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For fluid catalytic cracker (FCC) riser reactor, the diffusion pattern of feed spray
and the flow features of catalysts in the feed injection zone were investigated in a
cold-riser model that is made of 186-mm ID plexiglass pipe. In the feed injection zone,
when a feed spray is introduced into the riser, a secondary flow of spray will occur.
The secondary flow extends at first and then merges into the mainstream of spray. The
occurrence of the secondary flow enhances the mixing of catalysts with feed. However,
the extension of the secondary flow causes a violent catalyst backmixing, it is believed
to be harmful to FCC reaction. The generation of the secondary flow of feed spray
was theoretically analyzed by using the Kutta-Joukowski Lift Theorem. Furthermore, a
FCC feed nozzle, which can controllutilize the secondary flow in riser, was proposed.
The effects of the nozzle used in some commercial FCC units are quite desirable.
© 2009 American Institute of Chemical Engineers AIChE J, 56: 858-868, 2010
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Introduction

The fluid catalytic cracker (FCC) is the primary conver-
sion unit in most refineries. It is reported that about 45% of
worldwide gasoline productions come either directly from
FCC units or indirectly from combination with downstream
units.! In the feedstock injection zone of a FCC riser reactor,
feed oil is introduced into the riser through the atomizing
nozzles, and the feed comes in contact with the high-temper-
ature catalysts and then reacts rapidly. In a commercial FCC
unit, the goal is to ideally contact the catalysts with feed oil
in the riser reactor under optimal operating conditions for a
maximum Yyield in gasoline, LPG, and diesel. However, the
hydrodynamics of gas—solid flow in the feed injection zone
of FCC riser is very complex, which can be described by
multiple confined jets injecting into a 3D, three-phase flow.
Relevant research on the flow patterns of catalyst feed
in this zone, especially the experimental research, is quite
limited.
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Chen' introduced the radial temperature profiles of a com-
mercial FCC riser right above feed injection; it shows that
the contact of feed with catalysts is rather nonuniform.
Helmsing et al.” investigated the residence time distribution
and Peclect number of catalysts in a microriser reactor.
However, because their experimental reactor is too small (4-
mm ID), the detailed hydrodynamics in the feed injection
zone cannot be obtained. In the same experimental setup,
Dupain et al.* proposed a lumped kinetic scheme to describe
the observed phenomena; calculations on the feed reactivity
and mass transfer have been made. Mcmilan et al.* have
used both temperature and triboelectric measurements to
determine the liquid/solid distribution in the feed injection
area, however, their experiments were conducted in a dower
chamber, not the commonly used riser. Fan et al.’ have
employed hydrogen tracer and optical fiber probe to study
the flow patterns of catalysts and nozzle spray in the feed
injection zone of the riser. However, their experimental
results, in particular, the generation of the secondary flow of
the feed spray in the feed injection zone should be further
theoretically explained.

Numerical simulation is one of the most significant means
by which a comprehensive understanding of the gas—solid
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flow in the feedstock injection zone can be achieved. The-
logs et al..>” Gao'® have incorporated the lumped kinetic
models into 3D computational fluid dynamics techniques.
Even the simulation of feed vaporization (or atomization)
inside the riser was addressed in detail. In addition, Albrecht
et al.'' performed an unsteady simulation of three-phase gas-
droplet-particles turbulent flow with heat and mass transfer
in the feedstock injection zone of an commercial FCC riser
using a two-fluid modeling approach. The relevant configura-
tions for further investigation with LES simulation, com-
bined 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.

To enhance the contact of catalysts with feed droplets,
some patents covering the riser internals,'>™'* as well as the
new generation of FCC nozzle,”™'® whose feed injection
angle is adjustable have been put forward. However, these
techniques are essentially tentative works. In other words,
they are not based on the detailed study on the hydrodynam-
ics of gas—solid flow in the feed injection zone.

In this article, the flow features of catalysts and the diffu-
sion pattern of feed spray in three different-structure feed
injection zones were experimentally investigated. The most
noticeable phenomenon of the spray diffusion, i.e., the gen-
eration of the secondary flow of feed spray was theoretically
analyzed. In addition, a new FCC feed nozzle that can con-
trol/use the secondary flow in riser was introduced.

Experimental Setup and Measurements
Experimental setup

The experimental setup is shown in Figure 1. It is mainly
composed of a riser system, a gas—solid separation system,
and a recirculation system. The riser is a plexiglass pipe
with an ID of 186 mm and height 12 m. The feed injection
zone is installed at a height of 4.5 m above the prelift gas
distributor. Four nozzles are equipped with an angle of 30°
relative to the riser axis, the same as in most industrial units.
The gas—solid separation system includes two stages of
cyclones. The recirculating system consists of a plexiglass
downer of 500-mm ID equipped with a butterfly valve for
measuring the solid flux. The solid flux is calculated by
measuring the time for a known volume of particles to accu-
mulate on the butterfly valve after the valve is closed.

The prelift gas, the feed spray, and the fluidizing gas are
atmospheric air and are all supplied by the Roots’ blowers.
Their flowrates are controlled by a series of rotameters. The
superficial velocities of the prelift gas and of the nozzle
spray range from 3.28 m/s to 4.30 m/s and 41.7 m/s to
83.3 m/s, respectively; while the solid flux in the riser is
controlled in a range from 70 to 390 kg/mzs. The particles
are typical FCC catalysts. The particle density p, is 1310
kg/ms, while the mean diameter d,, is 65 um.

Three investigated feed injection zones are shown in Fig-
ure 2. The No. 1 is a traditional structure, which can be
characterized by an equivalent diameter pipe, as illustrated
in Figure 2A. The No. 2 is shown in Figure 2B. In this feed
injection scheme, an inner Louver conduit is set exactly
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Figure 1. Experimental setup.

above the nozzles. The attack angle of the Louver conduit o
is 2.5° relative to the riser axis, which is equivalent to the
flow angle of the secondary flow of feed spray in riser.” The
divergence angle of the Louver conduit f is 7°, which is the
same as a free jet. In the No. 3 feed injection zone, four
inner baffles are fixed exactly above four nozzles. The attack
angle and the divergence angle of the baffle, i.e., « and f§ in
Figure 2C, are 2.5° and 7°, respectively. In the No. 2 and
No. 3 feed injection zones, the lengths of the Louver conduit
and of the baffles are L = 0.5 m.

Measurements and data analysis

A hydrogen-tracer technique is used to study the diffusion
and flow characteristics of feed spray after it is injected into
the riser. The cross-sectional distributions of the hydrogen
concentration and of the hydrogen residence time are investi-
gated at five axial heights of riser. The local density and the
local axial particle velocity at different positions inside the
riser are measured with the optical fiber probes.

Eigen-Concentration and  Eigen-Velocity of Feed
Spray. The concentration of the tracer at i location, C;, can be
obtained directly by the sampling system. However, the
sampled C; cannot be directly used to characterize the cross-sec-
tional distributions of feed spray. It is because of the following:

1. In this research, the hydrogen tracer injection into the
nozzles is pulse (not continuous injection); in other words, the
injection time is very transient (30 ms), and the flowrate of
the tracer is much less than those of the prelift gas and nozzle
spray gas at each location. Because of the intense turbulence
of gas-solid flow in a riser, the measured concentrations of the
tracer vary inevitably even if at a fixed operating condition.

2. The tracer concentration, C;, was measured with an
online chromatogram. It can only quantify the concentration
of the hydrogen in the sampled pure gas, rather than that in
two-phase flow. That means the volume of the particles is
not considered if using a chromatogram.
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Figure 2. Three different feed injection zones.

3. The most idealized tracer injection is using pure
hydrogen as the nozzle spray. However, it is really an
impossible task for safe and ec%non}iial reasons.

= i pi

Therefore, a parameter Z[Ci/(1 + &) (01/0i+ Cr) is
introduced in this article. It is named by Eigen-concentration
of tracer. Here ¢,; means the local volume fraction of the solid
phase measured at the location where the tracer concentration
is also investigated. Introduction of (1 + &) is to characterize
the actual concentration of the tracer in two-phase mixture.
For describing conveniently, we call Ci/(1 + &) as the two-
phase concentration of the tracer. In this research, e, is
obtained with the optical fiber probe. X[Ci/(1 + ¢,i)] denotes
the sum of all the two-phase concentrations of the tracer,
which are measured at different cross-sectional locations at an
investigated axial height. The term QJJQrJQR is to modify the dif-
ference between the idealized continuous injection of pure
hydrogen and the pulse injection. It is like that a Q; volume of
solute is dissolved in a Q; + Or volume of solution.

The parameter C reflects the relative concentration of feed
spray at different locations in the riser after it is injected
into the riser.

The Eigen-velocity of spray, which is defined by u. = k/1,
reflects the relative velocity of feed at different positions in
the riser. The parameter ¢ denotes the mean residence time
of the hydrogen tracer at the sampling position, which can
be directly obtained through the sampling system, while the
number £ is a constant.

Measurement of Local Density. The local density is meas-
ured with a PC-4 optical fiber probe that is supplied by the
Institute of Processing Engineering, Chinese Academy of Sci-
ences, Beijing, China. When a beam of light irradiates on a
cluster of particles, part of the light will be reflected, whereas
the other part will be absorbed. The principle of an optical
fiber probe is based on the fact that the intensity of reflected
light depends on the concentration of the particles irradiated.

The probe is 3.8 mm in diameter and contains thousands of
emitting and receiving quartz fibers, each of diameter 15 um.
More details of the probe have been presented elsewhere.’
Similar probe was also introduced by other researchers."”
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Measurement of Particle Velocity. The particle velocity
is measured by using a PV-3 optical fiber probe that is also
supplied by the Institute of Processing Engineering, Chinese
Academy of Sciences, Beijing, China. In this instrument,
five parallel fibers of diameter 200 um are placed in a stain-
less-steel tube. A particle moving through any two neighbor-
ing fibers will produce reflective signals that can be detected
by the fibers. By counting the shift times of these signals,
the local particle velocity is determined. The stainless-steel
tube consists of a horizontal cylindrical portion of 2-mm OD
and length about 0.3 m, leading to a 10-mm-long tip of
oval-shaped cross-section of 0.5 mm wide by 1.8 mm high.
This optical fiber probe was used elsewhere before.” Similar
probe was also described by others.”°

The local particle velocities measured with the optical
fiber probe indicated that particles inside a riser move
upward and downward dynamically wherever the radial loca-
tion is. Even in the upper part of the riser, the downflow of
the particle can be detected in the central region. Because
the proportion and magnitude of the upflowing particles are
different from those of the downflowing particles, the arith-
metical average of the particle velocities is different at dif-
ferent locations. In fact, the granular flow in a riser is not a
continuous flow from a strict Euler viewpoint. The arithmeti-
cal average velocity of particles at a given position is

nVu—naVy __

N -
expressed by Vj, = mud #
ber of the particles whose velocities are downward; n, is the
number of the particles whose velocities are upward; Vy is
the arithmetical average velocity of particles whose veloc-
ities are downward; V, is the arithmetical average velocity

, where nq is the num-

of particles whose velocities are upward; Vpi is the velocity
vector of any particle i. The parameters ng, Vg4, n,, and V,
can be directly measured with the optical fiber probe.

As an intrusive technique, the optical fiber probe may
bring about errors in particle velocity and local density
measurements, because the probe interferes with the flow
inevitably. Unfortunately, nobody has ever estimated the
errors caused by the intrusion of probe. However, Werther
et al.?! have directly compared the results of optical fiber
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Figure 3. Radial distributions of the Eigen-concentra-
tion of feed spray in three different feed
injection zones.

probe and LDA under identical operating conditions in a cir-
culating-fluidized bed riser. The good agreement of the local
solid velocities acquired with the two systems indicated that
the probe causes negligible distortion of the solid velocity
patterns in a riser. At present, the optical fiber probe is an
effective technique in measuring local density and particle
velocity, especially for dense phase.

Particle Backmixing Ratio. This parameter is defined by
the value of y = % at the investigated location. The par-
ticle backmixing ratio reflects the momentum ratio of the
particles whose velocities are downward to those of the
upward particles. A higher particle backmixing ratio denotes
a more intense collision among particles, which inevitably
results in a longer residence time. It is believed that the long
residence time of catalysts in feed injection zone closely
relates to some undesirable byproduct such as coke and
dry gas.
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Figure 4. Radial distributions of Eigen-velocity of feed
spray in three different feed injection zones.
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Figure 5. All the investigated parameters at different
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[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Experimental Results
The diffusion of feed spray in the feed injection zone

Figures 3 and 4 show the radial profiles of the Eigen-con-
centration C and the Eigen-velocity u. of feed spray. In these
two Figures (as well as in Figures 5-7 in the following text), a
representative operating condition is taken in which the nozzle
spray velocity is 62.5 m/s, the superficial prelift gas velocity
is 4.3 m/s, while the solid flux in the riser is 390 kg/mzs.

In these three different feed injection zones, the hydrogen
tracer was not detected at the height below the nozzles
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Figure 6. All the investigated parameters at different
axial heights in the No. 2 feed injection zone.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

0.2 m. This demonstrates that in a riser, there is no large-
scale backmixing of feed spray upstream the nozzles.

At H = 0.375 m above the nozzles, the minimum of the
Eigen-concentration of feed spray appears at the riser center
in these three different feed injection zones (C ~ 0), which
denotes that the feed spray has not yet reached the axis of
the riser because of the intense upwash by the two-phase
flow coming from the prelift zone. The end of the spray
appears at 7 = 0.32 to 0.54, because the maxima of both the
Eigen-concentration and the Eigen-velocity of feed spray
appear there. The deflexion angle of the spray even comes to
20° compared with a free jet. Near the riser wall
(7 =0.86 ~ 095), the secondary local maxima of the Eigen-
concentration and the Eigen-velocity of feed spray indicate
that a secondary flow of feed arises there relative to the
mainstream of feed spray. The boundary between the main-
stream and the secondary flow locates at 7 ~ 0.86.

At H = 0.675 m above the nozzles, the maxima of both
the Eigen-concentration and the Eigen-velocity of feed spray
occur at 7 = 0. At the same time, the secondary local max-
ima of C and u. present at 7=~ 0.75. It shows that the spray
mainstream has already reached the riser axis and the spray
secondary flow has extended gradually in this cross-section.
On the other hand, the minima of the Eigen-concentration
and the Eigen-velocity appear at 7 = 0.54, indicating that the
boundary between the spray mainstream and the spray sec-
ondary flow has shifted to the position 7 = 0.54.

At H = 1.075 m and H = 1.375 m above the nozzles, the
minima of the spray Eigen-concentration and the Eigen-velocity
locate at the riser wall, whereas the maxima of these two param-
eters present at 7 = 0. It means that, at these two axial heights,
the secondary flow of feed spray has disappeared. In other
words, the secondary flow has merged into the mainstream.

In summary, when a feed spray is injected into the riser, a
secondary flow of spray occurs. The secondary flow extends
at first and then merges into the mainstream. As shown in
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Figures 3 and 4, the mainstream, the secondary flow, and
their boundary are illustrated by the solid line, dash line, and
dash dot line, respectively.

The effects of feed spray on the flow pattern of particles
in the feed injection zone

We plot all the investigated flow parameters in one diagram,
so that we can determine their various relationships, which are
shown in Figures 5-7. It is an effective way to analyze the
mixing process and the flow characteristics in the feed injec-
tion zone, although the units (or dimensions) of these parame-
ters are different. In these figures, the unit of particle velocity
is 10 m/s, while the unit of local density is 1000 kg/m3 .

If no feed spray is introduced into riser, the local density
in the central region is generally lower than that in the wall
region of the riser at all axial heights, presenting a typical
annular-core flow as suggested by many researchers.?>°
The boundary between the annular and the core located at
approximately 0.7 <7 < 0.8. However, the flow pattern in
the feed injection zone is different from the annular-core due
to the injections of feed.

In these three different feed injection zones, the measured
flow parameters present similar radial profiles, different only
in magnitude, as shown in Figures 5-7. The effects of the
secondary flow of feed spray on the flow pattern of particles
are clearly seen in all these three investigated feed zones.

At H = 0.375 m above the nozzles, based on the radial distri-
bution of the local density, the cross-section can be divided
into three radial regions: the wall dense-phase region
(0.86 < 7 < 1), the annular transition region (0.54 <7 < 0.86),
and the central dense-phase region (0 < 7 < 0.54). The highest
density appears in the wall dense-phase region, whereas the
lowest density in the annular transition region. In the annular
transition region, the local density remains almost a constant in
the radial direction. The occurrence of the central dense-phase
region is because that numerous particles are entrained towards
the central area of the riser by feed sprays. The particle
backmixing is more intense in higher density areas (the wall
dense-phase region and the central dense-phase region). The
backmixing ratio increases with the local density. The maxi-
mum of particle velocity is at 77 ~ 0.32 to 0.54, corresponding to
the location of spray mainstream.

As marked with the circle in Figures 5-7, the most dis-
tinct feature at H = 0.375 m is that the boundary between
mainstream and secondary flow coincides exactly with that
of wall dense-phase region and the annular transition region,
showing an evident effects of nozzle spray on the behaviors
of granular flow.

At H = 0.675 m above the feed nozzles, the cross-section
is divided into two radial areas: the wall dense-phase region
(054 <7<1) and the central dilute-phase region
(0 <7 <0.54), which resembles the annular-core to some
extent. In the No. 1 feed injection zone (traditional scheme),
the local density in the wall dense-phase region presents
higher values and a more sharp gradient than those of a typi-
cal annular-core flow. The radial gradients of the local den-
sity in No. 2 and No. 3 zones are comparatively much flat-
ter. At this axial height, the particle velocity distribution
approaches to that of the typical annular-core flow, but the
radial gradient is steeper.
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At H = 0.675, the maximal particle backmixing originates
among these tested cross-sections, and in the wall dense-phase
region in particular, the backmixing is very intense. This is
because that the extension of the spray secondary flow con-
tributes much to particles flowing transversely in this cross-
section. The movement of particles resembles the flow round
a blunt body, which results in the frequent collision of par-
ticles. Then, violent backmixing takes place, and a longer res-
idence time of particles is inevitable. In the commercial riser
reactors, coke often occurs at a height of 0.6 to 1 m exactly
above the feed nozzles. The prevalent viewpoint about it was
feed spray impinging on the opposite riser wall of the feed
nozzle. However, the main cause presented in this article
might be that the flow of particles performs the flow round a
blunt body and the extension of the spray secondary flow.

Another salient feature at this axial height is that the
boundary between the spray mainstream and the secondary
flow corresponds exactly to that between the wall dense-
phase region and the central dilute-phase region, as marked
with the circle in Figures 5-7. The effects of feed spray, par-
ticularly, the secondary flow on the solid flow is prominent.

At H = 1.075 m and H = 1.375 m above the nozzles, the
secondary flow of feed spray has merged into the main-
stream. The cross-section is divided into two regions: the
wall dense-phase region (0.75 <7 < 1) and the central
dilute-phase region (0 <7 < 0.75). The particle backmixing
increases or decreases depending on the variation of the
local density. The maximal particle velocity locates at the
riser axis, while the minimum near the wall. The radial pro-
file of the spray Eigen-concentration coincides with the an-
nular-core flow. In these two cross-sections, almost all
inflexions of the flow parameters arise in the same position
(at about 7 = 0.75), as illustrated by the circle marked in
Figures 5-7. It demonstrates that the two-phase flow
approaches to the typical annular-core structure, showing
that the mixing between the feed sprays and the particles has
been nearly completed.

In the feed injection zone of a riser, the secondary flow of
spray plays a crucial role not only in the mixing of catalysts
with feed but also in the two-phase flow features. Obviously,
different spray velocities will result in different extents of
the secondary flow.
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At the representative axial height, H = 0.675 m above the
feed nozzles, the radial gradient of the Eigen-concentration
of feed spray decreases if increasing the spray velocity of
the nozzle exit, as shown in Figure 8. This demonstrates that
a higher feed spray velocity may cause a more intensive sec-
ondary flow, so that the diffusion of feed is more rapid and
the mixing of feed with catalysts is enhanced consequently.

However, in a more intensive secondary flow, more par-
ticles are entrained towards the riser wall, and then, more col-
lisions of particles take place. As a result, near the riser wall,
the particle backmixing is more violent, as shown in Figure 9.

In the feed injection zone, the secondary flow of feed
spray hastens the mixing of catalyst with feed oil. However,
with the extension of the secondary flow, the particle back-
mixing is aggravated.

The effects of Louver conduit/baffle on the flow pattern
of two-phase in the feed injection zone

At two representative axial heights, H = 0.375 m and H
= 0.675 m above the feed nozzles, the Eigen-concentration
of feed spray in the area of 0.54 <7 <1 in the No. 2 and
No. 3 feed injection zones is higher than that in the No. 1
zone, as shown in Figure 3. In other words, the radial distri-
butions of feed spray in the No. 2 and No. 3 zones are more
uniform. It also indicates that the feed spray diffuse more
rapidly when a conduit or baffles is introduced.

Careful comparison of Figures 5-7 shows that in the
above area, both the particle backmixing ratios and the radial
gradients of the local density in the No. 2 and No. 3 zone
are lower than those in the traditional zone, while the parti-
cle velocities are comparatively higher than No. 1. These are
believed to be advantageous to FCC reaction. The installa-
tions of the conduit and the baffle appear desirable for
improving the performance of the feed injection zone.

Based on the experimental results, it can be seen that the
occurrence of the secondary flow in the No. 2 or No. 3 feed
injection zone is inevitable, although the conduit or baffle is
used. Furthermore, in a commercial FCC riser, the conduit
or baffle has to resist the serious abrasion caused by the
high-temperature multiphase flow. However, if introducing a
stream of steam toward the direction of the secondary flow,
i.e., setting a gaseous baffle, the secondary flow is antici-
pated to be effectively controlled and used. A question is
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Figure 9. Radial distributions of the particle backmix-
ing ratio under different spray velocities.
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then put forward: where is the precise location of the sec-
ondary flow?

Theoretical Analysis on the Generation of the
Secondary Flow of Feed Spray

The Kutta-Joukowski lift theorem

It is obvious that the occurrence of the secondary flow
closely relates to a transverse force in the riser. In classical
aerodynamics, a transverse force known as the Kutta-Jou-
kowski lift has been introduced. The Kutta-Joukowski lift
theorem is described as below’":

Consider a steady irrotational 2D flow past a closed body.
Let the flow be uniform with a velocity U, and a density p.
Given the velocity circulation around the body is I'. Then, a
lift on per unit span of the body is given by as follows:

Fx_y = pl'Uy (N

The lift is perpendicular to U, strictly speaking, turning
the vector U, 90° reversely to the velocity circulation I'.

In two-phase flow, the Saffman force and the Magnus
force on particles are essentially Kutta-Joukowski lift. They
are caused by the transverse gradient of the gas velocity
across a particle and the rotation of the particle, respectively.
However, these two forces are usually negligible, because
the particles are too small.

The Kutta-Joukowski lift in a multiphase flow

In classical single-phase hydrodynamics, the Stokes theo-
rem has been used for any area A that is enclosed by a
closed curve C. For a fluid with constant density, the veloc-
ity circulation around C, I, is equal to the vortex strength
through the area B!

r=1 (2)

Consider the relation of the vortex strength / to the angu-
lar velocity @'

1 /0U; ou;
I=2amA =24 x {E (ax,- - ax_,)} 3)

In single-phase hydrodynamics, the clockwise velocity cir-
culation (or angular velocity) is negative, whereas the anti-
clockwise is positive and vice versa.”!

Combine Egs. 1, 2, and 3:

“

oU;  au;
Fx_y = pTUyx = onoA< . ’)

X;  0X;

Then, for a multiphase flow, the Kutta-Joukowski lift
exerting on Phase 2 by Phase 1 is modified by:

)

U,y  OUy;
FK—J:PLA(UI*Uz)( - 2)

ox;  0x;

Equation 5 establishes the relation of transverse force
(Kutta-Joukowski lift) to the velocity gradient of Phase 2 in
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any closed area A in a multiphase flow. In Eq. 5, the lift is a
force that Phase 1 acts on Phase 2, therefore, it is closely
relates to the velocity of Phase 1 relative to Phase 2 U; — Us.
It also means that, when using Eq. 5 to analyze a multiphase
flow, the term U, — U, (as well as %L)/;J - %L;j_‘ ) is regarded as a
vector, but not a scalar quantity. Then the direction of the
Kutta-Joukowski lift on Phase 2 in a multiphase flow is turning
the vector U; — U, 90° reversely to the velocity circulation.

In a confined multiphase flow, the Kutta-Joukowski lift
must occur, because both the transverse velocity gradient of
Phase 2 and the relative velocity of Phase 1 to Phase 2 are
inevitable. Therefore, in the feed injection zone of a riser,
the Kutta-Joukowski lifts exerting on feed spray by prelift
gas and particles contribute much to the occurrence of the
secondary flow. The direction of the lift is mainly deter-
mined by the directions of the vortex strength and the rela-
tive velocity.

The location of the secondary flow of feed spray in riser

The Location of the Mainstream of Feed Spray in
Riser. Although the feed injection zone of a riser is a typi-
cal 3D flow filed, the analysis based on 2D can also propose
some useful quantitative description for the diffusion of feed
spray. Particularly, the analysis of the vortex explains the
generation of the secondary flow of feed spray.

In the vicinity of the nozzle exit, a 2D orthogonal-curve
coordinates is set, as illustrated by Figure 10.

In Figure 10, the Z-coordinate axis is set along the riser
wall; the X-axis is vertical to Z-axis, toward the riser axis.
The curve OA represents the streamline of feed spray (main-
stream), while y, means the actual flow angle of feed spray
in riser. U, and U, denote the components of the spray ve-
locity along the Z-coordinate axis and the X-coordinate axis,
respectively.

In hydrodynamics, the streamline equation is given by:"'

dX U,
= 6
hdzZ U, ©

Here, & is the Lam’e coefficient of the orthogonal-curve
coordinates.

In single-phase hydrodynamics, the jet in a crossflow
can be modeled by a flow round a blunt body. Therefore,
in the area very close to the origin of the coordinates
(namely the nozzle exit), U, and U, is expressed by
series”:

o*U, 1 (O°U.\ .,
U. = ( axaz)oxmi < e )OX + e (7-1)
1 (0*U\
. 2( ax2>0X + e (7-2)

Combine Eq. 6 with Eq. 7, the equation of the streamline
that passes the origin of the coordinates is as follows:

U,
1dx ((axi) X ©
hdZ (200 20,
V(@ 55) o+ (5) X
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Figure 10. A 2D orthogonal-curve coordinates in the
vicinity of the nozzle exit.

When (X,Z) is very close to the origin, we
have j-4% ~ ;-7 = tan . Transforming Eq. 8, we obtain:

PU,
( e ) tan
&U. PU.
hlaxaz) oh ( o )Otan Yo

Combining above equation with the continuity equation:

oU. | oU, __ .
oz +% = 0, we have:

2*U, ) 9*U. 3 9*U.
x? ), moXdzZ) moxXoz ) ,

tan = = -
e, @
X ) X )

Thus, in the area very close to the nozzle exit, the relation
of the actual flow angle of feed spray in riser to the velocity
gradients is given by Eq. 9. It also represents the streamline
equation of feed spray (mainstream).

The Zeio Vortex-Strength Curve. The vortex strength is
[=2wA =} (hdgz — %—I;{]ZA Here A means any closed
area. Consider a Curve along which the vortex strength is
equal to zero. Based on Egs. 2, 3, and 4, the Kutta-Joukow-
ski lift along the zero-vortex-strength curve is zero too. It
means that in the vicinity of the nozzle exit, there must be a
flow along this curve without interference of the transverse
force. As described in the following text, it closely relates to
the location of the secondary flow of feed spray.

Combine the definition of the vortex strength with Eq. 7,
i.e., along the zero-vortex-strength curve, we get the
following:

tan%:z(

€))
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*U. O*U.
(l):[<m)oz+(axz)ox+ ...... }—O

In the area very close to the origin of the coordinates, the
tangent of the zero-vortex-strength curve is as follows:

(1 0;)1(]52) 1
tany, = — % = gtan I/ (10)
(6"2;)0

The location of the zero-vortex-strength curve is illus-
trated by 0B in Figure 10.

The Location of the Secondary Flow of Feed Spray in
Riser. Experimental results show that the secondary flow of
feed spray locates between the riser wall and the spray main-
stream. The generation of the secondary flow requires a
transverse force whose direction is toward the riser wall, as
shown by the arrow EF in Figure 10.

The spray velocity at the nozzle exit is much higher than
those of the prelift gas and the particle flow in FCC riser. In
the vicinity of the nozzle exit, the component U, is also
higher than the prelift gas velocity Ug and the particle veloc-
ity V,,. In other words, as shown in Figure 10, the direction
of Ug (or V}) relative to U, is negative value (down direc-
tion). Namely, the direction of Ug-U. or of V,-U. is illus-
trated by the arrow CD.

Thus, according to the Kutta-Joukowski lift theorem, gener-
ating a transverse force toward the riser wall requires negative
vortex strength (or a clockwise velocity circulation as illus-
trated by the circle 1 in Figure 10). In the area between 0A
and OB, the velocity of the spray inevitably decreases along
the riser height because of the underwashing by the two-phase
flow coming from the prellft zone. Hence, é hd% is negative.
On the other hand, o is positive, because the direction of X-
coordinate axis is toward the center of the spray, and the ve-
locity at the central line of a jet is und btedly hlgher than
that near the jet boundary. Hence, » = (J 0?3 S 1S nega-
tive. Therefore, in the area between OA and the direction
of the Kutta-Joukowski lift on feed spray is toward the riser
wall. It is the Kutta-Joukowski lift that causes the generation
and extension of the secondary flow of feed spray.

Based on experimental results, we can see that the angle
V., is exactly corresponding to the location of the spray sec-
ondary flow. In other words, the relation of the orientation
of the secondary flow to that of the mainstream satisfies
tany, = %tan Y, (see Appendix).

The Kutta-Joukowski lift theorem can also be used to
explain the generation of the annular-core flow in a riser. In
Figure 11, the lift of gas/liquid phase exerting on solid phase
is analyzed. The velocity of the lift gas/liquid relative to the
particles is positive value (up direction), as illustrated by the
arrow CD (here the relative velocity is considered as a vec-
tor. Even in the vicinity of the riser wall, the relative veloc-
ity is still positive value because of the no slip condition for
the gas/liquid and the downflow of particles.). In the fully
developed zone of a riser, the gradients of particle velocity

OV, 1 OV, oV,
conform to 2~ =0 a =)
> 0. The vortex strength Cl)g is posmve correspondlng to an
anticlockwise velocity circulation as illustrated by the circle
1 in Figure 11. Therefore, the direction of the Kutta-Joukow-

ski lift on particles is towards the riser wall.
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Figure 11. Schematic diagram of using Kutta-Joukow-
ski lift theorem to analyze the radial profile
of local density in a riser.

Here, the zero-vortex-stren‘gth curve locates at the riser

. Wy Wpe .
axis, because both =7 and —!* are equal to zero at the riser
center. There is no transverse force acting upon the particles.

The quantitative effect of the Kutta-Joukowski lift on the
radial profile of the local density will be presented in detail
in a future article.

Improving the Contact of Feed Oil with
Catalysts in FCC Riser

As preceding description, the importance of the secondary
flow is obvious. It greatly improves the mixing of catalysts
and feed spray. On the other hand, the location of the feed
secondary flow corresponds to the particle dense-phase
region in which the particle axial velocity is relatively low,
and if the backmixing is violent, it is believed to be harmful
to FCC reaction. Therefore, effectively controlling and utiliz-
ing the secondary flow is the key factor to improve the con-
tact of feed oil with catalysts in FCC riser.

The schematic diagram of a novel feed nozzle is given in
Figure 12. Two adjacent exits are set at the head of the noz-
zle. One is the usual exit of feed spray; the other is an exit
of a stream of auxiliary steam. A part of the atomization

Riser wall

Exit of feed spray.

Feed nozzle

pd

Inlet of

Riser wall auxiliary steam

Inlet of feed oil

Inlet of
atomization
steam

N

Figure 12. A schematic diagram of the feed nozzle
which can control and use the secondary
flow in riser.

steam is allocated as the auxiliary steam which is used to
control the secondary flow of feed spray in FCC riser, corre-
sponding to the gaseous baffle mentioned above. The injec-
tion angle of the auxiliary steam is determined by Eq. 10,
exactly toward that of the secondary flow. >34

In a commercial FCC unit, when feed oil is injected into
the riser, the oil droplets are instantaneously vaporized. In
other words, the feed are transformed from liquid phase to
gas phase promptly. Because the relaxation time of gas—gas
is much shorter than that of gas—solid, so the auxiliary steam
is easily syncretized or entrained with the feed gas. At the
same time, a part of catalysts that were carried by the sec-
ondary flow is blown off the riser wall by the auxiliary
steam. As a result, the backmixing of catalysts are effec-
tively controlled while the diffusion rate of feed spray is not
weakened. Thus, the secondary flow are controlled and used.

As illustrated in Table 1, the effects of the proposed noz-
zle used in some commercial FCC units are quite desirable.
The liquid yield, i.e., the total yields of gasoline, LPG and
diesel increases considerably, while some undesirable
byproducts such as the dry gas and coke decrease.

Table 1. Effects of the Nozzle with Auxiliary Steam Used in Several Commercial FCC Units

Liquid Yield

Capacity (Mt/a) (Gasoline + LPG + Diesel, %) Dry Gas (%) Coke (%)

Fushun Petro Co. (1), China 1.20 +2.07 —0.83 —0.88
Fushun Petro Co. (2), China 2.07 +1.54 —0.83 —1.24
Nanchong Petro Co., China 0.40 +1.48 —0.68 —0.20
Jilin Petro Co. (1), China 0.70 +0.91
Jilin Petro Co. (2), China 1.00 +2.25 0 —0.05
Jinan Petro Co., China 1.40 —-0.77
Changling Petro Co., China 1.20 —1
Gaogqiao Petro Co., China 0.60 +1.37
Jinzhou Petro Co., China 0.80 +0.68
Jinling Petro Co., China 1.30 +2.84
Jinxi Petro Co., China 1.00 +1.20
Qingdao Petro Co., China 1.40 +1.29
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Conclusion

In a large cold-riser model, the diffusion pattern of feed spray,
as well as the flow features of catalysts, in three different-struc-
ture feed injection zones is experimentally investigated.

When feed oil injected into the riser, the flow features of
the gas—solid two-phase are much different from the typical
annular-core structure. A secondary flow of feed spray
occurs. The secondary flow extends at first and then merges
into the mainstream. The secondary flow improves the mix-
ing of catalysts and feed. However, the extension of the sec-
ondary flow causes violent catalysts backmixing; it is
believed to be harmful to FCC reaction.

The generation of the secondary flow is theoretically ana-
lyzed by using Kutta-Joukowski lift theorem. The location of
the secondary flow is quantified; it corresponds to a zero-
vortex-strength curve: tani,, = tan .

A novel FCC feed nozzle, which can control/utilize the
secondary flow of feed spray in riser, is introduced. The
effects of this type of nozzle used in some commercial FCC
units are evident.
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Notation

A = area, m?
; = tracer concentration at i position

O
I

C = Eigen-concentration of feed spray

D = diameter of riser, m

d, = mean diameter of particles, um
dA = any differential area, m”

Fyx_y = Kutta-Joukowski lift, N/m

G, = mass flux of particles in riser, kg/m?s

H = height above the nozzles, m

I = vortex strength, m?/s

k = constant

ng = number of the particles whose velocity is downward
n, = number of the particles whose velocity is upward
Q; = total gas flowrate of four nozzle sprays, m’/s
Or = gas flowrate of prelift gas, m*/s

R = radius of riser, m

r = radial position, m

t = mean residence time of the hydrogen tracer at the sampling

position, s

u. = Eigen-velocity of feed spray in riser, m/s

U = velocity of gas, m/s
Ur = superficial velocity of the prelift gas, m/s

U; = spray velocity at the nozzle exit, m/s
U, = components of the spray velocity along the X-coordinate in

riser, m/s
U. = components of the spray velocity along the Z-coordinate in
riser, m/s
U, = velocity of a steady irrotational 2D single-phase flow in the
Kutta-Joukowski Lift Theorem, m/s
V, = velocity of particle, m/s
Vp.- = velocity of particle along the r direction, m/s
Vp.: = velocity of particle along the z direction, m/s
V4 = mean velocity of the particles whose velocity is downward, m/s
V, = mean velocity of the particles whose velocity is upward, m/s
X = the coordinate vertical to Z coordinate, towards the riser axis, m
X; = ith coordinate direction, m
X; = jth coordinate direction, m
Z = axial height of the riser, m
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Greek letters

o = attack angle of the Louver conduit in the No. 2 feed injection
zone, or of the baffle in the No. 3 feed injection zone
p = divergence angle of the Louver conduit in the No. 2 feed
injection zone, or of the baffle in the No. 3 feed injection zone
&pi = local volume fraction of particles measured at i position
p = density of a steady irrotational 2D single-phase flow in the
Kutta-Joukowski Lift Theorem, kg/m?
pp = density of particle, kg/m?
Yo = actual flow angle of the mainstream of feed spray in riser
V., = flow angle of the secondary flow of feed spray in riser; the
angle of the zero-vortex-strength curve
= particle backmixing ratio
= velocity circulation, m?/s
w = angular velocity, 1/s

——

Subscript

= the mainstream of feed spray in riser

ith coordinate; position i

= jth coordinate; nozzle spray gas

= kth coordinate

= particle

= prelift gas

= radial

= axial

= the secondary flow of feed spray in riser; vortices strength is
equal to zero

EN~ AT x>w. ~ O
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Appendix: Verification on the Relation of the
Orientation of the Secondary Flow to
that of the Mainstream

The location of the secondary flow of feed spray in the
No. 1 feed injection zone

At H = 0.375 m above the nozzles, the mainstream of
feed spray appears at the position 7 ~ 0.54, so the tangent
of the actual flow angle of the spray mainstream is as
follows:

(D/Q,) X (1 - fspray mainstream)

The tangent of the flow angle of the spray secondary flow
is determined according to the position of the secondary
flow at H = 0.675 m above the nozzles, because the precise
location of the secondary flow at this height seems much
more legible than that at the height of 0.375 m.

At H = 0.675 m, the spray secondary flow appears
approximately at the position of 7 = 0.75. Then:

(D/Z) X (1 - fspray secondary ﬂow) - 0.093 x (1 — 0.75)
B 0.675

1
= 0.035; g, = 5 tg Vo

t =
evo H_o.675

The location of the secondary flow of feed spray in the
No. 2 and No3 feed injection zones

In the No. 2 or No. 3 feed injection zone, the attack angle
of the Louver conduit or of the baffle is 2.5° relative to the
riser axis.

In both of these two feed injection zones, at H = 0.375 m
above the nozzles, the mainstream of feed spray appears at
the position 7 =~ 0.54. Therefore, the tangent of the actual
flow angle of the feed spray mainstream is as follows:

(D/2 —0.375 x tg 2.5") X (1 — Fypray mainstream )
H_0375

~(0.093 - 0.375 x tg 2.57) x (1 —0.54) 0.004
= 0.375 e

tg o =

In both of these two feed injection zones, the axial
height of 0.675 m locates above the Louver conduit (or
above the baffle). Both the mainstream and the secondary
flow of feed inevitably veer when they pass through the
Louver conduit (or through the baffle). So the tangent of
the flow angle of the spray secondary flow is determined
according to the location of the secondary flow at H =
0.375 m.

In both of these two feed injection zones, at H = 0.375
m, the spray secondary flow appears approximately at the
position of 7 ~ 0.86. Then:

(D/2 —0.375 x tg 25) X (l - fspray secondary ﬂow)
e Vo = H_o.375

(0.093 — 0.375 x tg 2.5) x (1 — 0.86)
= =0.02
0.375 0.029

1
tg%@gtgl//o
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t =
gvo H_0375
0.093 x (1 —0.54)
= =0.114
0.375
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