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Reactor performance of a high flux circulating fluidized bed (CFB) downer is studied under superficial gas velocities of
3–7 m/s with solids circulation rate up to 300 kg/m2s using ozone decomposition reaction. Results show that the reac-
tant conversion in the downer is closely related to the hydrodynamics, with solids holdup being the most influential
parameter on ozone decomposition. High degree of conversion is achieved at the downer entrance region due to strong
gas-solids interaction as well as higher solids holdup and reactant concentration. Ozone conversion increases with the
increase of solids circulation rate and/or the decrease of superficial gas velocity. Overall conversion in the CFB downer
is less than but very close to that in an ideal plug flow reactor indicating a good reactor performance in the downer
because of the nearly “ideal” hydrodynamics in downer reactors. VC 2014 American Institute of Chemical Engineers
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Introduction

Gas-solid reactors have been utilized widely in many indus-
trial operations such as coal combustion, fluid catalytic crack-
ing (FCC), and Fischer–Tropsch processes.1–3 Circulating
fluidized bed (CFB) is one of the efficient reactors used to
handle a variety of gas-solids processes. There are two basic
flow modes: the more traditional concurrent upflow in a riser
and the more recently proposed concurrent downflow in a
downflow CFB or downer.4 For the riser reactor, both gas and
solids are fed at the bottom and flow upward together. Com-
pared to the conventional fluidized beds (bubbling and turbu-
lent fluidized beds), risers have such advantages as high gas-
solids contact efficiency, high solids throughput, high turn-
down ration, flexible operation, and unique heat and mass
transfer characteristics.1 However, although significantly
improved, the significant axial dispersion of solids which can
greatly influence the selectivity and irregular distribution of
the desired products, remains the main disadvantage of the
CFB riser. It has been suggested that the axial back mixing in
the riser is largely due to the particle aggregation which, in
turn, is due to the gas and solids flow against gravity.4

The downer reactor, where gas and solids move downward
in a concurrent fashion, has drawn much attention in recent
years due to its unique features such as insignificant solids
backmixing, shorter residence time, and narrow residence
time distribution.1,5 These features of downer reactors can
potentially lead to its application for ultrarapid reactions

such as the highly selective and fast catalytic conversion of
residual oil or other hydrocarbons,6–9 biomass, and coal
pyrolysis, where narrower RTD is critical.

In chemical reactors, reactor performance is determined
both by the process itself and by the hydrodynamics. The
design, optimization, and scale-up of a downer reactor
require more precise and quantitative understanding of both
the flow behavior and the chemical reaction. Considering the
numerous studies on hydrodynamics and hot model reactions
in CFB riser reactors, not much efforts devoted to hydrody-
namics and especially to reactor performance in downers in
recent years.2,4,9–21 Previous studies using catalytic ozone
decomposition as a model reaction to evaluate reactor per-
formance were mainly focused on gas-solids contacting in
CFB risers.22–27 To the best of our knowledge, only two
research groups carried out some introductory studies on the
reactor performance in downers using this model reaction.
For example, Fan et al.28,29 reported axial and radial ozone
concentration profiles at very low solids circulation rate
(only from 8.4 to 28.8 kg/m2s) at low superficial gas velocity
ranging from 2.2–3.7 m/s. However, this study did not pro-
vide the detailed kinetics, and, therefore, the experimental
data may not be useful for quantitative investigation. Li
et al.3 also did some experiments using ozone decomposition
reaction to study the performance of the downer reactor.
They obtained comprehensive information about local solids
holdup and ozone concentration profiles at different axial
and radial positions at superficial gas velocities of 2–5 m/s
and solids circulation rates of only 50 and 100 kg/m2s. No
systematic study has been conducted to investigate the
hydrodynamics and reactor performance in downer reactors
at high flux conditions (Gs> 200 kg/m2s).
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Study of chemical reactions in a downer reactor can provide
direct information on its performance. To this end, the objec-
tive of this study is to obtain the axial and radial ozone con-
centration profiles and evaluate the downer reactor
performance over a wide range of operating conditions extend-
ing to much higher solids flux well beyond those reported pre-
viously. Because of the simplicity of reaction kinetics and
negligible heat effect of the reaction, the ozone decomposition
reaction is chosen as a model reaction in this work. To explain
the ozone profiles in the downer reactor, the hydrodynamics of
the downer at the corresponding operating conditions is also
determined. Finally, the reactor performances of the high flux
riser and downer are compared based on two basic reactor
models (completely mixed and plug flow) as well.

Experimental Details

CFB experimental system

The CFB reactor facility is shown schematically in Figure
1. The system includes three CFBs: the left hand fluidized
bed serves as a high flux/density CFB riser (76 mm i.d. and
10 m high), and the right hand fluidized beds are two CFBs

downer (concurrent downflow CFBs) of different diameters
(76 mm i.d. and 5.8 m high and 50 mm i.d. and 4.9 m high,
respectively). A large downcomer with an inner diameter of
203 mm returns solids during riser operation. At its bottom,
a solids storage tank with an inner diameter up to 457 mm is
used as general solids storage for the entire system. Total
solids inventory of FCC particles in the downcomer and stor-
age tank could be up to 450 kg, equivalent to a solids height
of approximately 6.0 m. This high solids level ensures high
back pressure in the downcomer and enables high solids cir-
culation rates. To eliminate the effects of solids inventory
and other influencing parameters on the hydrodynamic char-
acteristics, the whole experimental work in this study is car-
ried out with a constant particle mass of 400 kg stored in the
storage tank. To obtain higher flux and steadier operating
conditions, other modifications had been carried out in the
CFB system reported in our previous article.30

When the CFB setup is under downer operating mode,
solid particles are first lifted through the riser, separated by
the primary cyclone fixed at the top of the downcomer and
then fed into the downers. At the top of either one of the
downers is a gas-solids where the particles are uniformly

Figure 1. Schematic diagram of the multifunctional CFB and ozone testing system.
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distributed along with the downer air to flow downward con-
currently. After fast separation by gravity at the exit of either
downer column, most particles are retained in the storage
tank, with the remaining particles captured by two cyclones
installed in series at the top of the exhausted pipeline and
the common bag filter. Fine particles leaving from the bag-
house return periodically to the storage tank. The gas is then
discharged into the atmosphere.

The entire fluidized bed system uses aluminum as the main
construction material with small portions made of Plexiglas
for visual observation. To minimize possible electrostatic
charges formed during the experiments, the whole fluidized
bed system is electrically grounded. A measuring device for
solids circulation rate is installed in the top section of the
downcomer. By regulating the ball valve located in the solids
feeding line connecting the storage tank and the riser column,
the solids circulation rate can be adjusted and maintained at
the desired level during each experiment. The solids flow rate
measuring device located at the top portion of the downcomer
sectioned the column into two halves with a central vertical
plate and two half butterfly valves fixed at the top and the
bottom of the two-half section. By appropriately flipping over
the two valves from one side to the other, solids circulated
through the system can be accumulated on one side of the
measuring section for a given time period to provide the sol-
ids circulation rate. By regulating the ball valve located in the
solids feeding line connecting the storage tank and the riser
column, the solids circulation rate can be adjusted and main-
tained at the desired level during each experiment. Detailed
measurement can be found in the previous work.31 Main air
used in this study is supplied by a large compressor capable
of delivering up to 283 Nm3/min at 241 kPa (1000 SCFM at
35 psi).

Measurement of solids holdup

Local solids holdup is measured using a newly reflective-
type optical fiber probe which has been shown to be effec-

tive and accurate for measuring the local solids concentration
and particle velocity in high velocity fluidized beds.32–35 It
yields high signal-to-noise ratios and is nearly free of inter-
ference by temperature, humidity, electrostatics, and electro-
magnetic field. Moreover, its small size does not
significantly disturb the overall flow structure in CFB sys-
tems with proper design.

The optical fiber probe used in this work is model
PV6D, developed by the Institute of Processing Engineer-
ing, Chinese Academy of Sciences, Beijing, China. The
probe and measurement procedure are schematically
shown in Figure 2. The outer diameter of the probe is
3.8 mm. The probe has two subprobes. Each of the subp-
robes consists of 8000 fine quartz fibers. The effective dis-
tance of the two vertically aligned subprobes is 1.51 mm,
and the active tip area of each subprobe is 1 3 1 mm.
Each subprobe consists of many quartz fibers with a diam-
eter of 15 mm, for light-emitting and receiving, arranged
in alternating arrays. To prevent particles from occupying
the blind zone, a glass cover of 0.2 mm thickness is
placed over the probe tip. The underlying theory is elabo-
rated by Liu et al.33

As shown in Figure 2, light from the source illuminates a
measuring volume of particles through the light-emitting
fibers. The received light reflected by the particles is cap-
tured by light receiving fibers and processed by a photomul-
tiplier. The light intensity is then converted into voltage
signals and the voltage signals are further amplified and fed
into a PC. The voltage signal obtained by the probe is con-
verted to volumetric concentration using a calibration equa-
tion. The relationship between the output signals of the
optical fiber probe and the local solids holdup (nonlinear) is
first established through proper a calibration based on the
method developed by Zhang et al.36

From the voltage time series V(t) and the calibration equa-
tion, local instantaneous solids holdup, es(t), can be
calculated

Figure 2. Schematic diagram of the new optical fiber probe and its working principle.
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esðtÞ5f ½VðtÞ� (1)

where, f is the calibration function. The time-mean solids
concentration es can be given by integrating es(t) over the
time period, T
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The cross-sectional average solids holdup �es, can be calcu-
lated as follow
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Catalyst preparation

Ozone decomposition is a thermodynamically favored pro-
cess. It decomposes slowly at room temperature in the
absence of catalysts, so catalysts are necessary for ozone
decomposition at lower temperatures.37–40 The noble metals
such as Pt, Pd, Rh, and transition metal oxides such as
MnO2, Co3O4, CuO, Fe2O3, NiO, Ag2O, and so forth, are
the active catalysts for ozone decomposition reaction.37 In
view of the high cost of noble metals, the metal oxide cata-
lysts are usually preferred for ozone decomposition reactions.
Catalyst supports include c-Al2O3, SiO2, TiO2, zeolite, acti-
vated carbon (or carbon fibrous materials), or a combination
of these.37,41

The equilibrium FCC particles, impregnated with ferric
nitrate are used as catalysts. FCC particles, which are pri-
marily composed of porous amorphous aluminum hydrosili-
cate are activated by impregnating in a 40% (wt) solution of
ferric nitrate overnight. The soaked particles are then dried
and calcinated in an oven with a hood at 450�C for 4 h until
no NO2 is released. During the calcinations, the ferric nitrate
is converted to ferric oxide, which is the active component
for the ozone decomposition reaction. The agglomerates
formed during this process are then grinded by a ball mill
and sifted using a standard sieve with 250 mm pore size. The
mean diameter and the particle density are 76 mm and
1780 kg/m3 respectively. The particle-size distribution is
listed in Table 1.

Ozone generation and testing

An ozone generator using the corona discharge method
(Model AE15M, manufactured by Absolute Ozone) is used
in this study. Using bottled oxygen as gas supply, it pro-
duces up to 30 g/h of ozone depending on the oxygen flow
rate and electrical current settings. Its working pressure is
34–340 kPa (5–50 psig), with oxygen flow rate of 0.1–10
standard liter per minute. The oxygen flow rate into the gen-
erator is controlled by two rotameters (VWR, Catalog Num-
ber: 97004-648) mounted in parallel ranging from 0 to 10
LPM. The ozone/oxygen mixture exiting from the ozone

generator is mixed with the main fluidization air before
entering the CFB riser or downer. With a fairly long flow
path and several L-bends in the main air feeding lines, the
mixing process is thorough. To ensure a stable ozone supply,
an output pressure of 206 kPa (30 psig) is used for the regu-
lator installed on the oxygen gas cylinder. By simply adjust-
ing the oxygen flow rate and electrical current settings, it is
easy to obtain different amount of ozone from the ozone
generator. The resulting initial ozone concentration (C0) in
the main air before ozone decomposition in the CFB downer
is set to 80–100 ppm for each experiment.

An ozone analyzer (Model 49i, Thermo Electron) that
uses the UV photometric method of measurement is used to
measure the amount of ozone in the ozone-air sample. It is a
dual-cell photometer, having both sample and reference air
flowing at the same time. Each cell has a length of 37.84 cm
and an inner diameter of 0.91 cm, with the internal surfaces
coated with polyvinylidene fluoride to ensure that ozone
undergoes no decomposition upon exposure to the internal
surface of the cells (Thermo Electron, 2004 and 2005). The
ozone analyzer has a measuring range of 0–200 ppm with a
resolution of 0.0001 ppm ranging from 0 to 10 and 0.01
ppm for the rang of 10–200 ppm. The response time of the
apparatus is 4 s. The ozone concentration output was dis-
played on an LCD screen. The UV source in the ozone ana-
lyzer is a 254 nm mercury lamp.

Considering the fact that ozone is highly oxidative, to

reduce ozone loss in the sampling pathway to ozone analyzer,

ozone-inert materials (e.g. stainless steel, copper, aluminum,

and Teflon) are used for the sampling probes, valves, and pip-

ing lines (Teflon, 3 mm i.d., 6 mm o.d.). Gas samples are

continuously drawn from the CFB column through a sampling

system shown in Figure 1 using brass tubes (6 mm o.d. and

0.36 mm wall thickness) as the sampling probes. The tip of

the probe is covered with a fine stainless steel mesh to pre-

vent particles from being entrained into the sampling system.

The velocity of gas sucked for sampling is 1.5 LPM which is

low enough to assure minimal disturbance of the flow struc-

ture inside the downer. A high pressure purging air stream of

689 kPa (100 psig) is introduced to blow away any particles

potentially caked in the sampling probes.
To monitor the catalyst activity during the experiments,

particles were taken out from the inclined solids feeding line
at the bottom of the riser. Particles of 5–10 g were used as
the solids sample for catalytic activity check using the fixed
bed reactor before and after each experiment. The value of
the reaction rate constant (kr) was also calculated based on
the fixed bed test, which is shown in the following

kr5
Fqp

m
ln

C0

C1

� �
(4)

where kr, apparent reaction rate constant, first order (s21), F,
volumetric flow rate (m3/s), qp, particle density (kg/m3), m,
amount of catalyst particles loaded in the fixed bed reactor
(g), C0, inlet ozone concentration (ppm), C1, outlet ozone
concentration (ppm).

The value of rate constant remained 48–50 s21 in this
study. No significant change is observed in reaction rate con-
stant before and after several hours of CFB run, and, there-
fore, the ozone concentration profiles obtained under the
experimental period is assumed to be under the same particle
catalytic reactivity. The average value from these two tests
is taken as the reaction rate constant.

Table 1. Size Distribution of the FCC Particles

Particle Size (mm) Volume Fraction (%)

0–20 0.61
20–40 9.72
40–60 26.32
60–80 22.80
80–130 33.24
>130 7.31
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All the experiments were carried out at ambient condition
in the downer with 76 mm i. d. in diameter. The temperature
was monitored and recorded, however, due to the very low
concentration of ozone no significant change in temperature
was observed. To map the entire downer (76 mm i.d. and
5.8 m high), nine axial measuring ports (z 5 0.22, 0.61, 1.12,
1.63, 2.13, 2.64, 3.26, 4.02, and 4.99 m below the solids dis-
tributor) are installed along the column. Measurements are
conducted at six radial positions (r/R 5 0, 0.316, 0.548, 0.707,
0.837, and 0.950, where r is the distance from the center and
R is the downer radius) on each axial. These positions are
determined by dividing the column cross-section into five
equal areas and determining the midpoint of each of these
areas. For the hydrodynamic experiments, voltage signals
from the optical fiber probe are sampled at a high frequency
of 100 kHz with 1,638,400 data points for each measurement.
To get the valid and repeatable data, all measurements are
repeated at least 5 times for each location. For the catalytic
ozone decomposition, measurement is started after steady state
has been reached in the CFB systems, which usually takes
about at least 1 h. Ozone sampling is conducted for 1 min
where the ozone concentration is fairly stable.

Results and Discussion

Radial profiles of ozone concentration

Figure 3 shows the typical radial distribution of ozone
concentration and the corresponding radial solids holdup pro-

files along the column at the superficial gas velocity of 5 m/
s and solids circulation rate of 300 kg/m2s. Ozone concentra-
tions are presented in the form of “dimensionless concen-
tration,” C/C0, defined by ratio of the actual ozone
concentration (C) measured at a certain radial position to the
initial concentration (C0) at the downer inlet. Ozone concen-
tration is not very uniform along the radial direction. Near
the entrance of the downer, the radial profile of the ozone
concentration is almost flat in the central region, and
decreases gradually near the wall. With increasing axial level
further down the column, the radial profiles become more
uniform in the central region followed by a small decrease
near the wall. These radial profiles are well correlated with
the radial distribution of solids holdup, plotted together in
Figure 3. The radial solids flow structure is nonuniform with
higher solids holdup near the wall leading to more elabo-
rated gas-solids interactions, so that the unconverted ozone
concentration is lower near the wall than that in the central
region, and, therefore, the dimensionless ozone concentration
near the wall is smaller than that in the central region. With
the flow development along the column, the radial distribu-
tions of the solids holdup become more uniform, and so do
the radial profiles of ozone concentration.

Axial profiles of ozone concentration

The cross-sectionally averaged ozone concentration pro-
files at different operating conditions in the downer are

Figure 3. Radial profiles of dimensionless ozone concentration and the corresponding solids holdup.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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shown in Figure 4. The average ozone concentrations are
obtained by averaging the ozone concentration at six radial
positions for each axial level. In general, the dimensionless
ozone concentration decreases significantly near the entrance
of the column and then gradually reach a plateau further
down the downer. These axial distribution profiles are con-
sistent with those of solids holdup shown in Figures 4c, d.
From Figures 4a, b, it can also be seen that larger axial gra-
dient of ozone concentration occurs when the solids circula-
tion rate is higher and/or when the superficial gas velocity is
lower. This is reasonable since a higher solids circulation
rate and/or lower gas velocity is bound to raise a higher sol-
ids holdup and contact between phases and thus higher
ozone conversion.

There are three different solids flow regions along the
axial direction in the downer: (1) first acceleration zone, (2)
second acceleration zone, and (3) the constant velocity zone
(developed zone).1,2,12,14–16,42 In the first acceleration zone
near the distributor, gas velocity is high while particle veloc-
ity is near zero. Solids are accelerated by both gravity and
gas drag force until the particle velocity is equal to the gas
velocity. In the second acceleration, particles are farther

accelerated by gravity, but resisted by the gas drag (in the
upward direction against gravity). Particle velocity then
overtakes the gas velocity and increase further until gas drag
on the particle counter-balances the gravity. Further down-
stream point, both particle and gas velocities remain constant
downstream, where particles travel faster than gas, but with
a constant slip velocity. Therefore, the solids holdup profiles
decrease sharply in the first acceleration section near the top
of the downer column, then decrease at a falling rate in the
second acceleration section and finally approaches a constant
value further down the downer column. The axial ozone con-
centration and solids holdup variations also follow this trend
in axial flow structure as shown in Figure 4. Taking
Ug 5 3 m/s, Gs 5 100 kg/m2s as an example, in Figure 4c,
the solids holdup decreases quickly in the top 1.5 m of the
downer column, then gradually decreases up to 3 m and
finally remains constant up to the downer outlet. The corre-
sponding ozone concentration profiles shown in Figure 4a
have the same trend as the solids holdup. That is to say both
ozone concentration and solids holdup decrease sharply in
the initial acceleration zone, then the trend becomes much
smoother further down the column, and approaches a

Figure 4. Axial profiles of the average dimensionless ozone concentration and the corresponding solids holdup.

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

AIChE Journal October 2014 Vol. 60, No. 10 Published on behalf of the AIChE DOI 10.1002/aic 3417

http://wileyonlinelibrary.com


constant value asymptotically. Under the same Gs, the the
dimensionless ozone concentration and the corresponding
solids holdup have similar axial profiles as presented in Fig-
ures 4b, d.

The axial ozone concentration profiles in three radial regions
and the corresponding solids holdup distributions are shown in
Figure 5. Comparing the ozone changes in the three different
radial positions, the ozone concentration is much lower in the
wall region, given the sharply increased solids holdup. It is
also seen that smaller differences between the ozone concen-
tration profiles at r/R 5 0.0 and r/R 5 0.548, which correspond
to the solids holdup variation against axial elevation. More-
over, ozone concentrations at the three radial positions
decrease quickly along the axial direction in the first region.
The variation becomes less dramatic in the second section and
finally becomes nearly negligible in the third section.

Based on the above discussion, Figure 6 provides an over-
view of the ozone concentration and the corresponding solids
holdup profiles in the downer under various operating condi-
tions, where x and y axes are the radial and axial positions
in the column, and z axis is the dimensionless ozone concen-
tration. It is observed that with the increased distance from

the solids distributor, more ozone reactants are converted
due to its extended contact with the catalyst particles, giving
decreased ozone concentrations. Ozone concentration in the
central region is somewhat higher than that in the near wall
region. The radial ozone concentration distribution also
becomes uniform further down along the reactor. The impact
of the operating conditions on the ozone concentration can
also be seen in Figure 6. Higher Ug and/or low Gs results in
relatively more uniform distribution of ozone concentration
in both axial and radial directions. For example, at low sol-
ids circulation rate (Gs 5 100 kg/m2s) and high gas velocity
(Ug 5 5 m/s), the ozone concentration profiles are nearly
constant along the column. More detailed information can be
found in the following section.

Effect of operating conditions on ozone concentration

The effect of superficial gas velocity on ozone conversion
is obviously presented in Figure 7. Generally, the concentra-
tion of the unconverted ozone increases with increasing the
superficial gas velocity, under a fixed solids circulation rate
of 200 kg/m2s. This may be attributed to the following
mechanisms: when solids circulation rate remains constant,
increasing superficial gas velocity reduces the solids holdups.
The decrease in solids holdup would result in the decrease
of total gas-solids contacting area, which is not favorable for
the reaction. Conversely, increasing superficial gas velocity
leads to a short residence time of both gas and solid phases,
reducing the total conversion of the reactant. Considering the
above two factors, the increase of superficial gas velocity
will cause the decrease of the ozone conversion. In addition,
increasing Ug can lead to a more uniform radial profile of
solids holdups and ozone concentrations.

The effect of solids circulation rate on radial profiles of
dimensionless ozone concentration (C/C0) at four axial levels
under Ug 5 3 m/s is shown in Figure 8. At all axial levels, the
dimensionless ozone concentration decreases with an increase
of solids circulation rate under the same superficial gas veloc-
ity. This is due to the solids holdups increase with increasing
solids circulation rate. At high flux operating conditions, the
total gas-solids contacting area for reaction and mass transfer
between gas and solids will also increase leading to significant
rise of the ozone conversion. Therefore, ozone concentration
becomes much lower as solids circulation rate increases. Inter-
estingly, the effect of solids circulation rate on ozone conver-
sion seems to be much more significant in the more
developed regions than that in the initial acceleration zone
(near the distributor). Take one radial point, r/R 5 0, as an
example, when Gs increases from 200 to 300 kg/m2s, the
increment of ozone conversion is high up to 10% in the
developed region (z 5 4.99 m) while it remains unchanged
near the distributor. The possible reason is that solids holdup
is usually relatively high near the distributor where a change
in solids circulation rate may not results in a significant
change in solids holdup. Conversely, in the developed regions
where particle velocity is high and solids holdup is relatively
low, increasing solids circulation rate will lead to a more dra-
matic increase in solids holdup, given rise to better gas-solids
contacting, which in turn results in high ozone conversion.

Relationship between solids holdup and ozone
concentration

As aforementioned, the distribution of ozone concentration
is essentially dominated by the flow structure, which can be

Figure 5. Axial profiles of dimensionless ozone con-
centration and the corresponding solids
holdup at different radial positions.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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partially represented by the solids holdup profiles in the CFB
reactors. To further evaluate the effects of the solids holdup
on ozone concentration, the overall conversion of ozone for
the entire reactor is plotted against the mean solids holdup in
the entire column as shown in Figure 9.

In general, the conversion of ozone increases with the sol-
ids holdup, as confirmed by other researchers.3,23,26 There
appears to be a linear relationship between the total ozone
conversion and the mean solids holdup as shown in Figure
9. Also, the influence of solids holdup on ozone conversion
is nearly the same for the three different superficial gas
velocities. This phenomenon is different from that in the
riser, which is also plotted in Figure 9, where the effects of
solids holdup on ozone conversion are more significant under
high superficial gas velocities (Wang et al.27), possibly due
to the different hydrodynamic mechanisms in these two
kinds of CFB reactors.

As shown in Figure 9, in CFB riser, higher solids holdup
under higher superficial gas velocity has a much more sig-

nificant effect on the overall conversion. The reason is that
at low superficial gas velocities, the increase of solids
holdup probably leads to the increase of cluster formation.
The gas-solids mass transfer within the clusters is not as
good as that between dispersed particles and the gas phase.
For high superficial gas velocity conditions, the high gas
velocity has more potential to break down the clusters in
addition to enhancing the gas-solids contact efficiency.
Therefore, the overall conversion of reactant can be
increased rapidly with increasing solids holdup under high
superficial gas velocity.

Conversely, the uniform distribution of solids holdup in
the downer reactor is one of the key advantages over the
upflow riser reactor. This is mainly because particles are not
supported by the gas flow, but flow down due to the gravity,
either reinforced or resisted by the drag force from the gas
flow. In addition, significant aggregation of particles at the
wall region can also be prevented in the downer. When
particle clusters are formed, the effective drag force on the

Figure 6. Overview of the dimensionless ozone concentration and the corresponding solids holdup at different
operating conditions.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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cluster is reduced so that the slip velocity becomes higher
leading to a high particle downward velocity.16 The
increased particle velocity in turn increases the instability of
the cluster because of the increased shear force. Large parti-

cle clusters are easily broken down into smaller ones or even
isolated particles in CFB downer reactors. Therefore, the
increase in solids holdup will enhance the gas-solids contact-
ing efficiency leading to higher reactant conversion.

Figure 7. Effects of superficial gas velocity on the dimensionless ozone concentration.

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

Figure 8. Effects of solids circulation rate on the dimensionless ozone concentration.

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

To gain better understanding of the CFB reactor perform-
ance, Figure 10 shows the typical results for the dependence
of the overall conversion on the dimensionless kinetic rate
constant (i.e., the Damk€ohler number k’

r 5 kres(1-es)H/Ug).
As a comprehensive predictive model for the CFB reactor is
not available, it is useful to choose two typical ideal reactor
models: a plug flow reactor and the continuous stirred-tank
reactor (CSTR) as the basis to evaluate the downer reactor
performance. The conversions for PFR and CSTR have been
correlated in terms of Damk€ohler number by Levenspiel43:

For PFR

XPFR 512exp ð2k
0

rÞ (5)

For CSTR

XCSTR 5
k
0
r

11k0r
(6)

The comparison of the downer reactor performance with
those of the ideal model reactors is plotted in Figure 10a.
Herein, it is better to note that in both Figures 10a, b, the
solid line represents data in the PFR model reactor, and the
dotted line represents data in the CSTR model reactor. The
conversion in the CFB downer is less than (but very close
to) that in the ideal PFR but significantly larger than that in
the CSTR. This is expected because of the nearly “ideal”
hydrodynamics in the downer reactor that very much resem-
bles a PFR.

As the particle flow along the direction of the gravity
rather than against it, the downer reactor does not display
the large radial differences in both particle velocity and sol-
ids holdup.16 When particles are no longer accelerated by
the gas like that in the riser, the effect of wall friction on the
gas flow (that leads to radial nonuniformity of the gas low)
has little effect on the radial particles flow distribution, so
that the latter becomes more uniform. Second, in the downer
particles travel downward faster than the gas in the fully
developed region.1 This prevents the formation of large par-
ticle aggregates: when any aggregate in the downer grows
larger, it would travel faster due to gravity, which in turn

increases its tendency to breaks up. (This is contrary to the
riser while large particle aggregates travels slower, making
them less susceptible to breakup). Therefore, no large parti-
cle aggregation near the wall in the downer, leading to a
rather uniform radial distribution of solids flow, which in
turn also promotes more uniform radial gas distribution.1 All
these make the downer much closer to a PFR.

To compare the performance in different CFB reactors,
the results of the riser reported in our previous article27 and
Ouyang et al.24,25 have also been added in Figure 10b. It is
shown that the riser reactor is far from an ideal PFR reactor
and in most cases performs even less than that of the CSTR
except when the Damk€ohler number is very low. This is
mainly due to the two-phase flow structure resulting from
significant particle aggregations in the riser system.6,44 Com-
pared with the results in both riser and downer reactors, it is
obvious that downer reactor performance is better than that
of the riser reactor.

Conclusions

Ozone decomposition is experimentally studied in a high
flux gas-solids CFB downer at superficial gas velocity of 3–

Figure 9. Relationship between overall ozone conver-
sion and solids holdup.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 10. Reactor performance of CFB downer and
riser reactors.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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7 m/s with solids circulation rates up to 300 kg/m2s, which
have been carried out for the first time.

The axial and radial distribution profiles of the ozone con-
centration are consistent with the corresponding profiles of
the solids holdups which indicate that ozone reaction in the
downer is controlled by the gas-solids flow.

High ozone conversion at the entrance region of the downer
indicates that the initial gas-solids contact plays a key role in the
reaction yield and more attention needs to be paid on the downer
distributor design, which is important to gas-solids mixing.

Ozone conversion increases with solids circulation rate
under the same superficial gas velocity due to the increase of
solids holdup. The conversion decreases with gas velocity at
fixed solids circulation rates due to the associated reduction
in solids holdup.

Overall conversion in the CFB downer is less than but
very close to that in the ideal PFR indicating a good reactor
performance in the downer because of the nearly “ideal”
hydrodynamics in downer reactors.

Compared with the ozone conversion results in both the
riser and downer reactor, it is obvious that the performance of
the downer reactor is better than that of the riser reactor and
will have a good prospect in both theory and application.

Notation

C0 = initial ozone concentration, ppm
C = ozone concentration, ppm

C/C0 = dimensionless ozone concentration, -
f = calibration function for optical fiber probe

Fs = solids flux, kg/(m2 s)
�Gs = cross-sectional average solids flux, kg/(m2 s)

�Gs;L = time mean local solids flux, kg/(m2 s)
Gs = solids circulation rate, kg/(m2 s)
kr = reaction rate constant, s21

kr
0 = Damk€ohler number

Le = effective distance between light-receiving fiber 1 and 2. m
r/R = reduced radial sampling positions

t = time, s
T = time interval, s

Ug = superficial gas velocity, m/s
V = voltage, volt

V(t) = voltage time series, volt
X = overall ozone conversion
z = axial coordinate, or distance from gas distributor, m

Greek letters

es = solids holdup, -
es(t) = local instantaneous solids holdup, -

�es = average solids holdup in the entire column, -

Subscripts

1, 2 = subprobe 1 and 2 of optical fiber probe
g = Gas
p = Particle
s = Solids
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