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Abstract

Radial distribution profiles of ozone concentrations were measured along an 8.50 m high and 0.09 m inside diameter gas/solid co-current down-
flow circulating fluidized bed (downer) to characterize the reactor performance. Tests were conducted under a series of operating conditions at
room temperature and near atmospheric pressure, with FCC particles as the bed material. Results show that the concentration distribution of the
ozone tracer gas correlates well with the flow structure of the downer. There is quite a uniform radial distribution of ozone concentrations in the
core region of all tested axial sections in the fully developed region of the downer, except for the near-wall region where there is a sharp decrease
in ozone concentration. And there exists a relatively significant non-uniform distribution in the entrance acceleration region of the downer.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Although CFB-riser reactors have shown many advantages
over conventional bubbling fluidized bed reactors such as high
gas/solids contacting efficiency, reduced axial dispersion of both
gas and solids phases, and high gas solids throughput, etc., it
suffers from severe solids back-mixing due to non-uniform gas
and solids flowing against gravity. The core/annulus structure
can result in reduced contacting between the two phases, caus-
ing reduced selectivity and non-uniform distribution of desired
product [1].

For heterogeneous catalytic reactions the conversion of reac-
tant to the desired product is accompanied by consecutive and/or
side reactions, which lead to a decrease in selectivity and yield.
Such reactions require a reactor with a narrow residence time
distribution for both the gas and solid phases in order to achieve
satisfactory reaction control [2,3].
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In recent years, a novel reactor called the downer, with both
gas and solid particles moving in the direction of gravity —a type
of generalized fluidization [4] — has been proposed, which can
overcome those shortcomings of the riser as mentioned before.
The gas and solids downwards flow in the downer can reduce the
non-uniformities of flow, making the flow in the downer much
closer to plug flow than in the riser, so that much narrower resi-
dence time distribution of gas and particles can be achieved. The
downer is an excellent choice for reactions requiring very short
residence time especially where intermediates are the desired
products [5,6].

Much fundamental research has been carried out on the
hydrodynamic characteristics of the downer, but few results have
been reported on heat and mass transfer or chemical reactions
[7,8] as compared to hydrodynamic studies. A clear understand-
ing of heat/mass transfer and chemical reactions in the downer
will help in the design of downer reactors.

There has been no previous study that provides overall and
systematic reactant concentration distribution profiles inside a
downer. When studying a chemical reactor, chemical reaction
itself can supply direct information on reactor performance.
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Nomenclature
Nomenclature
Ap cross section area of downer [m?]
¢ (i=1,2,5,0) average ozone concentration, see Eq. (3)
C/Cy  dimensionless ozone concentration
dp particle diameter [m]
D, dispersion coefficient of ozone [m?/s]
Gy solids circulation rate [kg/m2 s]
k reaction rate constant [ml/(gcat s)]
kg mass transfer coefficient [m/s]
r/R dimensionless radial position
Re Reynolds number.
Sc Schmidt number
Sh Sherwood number
Us slip velocity [m/s]
U, superficial gas velocity [m/s]
Z axial distance from the gas distributor of downer
[m]
7/H dimensionless axial position
Greek letters
e bed voidage
[0 angular position for measurement [°]
v kinematic viscosity [m?/s]
Pp particle density [kg/m?]

Cyclone A

Valve A

Storage tank
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Because of its simplicity in reaction kinetics (very close to first-
order reaction) and negligible heat effect of reaction due to the
low concentrations involved, and the availability of a simple and
accurate measurement method, in the present study, a heteroge-
neous catalytic reaction which is often used in research on dense
fluidized beds and CFB riser reactors [9—16] — ozone decompo-
sition catalyzed by ferric oxide — was employed to investigate
reaction coupled to mass transfer in a downer reactor.

In the present paper, experimental data of radial ozone con-
centration profiles at different axial locations along a downer
reactor are reported under a series of operating conditions. The
influences of operating conditions on reactor performance as
measured at different radial/axial positions were analyzed.

2. Experimental details
2.1. The downer reactor system

The experimental apparatus used in this study is depicted in
Fig. 1. All measurements were conducted in a circulating flu-
idized bed downer reactor of 8.50 m high with an inside diameter
of 0.09 m. The whole setup is made of Plexiglas. Solids are trans-
ported upward in the riser, and then separated from the exhaust
by two cyclones before being returned to a storage tank above
the downer column. Solids enter the downer via a butterfly valve.
Air from a screw air compressor is used as the fluidizing gas for
the whole experimental system (main air, lift air and auxiliary
air). The air is first introduced into a compressed air freezing
dryer and a filter system in order to maintain a constant relative
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Fig. 1. Schematic of the downer reactor and ozone injection and detection system.
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Fig. 2. Sampling system for ozone concentration measurements.

humidity. The main air is introduced at the distribution plate.
The gas/solids suspension travels downward along the downer
to an elaborately designed quick separator [17] located at the
bottom of the downer column in order to separate the particles
from the air. Solids separated from the gas are then returned to
the riser via a U-valve.

Ozone is generated from a corona-discharge generator con-
nected to the main air supply system. Pure oxygen is used as the
source of ozone in order to eliminate the formation of harmful
NO, during the electrical discharge process [9,18,19]. Ozone
from the generator was completely mixed with the primary air
before entering the downer above the gas distributor. The current
and voltage of the ozone generator as well as the temperature and
relative humidity are all monitored during each measurement.

All pressure differences around the loop were monitored with
open-end water-filled manometers, and the axial distribution of
cross-sectional voidage in the downer can be calculated from
the measured pressure gradient. The pressures are measured at
8 levels below the air distributor along the downer (i.e., 81.8,
181.7,202.7, 302.7, 403.7, 504.7, 606.7 and 767.7 cm).

A UV detection system is used to measure the ozone con-
centration, as described elsewhere [9,11]. To obtain radial and
axial ozone concentration profiles, laterally movable sampling
probes are installed at axial distances of 1.00, 2.57, 3.51, 4.51
and 6.51 m from the gas distributor. Gas samples are continu-
ously drawn from the downer through a sampling system shown
in Fig. 2, using the stainless steel or quartz glass sampling probes
with a length of 135-140 mm and an inside diameter of approx-
imately 2 mm. The tip of the probe is covered with a fine mesh
to prevent particles from being entrained into the sampling sys-
tem. The sample gas flow rate is low enough to assure minimal
disturbance of the flow structure in the downer. Each probe is
flushed with purge air before measurement. Because ozone is a
strong oxidizing agent and reacts with practically any reducing
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organic or inorganic agent, undesirable decomposition of ozone
was minimized by using silicone, glass and Teflon tubings for
all connections.

Measurement was started after steady state had been reached
in the downer reactor, which usually took about 1.5-2.5h [18].
Before tests, the inlet oxygen flow to the ozone generator and
the mass flow meter were calibrated to determine the inlet ozone
concentration of the downer reactor.

2.2. Operating conditions

The gas flow in the downer is denoted as the superficial gas
velocity of Ug, and the value of G (solids circulation rate) is
controlled by the gas flow rate in the riser. The determination of
G, was accomplished by a butterfly valve fixed in the downer col-
umn. When the valve closes rapidly, particles will accumulate to
aspecific height above the valve over a given time period. Hence,
once the bulk density of the particles and the cross-section area
of the downer column are known, the solids circulation rates can
be calculated from the solids height. In each test, this operation
was repeated several times to obtain an average value, such as
those shown in Fig. 3.

The selection of Gy is based on the lift capacity of the riser. As
illustrated in Fig. 4, the lift capacity is reached with the increase
of the air flow rate in the riser to a certain value.

The experimental operating conditions
Tables 1 and 2.

are given in

2.3. Experiment for determining reaction rate constant

Besides the experiments conducted in the CFB-downer
reactor, the measurement of reaction rate constant of ozone
decomposition catalyzed by the ferric oxide was conducted in a
small scale fixed bed reactor system as shown in Fig. 5.
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Fig. 3. Part of the data in a G; (kg/m2 s) determination test.



542

® |
30 r I -
25 x /g f ; 2
& XQ approaching to the lift capcity
E 20 -
g o~
= 15
S -4
10 o
5 y =-0.0003x3 + 0.0177x2 + 0.6359% - 4.5954
0 I i . i L L " L L L
12 16 20 24 28 32 36 40 4 48 52 56
riser flow (m®/hr)
Fig. 4. Determination of the range of G;.
Table 1

Operating conditions of the experiment (stainless steel probe) (Ug: m/s; Gs:
kg/m? s)

Uy Gy

2.36 2.77 3.35 6.58 9.1 104
2.49 - —
2.84 - -
3.07 - -
Table 2
Operating conditions of the experiment [quartz glass probe)
Qriser(m3/h) 16 20 24 26 32 40
Gy (kg/m2 s) 8.4 12.7 16.9 18.7 234 28.8
Qdowner (m*/h) 50 60 70 80 65
Uy, (m/s) 2.2 2.6 3.1 3.5 3.7

Size and structure of the quartz glass probes are identical to stainless steel probes.

The small fixed bed reactor is made of stainless steel, with an
inside diameter of 20 mm and a bed length of 70 mm. The fixed
bed of catalyst powder is supported by a stainless steel mesh
screen covered with canvas. Both inlet and outlet are screwed
with stainless steel nipples for connection to gas flow tub-
ings. The ozone concentration was determined volumetrically
by iodimetry according to the following reactions.

O3 +2KI + HyO = O, +1, + 2KOH

I +2NayS,03 = 2Nal + NapS40¢.

mass flow

meter

oxygen

U

C. Fan et al. / Chemical Engineering Journal 140 (2008) 539-554

The ozone conversion data from the fixed bed reactor were
used to extract the reaction rate constant of catalytic ozone
decomposition after the effect of external/internal diffusion and
fixed bed wall on the reaction process had been eliminated.
The average reaction rate constant obtained from this measure-
ment was 0.098 ml (g cat)_1 s~! and this value was later used
in the computation for analyzing the ozone decomposition data
obtained from the downer reactor. Further details of the kinetics
measurement are given in Appendix A.

2.4. Catalyst preparation

The catalyst used in the experiments was equilibrium fluid
cracking catalyst (FCC) particles (composed mainly of porous
amorphous aluminum hydro-silicate) impregnated with ferric
oxides. The FCC particles were activated by soaking in a
5wt.% solution of ferric nitrate overnight, followed by dry-
ing, and calcination at 475°C for about 2h until no NO;
was released from ferric nitrate, and then the remaining ferric
oxide became the active component for ozone decomposition.

<Fe(N03)3 0725 C1Fe, 05 + 3NO, + 30, + nH20>

An elemental analysis of the catalyst particle was performed
for both the fresh FCC particles and the activated FCC parti-
cles. The bulk density of the particles without/with ferric oxide
impregnation is 585 and 755kg/m?3, respectively. The appar-
ent particle density is 1400kg/m?, and 1747 kg/m> for fresh
FCC and impregnated FCC particles, respectively. The mean
diameter of fresh FCC particles is 72 wm, which changed to
62 wm after being impregnated with ferric oxide and followed by
grinding.

3. Experimental results and discussion
3.1. Radial profiles of ozone concentration in the downer

In order to observe whether there is a large amount of ozone
decomposition caused by the wall of the reactor and the catalytic
performance of ferric oxide in a downer reactor, experiments
were first conducted in the empty downer column (Fig. 6a), and
then with the fresh FCC particles (Fig. 6b), and finally with ferric
oxide impregnated FCC particles (Fig. 6¢) by measuring the
radial profiles of ozone concentration at different axial positions

NaxS203 |

Q-

E —| wet flow meter titrate

g |

" 4 Kl absorption
solution

wet flow meter

Fig. 5. Flow sheet of the fixed bed test unit.
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Fig. 6. Radial ozone concentration profiles comparison.

each at the following #/R=0, 0.2, 0.3, 0.4 0.6, 0.8, 0.9 and 0.95
radial positions (the ozone concentration cannot be obtained
reliably when the probe is exactly placed at r/R=1).

By comparing Fig. 6a with c, it can be seen that unconverted
ozone concentration in a is much higher than that in ¢, indicating
that ozone decomposition caused by the reactor wall is much less
than that caused by the catalyst.

Fig. 7 shows that there is essentially little decomposition of
ozone in the empty downer column, the ozone concentration in
the empty downer remaining as high as 90% of the inlet con-
centration, as compared to 40-60% after catalyst is fed into the
reactor.

Comparison between Fig. 6¢c and b reveals that fer-
ric oxide reduces the ozone concentration particularly from
C/Cy=0.8-0.9 (Fig. 6b) to C/Cy=0.5-0.6 (Fig. 6¢) under sim-

ilar operating conditions with the profile at the core region of
downer remaining as flat as in Fig. 6b, and at /R=0.8-0.9,
reaching a minimum at about /R =0.95.

Such a sharp drop in ozone concentration near the wall is not
obvious in Fig. 6a and b, evidently due to heterogeneous flow
structure in downers with more catalyst concentrating in the near
wall region. In the fully developed region of the downer parti-
cles tend to move towards the wall (#/R =0.9—-1) and form many
clusters (meso-scale structures), which has been testified by the
hydrodynamics study performed in the same downer reactor by
Li [20] and many prior researchers’ work on the downer [21,22].
In the present study, with activated catalyst particles employed,
the existence of a densely populated “active clusters” region
(or active dense phase) at 7/R=0.9—1 increases ozone decom-
position, leading to the increase of reactant conversion [12] and
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Fig. 7. Ozone concentration profiles at the inlet region of the downer (z=1.00 m)
for both empty column and column loaded with impregnated catalyst particles.

faster reaction rates [23], thus lowering ozone concentration at
the near-wall region.

Rotational asymmetry of ozone concentration distribution in
the entrance region of the downer was also investigated before
each run. The radial ozone profiles at z=1.00 m had been mea-
sured along 4 different angular positions (¢ = 0-270°) for 3 times
under the same operating condition and similar rotational asym-
metry were observed. Fig. 8a shows a representative result. The
profiles from 4 measurements exhibit significant differences: the
ozone concentration profile measured along ¢ =0° and 270° is
significantly lower than that at ¢ =90° and 180°. In the ear-
lier experiment at the same axial position, ozone was sampled
along the angular position of ¢ =270°, which is located in the
low-concentration region. Therefore, the measured concentra-
tion is lower than the cross-sectional averaged value. So it is
better to average the ozone concentration data measured along
4 angular positions to get a more accurate profile. Furthermore,
tests performed in the fully developed region of the downer (see
Fig. 8b) show that radial profiles are as flat as earlier measure-
ments, which means that the asymmetry is insignificant in fully
developed region, and the previous measurements are of repre-
sentative nature. Hence, there is no need to make measurements
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0.0 0.2 0.4 0.6 0.8 1.0

R

Fig. 9. Typical radial ozone profiles at different axial levels in the downer.

along 4 angular directions for the measurements in the fully
developed region.

In consideration of the rotational asymmetry of the ozone
concentration in the entrance region of the downer, radial con-
centration measurements at this region were repeated along four
angular directions, and the averaged values were used as the
cross-sectional average concentration at this axial location (a
typical and clearer view is depicted in Fig. 9). This is a com-
mon and effective procedure for minimizing the influence of
rotational asymmetry on the measurements and has been suc-
cessfully employed by many researchers, such as Kruse and
Werther [24] and Ouyang et al. [14] (data at z/H=0.12 were
averaged over four different radial directions).

3.2. Influence of operating conditions on ozone distribution
and conversion

Thirty runs of systematic measurements were performed
under the operating conditions given in Table 2. The ozone con-
centration profiles at z=1.00 m (z/H =0.12) were obtained from
the averaged method mentioned before, with the results shown
in Fig. 10. As a general trend, the unconverted ozone concentra-
tion is seen to increase with increasing U, and decreasing Gs.
In addition, the decrease of ozone concentration near the wall
seems to be sharper as U, and G increase.
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Fig. 8. Rotational asymmetry at the inlet region of the downer column.
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The large amount of data in Fig. 10 could hardly be discrim-
inated from each other. For a clearer view on the data set, the
scattered raw data of the experiment were re-plotted according
to the classification of ozone concentration distribution at dif-
ferent axial locations under different value of U, for the same
value of G (Fig. 11a and b) or under different G; for the same Uy
(Fig. 12a and b). Additional figures are provided in Appendices
B and C. The radial distributions of ozone concentration illus-
trated from Fig. 11a and b are similar to those in Fig. 6c, i.e., a
flat distribution exists in the core region and a sharp drop appears
near the reactor wall. The results are fairly reproducible.

It can be seen from Fig. 11a and b and Appendix B that the
concentration of the unconverted ozone increases with increas-
ing the superficial gas velocity at a given solids circulation rate
(especially at a high Gy), while it is seen from Fig. 12a and b that
the unconverted ozone concentration decreases with increasing
solids circulation rate at a given superficial gas velocity (espe-
cially at a high gas velocity). This may be attributed to the
following mechanisms.

When the solids flux is increased at a given superficial gas
velocity, the solids concentration will also increase. Due to the
increase of total gas/solids contact area for gas/solids mass trans-
fer and reaction, the ozone conversion is increased, leading to
lower unconverted ozone concentration as the solids circulating
rate increases.

The effect of solids circulation rate is more significant at a
higher superficial gas velocity (Fig. 12b) than at a lower super-
ficial gas velocity (Fig. 12a). This is because at a low superficial
gas velocity, the increase of solids concentration can lead to
increased formation probability of particle clusters in addition
to increased gas/solid contact area. The clusters will be formed
easily at arelatively low gas velocity as the solids circulating rate

is increased, and the gas/solid mass transfer within the clusters is
not as good as that between dispersed particles and surrounding
gas. On the other hand, the formation of the clusters results in
increased slip velocity between the gas and solid phases, which
improves the inter-phase mass transfer. The compromise of all
those counter-acting factors invites the relatively obscured trends
in the radial ozone concentration profiles at low superficial gas
velocities. This is also confirmed from the calculated axial ozone
conversion profile to be discussed later.

When the solids circulation rate is kept invariant, increasing
superficial gas velocity can reduce solids concentration, break-
ing down the clusters, increasing the slip velocity between the
gas and particles, and shortening the residence time of the solids
phase. The decreased solids concentration and clusters break-
down rate can decrease total gas/solids contact area and improve
local gas/solids contact efficiency, respectively, at the same time.
The increase of slip velocity will enhance the mass transfer rate
between the gas and solids. The shortened residence time is not
good for the total conversion of ozone, especially when the flow
direction of gas/solid suspension is downward. Taking into con-
sideration all of the above-mentioned factors, the increase of
superficial gas velocity may finally lead to the fall of ozone con-
version for a fast catalytic reaction in a gas/solids concurrent
down-flowing reactor in spite of the improvement in local mass
transfer.

The ozone concentration drop near the wall (/R =0.9-0.97)
is generally more significant under higher superficial gas veloc-
ities than that under lower superficial gas velocities at a given
solids circulating rate (Fig. 11a and b and Appendix B). But this
tendency is not very obvious with increasing solids circulating
rate under a specific superficial gas velocity (Fig. 12a and b and
Appendix C).
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Fig. 11. Ozone concentration distribution for different values of Uy.

The trend in Fig. 12a and b may also be the result of the
compromise of several counter-acting factors similar to those
discussed above. The cluster plays a key role in accounting for
the phenomenon at this narrow wall region. In brief, for the for-

mer case, the clusters near the wall are easier to be broken by
gas flow (i.e. a higher frequency of aggregation—dispersion pro-
cess of particles) when the gas velocity is increased and the
slip velocity between the gas and dispersed particles is also
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Fig. 12. Ozone concentration distribution for different values of Gs.

increased simultaneously, with both factors being beneficial for
the improvement of gas/solids mass transfer at this region; but
for the latter case, the solids concentration will be increased with
increasing the solids circulation rate under a fixed superficial gas

velocity, hence more clusters may be easily formed, leading to
the enhancement of shielding effect between the clusters and an
increase of slip velocity between clusters and gas flow simul-
taneously. It can be concluded (from Fig. 11 and Appendix B)
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that the compromise of the two opposite factors leads to the
ozone conversion at the near-wall region being insensitive to the
variation of solids flux under a fixed superficial gas velocity.

Figs. 10—12 show another tendency that the farther from the
inlet of the downer, the sharper the sudden fall of ozone concen-
tration near the reactor wall. This indicates the lateral migration
of solid particles from the downer centerline towards the wall
when the flow of gas/solids suspension evolves from the acceler-
ation stage into a fully developed stage. The solids concentration
and slip velocity near the wall becomes higher over this process.
As a result, the drop of concentration in the near wall region
turns to be more obvious than before. The axial pressure distri-
bution profile (e.g. Fig. 13) shows that the transition point (2 m
below the inlet or z/H = 0.23) of pressure gradient (indicating the
transition of flow regime [1]) is corresponding to the same axial
position where a sharp concentration drop near the wall becomes
obvious in the radial ozone concentration profiles. This indicates
that the sharp drop near the wall region of ozone concentration
profile is closely related to the change in flow patterns along the
downer.

Another observation worth noting is the parabolic profile of
ozone concentration near the entrance of the downer, which can
be observed clearly, especially at higher gas velocities or solids
circulating rates. The design of the entrance may account for this
phenomenon, that is, the high speed jet of gas/solids mixed flow
from the solids nozzle results in the non-uniformity mentioned
above, and a higher superficial gas velocity can also accelerate
the down-flow of the solids at the acceleration region of the
downer (Qi et al. [25]).

3.3. Axial profiles of cross-sectional average ozone
concentrations under different operating conditions

The axial profiles of ozone conversions are plotted in Fig. 14.
It can be seen that most of the ozone was decomposed in the
acceleration region, and the ozone concentration varied very
little in the fully developed section (below z/H=0.29) in the
downer. This indicates that the reaction is much faster in the
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Fig. 13. An example of axial pressure distribution (Ug=3.1m/s, Gs=
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Fig. 14. Axial ozone conversion profiles for different values of Gs where
Ug=2.6m/s.

acceleration region than in the developed region because the
higher solids concentration and reactant concentration there can
increase the reaction rate of a first order reaction.

In order to get an intuitionistic and visual depiction for the
degree of ozone decomposition in the downer, the conversion of
ozone at each axial position is plotted against operating param-
eters (superficial gas velocity and solids circulating rates) in
Fig. 15 and Appendix D. The conversion increases mainly but
with a little fluctuation along the direction of increasing G and
decreasing Uy in the figure as illustrated before.

3.4. Mass transfer behavior in the downer

There are a lot of similarities between gas/solids mass transfer
mechanisms of downer and riser. Therefore, based on works of
Halder and Basu [26], mass transfer correlations for both units
will have a similar form, such as

Sh = 2¢ + A(Re/¢)B ScC. (1)

0ISIOAUOD

Fig. 15. Ozone conversion against operating parameters where z/H=0.53.
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where Sh=kod,/De, Re=dpus/vg, Sc=vy/Dg; A, B and C are
parameters to be determined.

According to Eq. (1), the gas/solids mass transfer is com-
posed of two parts, molecular diffusion(2¢) and convective mass
transfer (A(Re/e)B Sc©). In Eq. (1), kg may be calculated from
an infinitesimal mass balance for the downer; dj, is measured by
the particle size analyzer; vy and D, can be found or calculated
from many reference handbooks; the slip velocity us between
gas and particles can be evaluated on the basis of many previous
researches [8,27]. Fitting part of the data from this experiment
and some other experiments in the same downer, Zhang et al.
[28] obtained a correlation shown below

Re 0.22
Sh =2¢+ 0.0016< ) 807 )
)

(2.49m/s<Ug<4.15m/s;2.77 kg/m? s < Gs < 12.21kg/m? s).

It is also found that the catalytic ozone decomposition in the
downer is a mass transfer controlled process. This can be drawn
from an ozone mass balance over an axial distance from z; to
2> along the downer column [29]. The reduction of ozone in the
downer is considered to be caused by the catalytic decomposition
of ozone. That is,

Ug Ap(c1 — c2) = k[Ap(z1 — 22)] [pp(1 — &)]cs, 3

where Ay, is the cross-sectional area of the downer column; p, is
the particle density; c1, ¢z, and ¢ are the average ozone concen-
tration at z1, 22, and particle surface; & is reaction rate constant; &
is the axial mean bed voidage calculated from pressure gradient.

Detailed calculation found that ozone concentration on the
particle surface was much lower than that in the main gas flow
(Fig. 16). So the gas/solid mass transfer may be the control step
for the whole reaction process [30-32].

Compared the results with others” work [8,33], Zhang et al.
[28] found that the local mass transfer at a given location in
the downer (not the overall mass transfer) can be improved with
increasing solids circulating rates and superficial gas velocity. In
conclusion, much more systematic studies on the mass transfer
characteristics in CFB downer reactor are still needed in the
future for a comprehensive understanding of the whole reaction
process.
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Fig. 16. Comparison of ozone concentration at particle surface and main gas
flow.

4. Conclusions

The principal conclusions of the present research are as fol-
lows.

(1) The total amount of ozone decomposed in the downer
increases with increasing solids circulating rate and decreas-
ing superficial gas velocity. There is a compromise among
several factors that leads to such a result, among which
hydrodynamic behavior of clusters in the downer plays a
key role.

(2) As noted by prior researchers, mass transfer is the main
resistance for the gas/solids catalytic decomposition of
ozone in the downer reactor, and increasing solids circulat-
ing rates or superficial gas velocity can improve local mass
transfer behavior.

(3) Most of the ozone is decomposed in the acceleration region
of the downer, which is thus important to the downer reactor,
and more attention should be given to its design.

(4) The radial ozone concentration distribution in a downer is
quite flat in the fully development region in the downer
column, except for a very narrow region of /R=0.8-0.97
where there is a significant fall in the profile caused by faster
reaction rate resulting from high concentration of catalyst
due to solids segregating towards the wall region and falling
faster than the dilute core region [23]. More significant sud-
den fall of the ozone concentration near the reactor wall
corresponds to higher superficial gas velocities at a given
solids circulating rate for the similar compromise mecha-
nism. When the operating conditions are given, the ozone
at this region in the fully developed section is decomposed
more thoroughly than in the acceleration region due to the
lateral particle migration during the flow regime transition
process in the downer. More systematic and calibrated works
should be devoted to the understanding of mass transfer in
the near-wall region of the downer.
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Appendix A. Detailed description of experimental
procedure listed in Fig. 5

Ozone from the ozone generator was first introduced into an
absorption bottle filled with 20 wt.% KI solution along the path
1 for a certain period of time. Then the KI solution absorbed with
ozone from the absorption bottle was acidized by dilute HySO4
(1:5) solution before titrated by Na>S>03 (0.1000 mol/L a.q.) to
determine the ozone concentration in the gas coming out from
the ozone generator.
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Next, the gas stream from the ozone generator was switched
into gas path 2 and entered into the catalyst filled fixed bed reac-
tor from the top. The outlet ozone concentration was measured
by the same procedure as mentioned above by the iodimetry, with
the gas flow rate being monitored by a wet gas flow meter. Mer-
cury manometers were used to monitor the pressure fluctuation
at the inlet and outlet of the fixed bed.
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Before the reaction rate constant was calculated, the external
dispersion and internal dispersion effect had been eliminated
according to the method suggested in general chemical reaction
engineering text books (i.e., varying the gas velocity or particle
size under a particular contact time until no significant variation
of conversion is observed) in order to assure the kinetic test could
be performed under a proper gas velocity and particle diameter.

G=127kgim’s Ug= 22 : : 3.7 mss
* 10 0.0 0.2 0.4 06 08 1.0 00 0.2 0.4 06 08 1.0 b
JH=0.12 O8f—e—etT0sy . 06
0.4 0.4
0.2 0.2
0.0 0.0
'/t—o——o._‘_..
0.29 »-.—0—._._*. R. oo \l ::
1.0 1.0
08 4 0.8
06 | RS A X & 06
0.41 D——O—Q—H—q. 2
GG 0.4 ; ! 0.4
0.2 0.2
0.0 0.0
[ L !
b—l—ﬂ_.——‘."b
0.53 SRR &
1.0 1.0
08 ; 0.8
076 8 | B S 06
04 . 0.4
02 0.2
0.0 0.0
0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 0.4 06 08 1.0 0.0 0.2 0.4 0.6 0.8 1.0
rIR(-)
Fig. B1.
G=16.9kg/m’s U= 22 26 3.1 35 3.7m/s
- 0002 04 06 0.8 1.0 0.0 0.2 0.4 06 0.8 1.0 10
08 »_'/.,*—O‘KH—\‘. 058
z2H=012 °6 06
0.4 0.4
0.2 0.2
0.0 0.0
’——0——0—_.1,‘.1»—.-—-——.._. °
0.29 ’\ . -4 R'
1.0 10
0.8 | 4 ‘ 0.8
o> * s ' i /—‘Y\_ ; 0.6
/C (-) 0.41
CIC,0) 0.4 0.4
0.2 0.2
0.0 0.0
1 q
000 ‘H—O—*—o-o\.
0.53 & i
1.0 10
0.8 . p 0.8
0.76 o.s"'\/'—v ! 06
T 04 i 0.4
0.2 0.2

0.0
000204060810

000204060810

0.0
000204086081.0
fR(-)

Fig. B2.



Appendix B

C. Fan et al. / Chemical Engineering Journal 140 (2008) 539-554

Additional figures of ozone distribution at various U, under the same G (Figs. B1-B4)
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Additional figures of ozone distribution at various G under the same U, (Figs. C1-C3)
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Appendix D

Additional ozone conversion against operating parameters at different axial locations (Fig. D1)
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