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bstract

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-
ow circulating fluidized bed (downer) to characterize the reactor performance. Tests were conducted under a series of operating conditions at

oom temperature and near atmospheric pressure, with FCC particles as the bed material. Results show that the concentration distribution of the
zone tracer gas correlates well with the flow structure of the downer. There is quite a uniform radial distribution of ozone concentrations in the
ore 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
n 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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. Introduction

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

For heterogeneous catalytic reactions the conversion of reac-
ant to the desired product is accompanied by consecutive and/or
ide reactions, which lead to a decrease in selectivity and yield.

uch reactions require a reactor with a narrow residence time
istribution for both the gas and solid phases in order to achieve
atisfactory reaction control [2,3].

∗ Corresponding author. Tel.: +86 10 82627075.
E-mail address: wlsong@home.ipe.ac.cn (W. Song).
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uidized bed; Cluster

In recent years, a novel reactor called the downer, with both
as and solid particles moving in the direction of gravity – a type
f generalized fluidization [4] – has been proposed, which can
vercome those shortcomings of the riser as mentioned before.
he gas and solids downwards flow in the downer can reduce the
on-uniformities of flow, making the flow in the downer much
loser to plug flow than in the riser, so that much narrower resi-
ence time distribution of gas and particles can be achieved. The
owner is an excellent choice for reactions requiring very short
esidence time especially where intermediates are the desired
roducts [5,6].

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

There has been no previous study that provides overall and

ystematic reactant concentration distribution profiles inside a
owner. When studying a chemical reactor, chemical reaction
tself can supply direct information on reactor performance.

mailto:wlsong@home.ipe.ac.cn
dx.doi.org/10.1016/j.cej.2007.11.040
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Nomenclature

Nomenclature
Ab cross section area of downer [m2]
ci (i = 1,2,s,0) average ozone concentration, see Eq. (3)
C/C0 dimensionless ozone concentration
dp particle diameter [�m]
Dg dispersion coefficient of ozone [m2/s]
Gs 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]
Ug superficial gas velocity [m/s]
z axial distance from the gas distributor of downer

[m]
z/H dimensionless axial position

Greek letters
ε bed voidage
ϕ angular position for measurement [◦]
ν kinematic viscosity [m2/s]
ρp particle density [kg/m3]

B
o
l
a
n
fl
s
r

c
r
i
m

2

2

F
i
o
p
b
t
A
t
a
d

Fig. 1. Schematic of the downer reactor and
Journal 140 (2008) 539–554

ecause of its simplicity in reaction kinetics (very close to first-
rder reaction) and negligible heat effect of reaction due to the
ow concentrations involved, and the availability of a simple and
ccurate measurement method, in the present study, a heteroge-
eous catalytic reaction which is often used in research on dense
uidized beds and CFB riser reactors [9–16] – ozone decompo-
ition catalyzed by ferric oxide – was employed to investigate
eaction coupled to mass transfer in a downer reactor.

In the present paper, experimental data of radial ozone con-
entration profiles at different axial locations along a downer
eactor are reported under a series of operating conditions. The
nfluences of operating conditions on reactor performance as

easured at different radial/axial positions were analyzed.

. Experimental details

.1. The downer reactor system

The experimental apparatus used in this study is depicted in
ig. 1. All measurements were conducted in a circulating flu-

dized bed downer reactor of 8.50 m high with an inside diameter
f 0.09 m. The whole setup is made of Plexiglas. Solids are trans-
orted upward in the riser, and then separated from the exhaust
y two cyclones before being returned to a storage tank above
he downer column. Solids enter the downer via a butterfly valve.

ir from a screw air compressor is used as the fluidizing gas for

he whole experimental system (main air, lift air and auxiliary
ir). The air is first introduced into a compressed air freezing
ryer and a filter system in order to maintain a constant relative

ozone injection and detection system.
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Fig. 2. Sampling system for o

umidity. The main air is introduced at the distribution plate.
he gas/solids suspension travels downward along the downer

o an elaborately designed quick separator [17] located at the
ottom of the downer column in order to separate the particles
rom the air. Solids separated from the gas are then returned to
he riser via a U-valve.

Ozone is generated from a corona-discharge generator con-
ected to the main air supply system. Pure oxygen is used as the
ource of ozone in order to eliminate the formation of harmful
Ox during the electrical discharge process [9,18,19]. Ozone

rom the generator was completely mixed with the primary air
efore entering the downer above the gas distributor. The current
nd voltage of the ozone generator as well as the temperature and
elative humidity are all monitored during each measurement.

All pressure differences around the loop were monitored with
pen-end water-filled manometers, and the axial distribution of
ross-sectional voidage in the downer can be calculated from
he measured pressure gradient. The pressures are measured at

levels below the air distributor along the downer (i.e., 81.8,
81.7, 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-
entration, as described elsewhere [9,11]. To obtain radial and
xial ozone concentration profiles, laterally movable sampling
robes are installed at axial distances of 1.00, 2.57, 3.51, 4.51
nd 6.51 m from the gas distributor. Gas samples are continu-
usly drawn from the downer through a sampling system shown
n Fig. 2, using the stainless steel or quartz glass sampling probes
ith a length of 135–140 mm and an inside diameter of approx-

mately 2 mm. The tip of the probe is covered with a fine mesh
o prevent particles from being entrained into the sampling sys-

em. The sample gas flow rate is low enough to assure minimal
isturbance of the flow structure in the downer. Each probe is
ushed with purge air before measurement. Because ozone is a
trong oxidizing agent and reacts with practically any reducing

r
d
s

Fig. 3. Part of the data in a Gs (k
concentration measurements.

rganic or inorganic agent, undesirable decomposition of ozone
as minimized by using silicone, glass and Teflon tubings for

ll connections.
Measurement was started after steady state had been reached

n the downer reactor, which usually took about 1.5–2.5 h [18].
efore tests, the inlet oxygen flow to the ozone generator and

he mass flow meter were calibrated to determine the inlet ozone
oncentration of the downer reactor.

.2. Operating conditions

The gas flow in the downer is denoted as the superficial gas
elocity of Ug, and the value of Gs (solids circulation rate) is
ontrolled by the gas flow rate in the riser. The determination of
s was accomplished by a butterfly valve fixed in the downer col-
mn. When the valve closes rapidly, particles will accumulate to
specific height above the valve over a given time period. Hence,
nce the bulk density of the particles and the cross-section area
f the downer column are known, the solids circulation rates can
e calculated from the solids height. In each test, this operation
as repeated several times to obtain an average value, such as

hose shown in Fig. 3.
The selection of Gs is based on the lift capacity of the riser. As

llustrated in Fig. 4, the lift capacity is reached with the increase
f the air flow rate in the riser to a certain value.

The experimental operating conditions are given in
ables 1 and 2.

.3. Experiment for determining reaction rate constant
Besides the experiments conducted in the CFB-downer
eactor, the measurement of reaction rate constant of ozone
ecomposition catalyzed by the ferric oxide was conducted in a
mall scale fixed bed reactor system as shown in Fig. 5.

g/m2 s) determination test.
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Fig. 4. Determination of the range of Gs.

Table 1
Operating conditions of the experiment (stainless steel probe) (Ug: m/s; Gs:
kg/m2 s)

Ug Gs

2.36 2.77 3.35 6.58 9.1 10.4

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
Gs (kg/m2 s) 8.4 12.7 16.9 18.7 23.4 28.8
Qdowner (m3/h) 50 60 70 80 65
U
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g (m/s) 2.2 2.6 3.1 3.5 3.7

ize 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
nside diameter of 20 mm and a bed length of 70 mm. The fixed
ed of catalyst powder is supported by a stainless steel mesh
creen covered with canvas. Both inlet and outlet are screwed
ith stainless steel nipples for connection to gas flow tub-

ngs. The ozone concentration was determined volumetrically
y iodimetry according to the following reactions.
3 + 2KI + H2O = O2 + I2 + 2KOH

2 + 2Na2S2O3 = 2NaI + Na2S4O6.

w
t
o
r

Fig. 5. Flow sheet of the
Journal 140 (2008) 539–554

The ozone conversion data from the fixed bed reactor were
sed to extract the reaction rate constant of catalytic ozone
ecomposition after the effect of external/internal diffusion and
xed bed wall on the reaction process had been eliminated.
he average reaction rate constant obtained from this measure-
ent was 0.098 ml (g cat)−1 s−1, and this value was later used

n the computation for analyzing the ozone decomposition data
btained from the downer reactor. Further details of the kinetics
easurement are given in Appendix A.

.4. Catalyst preparation

The catalyst used in the experiments was equilibrium fluid
racking catalyst (FCC) particles (composed mainly of porous
morphous aluminum hydro-silicate) impregnated with ferric
xides. The FCC particles were activated by soaking in a
wt.% solution of ferric nitrate overnight, followed by dry-

ng, and calcination at 475 ◦C for about 2 h until no NO2
as released from ferric nitrate, and then the remaining ferric
xide became the active component for ozone decomposition.

Fe(NO3)3 · nH2O
≥370 ◦C−→ 1

2 Fe2O3 + 3NO2 + 3
4 O2 + nH2O

)

An elemental analysis of the catalyst particle was performed
or both the fresh FCC particles and the activated FCC parti-
les. The bulk density of the particles without/with ferric oxide
mpregnation is 585 and 755 kg/m3, respectively. The appar-
nt particle density is 1400 kg/m3, and 1747 kg/m3 for fresh
CC and impregnated FCC particles, respectively. The mean
iameter of fresh FCC particles is 72 �m, which changed to
2 �m after being impregnated with ferric oxide and followed by
rinding.

. Experimental results and discussion

.1. Radial profiles of ozone concentration in the downer

In order to observe whether there is a large amount of ozone
ecomposition caused by the wall of the reactor and the catalytic
erformance of ferric oxide in a downer reactor, experiments

ere first conducted in the empty downer column (Fig. 6a), and

hen with the fresh FCC particles (Fig. 6b), and finally with ferric
xide impregnated FCC particles (Fig. 6c) by measuring the
adial profiles of ozone concentration at different axial positions

fixed bed test unit.
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Fig. 6. Radial ozone conc

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

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

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

eactor.

Comparison between Fig. 6c and b reveals that fer-
ic oxide reduces the ozone concentration particularly from
/C0 = 0.8–0.9 (Fig. 6b) to C/C0 = 0.5–0.6 (Fig. 6c) under sim-

I
t
(
p

tion profiles comparison.

lar operating conditions with the profile at the core region of
owner remaining as flat as in Fig. 6b, and at r/R = 0.8–0.9,
eaching a minimum at about r/R = 0.95.

Such a sharp drop in ozone concentration near the wall is not
bvious in Fig. 6a and b, evidently due to heterogeneous flow
tructure in downers with more catalyst concentrating in the near
all region. In the fully developed region of the downer parti-

les tend to move towards the wall (r/R = 0.9–1) and form many
lusters (meso-scale structures), which has been testified by the
ydrodynamics study performed in the same downer reactor by
i [20] and many prior researchers’ work on the downer [21,22].
n the present study, with activated catalyst particles employed,
he existence of a densely populated “active clusters” region
or active dense phase) at r/R = 0.9–1 increases ozone decom-
osition, leading to the increase of reactant conversion [12] and
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ig. 7. Ozone concentration profiles at the inlet region of the downer (z = 1.00 m)
or both empty column and column loaded with impregnated catalyst particles.

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

Rotational asymmetry of ozone concentration distribution in
he entrance region of the downer was also investigated before
ach run. The radial ozone profiles at z = 1.00 m had been mea-
ured along 4 different angular positions (ϕ = 0–270◦) for 3 times
nder the same operating condition and similar rotational asym-
etry were observed. Fig. 8a shows a representative result. The

rofiles from 4 measurements exhibit significant differences: the
zone concentration profile measured along ϕ = 0◦ and 270◦ is
ignificantly lower than that at ϕ = 90◦ and 180◦. In the ear-
ier experiment at the same axial position, ozone was sampled
long the angular position of ϕ = 270◦, which is located in the
ow-concentration region. Therefore, the measured concentra-
ion is lower than the cross-sectional averaged value. So it is
etter to average the ozone concentration data measured along
angular positions to get a more accurate profile. Furthermore,

ests performed in the fully developed region of the downer (see

ig. 8b) show that radial profiles are as flat as earlier measure-
ents, which means that the asymmetry is insignificant in fully

eveloped region, and the previous measurements are of repre-
entative nature. Hence, there is no need to make measurements

i
t
I
s

Fig. 8. Rotational asymmetry at the inl
ig. 9. Typical radial ozone profiles at different axial levels in the downer.

long 4 angular directions for the measurements in the fully
eveloped region.

In consideration of the rotational asymmetry of the ozone
oncentration in the entrance region of the downer, radial con-
entration measurements at this region were repeated along four
ngular directions, and the averaged values were used as the
ross-sectional average concentration at this axial location (a
ypical and clearer view is depicted in Fig. 9). This is a com-

on and effective procedure for minimizing the influence of
otational asymmetry on the measurements and has been suc-
essfully employed by many researchers, such as Kruse and
erther [24] and Ouyang et al. [14] (data at z/H = 0.12 were

veraged over four different radial directions).

.2. Influence of operating conditions on ozone distribution
nd conversion

Thirty runs of systematic measurements were performed
nder the operating conditions given in Table 2. The ozone con-
entration profiles at z = 1.00 m (z/H = 0.12) were obtained from
he averaged method mentioned before, with the results shown

n Fig. 10. As a general trend, the unconverted ozone concentra-
ion is seen to increase with increasing Ug and decreasing Gs.
n addition, the decrease of ozone concentration near the wall
eems to be sharper as Ug and Gs increase.

et region of the downer column.
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Fig. 10. Ozone decomposition in downer under d

The large amount of data in Fig. 10 could hardly be discrim-
nated from each other. For a clearer view on the data set, the
cattered raw data of the experiment were re-plotted according
o the classification of ozone concentration distribution at dif-
erent axial locations under different value of Ug for the same
alue of Gs (Fig. 11a and b) or under different Gs for the same Ug
Fig. 12a and b). Additional figures are provided in Appendices

and C. The radial distributions of ozone concentration illus-
rated from Fig. 11a and b are similar to those in Fig. 6c, i.e., a
at distribution exists in the core region and a sharp drop appears
ear the reactor wall. The results are fairly reproducible.

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

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

The effect of solids circulation rate is more significant at a
igher superficial gas velocity (Fig. 12b) than at a lower super-
cial gas velocity (Fig. 12a). This is because at a low superficial

as velocity, the increase of solids concentration can lead to
ncreased formation probability of particle clusters in addition
o increased gas/solid contact area. The clusters will be formed
asily at a relatively low gas velocity as the solids circulating rate

s
t
r
A

t operating conditions (quartz glass tube in use).

s increased, and the gas/solid mass transfer within the clusters is
ot as good as that between dispersed particles and surrounding
as. On the other hand, the formation of the clusters results in
ncreased slip velocity between the gas and solid phases, which
mproves the inter-phase mass transfer. The compromise of all
hose counter-acting factors invites the relatively obscured trends
n the radial ozone concentration profiles at low superficial gas
elocities. This is also confirmed from the calculated axial ozone
onversion profile to be discussed later.

When the solids circulation rate is kept invariant, increasing
uperficial gas velocity can reduce solids concentration, break-
ng down the clusters, increasing the slip velocity between the
as and particles, and shortening the residence time of the solids
hase. The decreased solids concentration and clusters break-
own rate can decrease total gas/solids contact area and improve
ocal gas/solids contact efficiency, respectively, at the same time.
he increase of slip velocity will enhance the mass transfer rate
etween the gas and solids. The shortened residence time is not
ood for the total conversion of ozone, especially when the flow
irection of gas/solid suspension is downward. Taking into con-
ideration all of the above-mentioned factors, the increase of
uperficial gas velocity may finally lead to the fall of ozone con-
ersion for a fast catalytic reaction in a gas/solids concurrent
own-flowing reactor in spite of the improvement in local mass
ransfer.

The ozone concentration drop near the wall (r/R = 0.9–0.97)
s generally more significant under higher superficial gas veloc-
ties than that under lower superficial gas velocities at a given

olids circulating rate (Fig. 11a and b and Appendix B). But this
endency is not very obvious with increasing solids circulating
ate under a specific superficial gas velocity (Fig. 12a and b and
ppendix C).
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Fig. 11. Ozone concentration d
The trend in Fig. 12a and b may also be the result of the
ompromise of several counter-acting factors similar to those
iscussed above. The cluster plays a key role in accounting for
he phenomenon at this narrow wall region. In brief, for the for-

m
g
c
s

tion for different values of Ug.
er case, the clusters near the wall are easier to be broken by
as flow (i.e. a higher frequency of aggregation–dispersion pro-
ess of particles) when the gas velocity is increased and the
lip velocity between the gas and dispersed particles is also
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Fig. 12. Ozone concentration d
ncreased simultaneously, with both factors being beneficial for
he improvement of gas/solids mass transfer at this region; but
or the latter case, the solids concentration will be increased with
ncreasing the solids circulation rate under a fixed superficial gas

v
t
i
t

tion for different values of Gs.
elocity, hence more clusters may be easily formed, leading to
he enhancement of shielding effect between the clusters and an
ncrease of slip velocity between clusters and gas flow simul-
aneously. It can be concluded (from Fig. 11 and Appendix B)
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hat the compromise of the two opposite factors leads to the
zone conversion at the near-wall region being insensitive to the
ariation of solids flux under a fixed superficial gas velocity.

Figs. 10–12 show another tendency that the farther from the
nlet of the downer, the sharper the sudden fall of ozone concen-
ration near the reactor wall. This indicates the lateral migration
f solid particles from the downer centerline towards the wall
hen the flow of gas/solids suspension evolves from the acceler-

tion stage into a fully developed stage. The solids concentration
nd slip velocity near the wall becomes higher over this process.
s a result, the drop of concentration in the near wall region

urns to be more obvious than before. The axial pressure distri-
ution profile (e.g. Fig. 13) shows that the transition point (2 m
elow the inlet or z/H = 0.23) of pressure gradient (indicating the
ransition of flow regime [1]) is corresponding to the same axial
osition where a sharp concentration drop near the wall becomes
bvious in the radial ozone concentration profiles. This indicates
hat the sharp drop near the wall region of ozone concentration
rofile is closely related to the change in flow patterns along the
owner.

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

.3. Axial profiles of cross-sectional average ozone
oncentrations under different operating conditions

The axial profiles of ozone conversions are plotted in Fig. 14.

t can be seen that most of the ozone was decomposed in the
cceleration region, and the ozone concentration varied very
ittle in the fully developed section (below z/H = 0.29) in the
owner. This indicates that the reaction is much faster in the

ig. 13. An example of axial pressure distribution (Ug = 3.1 m/s, Gs =
8.7 kg/m2 s).

H
w

S

F

ig. 14. Axial ozone conversion profiles for different values of Gs where

g = 2.6 m/s.

cceleration region than in the developed region because the
igher solids concentration and reactant concentration there can
ncrease the reaction rate of a first order reaction.

In order to get an intuitionistic and visual depiction for the
egree of ozone decomposition in the downer, the conversion of
zone at each axial position is plotted against operating param-
ters (superficial gas velocity and solids circulating rates) in
ig. 15 and Appendix D. The conversion increases mainly but
ith a little fluctuation along the direction of increasing Gs and
ecreasing Ug in the figure as illustrated before.

.4. Mass transfer behavior in the downer

There are a lot of similarities between gas/solids mass transfer
echanisms of downer and riser. Therefore, based on works of

alder and Basu [26], mass transfer correlations for both units
ill have a similar form, such as

h = 2ε + A(Re/ε)BScC. (1)

ig. 15. Ozone conversion against operating parameters where z/H = 0.53.
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here Sh = kgdp/Dg, Re = dpus/νg, Sc = νg/Dg; A, B and C are
arameters to be determined.

According to Eq. (1), the gas/solids mass transfer is com-
osed of two parts, molecular diffusion(2ε) and convective mass
ransfer (A(Re/ε)B ScC). In Eq. (1), kg may be calculated from
n infinitesimal mass balance for the downer; dp is measured by
he particle size analyzer; νg and Dg can be found or calculated
rom many reference handbooks; the slip velocity us between
as and particles can be evaluated on the basis of many previous
esearches [8,27]. Fitting part of the data from this experiment
nd some other experiments in the same downer, Zhang et al.
28] obtained a correlation shown below

h = 2ε + 0.0016

(
Re

ε

)0.22

Sc0.57 (2)

(2.49 m/s < Ug < 4.15 m/s; 2.77 kg/m2 s < Gs < 12.21 kg/m2 s)
It is also found that the catalytic ozone decomposition in the

owner is a mass transfer controlled process. This can be drawn
rom an ozone mass balance over an axial distance from z1 to
2 along the downer column [29]. The reduction of ozone in the
owner is considered to be caused by the catalytic decomposition
f ozone. That is,

g Ab(c1 − c2) = k[Ab(z1 − z2)] [ρp(1 − ε)]cs, (3)

here Ab is the cross-sectional area of the downer column; ρp is
he particle density; c1, c2, and cs are the average ozone concen-
ration at z1, z2, and particle surface; k is reaction rate constant; ε
s the axial mean bed voidage calculated from pressure gradient.

Detailed calculation found that ozone concentration on the
article surface was much lower than that in the main gas flow
Fig. 16). So the gas/solid mass transfer may be the control step
or 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
he downer (not the overall mass transfer) can be improved with
ncreasing solids circulating rates and superficial gas velocity. In

onclusion, much more systematic studies on the mass transfer
haracteristics in CFB downer reactor are still needed in the
uture for a comprehensive understanding of the whole reaction
rocess.

ig. 16. Comparison of ozone concentration at particle surface and main gas
ow.
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. Conclusions

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

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/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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ppendix A. Detailed description of experimental
rocedure listed in Fig. 5

Ozone from the ozone generator was first introduced into an
bsorption bottle filled with 20 wt.% KI solution along the path
for a certain period of time. Then the KI solution absorbed with

zone from the absorption bottle was acidized by dilute H2SO4
1:5) solution before titrated by Na2S2O3 (0.1000 mol/L a.q.) to
etermine the ozone concentration in the gas coming out from
he ozone generator.



5 eering

i
t
b
t
c
a

d
a

50 C. Fan et al. / Chemical Engin

Next, the gas stream from the ozone generator was switched
nto gas path 2 and entered into the catalyst filled fixed bed reac-
or from the top. The outlet ozone concentration was measured

y the same procedure as mentioned above by the iodimetry, with
he gas flow rate being monitored by a wet gas flow meter. Mer-
ury manometers were used to monitor the pressure fluctuation
t the inlet and outlet of the fixed bed.

e
s
o
b

Fig. B1

Fig. B2
Journal 140 (2008) 539–554

Before the reaction rate constant was calculated, the external
ispersion and internal dispersion effect had been eliminated
ccording to the method suggested in general chemical reaction

ngineering text books (i.e., varying the gas velocity or particle
ize under a particular contact time until no significant variation
f conversion is observed) in order to assure the kinetic test could
e performed under a proper gas velocity and particle diameter.

.

.
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ppendix B

dditional figures of ozone distribution at various Ug under the same Gs (Figs. B1–B4)

Fig. B3.

Fig. B4.
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ppendix C

dditional figures of ozone distribution at various Gs under the same Ug (Figs. C1–C3)

Fig. C1.

Fig. C2.
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Fig. C3.
Appendix D

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

Fig. D1.
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