jet even comes to 20� com-
pared with that of the free jet. In the vicinity of the riser wall,
the rise in the jet eigenconcentration and in the jet eigenve-
locity means a jet of secondary flow arises there relative to
the jet mainstream. The boundary between the mainstream
and the secondary flow of the jet is located at rs0.86.˜

B: Features of the Solid Phase. At least two noticeable fea-
tures of solid phase are observable. First, the flow feature is
very different from the typical annular-core structure due to
jets injection. The whole cross section can be divided into

Ž .three regions: the wall dense-phase region rG0.86 , the an-˜
Ž .nular transition region 0.54F rF0.86 , and the central hy-˜
Ž .podense-phase region. 0F rF0.54 . The highest density ap-˜

pears in the wall dense phase region, while the lowest density
is in the annular transition region. In the wall dense-phase
region, the value of local density increases with radial loca-
tion, but in the central hypodense-phase region, the trend is
exactly the opposite. With regard to the annular transition
region, the local density remains almost a constant in the ra-
dial direction.

Second, in the wall dense-phase region and the central hy-
podense-phase region, local density is very important to the
value of particle backmixing, which denotes that the particle
backmixing is more intense in a higher-density region. The
backmixing ratio increases with the local density value. On
the other hand, jet eigenmomentum plays a dominant role in
determining the particle backmixing ratio in the annular
transition region. The influence of jets can be seen clearly in
this cross section.

The particle velocity radial distribution is also much differ-
ent from that of the annular-core structure; the velocity maxi-
mum is not located at the riser axis but shifts to rs0.32. The˜
influence of the jets is apparent.

In this cross section, another distinct characteristic is that
the boundary between the mainstream and secondary flow of
the jet coincides exactly with that of the wall dense-phase
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region and the annular transition region, while the boundary
of the annular transition region and central hypodense phase
region is located in rs0.54, at which the � ®r� r change sign.˜

Since the jet mainsteam greatly affects the flow character-
istic, especially on the local density distribution at this height,
this cross section can be called the jet mainstream influence
subzone.

In the axial direction, this subzone ends at the height where
the jet mainstream reaches the riser axis, where dCrdr is˜
equal to 0.

Hs0.675 m, U s3.28 mrs, U s62.5 mrs. Figure 6 showsr j
the radial distribution of the five parameters in the cross sec-
tion at 0.675 m above the nozzles.

A: Feature of the Jet. In this cross section, a minimum of
the jet eigenconcentration and jet eigenvelocity occurs at rs˜
0.54, while the maximal value of these two parameters in this
cross section occurs at the rs0 position. At the same time,˜
the second local maximal value of the jet eigenconcentration
and jet eigenvelocity occurs at rs0.75. This showed that the˜
jet mainstream had already reached the axis of the riser and
the jet secondary flow had extended gradually in this cross
section because the boundary between the jet mainstream re-
gion and the jet secondary flow region had shifted to the rs˜
0.54 position.

B: Feature of the Solid Phase. The whole cross section can
be divided into two areas according to the two-phase flow

Ž .characteristics: the wall dense-phase region rG0.54 and the˜
Ž .central dilute-phase region 0F rF0.54 , which resembles the˜

typical annular-core structure to some extent. The local den-
sity value increases with the radial position, but in the wall
dense-phase region, the local density assumes a higher value
and a sharper gradient than those of a typical annular-core
structure.

In the wall dense-phase region, the local density is the main
factor in particle backmixing, which means that the particle
backmixing becomes more intense in a higher density region,
too. At the same time, jet eigenmomentum becomes a domi-
nate factor in determining the particle backmixing ratio in
the central dilute region.

Another very crucial characteristic of this cross section is
that the maximum particle backmixing originates in these five
tested cross sections, and in the wall dense-phase region in
particular, the backmixing is very intense. This is because in
this cross section, the flow of particles resembles ‘‘the flow
round a blunt body.’’ Many particles flow transversely in the
radial direction. Moreover, the extension of the jet secondary
flow also contributes particles flowing transversely, which re-
sults in the frequent collision of particles. Then violent back-
mixing takes place. In the industrial riser reactor, charring
often occurs at a height of 0.6�1 m above the atomizing
nozzles. The prevalent viewpoint about it was ‘‘feedstock jet
impinging on the opposite riser wall of the atomizing nozzle.’’
But the main cause presented in this article might be that the
flow of particles resembles ‘‘the flow round a blunt body’’and
the extension of the jet secondary flow. This opinion will be
presented in detail in a future article.

The particle velocity distribution is close to that of the typi-
cal annular-core structure at this height. The maximal veloc-
ity is found at the riser center and the minimum velocity near
the wall. But the radial velocity gradient is much greater than
that of a typical annular-core structure.

In this cross section, another salient feature is the bound-
ary between the mainstream region and the jet’s secondary
flow region, which corresponds exactly to that of the wall
dense-phase region and the central dilute-phase region, just
as in the jet mainstream influence zone.

This cross section can be defined as the jet secondary flow
influence subzone based on the fact that the jet secondary
flow plays a decisive role in jet diffusion and particle flow
feature in this cross section.

In the axial direction, this subzone ends when the bound-
ary of the dilute- and dense-phase regions appears at rs0.75,˜
which denotes that the regime has re-assumed the typical an-
nular-core structure again.

Hs1.075 m and 1.375 m, U s4.3 mrs, U s83.3 mrs.r j
Figures 7 and 8 show the profiles of those parameters in the
cross sections at 1.075 m and 1.375 m above the nozzles.

A: Features of the Jet. In these two cross sections, the min-
imum of the jet eigenconcentration and the jet eigenvelocity
appear at the riser wall, while the maximum of these two
parameters occur in the rs0 location. Moreover, the sec-˜
ondary jet flow disappeared.

B: Feature of the Solid Phase. The two-phase flow in these
two cross sections behaves like a typical annular-core struc-
ture again. The whole cross section can be divided into two
regions according to two-phase flow features: the wall

Ž .dense-phase region rG0.75 and the central dilute-phase˜
Ž .region 0F rF0.75 . The local density value increases with˜

the radial position. The local density is again a crucial factor
to the particle backmixing, which means that the particle
backmixing increases or decreases depending on the varia-
tion of the local density. This is consistent with the no jet
injection condition.

The particle velocity distribution also shows the annular-
core structure feature. The maximal velocity is located at the
riser axis, while the minimum velocity is near the wall.

The concentration distributions of the jet and solid demon-
strate that the flow field has resumed the typical annular-core
structure. Moreover, in this section, almost all inflexions of

Žthe flow parameters arise in the same position at about rs˜
.0.75 . This shows that mixing between the nozzle jets and the

solid phase coming from the prelift zone has been completed.
These two cross sections can be defined as the mixed-de-

veloping subzone, according to the flow characteristics.
Hsy0.2 m, U s4.3 mrs, U s83.3 mrs. Figure 9 showsr j

the particle backmixing ratio, the particle velocity, and the
local density in the section 0.2 m below the nozzle.

The hydrogen tracer was not detected in this cross section.
This demonstrates that there is no large-scale backmixing of
feedstock jet upstream of the nozzles.

In this section, the two-phase flow is different from the
typical annular-core structure due to the effect of the jet in-
jection, although the nozzle jets did not reach this section
directly. The whole cross section can be divided into three

Ž .regions: the wall dense-phase region rG0.86 , the density˜
Ž .reforming region 0.54F rF0.86 , and the central dilute-˜

phase region. Their positions correspond exactly to the three
regions in the mainstream jet influence zone. The highest
density value appears in the wall dense-phase region, while
the lowest density occurs in the central dilute-phase region.
In the wall dense-phase region and the central dilute-phase
region, the value of the local density increases with the radial
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Figure 9. Measured parameters at 0.2 m below the noz-
zles.

position, but in the density reforming region, the trend is ex-
actly the opposite.

Moreover, the particle velocity distribution is also much
different from the typical annular-core structure. The profile

Figure 10. Flow structure in riser feedstock injection
( )zone not to scale .

of the velocity distribution assumes approximately an M
shape. The maximum velocity is at the position rs0.32, which˜
corresponds nicely to the positions of the jet mainstream in
the jet mainstream influence zone. This means the entraining
of jets is very intense.

The particle backmixing distribution profile becomes ap-
proximately W shaped. Two maximum values of the particle
backmixing ratio occur at rs0 and rs0.54, except in the˜ ˜
region near the wall, which agrees exactly with the velocity
distribution.

This cross section can be defined as the upstream influ-
ence subzone according to the flow feature.

Flow structure in the feedstock injection zone of a riser
It is obvious in the feedstock injection zone of the riser

that two-phase flow differs from the typical annular-core
structure after the jet injection. The feedstock injection zone
can be divided into four subzones based on the flow behavior
of jet and the solid phase. Each zone can also be divided into
two or three regions in the radial direction. The flow struc-
ture in the feedstock injection zone is shown in Figure 10.

Analysis of the mixing process
As discussed earlier, the mixing process of the nozzle jet

and the two-phase flow coming from the prelift zone can be
obtained. Figure 11 shows the mixing process in the feed-
stock injection zone.

In Figure 11, the black arrow represents a catalyst particle,
the gray arrow denotes prelift gas, while the white arrow in-
dicates the feedstock jet. When the nozzle jet is injected into
the riser, the two-phase flow coming from the prelift zone is
separated into two parts, first by the different relaxation time
between gas and gas and gas and solid. The prelift gas is
entrained toward the nozzle exit, while the particles are
‘‘blown’’ toward the riser center. At the same time, the nozzle
jet is also separated into two parts: the mainstream and the
secondary flow. With the jet secondary flow entraining cir-

Figure 11. Mixing process in riser feedstock injection
( )zone not to scale .
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cumjacent fluid together with jet mainstream diffusion, the
jet secondary flow gradually elongated. At the boundary be-
tween the mainstream and the secondary flow, and in the
steeper velocity gradient, intense shearing makes the local
density distribution gradient much sharper, and then forms
three regions in the radial direction, the wall dense-phase
region, the annular transition region, and the central hypo-
dense phase region.

With extension of the jet secondary flow and particle per-
forms ‘‘the flow round a blunt body,’’ the annular transition
region disappears, particles flow transverse intensely and col-
lide frequently, at which point the whole cross section can be
divided into the boundary dense region and central dilute re-
gion. But in this boundary dense region, the particle backmix-
ing ratio and concentration are much higher than those in
the typical annular-core structure.

Next, the jet secondary flow gradually combined with the
mainstream and the secondary flow disappeared, at which
point the flow field developed toward the typical annular-core
structure.

The cause of secondary flow occurrence
In the riser feedstock injection zone, the secondary flow of

jet plays a crucial role not only in the mixing of particles with

the jet, but in the two-phase flow pattern as well. Thus, a
different jet velocity will result in different extents of influ-
ence.

In both the jet mainstream influence subzone and the jet
secondary flow influence subzone, the radial gradient of the
eigenconcentration in the secondary flow region will decrease
if the velocity ratio increases. At the same time, the eigenve-
locity in the secondary flow region increases with the in-
crease in the velocity ratio. This demonstrates that a larger
velocity ratio causes a more intensive secondary flow so that
the diffusion of the jet is more rapid and the mixing of the jet
with the particles is improved.

The secondary jet flow also greatly affects other flow pa-
rameters.

In the secondary flow region of the jet mainstream influ-
ence subzone, the mean axial particle velocity increases as
the velocity ratio increases, while the variations in the parti-
cle backmixing ratio and the local density present the oppo-
site tendency. But in the secondary flow region of the jet sec-
ondary flow influence subzone, the particle backmixing ratio
increases as the velocity ratio increases, while the mean axial
particle velocity and the local density assume the opposite
tendency, which is also influenced by the jet secondary flow.

From the preceding discussion, a noticeable point is that a
larger velocity ratio will result in a more intensive secondary

( ) ( )Figure 12. Radial distribution of jet eigenconcentration in four measured sections: a 0.375 m above nozzles; b
( ) ( )0.675 m above nozzles; c 1.075 m above nozzles; d 1.375 m above nozzles.
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flow of the jet. With the extension of the jet secondary flow,
more particles will be carried toward the riser wall, and then
more particle collisions will take place.

On the other hand, in the jet mainstream region, both the
jet mainstream influence subzone and jet secondary flow in-
fluence subzone, the axial particle velocity increases when the
velocity ratio increases. But the particle backmixing ratio and
the local density present exactly opposite tendencies.

As to the flow parameters in the mixed-developing sub-
zone, they have the same diverse tendencies as those of in-
creased superficial gas velocity, except for jet injection,
namely, the particle backmixing ratio, and the local density
decreases if the velocity ratio increases both in the wall dense
phase region and in the central dilute phase region. But the
variation is more complicated for the particle axial velocity:
the variation in the axial particle velocity will increase if the
velocity ratio increases in the central dilute phase region with
the opposite tendency in the wall dense-phase region.

Figures 12�16 clarify the preceding discussion and show
that the proper velocity ratio is a decisive factor in influenc-
ing the mixing and flow.

The importance of secondary flow is obvious, as it greatly
improves the mixing of particles and feedstock jet. On the
other hand, because the position of the secondary jet flow
corresponds exactly to the particle dense-phase region in

which the axial particle velocity is relatively low and backmix-
ing is violent, it is believed to be harmful to the FCC unit.
Discovering the cause of the secondary jet flow generation is
a key factor in effectively controlling and harnessing it.

The emergence of the secondary jet flow is due to vortices
induction. That is to say, the tangential component of vor-
tices � s� u r� x y� u r� x will contribute much to the	 r z z r
generation of the secondary jet flow. In incompressible sin-
gle-phase flow, the direction of the velocity induced by vor-
tices can be determined by the right-hand rule, and its inten-
sity obeys the Biot�Savart theorem. But in multiphase flow,
the vortices cause the momentum, not the velocity, and this
momentum contributes greatly to the transport of two-phase
flow in the feedstock injection zone.

A map of the coordinates is shown in Figure 17.
Because of the fact that the intensity of the vortex grows

weaker the further it is from the feedstock nozzle, the mo-
mentum induced by vortices in region I is toward the riser
axis, while the momentum in region II is toward the riser
wall. It is the induced momentum in region II that results in
the generation of the secondary jet flow. Similarly, the in-
duced momentum in region III is toward the riser axis. It is
the influence of these three vortices that determines the pro-
cess of first the jet secondary flow extension and then in com-
bination with the jet mainstream.

( ) ( )Figure 13. Radial distribution of jet eigenvelocity in four measured sections: a 0.375 m above nozzles; b 0.675 m
( ) ( )above nozzles; c 1.075 m above nozzles; d 1.375 m above nozzles.
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In a similar manner, a particle is also influenced by these
three vortices, resulting in particles performing the ‘‘the flow
round a blunt body’’ in the jet secondary flow influence sub-
zone, where particles collide with each other exquisitely and
the particle backmixing ratio greatly increases.

Theoretical Analysis
As discussed earlier, the two-phase flow in the feedstock

injection zone is very complex. It involves the velocity regime,
concentration regime, vortices regime of both the gas phase
and the solid phase, which makes establishing a predictive
model very difficult. Numerical simulation is too complicated
to be applied practically in engineering, even as the most
comprehensive mathematical description. The main objective
of this work is to establish a tractable, predictive mathemati-
cal hydrodynamic model that can be employed to describe
and characterize all the key flow parameters in the feedstock
injection zone. The input parameters considered are limited

Žto the riser operating conditions solid flux, jet velocity, and
.superficial prelift gas velocity , the riser geometry, and the

physical properties of the gas and solid.

The particle backmixing model
Particle backmixing refers to the phenomenon that inside a

riser reactor a portion of the particles flow downward due to

collision or the effect of the boundary, while the majority of
the particles move upwards, and then fall ‘‘back.’’ Those par-
ticles flowing downwards unavoidably mix with those moving
upwards from the riser bottom, which results in ‘‘mixing.’’

The downflowing particles inevitably result in a longer
residue time in the reacting region, which is believed harmful
to the whole FCC unit, as discussed earlier. Thus the particle
backmixing becomes an important physical phenomenon to
understand well.

The map of the particle backmixing model is shown in Fig-
ure 18. During a given time period, the flux of the particles
flowing upward past this point is q qq , and at the sameu d
time the flux of the downflowing particles is q , and there-d
fore the net flux past this point is q . The fluxes q and qu u d
can be determined, respectively, by measured particle veloci-
ties ® and ® , multiplied by the measured number of parti-u d
cles flowing upwards and downwards.

Thus the particle backmixing ratio can also be described as
Ž .q r q qq , while the mean axial velocity of particles can bed u d

expressed as

q qq yq q qq q qq qu d d u d u d d
� s s y . 5Ž .ž / ž /n qn n qn q qq q qqu d u d u d u d

Hypothesis. 1. In the riser feedstock injection zone, the
axial density gradient is supposed to be ��r� z�0.

( ) ( )Figure 14. Radial distribution of local density in four measured sections: a 0.375 m above nozzles; b 0.675 m
( ) ( )above nozzles; c 1.075 m above nozzles; d 1.375 m above nozzles.
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2. The increase in the particle backmixing ratio is equiva-
lent to the decrease in the axial density gradient under the
same solid flux and same mean particle axial velocity. The
extreme condition is when the particle backmixing ratio � is
close to 1, which means the net upward flux tends to 0, so as
the particle velocity also approaches 0, the density gradient
must approach 0, which can be deduced by the continuity
equation easily. On the other hand, when � is close to 0, and
the whole effect of particle acceleration or deceleration
should be employed to change the axial density distribution,
the density gradient presents a maximum.

3. The closer to each other the values of the upward and
downward flux are, the more intense is the extent of mixing
between the particles flowing upwards and downwards, and
the flatter the axial density gradient profile.

Relation of the Generalized-Peclet Number Pe to the Particle
Backmixing Ratio � . The diffusion equation for the solid
phase in the cylindrical coordinate is given as follows:

® ��r� rq® ��rr�	q® ��r�r 	 z z

2 2 2 2 2sD � r��r� r rr� rq� �rr �	 q� �r� z , 1Ž . Ž .j

where the density term � can be determined by �s � 
 .p p
The radial and tangential parameters can be omitted, as

particle backmixing occurs only in the axial direction. Intro-
ducing a characterizing axial length 
 h to make the equation

dimensionless, and supposing zs zr
 h, then Eq. 1 can be˜
simplified as

d�
® h zrD˜z jsCe , 6Ž .

dz̃

where C is a constant.
Equation 6 indicates that the bigger the diffusion coeffi-

cient D is, which means the more intense the extent of parti-j
cle diffusion is, the flatter the axial density gradient is. It also
means the extent of ‘‘mixing’’ between the upward and down-
ward particle flows is more intense and the backmixing ratio
of the particles is larger.

Thus, the diffusion coefficient, D , can be used to correlatej
with the particle backmixing ratio.

The exponential term ® hrD in Eq. 6 is defined as thez j
generalized Peclect number and is denoted by the dimension-
less variable, Pe. This generalized Peclet number, Pe, can
reflect the extent of particles mixing. But it differs from the
common Peclet number because in the generalized Peclet
number, the diffusion coefficient, D , represents the extent ofj
mixing, and its diffusion potential is pressure that is trans-
formed by gravity rather than by the concentration gradient.
In fact, in a gas�solid circulating fluidizing bed system, the
gravity itself cannot act as a diffusion potential unless it is
converted into pressure 
 ps � g
 h.

( ) ( )Figure 15. Radial distribution of axial particle velocity in four measured sections: a 0.375 m above nozzles; b
( ) ( )0.675 m above nozzles; c 1.075 m above nozzles; d 1.375 m above nozzles.
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( ) ( )Figure 16. Radial distribution of particle backmixing ratio in four measured sections: a 0.375 m above nozzles; b
( ) ( )0.675 m above nozzles; c 1.075 m above nozzles; d 1.375 m above nozzles.

In this work, at any position in the riser feedstock injection
zone, the particle backmixing ratio �F1, namely, the parti-
cle velocity, is upward as a whole.

When particle backmixing is absent at a given position,
two-phase flow assumes plug flow, which means D s0. Onj
the other hand, when particle backmixing is complete, D ™j
y�. The introduction of the minus sign here shows that the
direction of particle velocity and of particle backmixing are
exactly the opposite to each other.

Figure 17. Coordinate to account for the arise of the jet
secondary flow.

From a mathematical point of view, the relations between
Pe and � can be summarized as follows:

1. If �s0, that is, the value of q equals 0, then the diffu-d
sion coefficient, D , which characterizes the mixing extent,j
also equals 0, so it can be deduced that Pe approaches y�,
according to the definition of Pe;

2. If �s1, that is, the value of q equals 0, then the diffu-u
sion coefficient, D , which characterizes the mixing extent,j

Figure 18. Particle backmixing model.
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tends to �, and the mean particle velocity is also equal to 0,
so Pe is close to 0;

3. The larger the value of � is, the smaller the ® in thez
numerator is, and the larger the D in the denominator is.j
That is to say, the generalized Peclet number, Pe, decreases
as � increases.

Thus the relation between Pe and � can be obtained by
the analysis given earlier:

� �Pes ln k� , 7Ž . Ž .

when �F1, and

�s1rk exp Pe . 8Ž . Ž .

When the particle diffusion potential is the pressure trans-
Ž .formed by gravity Liu, 1993 ,

�� 1 1 � p
yD s A� t y ,j ž /� z � � � zg p

then

D sk � , 9Ž .j 1

that is,

Pes� rk � , 10Ž .z 1

then Eq. 8 can be converted into

�s1rk exp ® rk � s1rk exp Pe , 11Ž . Ž .Ž .z 1

where

k s0.07246° 1~ks2.75 rrRF0.86 .¢ks1.964 rrR�0.86

Figure 19 shows the comparison between the measured and
computed values under a typical operating condition with Eq.
11 for the particle backmixing ratio. It shows good agreement
between Eq. 11 and the experimental results.

It also shows that the particle backmixing ratio decreases
with an increase in particle velocity and voidage, which is in
agreement with the actual situation.

Correlation of Particle Axial Velocity. The significance of
introducing the generalized Peclet number Pe is self-evident.

( )Figure 19. Measured vs. computed value using Eq. 11 for the particle backmixing ratio: a 0.375 m above nozzles;
( ) ( ) ( )b 0.675 m above nozzles; c 1.075 m above nozzles; d 1.375 m above nozzles.
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This Pe is not only a function of particle axial velocity, but a
function of local density as well, and the distributions of these
two parameters in the riser feedstock injection zone will
greatly influence the catalytic reaction. Thus, introduction of
Pe makes the flow of the solid phase more predictable.

To compute the particle velocity and local density, how-
ever, some other constraints must be introduced.

By introducing a parameter,

q qqu d
� s ,1 n qnu d

the mean particle axial velocity can be expressed as

® s� 1y� , 12Ž . Ž .z 1

where � is a characterizing velocity of the upward particle1
flow.

By analyzing 495 groups of experimental data in five differ-
ent cross sections, it is found that in each measured section,
the parameter � is only a function of position and is inde-1
pendent of the operating condition. That is to say, the value
of the particle axial velocity in a given position is determined
only by the condition that the location function � and the1
particle backmixing ratio � were given. In fact, the particle
backmixing ratio itself is undoubtedly a function of such op-
erating parameters as nozzle velocity and particle flux.

In order to improve fitting, a new parameter �s10r� is1
introduced and is named the particle velocity coefficient.

But flow in the riser feedstock injection zone is highly com-
plex. The particle velocity coefficient, � , varies axially and
radially. Moreover, because the riser feedstock injection zone
is a confined space, the asymptotic method for this type of
flow is inapplicable. Therefore, the particle velocity coeffi-

m Žcient cannot be expressed as a function of rrz where m
.can be any real number .

Distribution of � in five different measured cross sections
is accomplished by fitting experimental data. The values of �
in other cross sections have to be determined by means of
interpolation:

6
i�s a r . 13Ž .˜Ý i

is 0

Therefore, the particle axial velocity in a certain position can
be worked out with Eq. 14 if the value of the particle velocity

coefficient, � , and particle backmixing ratio, � , are given:

® s10 1y� r� . 14Ž . Ž .z

Correlation of Generalized Peclet Number Pe. Unlike the
particle velocity coefficient, � , the generalized Peclet num-
ber, Pe, is not only a function of positional coordinates, but
also a function of the operating parameters.

But because of the extreme complexity of the flow field
and the tendency of Pe to be nonuniform in different posi-
tions, this article presents the distributions of Pe in five dif-
ferent measured cross sections just like the particle velocity
coefficient, � , being computed. In other sections, the value
of Pe has to be estimated by interpolation.

The first fitting result shows that the operating parameters
most related to Pe are particle flux, G ; the ratio of the noz-s
zle jet velocity and the superficial prelift gas velocity, �; the
total superficial gas velocity, U , in the riser into which thez
nozzle jet gas has been injected; and the radial position, r .̃

The Pe expression can be written as follows, just like that
of the Nusselt number in heat transfer of a small amount of
cool gas spouted into the gas with different temperatures and
velocities in an infinite space:

b10.5 b b2 3Pesb Re Ur® � 15Ž .Ž .Ž .0 p z t

�U dz p
Re sp �

® s � y � d2 gr18�Ž .t p g p

�sUrU .j r

For more detailed information about the values of b , b ,0 1
b , b in Eq. 15, which are determined by fitting experimen-2 3

Ž .tal data, the reader should consult Fan’s 2000 .
The preceding analysis clearly shows the following compu-

tational process of the particle backmixing model.
First, the generalized Peclet number, Pe, by Eq. 15, and

the particle velocity coefficient are worked out by Eq. 13,
after which the calculation procedure follows in the order:
the particle backmixing ratio, � , by Eq. 11, the axial particle
velocity by Eq. 14, and finally the local density � by Eq. 10.
The whole process can be expressed as follows:

The generalized Peclet number, Pe ™ the particle backmixing ratio � 5particle velocity coefficient �

™ axial particle velocity ®z
™ local density � .5coefficients k , k1
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Simplified model to compute the distribution of nozzle jet
in riser cross section

Analysis for Influential Factors and Determination of Correla-
ti®e Parameters. In general, the particle flux, jet velocity, su-
perficial prelift gas velocity, and the dimensions of the riser
will greatly affect the distribution of the nozzle jet in the riser
cross section.

But the relaxation times of gas�gas and gas�solid are
enough different that the ‘‘affinity’’ of jet�particle is much
less than that of the jet�prelift gas. Thus the extent of the
influence of each factor is quite distinct.

When using two-phase flow model, the viscosity stress and
turbulent stress are omitted because of their relatively small
influence during the mixing process. Thus radial momentum
equations of the jet gas and of prelift gas are as follows:

� � � p
2� 
 u u q r� 
 u sy
Ž . Ž .j j jr jz j j jr j� z r� r � r

� 
 � 
 u yu � 
 � 
 u y®j j r r jr r r j j p p jr pry yž / ž /� 
 q � 
 t � 
 q � 
 tŽ . Ž .j j r r jr j j p p j p

16Ž .

� � � p
2� 
 u u q r� 
 u sy
Ž . Ž .r r r r r z r r r r r� z r� r � r

� 
 � 
 u yu � 
 � 
 u y®j j r r jr r r r r p p r r prq y .ž / ž /� 
 q � 
 t � 
 q � 
 tŽ . Ž .j j r r jr r r p p rp

17Ž .

The first subscript letters j, p, r represent, respectively, jet
gas, particle phase, and prelift gas, while the second letters
represent directions of vectors.

When the relaxation time between the nozzle jet gas and
prelift gas is very short, DfrDt must be � frt. If these two
equations are transformed properly, the partial differential
equation can be converted into an algebraic equation and be-
come the multiphase flow diffusion model:

� p � p
u yu s y
 q
jr r r j r� r � r

� 
 � 
 u yuj j r r jr r ry t . 18Ž .jrž /� 
 q � 
 tŽ .j j r r jr

Equation 18 indicates that the volume faction distribution
is determined by relaxation time, discrepancy of radial veloc-

( )Figure 20. Radial distribution of jet eigenconcentration varying with the velocity ration: a 0.375 m above nozzles;
( ) ( ) ( )b 0.675 m above nozzles; c 1.075 m above nozzles; d 1.375 m above nozzles.
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ity, and pressure component. But these parameters cannot be
measured in the riser because of the limitation of the experi-
mental method. This article introduces the hypothesis that
these parameters are determined only by the initial condi-
tions of the prelift gas and of the nozzle jet. Thus, the cross-
sectional distribution of the jet gas is determined only by the
ratio of the prelift gas and nozzle jet velocities.

Figure 20 shows that the preceding hypothesis is reason-
able to some extent, and at least indicates that the velocity
ratio is the main key factor in determining the jet flow pa-
rameter distribution in the riser cross sections, while other
factors such as particle flux play only a subsidiary role.

Therefore, in this article, when correlating the distribution
of jet concentration in the riser cross sections, the only factor
we are concerned with is the velocity ratio.

Cross-Sectional Distribution of Jet Eigenconcentration. In
the jet mainstream influence subzone and the jet secondary
flow influence subzone, jets mix intensively with the flow
coming from the prelift zone. The cross-sectional distribution
of the jet eigenconcentration is very complex, even more
complex than that of the generalized Peclet number, Pe. The
radial distribution of the jet eigenconcentration is very differ-
ent in different cross sections due to the influence of vor-
tices; even their varying tendency is entirely diverse.

In this article the radial gradient of the jet eigenconcentra-
tion, dCrdr, varies with the velocity ratio, �, in five different˜
measured cross sections, the same as when the velocity coef-
ficient, � , and the generalized Peclet number, Pe, are com-
puted. However, the value of dCrdr has to be estimated by˜
interpolation in other sections.

September 2002 Vol. 48, No. 9AIChE Journal 1885



The radial eigenconcentration distribution of jet gas in dif-
ferent sections can be expressed as follows:

c c1 2dCrdrsc � r . 19Ž .˜ 0

For more detailed information about the values c , c , c0 1 2
in Eq. 19, which are obtained by fitting experimental data,

Ž .the reader can refer to Fan 2000 .
Validity of the Computational Methods Introduced in This Ar-

ticle. As related research, and especially experimental re-
search on the flow pattern in the feedstock injection zone of
the FCC riser, is very scarce, comparable data are almost in-
accessible. In order to test the validity of Eq. 19 and the par-
ticle backmixing model, the results computed by the method
introduced in this article have to be compared with numeri-
cal simulation from other literature.

Figure 21 compares the computed values using Eq. 19 and
the particle backmixing model with the numerical simulation

Ž .results by Gao 1997 . It also shows a passable agreement
between them. At least their distribution tendencies are en-
tirely coincident.

Because the objects computed are industrial devices in Gao
Ž .1997 , some discrepancies must exist between the industrial
and experimental conditions. Moreover, the initial conditions

Ž .adopted by Gao 1997 are in disagreement with those of the
experiment, such as its hypothesis of the uniform inlet
boundary condition. Furthermore, the jet density in indus-
trial conditions is higher than that in experimental condi-
tions, so the influence regime lasts longer than that of the

Ž .experimental condition. According to the data of Gao 1997 ,
the velocity maximum is not located at the riser axis, but shifts
to rs0.5�0.7 at a height of 5.5D. On the other hand, the˜
annular-core structure appears at a height of 3.6D in the ex-
perimental model.

Ž .At a height of 2.16D, according to the data of Gao 1997 ,
the local density distribution is in disagreement with that
computed by the particle backmixing mode. This discrepancy
is caused by the hypothesis of uniform inlet boundary condi-

Ž .tion in Gao’s simulation 1997 . In fact, the inlet boundary
condition is quite different from the uniform distribution, as
shown in Figure 9. Then more particles will be blown toward
the riser’s central area by jet than in that computed by Gao
Ž .1997 . Furthermore, the density near the riser wall will be
higher than that provided the uniform inlet boundary condi-

Ž .tion. So the computed density in Gao 1997 is lower than
when using the particle backmixing model.

At a height of Hs5.5D, the flow takes on the typical an-
nular-core structure, so that good agreement is obtained by
these two computational methods, respectively.

From the preceding analysis by the particle backmixing
model, some initial conditions can be modified to improve
the precision of the numerical simulation to some extent.

Conclusions
1. The whole prelift zone can be divided into three subs

from bottom to top in the axial direction. They are the mix-
ing accelerating subzone, the uniform accelerating subzone,
and the fully developed subzone. The mixing accelerating
subzone can be described as a typical three-dimensional flow

field, the uniform accelerating subzone is a typical two-di-
mensional flow area, while the fully developed subzone is
characterized as a one-dimensional flow region.

2. The best installation position for feedstock should be
located at the uniform accelerating subzone, which can be
conducive to the contact and mixing between catalysts and
feed oil.

3. The mixing process and flow characteristics in the feed-
stock injection zone can be well described by using the new
parameters introduced in this article, such as particle back-
mixing ratio, jet eigenconcentration, and jet eigenvelocity.

4. The experimental results indicate that a secondary jet
flow takes place in the riser feedstock injection zone. The
secondary flow extends at first, and then emerges into the
mainstream when feedstock is injected into the riser. It also
shows that the jet secondary flow greatly influences the flow
parameters, such as the distributions of local density and par-
ticle backmixing.

5. The occurrence and development of jet secondary flow
in the feedstock injection zone can be interpreted by the the-
ory that vortices induce velocity.

6. When feedstock is injected into the riser, the flow fea-
ture is much different from the typical annular-core struc-
ture. The whole feedstock injection zone can be divided into
four subzones according to the flow behavior of the jet and of
the solid phase. Each subzone can be further divided into
two or three regions in the radial direction. Detailed posi-
tions of each subzone and each region are given.

7. This article indicates that the mismatch of catalyst con-
centration distribution with jet concentration distribution is
the main cause for the nonuniform contact between catalyst
and feedstock.

8. From this article, the uppermost reason for charring may
be the particles performing ‘‘the flow round a blunt body’’
and extension of the jet secondary flow, rather than the
prevalent viewpoint of ‘‘feedstock jet impinging on the oppo-
site riser wall of the atomizing nozzle.’’

9. Given the fact that the backmixing of particles is in-
evitable in the riser, two new parameters, generalized Peclet
number, Pe, and particle velocity coefficient, � , are defined.

Ž .Furthermore, a particle backmixing model, �s1rk exp Pe
Ž .and �s f r is given to facilitate the description of the parti-˜

cle flow feature in the riser feedstock injection zone.
10. The velocity ratio is the most crucial factor in deter-

mining the jet concentration distribution in the riser cross
sections, while other operating parameters play only a minor
role, according to the experimental results and the multi-
phase flow diffusion equation.

11. By using the simplified model introduced in this arti-
cle, more practical initial conditions are provided so that the
precision of the numerical simulation can be improved.

Acknowledgments
The authors gratefully acknowledge the financial support from the

Ž .CNPC China Nature Gas and Petroleum Corporation and the
Ž .SINOPEC China Petrochemical Corporation for this study.

Notation
w Ž . 3 x 2ArsArchimedes number � � y � d g r�g p g p

Csconcentration
C stracer concentration sampled by a sampling tubei
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wŽ . Ž Ž ..xCs� CrÝC Qr Q qQ s the eigenconcentration of jeti i j j r
Dsdiameter of riser, m
D sdiffusion coefficient, m2rsj

Ž 2 .FrsFroud number U rd gr p
gsacceleration of gravity, mrs2

G sparticle flux, kgrm2 ss
hscharacterizing axial dimension, m

Hsheight above gas distribution, m
H sparticle acceleration length in prelift zonea
H sthe proper location to fix feedstock nozzlesj
kscoefficient

k scoefficient1
n snumber of the particles whose velocity is downwardd
n snumber of the particles whose velocity is upwardu

pspressure, Pa
Pesgeneralized Peclet number
qsentries flux of particle, entriesrs
Qsflux of gas, m3rs

Q sgas flux of four jetsj
Q sgas flux of the prelift gasr

Ž .Re ssuperficial Reynolds number of prelift gas U D� r�g r g
Ž .Re ssuperficial Reynolds number of particle G d r�p s p

rsradial
tsrelax time, the mean residency time of the trace, s
usvelocity of gas phase, mrs

u svelocity of prelift gas, mrsr
u svelocity of nozzle jet gas, mrsj
u seigenvelocity of the jet, mrse
U ssuperficial velocity of prelift gas, mrsr
U ssuperficial velocity of nozzle jet injection, mrsj
U ssuperficial gas velocity when nozzle jet has injected in the riser,z

mrs
®sparticle velocity, mrs
® sterminal velocity of particle, mrst
® smean velocity of particles whose velocity is downwardd
® smean velocity of particles whose velocity is upwardu
Zsaxial height, m

Greek letters
�sparticle backmixing ratio
�sparticle velocity coefficient, srm
�sratio of nozzle jet velocity and superficial prelift gas velocity,

�sUrUj r

svolume fraction
�slocal density, kgrm3

	stangential
�sviscosity, Pa � s

Superscripts and subscripts
�sdimensionless

jsnozzle jet gas
psparticle
Zsaxial
rsradial; prelift
	stangential
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