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A small cold model was employed to investigate the heat-transfer mechanism for a new fluidized catalyst cooler. Local
heat-transfer coefficients (h) and tube surface hydrodynamics were systematically measured by a specially designed heat
tube and an optical fiber probe. The higher total h further validated the feasibility of the heat transfer intensification
method used in the new catalyst cooler, which indicated that the induced higher packet renewal frequency due to the
nonuniform gas distribution played a dominant role in its increased hs. Strongest heat transfer intensification effect was
located at r/R,,>0.8 below the heat transfer intensification height. The changes of the mean packet residence time in the
radial and axial directions and with superficial gas velocity were all agreeable with the measured hs according to the
packet renewal theory. This further demonstrated the feasibility of the experimental method for tube surface hydrody-

namics. © 2015 American Institute of Chemical Engineers AIChE J, 61: 2415-2427, 2015
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Introduction

In petroleum refineries, fluid catalytic cracking (FCC) pro-
cess is widely used for converting vacuum gas oil or heavier
residue into lighter and more valuable hydrocarbon products.'
It is one of the most important secondary oil conversion proc-
esses and usually the chief profit source of most refineries.*”
Heat balance is a key issue for FCC process in which the heat
generated from coke-burning regeneration must balance the
heat requirement by the reactor system where isothermal
cracking reactions occur. When processing heavier carbon-
containing residue feedstock, superfluous heat releases as a
result of higher coke yield, which exceeds the requirement for
heat balance. Therefore, it is necessary to add catalyst coolers
to remove the superfluous heat. Otherwise, regenerator tem-
perature will increase substantially, leading to a reduction in
catalyst circulation rate (i.e., catalyst to oil ratio) and wors-
ened product yields or even serious accidents.*

There are various types of catalyst coolers for FCC
units.>'* Due to its higher heat-transfer efficiency, operating
flexibility, and reliability, countercurrent dense-phase catalyst
coolers is more widely found in petroleum refineries, where
catalysts from one upper inlet flow downward and exit from
a bottom outlet.” The macro solids flow direction is opposite
to the fluidizing gas. There is usually a bubbling or turbulent
flow regime in this type of catalyst cooler, so a high bed
density can be maintained.
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Although external catalyst coolers have been used in refin-
eries for decades, many problems, such as lower cooling
capacity than the designed value and heat tube leakage, are
still frequently encountered."”™® Lower cooling capacity is
usually related to bad fluidization quality inside an external
catalyst cooler. Improper designs of gas distributor, heat tube
configuration, and tube fins can all lead to possible bad fluid-
ization quality, resulting gas-bypassing, local defluidization,
gas streaming, and so forth.”** Heat tube leakage may
result from solids erosion, overheated tube, or thermal stress.
Solids erosion usually happens near the upper solids inlet or
results from improper gas distributor design. Due to different
localized fluidization qualities, heat capacities of different
tubes may differ considerably if their water circulation rates
or heat-transfer coefficients or temperature differences are
nonuniform. Most seriously, all the liquid water may be
vaporized into over-heated steam if the high cooling capacity
is very high, resulting in increased tube wall temperature.
The resulted thermal stress may crack some tubes. If tube
leakage happens, the damaged tubes have to be shut down,
but the unit throughput usually has to decrease to maintain
unit heat balance. Sometimes, the entire unit had to be shut
down, resulting in serious economic loss. Therefore, heat
transfer intensification technologies are very necessary and
important. Herein, heat transfer intensification is not only
related to increasing the heat-transfer capacity but also
improving the equipment reliability.

In a countercurrent dense-phase external catalyst cooler,
particle convection plays a dominant role than gas convec-
tion and radiation in bed-to-wall heat transfer.**® There
have been a lot of efforts on improving the performance of
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various external catalyst coolers. Except for improving
equipment reliability,'®?”® there are also various studies on
increasing the cooling capacity of an external catalyst
cooler.?*> There are three categories of methods according
to the universal expression of the cooling capacity

q=hAy(To—Ty) ey

that is, increasing (a) heat-transfer coefficient 4, (b) contact-
ing area Ay, and (c) temperature difference between heat-
transfer surface and a fluidized bed (T}, — Ty,).

In an industrial FCC external catalyst cooler, the tempera-
ture difference of heat transfer is changed by adjusting the
solids circulation rate.” Increasing solids circulation rate
raises the effluent solids temperature and thus increase the
average temperature difference.®® The heat-transfer area is
increased by welding the vertical fins’'*? or the short nail-
shaped steel bars™ on the tube surface. However, improper
design of fins and bars not only limits lateral solids mixing
and creates nonuniform distribution of cooling capacity
among heat tubes,‘”’35 but also deteriorates solids-wall con-
tact due to stronger wall effect. Heat-transfer coefficient can
be increased by changing the bed hydrodynamics and solids
mixing properties, which involves optimized selections of
superficial gas velocity, structural design, and layout of the
heat tubes, gas distributor design and so on.

Numerous investigations had been carried out to study the
bed-to-wall heat transfer in dense-phase fluidized beds like
in external catalyst coolers.**#¢ Among these studies, only
Stefanova et al.,’®*” Di Natale et al.** and two our previous
publications,***® are directly related to bed-to-wall heat
transfer in fluidized beds of Geldart A particles with
immersed vertical heat tubes.

This study was a continuous job based on our two previ-
ous studies.** In Yao et al.,** a special electrically heated
tube was designed to measure both axial and radial profiles
of heat-transfer coefficient. It is found that the heat-transfer
coefficient was almost not influenced by the axial height. In
the radial direction, the heat-transfer coefficient kept constant
in the bed center and decreased sharply when approaching to
the bed wall. Moreover, an optical fiber probe was used to
measure the tube surface hydrodynamics. Two important
parameters, that is, mean packet residence time and packet
fraction according to the packet renewal model,** were
obtained by analyzing the particle concentration signal on
heat tube surface. They found that the profiles of mean
packet residence time were mostly agreeable with those of
heat-transfer coefficient based on the packet renewal mecha-
nism,* demonstrating the dominant role of packet renewal
on bed-to-wall heat transfer.

In another study,*® we proposed a new heat transfer inten-
sification method for FCC external catalyst coolers to debot-
tleneck the low cooling capacity existed in many industrial
Resid FCC units. This method uses the idea of a recirculat-
ing fluidized bed to promote internal solids circulation and
increase bed-to-wall heat-transfer coefficient.*’*® Figure 1
shows a schematic of this idea. Similar to a recirculating flu-
idized bed, a double-distributor design is used in the bed bot-
tom. A central distributor (preferred as a perforated plate
distributor) provides a majority of fluidizing gas and an annu-
lar ring pipe distributor installed near the wall, slightly above
the central distributor, only provides a minority of fluidizing
gas. This results in higher voidage in the center and lower
voidage near the wall. A density difference between the bed
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Figure 1. Schematic of the heat transfer intensification
method.

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

center and the near wall region creates a strong internal solids
circulation pattern as shown in Figure 1, which is used to
strength solids renewal on heat tube surfaces.

This method had been partially validated experimentally in
a large cold model with finned vertical heat tubes similar to
those in industrial FCC external catalyst coolers.*® Figure 2
shows the schematics of the different gas distributor designs
used by Yao et al.*® for a traditional and a new annular exter-
nal catalyst cooler using this heat transfer intensification
method shown in Figure 1. The experimental results showed
that the maximum heat-transfer coefficient of the new catalyst
cooler was 9.5% higher than that of a traditional catalyst
cooler. In other operating conditions, the increments on heat-
transfer coefficient were more remarkable. Yao et al.*® attrib-
uted the resultant heat transfer intensification to the design of
the annular catalyst cooler. However, the double distributors
in the annular catalyst cooler undoubtedly provided a more
uniform gas distribution than the single ring pipe distributor
in the base catalyst cooler, which was also helpful to fluidiza-
tion quality and bed-to-wall heat transfer. Therefore, it
remained doubtful whether the enhanced solids circulation or
the improved initial gas distribution in the annular catalyst
cooler played a more dominant role in the observed heat
transfer intensification.

To clarify this doubt, a new fluidized cold model was built
to study the heat transfer intensification mechanism in this
study. A more uniform perforated plate distributor was used
in the base catalyst cooler to exclude the influence of gas dis-
tribution. The effectiveness of this heat transfer intensification
method can thus be verified more explicitly. The newly devel-
oped two methods for measuring local heat-transfer coefficient

August 2015 Vol. 61, No. 8 AIChE Journal


http://wileyonlinelibrary.com

0o O air

O Q—air

—-—air

(a) Base catalyst cooler

Figure 2. Schematic of the base (a) and new annular
(b) catalyst coolers used in Yao et al.*®

(b) Annular catalyst cooler

and tube surface hydrodynamics, which was described in
more detail in our previous publication,39 was reused to mea-
sure the axial and radial profiles of heat-transfer coefficient as
well as the packet parameters on tube surfaces in the new
annular catalyst cooler. By comparing these experimental
results with those measured in the base catalyst <:ooler,39 the
heat transfer intensification regions can be more explicitly
located. Moreover, the relationship between the changed heat-
transfer coefficient and the hydrodynamics on heat tube sur-
face can also be revealed more clearly. To facilitate readers’
understanding, some contents in Yao et al.,39 for example,
some important data, equations, figures and descriptive texts
were reused in the following content.

Experiment
Experimental setup

The experiment was implemented in a small-scale fluid-
ized bed of ID 286 mm and height 6 m. FCC equilibrium
catalysts (not fresh catalysts) of mean diameter 69.4 um and
particle density 1500 kg/m3 were used as the fluidized par-
ticles, which had the same solids properties to those in
industrial FCC catalyst coolers. During experiment, the static
bed height was kept to be 1.1 m. Compressed air from a
Roots blower was used as the fluidizing gas. The entrained
particles were collected by two cyclone separators in series
and then returned to the bed via their diplegs to maintain a
constant particle inventory. A multisectional copper tube
heated electrically was used to simulate a vertical heat tube
in a FCC external catalyst cooler and measure the axial and
radial profiles of heat-transfer coefficients. More details
about the experiment unit were provided in Yao et al.®

Figure 3 shows the two external catalyst coolers used in
this study, that is, a base catalyst cooler and a new annular
catalyst cooler. It should be noted that the base catalyst
cooler shown in Figure 3a is in fact a redrawn three-
dimensional picture of the catalyst cooler studied in Yao
et al.*® It is the structure of the gas distributors that distin-
guishes the two catalyst coolers. The base catalyst cooler
was used as a comparison reference. In the base catalyst
cooler, a single perforated plate, which had an equal area to
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the bed cross section and an open area ratio of 0.9%, was
used to distribute the fluidizing gas. Herein, the open area
ratio is a parameter used to characterize a perforated plate
distributor, which is defined as the total aperture area divided
by the area of the plate distributor.

According to the idea of the new heat transfer intensifica-
tion method, a double-distributor design, including a perfo-
rated plate distributor in the bed center and a ring pipe
distributor near the wall, was used for gas distribution in the
annular catalyst cooler. This perforated plate distributor had
a smaller area, proximately half of the cross-sectional area
of the bed. Its open area ratio was also 0.9%. The ring pipe
distributor had a ring diameter of 256 mm and the ID of the
pipe was 18 mm. There were 9 apertures of diameter 3 mm
drilled on the pipe. Detailed information about the three dif-
ferent gas distributors is listed in Table 1. In this study, the
gas volume flow rates from the perforated plate and ring
pipe distributors divided by the cross-sectional area of the
bed were defined as two superficial gas velocities, u; and u,.
The relationship between them and the actual superficial gas
velocity of the annular catalyst cooler u, u;, and u, is

uU=u+u (2)

The superficial gas velocity range in the base catalyst
cooler was 0.1-0.5 m/s. The ranges of u; and u, in the annu-
lar catalyst cooler were 0.055-0.485 m/s and 0.015-0.045 m/
s, respectively. It can be seen that the flow rate of gas
through the central perforated plate distributor is proximately
an order higher than that through the ring pipe distributor.

Comparatively, the initial gas distribution in the base catalyst
cooler was more uniform than in the annular catalyst cooler.
Therefore, its bed fluidization quality is expected to be better
than in the annular catalyst cooler. This was different from the
distributor design in our previous study,*® where the new annu-
lar catalyst cooler had a more uniform gas distribution.

Measurement

The heat-transfer coefficient was the most important
parameter measured in this study. A specially designed mul-
tisectional copper tube with electrical heating wires and ther-
mocouples was used to measure the axial and radial profiles
of heat-transfer coefficient. As shown in Figure 4, the verti-
cal heat tube was composed of five heated sections, six insu-
lation sections and two supported tubes. The five heated
sections, made of copper, were used to measure the heat-
transfer coefficients at different axial heights. From bottom
to top, the five heated sections were named as Heater #1—
Heater #5. The heat-transfer coefficients at different radial
positions were measured by radially moving the heat tube.
During experiment, the heat-transfer coefficient was deter-
mined by the following equation

_ Gin _ U /Ry
Aw (Tw - Tb) Aw (Tw - Tb)

h 3

Here, ¢, is the input heat flux of the heating wire, U, and
Ry, are the input voltage and the resistance of the heating
wire, respectively. The contacting area between the copper
tube surface and the bed material A, is the area of the cylin-
drical surface of the copper tube. T,, and T} are the meas-
ured heat tube wall temperature and the bed temperature,
respectively. During the determination of /4 by Eq. 3, the

conductive heat transferred from the two end surfaces of a
cylindrical copper heater was actually neglected, leading to
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

an error in g;,. The error analysis of the measured heat-
transfer coefficient had already been conducted and dis-
cussed in Yao et al.** Therein, a method was developed to
estimate the error range of the measured heat-transfer coeffi-
cient. It was found that the relative errors were less than 3%,
which demonstrated the actual heat loss from the two end
surfaces was actually very small.

During experiment, ¢;, was kept equal under all tests.
Therefore, higher measured heat-transfer coefficients were
accompanied with lower temperature differences, and vice
versa. The measurement positions for heat-transfer coeffi-
cient in this study are listed in Table 2. More details about
the structural design of the heat tube, the calculation method
of heat-transfer coefficient and the assessment of the mea-
surement error can be found in Yao et al.*

Bed-to-wall heat transfer in fluidized beds is closely
related to the gas-solids flow on the heat tube surface. To
uncover the inner mechanisms corresponding to the different
heat-transfer properties in the two catalyst coolers, tube sur-
face hydrodynamics was also measured in this study by an
optical fiber probe. During measurement, the optical fiber
probe was inserted into a vertical stainless steel tube with
same dimensions to the heat tube shown in Figure 4. In this
study, its tip was aligned to the surface of the cylindrical
surface of the tube. After determining a threshold voltage
value of solids concentration, the transient particle concen-
tration signals measured by the optical fiber probe was used
to distinguish the two-phase flow structure on the heat tube

surface, that is, the bubble and packet. Two important
parameters based on the packet renewal model,* that is, the
packet fraction and the mean packet residence time, were
then determined by Eqs. 4 and 5

n
i=1 pai
by = s

; )
and
ZV! z 2
=1 Pai
Toa = = 5
' |:Zi—1 % TP“J

respectively. Here, 7, ; is the residence time of a packet pass-
ing through the probe tip and ¢ is the total measurement period.
According to the packet renewal model,*’ the mean packet res-
idence time 7y, in Eq. 5 is a root mean residence time. Its
reciprocal is equivalent to packet renewal frequency, an indica-
tor of the strength of solids renewal on heat tube surface.

Our previous study had shown that the predicted heat-
transfer coefficients based on the determined packet parame-
ters by this method could be qualitatively agreeable with the
measurement results. More details about the optical fiber
probe, its arrangement during measuring tube surface hydro-
dynamics, and the analyzing method to determine the two
packet parameters can be found in Yao et al.*

In a bubbling fluidized heat exchanger, particle concentra-
tion increases as approaching to the heat tube due to the

Table 1. Geometry Parameters of the Three Gas Distributors

Plate Ring
Type Size Diameter Diameter Pipe Open Aperture
(mm) (mm) ID (mm) Area Ratio Number Aperture ID (mm)
Base catalyst cooler Plate distributor 286 - 0.9% 82 3
Annular catalyst cooler Plate distributor 200 - 0.9% 40 3
Ring pipe distributor - 18 - 9 3
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Figure 4. Schematic of the heat tube.

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

wall effect. According to the measured particle concentration
in Figure 5a, Yao et al.*” found a solids static layer of thick-
ness 3—8 mm on the tube surface of the base catalyst cooler.
In this study, the thickness of the solids static layer on the
tube surface of the new annular catalyst cooler was also
determined in a same method. Figure 5b shows the measured
particle concentrations. It is found that a very small protrud-
ing of the probe tip can make the measured particle concen-
tration drop considerably. According to Figure 5b, the
thickness of the solids static layer in the annular catalyst
cooler should be 0-3 mm, which is smaller than in the base
catalyst cooler. A smaller thickness of the solids static layer
indicates weaker heat resistance and higher heat-transfer
coefficient. In the annular catalyst cooler, the double-
distributor design makes internal solids circulation more
strongly and solids renewal on tube surface more frequently.
This is believed to be the cause of the smaller thickness of
solids static layer in the annular catalyst cooler. In the fol-
lowing content, this point can be further verified by the
experimental results of heat-transfer coefficient and bed
hydrodynamics.

Results and Discussion
Comparison of the average heat-transfer coefficient

Figure 6 compares the total heat-transfer coefficients of
the two catalyst coolers averaged from different radial and
axial positions by Eqgs. 6 and 7

Ri
hi = J 2h(r)rdr /R (6)
0

I = (Bt +hya + s+ Ry +hys) /S (N

Here, hy; is the area-averaged heat-transfer coefficient at an
axial height, hm is the total heat-transfer coefficient. It is
found that, under most operating conditions, the heat-transfer
coefficients in the annular catalyst cooler are higher than those
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Table 2. Measurement Positions Along the Axial and Radial

Directions
Measured positions Value
Axial direction, z (m) 0.222, 0.367, 0.512,
0.657, 0.802

Radial direction, /R, 0.0, 0.3, 0.6, 0.8, 0.9, 0.95

in the base catalyst cooler. It is increment of heat-transfer
coefficient than the base catalyst cooler increases with increas-
ing superficial gas velocity. Moreover, the heat-transfer coeffi-
cients of the annular catalyst cooler can be further increased
by increasing the ratio of the gas flow rate from the ring pipe
distributor near the column wall, approximately 4% increment
obtainable. This indicates that the ratio of the flow rates from
the two gas distributors in the annular catalyst cooler adds a
new means to adjust the cooling capacity of the annular cata-
lyst cooler. In this study, the maximum increment of heat-
transfer coefficient is obtained at #=0.5 m/s and #,=0.045 m/s
in the annular catalyst cooler, which is 15.5% higher than the
corresponding heat-transfer coefficient in the base catalyst
cooler. The changes of heat-transfer coefficient with superfi-
cial gas velocity and the ratio of the flow rates from the two
gas distributors, that is, u/u;, as well as the increment
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Figure 5. Different thicknesses of static layer on heat
tube surface in the two catalyst coolers.
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Figure 6. Comparison of total heat-transfer coefficient
in the two catalyst coolers.

percentage of heat-transfer coefficient are all agreeable with
our previous study.*® Again, this proved the effectiveness of
the new heat transfer intensification method shown in Figure
10. Moreover, despite of the more uniform gas distribution in
the base catalyst cooler in this study, the heat transfer intensi-
fication effect can still be remarkably seen in the annular cata-
lyst cooler. This further proved that it is the enhanced solids
internal circulation, not the improved fluidization quality that
plays a dominant role in intensifying the bed-to-wall heat
transfer in the annular catalyst cooler.

Effective heat transfer intensification height

Figure 7 compares the axial profiles of heat-transfer coeffi-
cient averaged radially by Eq. 6 in the two catalyst coolers

—a— Base catalyst cooler

at different superficial gas velocities. In the base catalyst
cooler, the measured heat-transfer coefficients at different
heights are almost same or have only small differences at all
superficial gas velocities. That is to say, there are very small
axial gradients in its axial profiles of heat-transfer coeffi-
cient. In the annular catalyst cooler, there are clear axial gra-
dients of heat-transfer coefficients as shown in Figure 7,
especially in the bed bottom. This axial gradient decreases
with increasing bed height and increasing superficial gas
velocity. Moreover, further increasing u,/u; can also increase
its axial gradient of heat-transfer coefficient.

At a low superficial gas velocity, for example, at u = 0.1 m/s,
the heat-transfer coefficients of the two catalyst coolers show no
significant difference at all axial heights. As superficial gas
velocity increases, the heat-transfer coefficients of the annular
catalyst cooler gradually exceed those of the base catalyst
cooler, especially in the bottom bed section. The effects of
superficial gas velocity and up/u; are both agreeable with the
results shown in Figure 6. In the bed top, there are no signifi-
cant increment of heat-transfer coefficient in the annular catalyst
cooler even at the highest u# and u,. This demonstrates that the
heat transfer intensification effect in the annular catalyst cooler
takes effect predominantly in a certain height above the bottom
gas distributors. It is believed that the special double-distributor
design in the annular catalyst cooler can only affect a certain
bed height, above which the enhanced solids circulation shown
in Figure 1 and solids renewal on heat tube surfaces will not be
remarkable. That is to say, the effect of distributor design weak-
ens with increasing bed height. If the axial height is high
enough, there will be no significant difference in the local bed
hydrodynamics and heat-transfer properties in both base and
annular catalyst cooler as shown in Figure 7.

In a previous study,4° we found that the tube wall temper-
ature decreased with increasing bed height in the base

—O— Annular catalyst cooler (#,=0.015 m/s)

—— Annular catalyst cooler (#,=0.045 m/s)
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Figure 7. Axial profiles of radial average heat-transfer coefficients.
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Figure 8. Comparison of the determined heat transfer
intensification heights in Yao et al.*® and this
study.

catalyst cooler as the hot water flowed from the bottom to
the top of a heat tube. In the annular catalyst cooler with
similar geometrical design to that in this study, different pro-
file of tube wall temperature was found. There existed a
minimal value at some operating conditions. A heat transfer
intensification height was thus speculated, above which we
believe the heat transfer intensification method might be
ineffective. Moreover, we also found this heat transfer inten-
sification height increased with increasing superficial gas
velocity. The results shown in Figure 7 further prove the
existence of the heat transfer intensification height.

Figure 8 compares the heat transfer intensification heights
determined based on the results of Yao et al.*® and this
study. Yao et al.*® defined the heat transfer intensification
height as the distance between the bottom plate distributor
and the minimal value of heat tube temperature. In this
study, the heat transfer intensification height was defined as
the distance between the intersection point, which is obtained
by the axial curves of heat-transfer coefficient of the two cat-
alyst coolers shown in Figure 7, and the bottom plate distrib-
utor. Although the two methods are different physically, the
determined heat transfer intensification heights both increase
with increasing superficial gas velocity. This further demon-
strates that our previous speculation is reasonable.
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As seen in Figure 7, the heat transfer intensification is
more pronounced in the annular catalyst cooler within a dis-
tance of 0.5-0.7 m above the bottom plate distributor. In
view of the large dense bed height in industrial FCC external
catalyst coolers, a modification is suggested in Figure 9 to
further improve the intensification effect of the annular cata-
lyst cooler. It is seen that multiple smaller ring pipe distribu-
tors are arranged above the bottom ring pipe distributor.
Their functions are to maintain a good fluidization state for
the interstitial solids between heat tubes and the cooler wall.
These solids are very easy to be defluidized due to stronger
wall effect and gas escaping to the bed center. The distances
among pairs of the pipe ring distributors should be compara-
tive to the determined heat-transfer coefficient in this study.
Ideally, multiple annular catalyst coolers are expected to
form in this high industrial FCC catalyst cooler and better
heat transfer intensification effect can be obtained.

Comparison of the radial profiles of heat-transfer
coefficient and packet parameters

According to the axial profiles of average heat-transfer
coefficient shown in Figure 7, the strongest heat transfer
intensification effect of the annular catalyst cooler locates in
the bed bottom, where Heaters #1 and #2 were positioned.
Therefore, the radial profiles of heat-transfer coefficient
measured by Heater #1 are selected here to demonstrate the
different radial profiles of heat-transfer coefficient in the two
catalyst coolers.

water water

watert+steam-— = water+steam

Hot particles _
Air

Pipe distributor

Central perforated
plate distributor

Cold particles

Figure 9. Modified design of the annular catalyst cooler
for industrial FCC units.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 10. Effect of gas velocity on radial profiles of heat-transfer coefficient.

Figure 10 compares the different radial profiles of heat-
transfer coefficient in the two catalyst coolers at different
superficial gas velocities. The relative increments of heat-
transfer coefficient of the annular catalyst cooler than
the base catalyst cooler are drawn in the bottom of each
sub figure.

As seen in Figure 10, the profiles of heat-transfer coeffi-
cients in the two catalyst coolers are similar in trend, that is,
high in the bed center and decreasing sharply as approaching
to the column wall. When superficial gas velocity is low, for
example, at u=0.1 m/s, there is only small difference
between the two catalyst coolers, especially at u; = 0.015 m/s.
At u, =0.045 m/s, higher heat-transfer coefficients have
already been seen in the annular catalyst cooler as seen in
Figure 10a. Considering the measurement errors, the heat
intensification effect is in fact not remarkable at = 0.1m/s.
This trend can also be observed in the relative increment
figure of heat-transfer coefficient in Figure 10a.

At higher superficial gas velocities, for example, at
u > 0.2 m/s, the heat transfer intensification effect of the annu-
lar catalyst cooler can already be clearly observed in the
radial profiles of heat-transfer coefficients shown in Figures
10b-e. The measured heat-transfer coefficients at all radial
positions in the annular catalyst cooler are all higher than in
the base catalyst cooler. At r/R,, > 0.3, the increments in heat-
transfer coefficient in the annular catalyst cooler are more
clearly. The relative increment of heat-transfer coefficients
increases with increasing 7/R,,. When 7/R,, is greater than 0.8,
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all curves of the relative increment of heat-transfer coefficient
shown in Figures 10b-e have a steep increase. Moreover,
increasing uo/u; will further increase the measured heat-
transfer coefficient in the annular catalyst cooler and its effect
is also more clearly seen at r/R,,>0.8. This trends described
above are all agreeable with Figure 7. The radial profiles of
heat-transfer coefficient in the bed center, for example, at r/
R,<0.8, in the two catalyst coolers are also different. The
measured /1 decreases gradually with increasing r/R,, in the
base catalyst cooler and increases gradually with increasing r/
R,, in the annular catalyst coolers.

The different profiles of heat-transfer coefficient in the
annular catalyst cooler are closely related to its different
tube surface hydrodynamics. Due to the stronger solids cir-
culation as a result of nonuniform gas distribution, solids
renewal on the tube surface is more frequent. This contrib-
utes to its higher measured heat-transfer coefficients. There-
fore, a precondition of the better heat-transfer performance
of the annular catalyst cooler is its special solids circulation
pattern and stronger internal solids circulation. Ideally, this
requires that all solids in the bed should be well fluidized to
guarantee good solids flowability. If defluidization zones or
zones with bad fluidization quality exist (e.g., near the wall),
the solids circulation will be disrupted and the heat-transfer
intensification effect will be impaired. At a low superficial
gas velocity, for example, # = 0.1 m/s, the nonuniformity of
gas distribution and the whole fluidization quality of the bed
are not good enough to maintain a stable annular solids
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Figure 11. Radial profiles of packet parameters.

circulation and a high circulation rate. That is why the heat-
transfer intensification is weak here. Moreover, the increas-
ing of u, improved the fluidization quality near the wall, so
a higher solids circulation rate can be obtainable. Therefore,
the measured heat-transfer coefficient is higher at a higher
u,. The different trend in the radial profiles of heat-transfer
coefficient in the annular catalyst cooler at r/R,, < 0.8 is also
expected to be related to its specified inner hydrodynamics.
Figure 11 presents the radial profiles of packet fraction
and mean packet residence time measured at Heater #1 at
different superficial gas velocities. Usually, it is believed by
most researchers in the fluidization community that the two-
phase structure (e.g., bubble and packet in this study) can be
successfully detected. However, the measurement errors of
particle concentration by fiber optical probes are often
believed to be high due to the instability of light source, the
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nonlinearity between light strength and particle concentra-
tion, particle adhesion on the probe tip, and so forth.**° In
this study, the measurement error was further enlarged in
determining the packet parameters. However, same measure-
ment and data processing methods were adopted in the two
catalyst coolers of this study. During discussing the measure-
ment results, the general trends in the experimental data
were more emphasized.

As seen in Figure 1la, there is little difference in the
radial profiles of packet fraction in the base and annular cat-
alyst coolers at u, = 0.015 m/s. However, higher packet frac-
tions are seen for the annular catalyst cooler at a higher u,
of 0.045 m/s. The radial profiles of the measured mean
packet residence time are a little messy at 7/R,, < 0.8, but the
measured values for the two catalyst coolers in this region,
except at ©=0.1 m/s, are very adjacent despite of some
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fluctuations. However, the profiles of the measured mean
packet residence time at r/Ry,>0.8 and u#>0.2 m/s show
agreeable trends with the measured radial profiles of heat-
transfer coefficient shown in Figures 10b-e. As seen in Fig-
ures 11b2-b5, lower mean packet residence times are seen
for the annular catalyst cooler. Moreover, the mean packet
residence times decrease to lower values when u, increases
from 0.015 to 0.045 m/s. According to the packet renewal
theoryf“) both lower mean packet residence time and higher
packet fraction are favorable to higher bed-to-wall heat-
transfer coefficient. Moreover, the decreasing of the mean
packet residence time, as discussed in our previous study,*®
plays a dominant role in bed-to-wall heat transfer in bubbling
fluidized beds as in this study. It further demonstrates the fea-
sibility of the measurement method on heat tube hydrodynam-
ics in this study. For the role in intensifying heat transfer in
the annular catalyst cooler, it can thus be concluded from
Figure 11 that the reduced mean packet residence time is
undoubtedly dominant at r/R,, > 0.8. At r/R,, < 0.8, the inten-
sification effect may be a combined result of the increased
packet fraction and reduced mean packet residence time.

Comparison of the axial profiles of heat-transfer
coefficient and packet parameters

According to the radial profiles of heat-transfer coefficient,
the most pronounced heat transfer intensification effect of
the annular catalyst cooler is found at /Ry, > 0.8. In the fol-
lowing, we select a radial position and a typical superficial
gas velocity as an example to see whether the measured
axial profiles of heat-transfer coefficient and packet parame-
ters are agreeable. Figure 12 compares the measured axial
profiles of heat-transfer coefficient, packet fraction and mean
packet residence time at r/R,, >0.8 and u=0.3 m/s in the
two catalyst coolers. The axial profiles of heat-transfer coef-
ficient shown in Figure 12a is similar to Figure 7c, but the
increment of heat-transfer coefficient of the annular catalyst
cooler is more remarkable. This is easy to understand, as the
selected radial position is located in the strongest heat trans-
fer intensification region of the annular catalyst cooler. The
bottom region at z < 0.5 m has a stronger heat transfer inten-
sification effect. The effect of u,/u; on heat-transfer coeffi-
cient is also found to be more pronounced at z < 0.5 m.

The axial profiles of packet fraction shown in Figure 12b
are a little messy and not agreeable with Figure 12a accord-
ing to the packet renewal theory.*® However, the axial pro-
files of mean packet residence time shown in Figure 12c are
agreeable with Figure 12a. Smaller mean packet residence
times are measured in the annular catalyst cooler, which cor-
responds to more frequent packet renewal on the heat tube
surface. Moreover, increasing u, also leads to decreased
mean packet residence time, that is, higher packet renewal
frequency. This is also agreeable with Figure 12a. It is a lit-
tle pity that the agreement between the axial profile of mean
packet residence time and that of the heat-transfer coefficient
are not so good. The effect of packet fraction on bed-to-wall
heat transfer has been proved to be much weaker than packet
renewal, as discussed above and in Yao et al.,*® where we
also found that only the trends in the measured mean packet
residence times are agreeable with those of heat-transfer
coefficient. Therefore, it is not surprising for the disagree-
ments between profiles of packet fraction and heat-transfer
coefficient here. Except for the minor role of packet fraction,
measurement errors and the inaccurate description of the
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effect of packet fraction in the packet renewal mechanism,*’
as discussed in Yao et al.,39 may also contribute to the dis-
agreements. In Yao et al.,39 we concluded that it was the
packet renewal that played a dominant role in bed-to-wall
heat transfer in bubbling fluidized beds of fine Geldart A
particles. The results presented in Figure 12 can also draw
similar conclusions.

Effect of superficial gas velocity on heat-transfer
coefficient and packet parameters

In the following, the measured heat-transfer coefficients
and packet parameters at different superficial gas velocities
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Figure 12. Axial profiles of heat-transfer coefficient and
packet parameters.
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Figure 13. Effect of gas velocity on heat-transfer coef-
ficient and packet parameters.

in a bottom heater (i.e., Heater #1) at r/R,, = 0.8 are used as
an example to see whether they are agreeable according to
the packet renewal theory.40 Figure 13 compared the three
measured parameters at different superficial gas velocities in
the two catalyst coolers.

As shown in Figure 13a, heat-transfer coefficients of the
two catalyst coolers both increase with increasing superficial
gas velocity. Higher measured heat-transfer coefficients are
obtained in the annular catalyst cooler. Comparing with the
base catalyst cooler, the increment of heat-transfer coeffi-
cient of the annular catalyst cooler increases with increasing
superficial gas velocity. Higher u, also leads to higher heat-
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transfer coefficient in the annular catalyst cooler. These
trends are all agreeable to the total heat-transfer coefficient
plotted in Figure 6.

Figure 13b compares the measured packet fraction in the
two catalyst coolers. It is found that the packet fraction is
higher in the annular catalyst cooler than that in the base
catalyst cooler. However, as the effect of packet fraction
on bed-to-wall heat transfer is not important, we do not
discuss too much here. Figure 13c compares the mean
packet residence time in the two catalyst coolers. The
mean packet residence times are all found, except at
u=0.1 m/s, to be lower in the annular catalyst cooler. This
means higher solids renewal frequency on tube surfaces
and corresponds to higher heat-transfer coefficient. Increas-
ing u, results in lower mean packet residence time in the
annular catalyst cooler. These trends are also agreeable
with Figure 13a.

Further discussion

The new heat transfer intensification method verified in this
study, together with the modified design of an industrial cata-
lyst cooler shown in Figure 9, is expected to be beneficial in
three aspects to industrial FCC units. First, for designing a
new external catalyst cooler, the annular catalyst cooler is
expected to, due to its higher heat-transfer coefficient and
smaller required heat-transfer area, be smaller than a tradi-
tional cooler as the cooling load is fixed. This means a saving
of equipment cost. Second, for an existing catalyst cooler, the
upper limit of its cooling capacity is expected to increase by
replacing its bottom gas distributor by a double-distributor
design guided by the idea of the annular catalyst cooler in
this study. This is especially useful when debottlenecking the
cooling capacity is necessary in some RFCC units. Due to the
bottleneck in the cooling capacity, some RFCC units must
reduce throughput or process lighter feedstock. Finally, the
usage of high-pressure compressed air, whose pressure is usu-
ally higher than the air from the main regenerator blower, is
expected to be lower for both cases in the annular catalyst
cooler. This also means some energy saving.

Conclusions

In this study, experiment was conducted in a specially
designed small cold model to investigate the heat transfer
intensification mechanism of a new fluidized catalyst cooler
(i.e., the annular catalyst cooler called in this study). Further
insights were obtained through the detailed measurements on
the axial and radial profiles of heat-transfer coefficient and
the tube surface hydrodynamic parameters (i.e., packet frac-
tion and mean packet residence time) by an electrically
heated tube and an optical fiber probe in the base and annu-
lar catalyst coolers. The following conclusions can be
drawn:

1. The measured higher total heat-transfer coefficient fur-
ther validated the heat transfer intensification method used in
the design of the annular catalyst cooler. It was found that
the induced higher packet renewal frequency due to the non-
uniform gas distribution played the dominant role in its
improved heat-transfer performance.

2. Stronger heat transfer intensification effect was found
in the bottom of the new fluidized catalyst cooler. The effec-
tive heat transfer intensification height speculated previously
in our study*® was confirmed by the measured axial profiles
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of heat-transfer coefficient, which was found to increase
with increasing gas velocity.

3. In the bed bottom, the annular catalyst cooler showed
remarkable heat transfer intensification effect in all radial
positions at #>0.2 m/s. Compared to the base catalyst
cooler, the relative increment of heat-transfer coefficient of
the annular catalyst cooler to its base counterpart increased
with increasing r/R,,. The strongest intensification effect was
seen at an annular near-wall region of r/R,, > 0.8.

4. The changes of the measured mean packet residence
time in the radial and axial directions and with superficial
gas velocity were all found to be agreeable with the meas-
ured heat-transfer coefficients according to the packet
renewal theory.*” This further demonstrated the dominant
role of packet renewal on bed-to-wall heat transfer and the
feasibility of the used experimental method for tube surface
hydrodynamics.

5. The new heat transfer intensification method is
expected to be beneficial to industrial FCC units in saving
equipment cost, increasing throughput, processing heavier
feedstock, and decreasing energy consumption.
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Notation

A,, = area of heat transfer surface, m?
h = bed-to-wall heat transfer coefficient, W/(m> K)
hyi = area-averaged heat transfer coefficient at an axial height, W/(m?
K)
hm = total average heat transfer coefficient, W/(m? K)
H, = static bed height, m
n = number of packet identified, -
g = cooling capacity, W
¢in = input power by the heating wire, W
r = radial position, m
R;, = resistance of a heating wire, Q
R; = radius of fluidized bed, m
R, = maximum radial position that the heater tube can reach, that is, R;
minus the radius of the heat tube, m
t = total sampling time, s
Ty = bed temperature, °C
Ty, = heat tube wall temperature, °C
u = superficial gas velocity, m/s
u; = gas flow rate from the central perforated plate distributor divided
by the cross-section area of the annular catalyst cooler, m/s
u, = gas flow rate from the side ring pipe distributor divided by the
cross-section area of the annular catalyst cooler, m/s
Uy, = input voltage of a heating wire, V
z = distance from the plate distributor, m

Greek symbols

Opa = packet fraction, dimensionless
Tpa = mean packet residence time, s
residence time of a packet, s

Tpa,i
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