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The optimal geometric design and the mass transfer of ozone for a new gas-induced
reactor characterized by the installation of a draft tube and dual pitched-blade turbines
were studied. Geometric factors including the impeller diameter, the length and diame-
ter of draft tube, the liquid level, and the impeller speed were investigated to find the
optimal gas utilization rate and power consumption for agitation. Furthermore, under
the optimal geometric conditions, several variables including the impeller speed, the
input gas flow rate, and the liquid level were investigated to reveal the volumetric mass-
transfer coefficient of ozone. The optimal geometry was suggested by three empirical
equations that correlated successfully the onset impeller speed for gas induction and the
power consumption post gas induction with geometrical factors and operational vari-
ables. Volumetric mass-transfer coefficients of ozone were 0.8—1.2 min~' under opti-
mal geometric and proper operational conditions, which are comparable to the cited

values in the literature.

introduction

The agitated tank is one of the most common and impor-
tant reactors that have been widely used for gas—liquid het-
erogeneous reactions in the chemical industry. It performs
well, giving good mixing effect, better mass and heat trans-
fers, and so forth (Joshi et al., 1982; Oldshue, 1983). How-
ever, the interaction between turbines and baffles requires
high power consumption. Furthermore, recovery of the unre-
acted gas injected through the process liquid from the bot-
tom of the conventional agitated tanks is rather complicated.
This problem is commonly solved by linking the tanks in se-
ries or by using a compressor to recirculate the unreacted gas
back to the process liquid. Both of these two methods are
complex processes and may need additional accessory equip-
ment that will increase operational costs. Agitated-tank de-
sign therefore needs to be improved for specific purposes,
such as simplifying the system to obtain better gas utilization,
lower power consumption, and longer gas/liquid contact time.

Hsu and Huang (1996) developed a unique protoreactor, in
which, two 45° pitched-blade turbines were enclosed by a draft
tube. The reactor had two major characteristics in gas induc-
tion and bubble circulation around the draft tube. Another
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advantage in cost saving was an improvement in utilization
rate without additional accessory equipment. Since the geom-
etry affects significantly the performance of a reactor, this
work is undertaken to investigate the optimal utilization rate
and power consumption.

Hsu and Chang (1995) noted previously that the most sta-
ble gas induction could be attained by fixing the space be-
tween two turbines in a narrow baffled-gas-induced reactor
at one turbine diameter. Hsu and Huang (1997) also indi-
cated that the liquid mixing time was independent of the po-
sition of the lower turbine, when it was placed above the bot-
tom with a clearance of one-third to one-half of the tank di-
ameter in the gas-induced reactor. The impeller diameter in
a conventional gas—liquid agitated tank is generally set within
a range of one-third to one-half of the tank diameter (Joshi
et al., 1982; Mann, 1986). In this work, the effects of geomet-
ric factors, including the impeller diameter, the length and
the diameter of draft tube, and the liquid level on the perfor-
mance of the gas-induced reactor, are studied to search for
an optimal geometric design. The mass transfer of the
ozone/water system was also investigated. Several major op-
erational variables that can affect the mass transfer of ozone,
including impeller speed, input gas flow rate, and liquid level,
are discussed.
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Table 1. Experimental Geometric Parameters

Item Range
Tank diameter (D,) 0.17m
Draft-tube length (L,) 2D,-4D;
Draft-tube diameter (D,) 0.47-0.59D,
Impeller diameter (D,) 0.35-0.5D,
Clearance of the lower 0.45D,

impeller and the draft tube (C)

Impeller speed (n) 500-1,600 rpm
Working liquid level (H,) 1.4-2.1D,

Experimental Studies

The studied reactor is like the prototype previously de-
scribed by Hsu and Huang (1996). The reactor is made of
acrylic resin with an inner diameter (D,) of 0.17 m. The ranges
of various geometric factors under investigation are shown in
Table 1. The reactor performance under different geometric
designs was evaluation on the basis of the gas utilization rate
and the power consumption for agitation (P, (W)).

To evaluate the gas utilization rate, a heterogeneous ozon-
alytic decoloration using C.I. Reactive Blue 19 dye was con-
ducted at 25°C and pH 7. Experimental data before 90% de-
coloration were collected to calculate the ozone utilization
rate (Up,, (%)) (Hsu and Huang, 1996). Moreover, power
consumption for agitation was measured by a torque-detect-
ing system that involves a torque meter, a monitor (Ono Sokki
Co., Ltd.), an interface (Yen-Hwa Electronics), and an on-line
computer. The blank and real working torque values of the
shaft (T, and T (N-m), respectively) at an impeller speed (n,
(L/s™ 1)) in each experiment were determined by the torque
meter at a detection mode of 60 times per minute. The de-
tected torque values were averaged and substituted into Eq.
1 to obtain the power consumption for agitation,

P=2mn(T —T,). (1)

In addition, the mass transfer of ozone was studied at 25°C
and pH 2, as adjusted by sulfuric acid. Ozone-containing gas
was fed into pure water through the draft tube, and the
time-dependent concentration of ozone in water was mea-
sured by a liquid-phase ozone analyzer (Seki Co.) until a
steady value was reached. Calibration of the measured values
was made according to the Indigo method (Bader and Hoigne,
1981). The ozone sensor was placed at the bottom of the ves-
sel where the bubbles were being kept from hitting the tip of
the sensor. Because of the extremely low solubility of ozone,
the resistance arising from gas-film diffusion can be ne-
glected with respect to that of liquid-film diffusion, thus lim-
iting the mass transfer rate of ozone from the gas into liquid
phase only by liquid-film diffusion (Sotelo et al., 1989; Gould
and Ulirsch, 1992; Munter et al., 1993). At 25°C, pH 2, and
mixing times of not more than 15 seconds by fast agitation
(Hsu and Huang, 1996), and assuming thorough mixing, the
effect of the self-decomposition of ozone on its mass transfer
can be neglected (Sotelo et al.,, 1987). Hence, ozone mass
balance in the liquid phase can be expressed by Eq. 2 (Roth
and Sullivan, 1981). Upon integration, Eq. 2 yields Eq. 3,
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where C, and C* are the ozone concentration and the ozone
equilibrium concentration (g/m>), respectively, in the liquid
phase. By substituting the time-dependent concentration of
ozone (C;) into Eq. 3, the volumetric mass-transfer coeffi-
cient of ozone [k, @ (min~')] can be obtained from the initial
slope in a plot of InfJC*AC* — C,)] vs. the contact time [¢
(min)).

Results and Discussion
Optimal geometric design for the gas-induced reactor

Several geometric factors are considered as follows.

Length of the Draft Tube. In the gas-induced reactor, the
lower turbine was placed at the same level as the bottom of
the draft tube, while the space between the two turbines was
fixed at a distance of one turbine diameter. If the draft tubes
are too short, the flow-controlling effect will be weakened. In
contrast, for draft tubes that are too long, the effective down-
ward pumping force of the turbines will be diminished to a
greater extent, because of the interference between the tur-
bines and the inner baffles. Consequently, the lengths of the
draft tube [L, (m)] were selected at two to four times the
impeller diameter [D; (m)). The results in Table 2 illustrate
the effects of impeller speed on the ozone utilization rate
and specific power consumption [ 2/V (kW/m>)] by different
draft-tube lengths. An increase in the impeller speed was
found to increase the specific power consumption as well as
the ozone utilization rate. The highest ozone utilization rate,
also with the lowest power consumption, was obtained with
the draft-tube length set at twice the impeller diameter. A

Table 2. Effects of Draft-Tube Length on the Ozone
Utilization Rate and the Specific Power Consumption
at Constant Dosing Rate of Ozone

n Uo PV
L,/D, (min~1) (%} (kW/m*)

2.0 1,100 95.63 0.104
2.0 1,200 96.25 0.121
2.0 1,300 97.65 0.142
20 1,400 98.12 0.168
25 1,100 84.64 0.114
25 1,200 90.98 0.140
25 1,300 94.98 0.166
2.5 1,400 98.12 0.186
3.0 1,100 93.59 0.114
3.0 1,200 95.29 0.145
30 1,300 96.09 0.169
3.0 1.400 97.40 0.191
35 1,100 93.60 0.105
35 1,200 95.05 0.127
35 1,300 97.24 0.149
35 1,400 98.32 0.169

Note: 25°C, pH = 740.2, D; = 0.06 m, D, = 0.17 m; ozone input: concen-
tration = 20 g/Nm3; flow rate = 303.5 NL/h; liquid volume = 7 L; utiliza-
tion rate calculated: data based on 90% decoloration.
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Figure 1. Ozone utilization rate vs. impeller speed un-
der different draft-tube lengths.

95% ozone utilization rate was obtained at the lowest im-
peller speed (1,100 rpm) (Figure 1). Also, from the flow pat-
tern, the draft tube with length L, = 2D, was seen to provide
the most stable gas induction and smoothest bubble circula-
tion around the draft tube. This phenomenon was not found
with longer draft tubes. The interference and the constraint
on turbines from a draft tube with inner baffles were found
to increase, causing the reduction of the pumping capacity.
More fresh gas in the draft tube rose through the draft tube
and escaped to the gas phase above the liquid, while bubbles
in the annulus area between the tank body and the draft tube
had more difficulty flowing into the draft tube. The gas uti-
lization rate consequently decreased. Thus, L,=2D; was
considered to be the optimal length for the draft tube.
Diameters of the Impeller and the Draft Tube. By referring
to conventional-agitated tanks (Joshi et al., 1982; Mann,
1986), the range of the impeller diameters to be studied was
selected to be from D,/3 to D,/2 for effective bubble chop-
ping and dispersion. Also, the inner diameter of the draft
tube was set at just slightly larger than the impeller diameter
in order to reinforce the downward pumping force, while the
baffle width in the draft tube was fixed at one-twentieth the
inner diameter of the draft tube (Hsu and Chang, 1995). It
was found that with an increase in the impeller diameter the
onset impeller speed required for gas induction [#, (min~")]
was significantly decreased, for example, the onset speed de-
creased from 1,010 rpm to 720 rpm with a corresponding in-
crease in impeller diameter from 0.35D, to 0.46D,. However,
power consumption increases as the impeller diameter in-
creases. The relationship between the impeller diameter and
the ozone utilization rate at different power inputs (alterna-
tively, the impeller speeds) is shown in Figure 2. As shown in
Figure 2, the impeller with a diameter of 0.35D, attains the
highest ozone utilization rate (above 95%) at the least power
consumption for agitation, which was optimal. Although other
impellers with a diameter of 0.41D, or 0.46D, showed gas
induction at much lower speeds, the ozone utilization rates
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Figure 2. Ozone utilization rate vs. gassed power con-
sumption under different impeller diameters.

obtained were significantly much less. Consequently, in this
work, the impeller diameter was fixed at D, = 0.35D,, while
the corresponding inner diameter of draft tube was set at
D, =047D,.

Clearance for Lower Turbine with Draft Tube. In general,
the impeller clearance [C (m)] has always been fixed in the
range of D,/4 to D,/2, where D, is the tank diameter while
the clearance for the lower turbine used in this study was
fixed at C =0.45D,. With a clearance of shorter than D,/3,
the pumped flow from the draft tube would bump the tank
bottom, thus consuming more power. However, with a clear-
ance of larger than D, /2, a dead zone was easily formed above
the tank bottom. In addition, Hsu and Huang (1997) investi-
gated the mixing times of a similar gas-induced reactors and
concluded that the clearance in the range of D,/3 to D,/2
did not show significantly different effects on the mixing times
post gas induction. Thus, the clearance for the lower turbine
as well as the draft tube, C =0.45D,, was found to be the
most feasible.

Liquid Levels. In conventionally baffled agitated tanks, the
operational liquid level was normally set as high as one tank
diameter for good gas/liquid contact and dispersion (Mann,
1986). However, it was found that the present reactor could
obtain gas induction as the working operational liquid level
[H, (m)] was increased to twice the tank diameter, because it
did not use baffles on the tank wall and because the flow was
controlled by the draft tube. Results indicate that the onset
speed increased as the operational liquid level increased,
which may need more power consumption. The specific power
consumption nevertheless remained almost unchanged. Also,
the ozone utilization rates were found to exceed 95% (data
not shown here) under the investigated conditions. Similar
results had previously been reported in a prototype reactor
(Hsu and Huang, 1996). This gas-induced reactor is feasible
for different working liquid levels. Liquid ievels of 1.8 to 2
times the tank diameter are recommended as the best work-
ing levels because of the increased treatability of a reactor.
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Table 3. Design Characteristics Adopted for the Setup of the

Present Gas-Induced Reactor

Geometric
Item Design Reference
Kind of impeller 45° pitched-blade Chapman et al. (1983),

turbine Warmoeskerken and
Smith (1984),
Mann (1986); Bujalski
and Nienow (1990)
Number of impellers 2 Oldshue (1983),
Hsu and Chang (1995)
Number of impeller 6 Oldshue (1983),
blades Chapman (1983)
Diameter of impeiler 0.35D, This work
Width of blade D,/ This work
Distance between D, Hsu and Chang (1995)
two impellers
Clearance of lower 0.45D, Hsu and Huang (1997)
impeller
Clearance of draft tube 0.45D, Hsu and Huang (1997)
Draft-tube length 2D, This work
Draft-tube diameter 0.47D, This work
Working liquid level 14D,-2.0D,  This work
Recommended liquid 1.8D,-2.0D,  This work

level

Note: D, = 0.17 m.

The optimal geometric design of this gas-induced reactor, to-
gether with the cited ones, is shown in Table 3.

Onset speed for gas induction and power consumption post
gas induction

Gas induction is considered to be a major characteristic
function of the gas-induced reactor. The impeller speed has
to be maintained beyond the onset point, that is, n, (min™?"),
in order to assure a stable gas induction and a steady recy-
cling flow pattern as well. The onset speeds for gas induction
under different geometric conditions and the power con-
sumption post gas induction are discussed next.

Onset Speed for Gas Induction. The onset speed for the
gas induction is defined as the impeller speed at which the
gas above the liquid surface could be critically sucked into
the liquid through the draft tube in ungassed conditions. At
higher speeds, the gas in the central gas vortex can be chopped
and distributed by the turbines and the draft tube. Determi-
nation of this impeller speed was carried out in this work by
using the relationship between the impeller speed and the
power consumption, as shown in Figure 3 as well as the vi-
sual observation of the flow phenomena. In Figure 3, the
break points indicate the onset points for gas induction, which
are considered a result of the change of physical property
due to gas entrained into the liquid phase by turbines. From
experimental studies, it was found that gas induction de-
pended significantly not only on the impeller speed but also
on the impeller diameter and working liquid level [H, (m)].
Larger impellers provide greater pumping force. The onset
thus occurs at lower impeller speeds. A higher working liquid
level brings a greater submerged depth of the turbines [(H),
— H;) (m), where H, expresses the clearance of the upper
turbine] and, consequently, a higher onset speed is required.
Sawant and Joshi (1979) as well as Tanaka and Izumi (1987)
have also cited the importance of the submerged turbine
depth for gas induction. By dimensional analysis and data re-
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Figure 3. Ungassed power consumption vs. impeller
speeds.

gression, Eq. 4 is deduced to correlate the onset speed for
gas induction with the relevant geometric factors:

N, .=035[(H,— H)/D,1””(D,/D)~"*, 4)

where Np, . is the Froude number at onset speed. A compar-
ison between the observed and the calculated (by Eq. 4) Ng, ,
is shown in Figure 4. The maximum deviation is estimated to
be +6%, implying that Eq. 4 is adequate for predicting the
onset speed for gas induction.

The Power-Consumption Post Gas Induction. Under un-
gassed conditions, the power-consumption post gas induction
of the gas-induced reactor can be described by Eq. 5:

Di/D;:@0.35;40.41; 8046
). &
— P
L 8
— /'//'l
-c ////
[} 4
*‘6' v //
S 1.0 +6% o'
- e /
(—'> // 7 _6%
m 7 7 //
o // v/
s’ - P //
Q. | //////
— e Ve
[ S
Z 5— // //
// /‘/
7 7/
-1 Ve 7/
// //
e e
e Ve
s
3 - T T LN R R A | T
3 5 2 3

1.0
NEr ¢ (observed) [-]

Figure 4. Observed vs. calculated Froude number ob-
tained by Eq. 4.
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number obtained by Egq. 5.

Np=4.46X10"2 Nz5'[(H, - H)/D,1>>(D,/D,)""*, (5)

where N, is the power number under the ungassed condi-
tion. A comparison between the observed and the calculated
(by Eq. 5) N, is shown in Figure 5. The maximum deviation
was found to be +12%. This empirical equation is useful for
predicting the power-consumption post gas induction under
ungassed conditions. Furthermore, as indicated in Eq. 5, the
exponent of the Froude number was found to be —0.57, that
is, it ranged between the exponent of an unbaffled agitated
tank (—1) and a narrow-baffled agitated tank (—0.31) (Hsu
and Chang, 1995), implying that a central gas vortex can more
casily entrain the gas into the liquid. Equation 5 also ex-
presses the dependence of the liquid level and the impeller
diameter on the power number.

As the gas-induced reactor was applied to a gas-liquid re-
action, the just-cited optimal geometric parameters, as well
as gassing in the draft tube, were adopted to obtain a high
gas utilization rate and low power consumption for agitation.
The power consumption will therefore vary, depending on the
ungassed or gassed conditions. Equation 6 is an empirical
equation correlating the gassed power-consumption post gas
induction with the experimental variables under a proper low
gassed flow rate (303.5 NL/h), as suggested by Hsu and
Huang (1996),

N,p=9.5%1072 N *¥((H, - H)/DI"**, (6

where N, denotes the power number under gassed condi-
tions. The maximum deviation of Eq. 6 was, from experimen-
tal results, estimated to be +12%. In contrast to Eq. 5, Eq. 6
presents lower power consumption when gassing in the draft
tube in the gas-induced reactor. Similar empirical equations
were obtained for different impellers. Because they are not
optimal, the results are not shown here.

Moreover, when compared with the Rushton agitated tank,
as shown in Figure 6, under the conditions of either gassed
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Figure 6. Power consumption for agitation: gas-in-
duced reactor vs. Rushton agitated tank.

or ungassed, the gas-induced reactor always showed lower
power consumption at the same impeller speeds. Power con-
sumption for the gas-induced reactor operated at high im-
peller speeds (e.g., 1,100 rpm), approximately equal to that of
the Rushton agitated tank operated at 600 rpm, that is, al-
though the gas-induced reactor requires a high impelier speed
to initiate gas induction, it still requires less power.

Parameters affecting the mass transfer of ozone

Effect of the Impeller Speed. Experimental results of the
volumetric mass-transfer coefficient of ozone are listed in
Table 4. The coefficient was found to increase as the im-
peller speed increased, and then became steady at high im-
peller speeds. At the proper low input flow rate of 303.5
NL/h, an unstable central gas vortex was created at the cen-
ter of the liquid surface, spinning at a speed up to 800 rpm.
The trailing vortex occurred more easily at the tips of the
impeller blade during the gassed conditions (Smith, 1985).
When a large amount of fresh ozone was introduced, it would
rise by converging to break up the motion of the central vor-

Table 4. Mass-Transfer Coefficients of Ozone Obtained
Under Different Operational Conditions

Impeller Speed Gas Flow Rate kra
(min~") (NL/h) H,/D, (min~ 1)
800 303.5 1.82 0.436
950 303.5 1.82 0.693
1,100 303.5 1.82 0.818
1,250 303.5 1.82 1.024
1,400 3035 1.82 1.073
1,100 186.4 1.82 0.605
1,100 420.5 1.82 1.04
1,100 537.6 1.82 1.036
1,100 303.5 1.51 1.166
1,100 303.5 1.65 1.063
1,100 303.5 1.74 0.958
1,100 303.5 2.00 0.693

Note: 25°C, pH 2, input ozone concentration = 20 g/Nm?; D, = 0.17 m.
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tex, so only a few bubbles could be retained in the liquid. A
poor mass transfer rate resulted. As the impeller speed was
increased to 1,100 or 1,250 rpm, stable gas induction was
formed without a concentration of gas bubbles. A larger
amount of fresh gas was therefore broken and distributed by
the two turbines, and was thus easily recirculated around the
draft tube. Gas holdup in liquid increased from 0.5 to 2.4%.
Bubbles with a diameter of 2.5-3 mm, as determined photo-
graphically, were reported to possess a better gas/liquid mass
transfer (Calderbank, 1959). Moreover, by film theory, liquid
film can be thinned down by increasing the agitation speed,
thus increasing the mass transfer rate. However, over 1,400
rpm, no further significant increase in the mass-transfer coef-
ficient was observed, a maximum value having thus been
reached. Similar results were reported by Sotelo et al. (1989)
for a conventional agitated tank.

Effect of the Input Gas Flow Rate. ~As shown in Table 4, an
increase in the input gas flow rate can increase the volumet-
ric mass-transfer coefficient of ozone in the gas-induced reac-
tor. However, the effect was not obvious at high input gas
flow rates due to inefficient gas induction. At lower input gas
flow rates and proper high impeller speed (1,100 rpm), a sta-
ble central gas vortex was formed. The fresh/recycled mixed
gas could thus be chopped and dispersed by two turbines.
The gas holdup, for example, increased from 2.4 to 3.5% as
the flow rates increased from 303.5 to 420.5 NL/h, and hence
the volumetric mass-transfer coefficient of ozone was also in-
creased. At too high input gas flow rates in the draft tube,
the trailing vortices easily occur at lower impeller speeds. As
a consequence, gas induction was weakened with more fresh
gas flowing upward through the draft tube. Moreover,
Nishikawa et al. (1981) stated that mass transfer tended to
become agitation-controlled when the impeller speed in-
creased, and that the dependence of input gas flow rate on
the mass-transfer coefficient will be reasonably decreased. As
a result, in the gas-induced reactor, better mass transfer was
achieved at lower gas flow rates with highly concentrated in-
put.

Effect of Working Liquid Level. As shown in Table 4, a
lower liquid level can provide a higher volumetric mass-trans-
fer coefficient of ozone. Larger gas holdup, as well as better
turbulence, were produced at the lower working liquid levels.
Owing to the forced recirculation of bubbles by the turbines,
most of the bubbles tend to distribute around the draft tube.
The gas holdup with the turbulence may increase with the
decrease in the working liquid level. For instance, the gas
holdup increased from 2.4 to 3.4% as the H,/D, ratio de-
creased from 1.82 to 1.65. The capability for gas induction
may also be enhanced by a reduction in the submerged depth
of the two turbines. The volumetric mass-transfer coefficient
of ozone can thus increase when the working liquid level at a
constant proper input gas flow rate and impeller speed de-
creases. However, in view of the gas utilization rate and spe-
cific power consumption, a satisfactory gas utilization rate can
be attributed to a longer circulation pathway or gas/liquid
contact time. The specific power consumption for agitation
does not greatly increase with the increase in the working
liquid level under stable gas induction (Hsu and Hang, 1996).
Overall, in spite of a lower mass transfer rate, a higher work-
ing liquid level still has the characteristics of a high gas uti-
lization rate and less power consumption for agitation.
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The volumetric mass-transfer coefficient of ozone obtained
under the recommended geometric and proper operational
conditions were 0.8~1.2 min~?, which was comparable to the
values of 1.08, 1.14 and 0.98 min~! that were obtained, re-
spectively, by Prengle et al. (1975), Sheffer and Esterson
(1982) and Hawash et al. (1990) in an organics-free system.
However, the values are slightly smaller than the 1.24 min ™!
reported by Farooq and Ahmed (1989) for ozone in an aque-
ous system involving a low-level chemical reaction.

Conclusion

This study presents an optimal geometric design for a new
gas-induced reactor. The recommended optimal geometric
factors, including D, =0.35D,, D;,=047D,, L,=2D,, H;=
1.8-2.0D,, were obtained on the basis of the gas utilization
rate and the power consumption for agitation. The volumet-
ric mass-transfer coefficients of ozone obtained under recom-
mended geometric and proper operational conditions were
0.8-1.2 min~!, which are comparable to those obtained in
conventional agitated tanks. Both the impeller speed and the
input gas flow rate, if properly low, have a positive effect on
the mass transfer of ozone. Higher working liquid levels give
rise to smaller volumetric mass-transfer coefficients of ozone.
However, high working liquid levels, such as 1.8-2.0D,, can
still provide a good performance for required specific pur-
poses. Three correlation equations were used to predict the
onset speed for gas induction and the power-consumption
post gas induction. Compared with the Rushton agitated tank,
the gas-induced reactor requires less power, although it re-
quires a high impeller speed to initiate gas induction.
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