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A newly developed gas-induced reactor for gas-liquid heterogeneous reactions pre-
sented here has no baffle on the inner wall of the tank body. Inside the reactor tank, two
in-series 45° pitched blade downward turbines enclosed by a draft tube were employed.
As the turbines rotate at high speeds, a central gas vortex is formed downwardly along
the central shaft from the free surface of the liquid toward the upper turbine. The gas is
then induced by the upper turbine and mixes with the input gas. After that, the mixed
gas is broken into bubbles by the lower turbine and dispersed through the liquid vortex.
With the formation of gas and liquid vortexes, the reactive gas was able to circulate in
the liquid phase to achieve high gas utilization. The experimental studies were on the
heterogeneous ozonation reaction of a reactive dye (C.I. Reactive Blue 19). Major ex-
perimental parameters, such as impeller speed, input concentration of ozone, input flow
rate of ozone and liquid volume, were changed to investigate the characteristics of the
gas-induced reactor. This gas-induced reactor achieved high gas utilization ratio, short

reaction time, and high recouvery of the unreactive gas.

Introduction

Many reactors such as bubble columns, packed columns,
plate columns, ejector mixers, Venturi scrubbers, and agi-
tated tanks have been employed in the industry. They all have
their own merits and drawbacks when used for gas-liquid re-
action systems (Charpentier, 1981; Shah et al.,, 1982; Rice and
Browning, 1981; Bollyky, 1981). The agitated tank is one of
the most important reactors widely used for gas-liquid het-
erogeneous reactions in the chemical industry. For proceed-
ing a gas-liquid reaction, an agitated tank should have the
characteristics of good mixing effect, mass transfer, heat
transfer, low power consumption, and long gas/liquid contact
time, and so on. Especially for the gas-liquid reaction sys-
tems, the design of reactor configuration is one of the key
factors.

In general, a flat blade Rushton turbine, gas sparger, and
four baffles are usually used to achieve the ability of gas dis-
persion and fluid mixing for gas-liquid reaction in a conven-
tional agitated tank (Oldshue, 1983; Charpentier, 1981; Joshi,
1982). This type of the agitated tank provides good per-
formance. However, the interaction between the Rushton
turbine and baffles requires high power consumption. Fur-
thermore, the recovery of the unreactive gas injected through
the process liquid from the bottom of the tank is complicated
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in the agitated tank. This problem is frequently solved by
linking a series of tanks or using a compressor to circulate
the unreacted gas back to the process liquid. Both of these
two methods are complex processes and will increase the ac-
cessory equipment and operation costs. Also, the sparger
tends to become blocked in case of containing solid phase.
Although the above mentioned agitated tank is one of the
most commonly used reactors for gas-liquid reaction systems,
improvements in configuration for specific purposes such as
simplifying the system to obtain better gas utilization, lower
power consumption, and longer gas/liquid contact time are
required.

The major purpose of this study is to develop a new reac-
tor for recycling of unreacted gas that has escaped from the
liquid surface during the gas-liquid reaction. In the reactor, a
draft tube was employed owing to its good abilities of flow
control and gas/liquid contact (Oldshue, 1983). Two in-series
45° pitched blade downward turbines enclosed by a draft tube
were employed due to their lower power consumption at high
impeller speed (Chapman, 1983; Oldshue, 1983), better gas
dispersion, mixing effect and retention time (Warmoesker-
ken, 1984; Mann, 1986; Chapman, 1983; Bujalski and Nienow,
1990). The space between two turbines was set at one times
of turbine’s diameter to achieve stable gas induction and lower
power consumption (Hsu and Chang, 1995; Oldshue, 1983).

AIChE Journal



To compare with the condition without gas induction, the ef-
fect of the gas induction can enhance the mass transfer be-
tween gas and liquid phase (Calderbank, 1959; Matsumura,
1979). While the turbines swirled at proper impeller speeds,
a central gas vortex and free liquid vortex were easily formed
in the reactor. The gas above the liquid surface was sucked
into the gas vortex and was broken into bubbles by the two
turbines. This action is called gas induction in this study. Ow-
ing to its gas induction ability, accessory equipment such as a
compressor are not necessary for this type of gas-induced re-
actor. In view of a complete reactor unit including reactor
and accessory equipment, a decrease in the total costs can be
expected for the use of this studied reactor to treat the gas of
slow reactions.

Theoretical Background
Mass-transfer model

The heterogeneous ozonation reaction can be divided into
two major categories of mass-transfer-controlled and reac-
tion-controlled reactions (Rice and Browning, 1981; Gould
and Ulirsch, 1992). Both of these two categories of reaction
can proceed in the gas-induced reactor. This study focused
on the first one to simplify the evaluation of the reactor. For
a mass-transfer-controlled ozonation reaction similar to the
case used in this experiment, owing to the low solubility of
ozone, the resistance of gas film diffusion is negligible as
compared with that of liquid film diffusion, and the rate of
mass transfer of ozone from gas phase into liquid phase is
limited by liquid film diffusion (Kuo et al., 1977; Sotelo et al.,
1989; Gould and Ulirsch, 1992; Munter et al., 1993). By refer-
ring to Saunders et al. (1983), Gould and Ulirsch (1992) ap-
plied a model based on Levenspiel’s equation for the hetero-
geneous ozonation of dyes and nitrated phenols with an asso-
ciated instantaneous chemical reaction (Levenspiel, 1972). We
can assume that gas-phase resistance is negligible for the
ozonation of reactive dye presented in Eq. 1; then, the rate
of reaction can be defined by Eq. 2 (Saunders et al., 1983).

dye + 5O, — product (¢
Dy4Ci  Po

- =Sk ) + 3 2

o= Skio| B b @

Saunders et al. (1983) also showed that the second term
(Po3/bHo ) is negligible as compared with the first term. (P,
is the partial pressure of ozone in gas input, kPa, H0 is the
Henry’s constant of ozone, kPa/mole frac., and —r is the
reaction rate of dye, mol/s). Therefore, Eq. 3 can be ob-
tained by dividing Eq. 2 by the liquid volume V'

_ ﬂ _ kro,aD; 4

= C 3
dt Do ¢ )

Equation 3 is consistent with the first-order ozonation kinet-
ics of dyes (Hoigne and Bader, 1983ab). Assuming that
the diffusivity of ozone and dye in water and the quantity of
k; 0,4 remain constant during the reaction, Eq. 4 is obtained
by integrating Eq. 3 (k, o, is the mass-transfer coefficient of
ozone in liquid film, m/s)

AIChE Journal

November 1996 Vol. 42, No. 11

4.0

QX0 186.4 NL/h
AAAAA 303.5 NL/h
Q000 420.5 NL/h
QoooD 537.6 NL/h
25°C, pH = 7, 15Q0 rpm
Ozone : 20 g/Nm
Dye : Volume = 7 L, 500 mg/L

3.0

Ln(C4,0/Ca) (-)

S RS T+ X B ' - N
t (min)

Figure 1. Experimental results by the relationship of Eq.
4.
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The value of In(C,,/C,) at any time in a reaction is plotted
against the reaction time as shown in Figure 1. (C, is concen-
tration of dye in liquid (mg/L) and C,, is the initial dye
concentration (mg/L).) In Figure 1, the linear relationship
between In(C,,/C,) and the reaction time ¢ (min) show that
the ozonation of experimental dye is a first-order mass-trans-
fer control reaction until the concentration of residual dye
reaches 10% of the initial concentration. The slope of the
straight line in Figure 1 represents k; o aD; ,/D, o,. Quot-

ing the Wilke-Chang equation (Wilke and Chang, 1955) and
Eq. 5 (Matrozov, 1976) to calculate the molecular diffusivity
of dye (m?/s) D, ; and the molecular diffusivity of ozone in
liquid film (m%/s) D o,» the values are 1.54x10~° m’/s and
1.42Xx107° m?ss, respectlvely The overall mass-transfer co-
efficient k; o,a (1/5) can then be obtained to assess the reac-
tion rate of the heterogeneous ozonation of experimental dye
(T is the temperature of liquid (k) and u is the viscosity of
liquid (kg-m/s))

Dy o, 1
—L';a— =427%x10"15 5)

Furthermore, Sotelo et al. (1989) and Benitez et al. (1993)
applied the two-film theory to the ozonation of azo and sul-
fur dyes. They showed that if the reaction kinetics is first-
order with respect to dye but pseudo m-th order with respect
to ozone, the change of dye concentration during the reac-
tion could follow the relationship of Eq. 6 as follows

1-(Cy/Cy )" =K't (6)
where
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Figure 2. Experimental results by the relationship of Eq.
6.
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In Eq. 7, C§, is the ozone equilibrium concentration (mol/L),
and k is the kinetic rate constant (L%/mol®5-s) (m is the
order of reaction with respect to the ozone.) For such reac-
tions, the following can be observed and concluded:

(1) Ozone reacts with the dye very quickly.

(2) During the initial period of reaction, ozone almost
only reacts with the dye due to the high concentration of the
dye, so that the interfering reaction of ozone with intermedi-
ate products can be neglected.

Referring to Figure 2, the resuits of this experiment con-
form to Eq. 6 well until the concentration of residual dye
reaches 10% of the initial one. At the final stage of reaction,
the dye concentration is relatively low so the reactions be-
tween ozone and subproducts become relatively more signifi-
cant, and the value of D, ,/D, o may no longer be a con-
stant. To simplify the performance evaluation of the reactor,
this experimental study adapts those experimental data be-
fore the ratio of (C,/C, ,) reaches 0.1.

Definition of ozone utilization ratio
In this study, the ozone utilization ratio is defined by Eq. 8

X 100% 8

where W, ;, and W, are the total input and output
amounts of ozone measured in gas phase (g). A higher U,
presents a better utilization of ozone. This experimental study
performed the decoloration reaction by ozone and hydroxyl
radical OH- formed from the self-decomposition of ozone
(Hoigne and Bader, 1983a,b; Stachelin and Hoigne, 1985).
The ozone utilization ratio calculated from the gas phase
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would include all the ozone consumption by the two ozona-
tion pathways (molecular and radical). However, the loss of
ozone by decay is negligible.

Experimental Studies

Ozonation of the reactive dye C.I. Reactive Blue 19 (Con-
stitution no.: C.I. 61200) was used to evaluate the perform-
ance of the gas-induced reactor. The RB19 dye (product of
Sumitomo Chemical Co. Ltd.) has a wavelength of maximum
absorption at 589 nm. Dye solution with a concentration of
500 mg/L was loaded into the reactor. The pH value of the
dye solution was controlled at 7 by 0.2 M sodium hydroxide
solution during the reactions. The temperature of the reactor
was maintained at 25+0.1°C.

Figure 3a shows the proto-configuration of the gas-induced
reactor, and indicates the type of each element and its rela-
tive position. The cylindrical tank body with a flat bottom
was made of acrylic resin. Its inner diameter was 170 mm
with a height of 700 mm, and a thickness of 5 mm. The inner

free surface

central gas of liquid
vortex .
free liquid

vortex

gas input

QL7773 77 7777770 77

©

Figure 3. Descriptions of the gas-induced reactor.

(a) Configuration of the gas-induced reactor—(A) tank body,
(B) top cover, (C) draft tube, (D) cylindrical bracket, (E) in-
ner baffles, (F) upper turbine, (G) lower turbine, (H) shaft,
(I) mechanical seal, (J) support, (K) input for ozone, (L) gas
output; (b) Configuration of the 45° pitched blade down-
ward turbine; (¢) Flow paths of gas and liquid in the gas-in-
duced reactor at gassing condition (---> : gas,— > : liquid).

AIChE Journal



1.0zone generator 9.dosing pump
2.air compressor 10.thermostatic jacket
3.oxygen cylinder 11.pH meter

12 vapor condensing device
13 liquid sampling port

14 mechanical seal
15.NaOH solution vessel
16.gas pipe for ozone

4.moisture removal device
5.0zone analyzer

6.torque meter

7.motor

8.gas-induced reactor

Figure 4. Experimental apparatus.

diameter of the cylindrical draft tube was 80 mm with a length
of 120 mm and thickness of 5 mm. The bottom end of the
draft tube was located 75 mm above the flat bottom of the
reactor. Four baffles were symmetrically and perpendicularly
fixed on the inner wall of the draft tube. Their width was
1/20th of the draft tube’s inner diameter. Both of the two
turbines had a diameter of 60 mm (refer to Figure 3b). The
distance between the two turbines was 60 mm, and the plane
of the lower turbine was level with the lower end of the draft
tube. The shaft was driven by a motor and its end was in-
serted into a support which was mounted on the center of the
flat bottom to prevent vibration of the shaft. The outlet of
the gas pipe was located between the two turbines and near
the lower turbine to introduce the fresh gas directly.

The experimental apparatus is shown in Figure 4, Fresh air
or high purity oxygen was used as the feed gas for the ozone
generator (Trailigaz Model LABO 76). The dosage of ozone
applied to the system could be controlled by adjusting the
effluent gas-flow rate or input voltage of the ozone genera-
tor. Ozone concentration in the gas phase was measured with
the ozone UV photometry analyzer using a wavelength of 254
nm. The detection frequency of the analyzer could be set at a
mode of 60 times per min or 3 times per min. Dye solution
was sampled and determined periodically by the means of
the UV/Visible photometer using a wavelength of 589 nm,
and then the concentration of dye solution can be obtained
in accordance with Lambert-Beer’s law. The torque value of
the shaft was measured with a torque meter to calculate the
power consumed during the reaction. Moreover, a tracer
study was done for evaluating the mixing time of the reactor
(Krishna Murthy and Elliott, 1992).
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During the experiment, most of the liquid samples were
too concentrated to be analyzed by UV/Visible photometer.
The solution was therefore diluted to enable analysis. Major
errors in results probably occurred during the dilution
process. Errors also occurred due to the stability of the ozone
generator. However, the reproductivity of measured data is
still good. The repeated experiment had a maximum +5%
error of the measured dye concentration, and +0.6% error
of ozone utilization ratio measured by means of the maxi-
mum, minimum, and average input ozone concentration.

Results and Discussion
Flow pattern observation

The phenomena of gas induction and bubble circulation
exist at gassing and nongassing conditions when the gas-
induced reactor is operated at high impeller speeds. In the
case of nongassing condition (not shown), no central gas vor-
tex was observed at lower turbine speeds ( < 800 rpm). As the
speed of turbine was raised above 1,100 rpm, a regular cen-
tral gas vortex was formed at the center of the liquid surface
above the draft tube. There was no surging and vibration of
the reactor. The regular vortex of gas was pulled inward to
the draft tube by the two turbines and was then disturbed by
inner baffles to become an irregular shape. This irregular gas
vortex was then easily broken into bubbles by the upper tur-
bine. The bubbles were then driven downwardly by the down-
ward force in the draft tube and broken again and distributed
angularly out of the draft tube by the lower turbine. Bubbles
were then visually observed to flow up spirally through the
annular area between the draft tube and tank inner wall. A
large amount of bubbles was pulled toward the central shaft
by the free liquid vortex formed by the fast rotation of dual
turbines. They were then drawn inwardly over the upper end
of the draft tube and forced back through the draft tube for
further utilization. This phenomenon produced a forced cir-
culation for gas bubbles. Only a small portion of gas bubbles,
which were next to the wall, moved spirally upward and
reached the free surface of the liquid. When these bubbles
escaped the liquid phase, some quantity of gas was sucked
back into the liquid phase by the central gas vortex. This cir-
culation phenomena of the gas therefore also promoted a
better gas utilization ratio. Figure 3c indicates the flow pat-
terns of gas and liquid at the gassing condition. The fresh
reactive gas was introduced to the area between the two fast
rotating turbines. In the experimental observation, most of
the reactive gas bubbles were circulating around the draft
tube, so the reactive gas could be ‘utilized efficiently by these
two major functions.

Furthermore, in the tracer studies, the time required to
reach 95% homogeneity are below 15 s at all of the experi-
mental conditions of stable gas induction. Therefore, the good
mixing effect can still be obtained at high impeller speed since
the fast flow of bubbles and liquid increase the gas/liquid
contact time. In addition, this reactor can be applied in other
batch reactions, for example, hydrogenation of oil and fat.
Pure hydrogen can be introduced to the upper gas phase and
the supply of pure hydrogen may be controlled by a pressure
regulating control valve. The flow patterns of gas and liquid
will be similar to the nongassing condition observed in this
experimental study.
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Effects of impeller speed

Impeller speed is the major factor affecting the behavior of
the gas-induced reactor. In this bench-scale experimental
equipment, as the impeller speed is raised up to 800 rpm, an
unstable central gas vortex forms at the center of the liquid
surface. The gas vortex can be intermittently broken into
bubbles by two turbines. Consequently, experimental obser-
vation has shown the critical impeller speed to be 800 rpm.
At impeller speeds of over 1,100 rpm, a stable gas vortex
forms. A large amount of gas is induced into liquid phase and
a large number of bubbles are circulated around the draft
tube, so the conditions of the gas induction now appear. In
the experimental results, at impeller speeds between
800-1,100 rpm, an increase in the impeller speed can in-
crease the number of bubbles and decrease the bubble size.
The heterogeneous ozonation rate of dye, the ozone utiliza-
tion ratio, and the mass-transfer coefficient of ozone all in-
crease. However, if the impeller speed is above 1,100 rpm,
impeller speed has no obvious effect on the above mentioned
three values because mass transfer reaches its limit. As shown
in Figure 5, the mass-transfer coefficients of ozone are plot-
ted against impeller speeds at three different liquid volumes.
Sotelo et al. (1989) had reported similar results in the agi-
tated tank. In their work, the effect of impeller speed on the
solubility of ozone increased only slightly at high speeds.
Therefore, for this experimental equipment, if the impeiler
speed is increased above 1,100 rpm, power will be wasted.

Effects of input quantity of ozone

The input quantity of ozone can increase either with an
increase in concentration at a constant flow rate or an in-
crease in flow rate at a constant concentration. In the experi-
mental results, the dye concentration decreases quickly as the
input ozone concentration increases at a constant flow rate.
The driving force of mass transfer is enhanced due to a high
ozone concentration in the gas bubbles provided from a high
input quantity of ozone. Similar results were also reported by
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Figure 5. Effect of impeller speed on mass-transfer co-
efficient for three different liquid volumes.
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Figure 6. Effect of input ozone concentration on ozone

utilization ratio for three different impeller
speeds.

Sotelo et al. (1989) and Benitez et al. (1993). Figure 6 shows
that most of the ozone utilization ratios are above the excel-
lent level of 98% (except for the case of unstable gas vortex
at 1,000 rpm before the dye concentration has decreased by
90%). Furthermore, the decoloration rate of RB19 dye can
be increased with an increase in the input ozone flow rate at
constant concentration. However, this does affect the effi-
ciency of the reaction. As noted in Table 1, at a constant or
different dosing rate, the ozone utilization ratios decrease
with the increase in the input ozone flow rate. For example,
the gas utilization decreases from 99% to 85% with respect
to the input flow rate increases from 186 to 540 NL/h. This
effect is more significant at lower impeller speeds. This is
due to the trailing vortex found at the tip of the impeller
blade as the reactor is operated at low impeller speed and
high gas-flow rate (Smith, 1985). More fresh input gas buoys
up through the draft tube and then leaves the liquid surface.
At the same time, the retention of ozone in the dye solution
decreases. Therefore, in the experimental gas-induced reac-
tor, a smaller ozone flow rate with high concentration pro-
vides a higher ozone utilization ratio.

Table 1. Effects of Input Quantity of Ozone on Ozone
Utilization Ratio and Power Consumption for Agitation at
Constant Impeller Speed

Input Ozone Input Ozone Ozone Ozone
Flow Rate Conc. Dosing Rate  Utiliz. Ratio  P/V
NL/h g/N-m? g0,/h % kW/m?
186.4 29.65 5.53 98.54 0.456
186.4 19.90 3.71 98.86
303.6 18.30 5.56 96.63 0.401
303.6 20.04 6.08 96.92
420.5 13.46 5.66 94.46 0.383
420.5 20.02 8.42 90.27
5376 10.20 5.48 91.14 0.365
537.6 19.89 10.69 84.22

Note: impeller speed = 1,250 rpm; liquid volume =7 L.
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Table 2. Effects of Liquid Volumes on Reaction Time and
Ozone Utilization Ratio at Constant Ozone Dosing Rate

Liquid Liquid Reaction Ozone
Vol. Level Time Utiliz. Ratio
L cm s/L %
4.4 19.6 136 98.98
5.0 225 140 97.86
6.0 271 127 98.47
7.0 31.6 140 98.86

Note: impeller speed = 1,250 rpm; dosing rate of ozone = 3.73 gO4/h; flow
rate = 186.4 NL/h.

Effects of liquid volume

Generally speaking, the reaction time of unit volume is
usually shorter and utilization ratio is better at a low liquid
volume in comparison to a high liquid volume. This is be-
cause the low liquid volume provides better turbulence. How-
ever, the experimental results indicate the effects of liquid
volume are not particularly significant. Table 2 indicates the
experimental results at different liquid volumes using same
impeller speeds (n, r/min), dosing rate of ozone, and gas-flow
rate. The required unit volume reaction time and ozone uti-
lization ratio for decreasing 90% dye concentration is approx-
imately the same. We infer the reasons of these results as
follows. The circulation pathway of the bubbles and gas/liquid
contact will increase with the increase in liquid volume. How-
ever, the ability for gas induction will be reduced by the in-
crease in the submergence depth of two turbines. So, these
two opposite influences lead to the result that the change of
liquid volume seems to have no significant effect on the ozone
utilization ratio. The gas-induced reactor may have the po-
tential for flexibility of operational level in industrial applica-
tion.

Power consumption for agitation

The total power consumption in this experimental system
consists of two parts—first, the production of ozone-contain-
ing gas by the ozone generator; second, agitation driven by
the motor. The power consumption of the ozone generator
accounts for more than 80% of the total power consumption.
Therefore, an increased ozone utilization ratio has the bene-
fit of saving operation cost in ozone generation.

Regarding power consumed for agitation, power consump-
tion per unit volume of dye solution obtained at different
liquid volumes is plotted against impeller speeds in Figure 7.
As indicated, the power consumption for agitation increases
with the increase in the impeller speed at different liquid
volumes. However, different liquid volumes present slightly
different power consumption at the same impeller speeds.
Because no baffles are installed on the inner wall of the gas-
induced reactor, the vortexes of gas and liquid remain stable.
The inertia force of free liquid vortex increases with the in-
crease in the liquid volume, so that the resistance to agitation
decreases at high liquid volume. Consequently, the power
consumption for agitation does not greatly increase with the
increase in the liquid volume if the vortex of gas and liquid
remain stable.

In Figure 8, the power consumption for agitation against
input ozone flow rate is plotted at different impeller speeds.
The figure indicates that the power consumption for agita-
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Figure 7. Effect of impeller speed on power consump-
tion for four different liquid volumes.

tion decreases slightly with the increase in flow rate at higher
impeller speeds over the critical one. In the experimental ob-
servation, the gas induction ability of turbines was good at
high impeller speeds, but the trailing vortexes are formed at
the tip of the blades with an increase in ozone flow rate. This
effect can be seen in Table 1. Many bubbles accumulate
around two turbines especially at high input gas-flow rate.
The power consumption for agitation thus decreases slightly
with the increase in input gas-flow rate.

To compare the gas-induced reactor with the conventional
Rushton agitated tank, both at the condition of gassing and
nongassing, power consumption of the gas-induced reactor is
significantly lower than that of the Rushton agitated tank at
the same impeller speeds. However, under the same ozone
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Figure 8. Effect of input ozone flow rate on power con-
sumption for three different impeller speeds.
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utilization ratio of 98%, the power consumption of the gas-
induced reactor operated at high impeller speed (about 1,100
rpm) approximately equals that of the Rushton agitated tank
operated at 600 rpm. Therefore, the gas-induced reactor re-
quires high impeller speed to obtain the ability of gas induc-
tion, but the reactor will not require more power.

Conclusion

In this article, we have presented a newly developed gas-
induced reactor for gas-liquid reactions. The heterogeneous
ozonation reaction of a RB19 dye was investigated to test the
characteristics of the reactor. This reactor has the ability of
gas induction to enhance the gas utilization. The operational
impeller speed must be greater than the critical value of 800
rpm, and the suitable speed is approximately 1,100 rpm in
this bench-scale experimental equipment. The input gas con-
centration has no significant effect on the gas utilization ratio
at the condition of stable gas induction. The gas utilization
ratio and power consumption decrease slightly with the in-
crease in the input gas-flow rate at constant impeller speed
over the critical one. Furthermore, the gas-induced reactor
obtains excellent gas utilization at different liquid volumes. It
appears to have the flexibility of operational liquid level and
the ability to recover the unreactive gas in application. To
compare with a conventional agitated tank, the studied reac-
tor will not require as much power to obtain the ability of gas
induction. Scale-up work is proceeding for further applica-
tion.
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Notation

a =specific gas-liquid interfacial area, m%/m?

b =stoichiometric ratio
P/V =power consumption per liquid volume for agitation, kW/m?>
Qo, =flow rate of ozone, NL/h

§ = gas-liquid interfacial area, m?
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