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Abstract: The steady mixing of gas-liquid systems is used where a large development of the interfacial
area is required. However, the presence of gas in the liquid reduces the efficiency of mass transfer by
reducing the mixing power, due to the creation of gas formations behind the impeller blades and
the reduction in density. The efficiency of mass transfer can be increased by using a concave blade
impeller or unsteady mixing. Mass transfer efficiency studies for these impellers and unsteady mixing
are limited. This paper presents an analysis of the influence of the impeller construction on the gas
hold-up and volumetric mass transfer coefficient ky a. Impellers with a different number of concave
blades, and with alternatively arranged concave blades, were analyzed. The obtained results were
compared with the standard flat blade turbine. The obtained results indicate that the arrangement of
the concave blades has the greatest effect on reducing the gas hold-up and k; a. Higher values were
obtained for the four-bladed and six-bladed impellers. A comparison of the gas hold-up rate for the
unsteady and steady mixing has shown that for steady mixing greater gas hold-up is achieved. The
volumetric mass transfer coefficient for unsteady mixing is also greater compared to steady mixing,
indicating greater efficiency in mass transfer.

Keywords: mixing; unsteady mixing; gas-liquid; gas hold-up; mass transfer

1. Introduction

Mechanical mixing is the most frequently used unit operation in many industries
including in chemical, food, or pharmaceutical. Mixing is carried out in single-phase and
multiphase systems to intensify the mass transfer and is especially used for gases that are
poorly soluble in liquids.

The intensification of mass transfer is realized by increasing the interfacial area in the
liquid-liquid and gas-liquid systems. It can be implemented in several ways, including by
using unsteady mixing or eccentrically mounted impellers.

Mixing through oscillation is used in the mass exchange processes, among others, in
OBR and OBC extraction columns [1]. Ni and Gao [2] show that in the OBC column an
approximately five-fold increase in the mass transfer coefficient is observed for water-air
systems. The use of oscillation in fermentation also contributes to an approximately twofold
increase in the mass transfer coefficient [3].

The oscillating motion can also be used during mechanical mixing. In unsteady mixing,
the impeller mounted in the unbaffled vessel performs a rotary motion that changes with
time. The advantage of such mixing (compared to eccentricity) is that there are no required
changes in the construction of the vessel and drive system, because the impeller is mounted
at the vessel axis, and changes in impeller rotation could be realized by the inverter. Today,
inverters are equipped with waveform generators, and it is quite easy to set the impeller
speed course.

The nature of the impeller movement may be sinusoidal [4-7], triangular [8], rectangu-
lar [9], or asymmetrical [10]. As a result of unsteady motion, an increase in mixing power
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requirements is observed. It is observed for single impeller systems i.e., Rushton turbine,
Smith turbine, or PBT for Newtonian fluids (water [8] and electrolyte solutions [11,12]),
as well as multi-impeller systems [13]. Unsteady mixing possesses a faster mixing of
ingredients and longer mixing time in double-impeller systems [13] and single impeller
systems [14], greater intensity of laminar mixing of Newtonian (shorter mixing time) for
radial and axial impellers [9] and turbine-impeller systems [15]. A shortening of mixing
time is also observed for non-Newtonian fluids with yield stress [16].

The above results indicate that transient mixing can be used during gas-liquid mixing.
For such systems, it is advisable to supply as much power as possible, because the presence
of gas in the liquid, as well as gas caverns, lead to a decrease in mixing power and, thus, to
a reduction of the mass transfer efficiency [17].

For this reason, radial impellers with curved blades are preferred e.g., CD-6, BT-6,
or Scaba 65RGT, which achieve higher relative power requirements in comparison to a
Rushton turbine. This causes greater gas dispersion capacity of the impellers and gas
flooding at higher gas flow rates.

Most of the published works on the unsteady mixing of gas-liquid systems focus on
sinusoidal mixing in vessel equipped with few impellers. The summary of research is
presented in Table 1.

Table 1. Summary of research into the unsteady gas-liquid mixing.

Author System Impeller Course Scope
Yoshida et al. [18] air-water delta AJITER sinusoidal gas hold-up mass transfer
power requirements gas
Yoshida et al. [19] air-water delta AJITER sinusoidal hold-up mass transfer

Yoshida et al. [20,21]

Yoshida et al. [6,7]

Yoshida et al. [4]

Woziwodzki and
Broniarz-Press [22]
Frankiewicz and
Woziwodzki [23,24]

mixing time
power requirements gas

air-millet jelly delta AJITER sinusoidal hold-up mass transfer
. Rushton turbine . . power requirements
air-water sinusoidal .. .
delta mixing time

air-ethanol
air-glycerol delta AJITER sinusoidal
air-millet jelly

power requirements gas
hold-up mass transfer

triangle with/without change

air-water Ruhton turbine PBT of direction of rotation power requirements
air-water BT°6, BT-4, BT-4E triangle ower requirements
Scaba 6SRGT & p q

Yoshida et.al [18] carried out studies on the gas hold-up and mass transfer in a stirred
vessel with four delta impellers (AJITER) and air-water systems. It has been shown that gas
hold-up depends on the oscillation frequency, as well as the type of gas sparger. It increases
with increasing oscillation frequency and the effect is also dependent on the gas superficial
velocity. They find that for gas superficial velocity at vg < 0.02 m/s, the effect is greater.
Similar relationships were observed in the case of the volumetric mass transfer coefficient.

Yoshida et al. [4,19] analyzed the power requirements for the AJITER stirred vessel.
They decomposed the torque time course into the inertia force and the drag force and
determined drag Cp and inertia Cj coefficient. The authors found that Cp and Cj coefficients
depend on the Reynolds number and are constant within turbulent mixing range. For
gas-liquid systems, the relative drag (Cpg/Cpp) and inertia (Cig/Cyo) coefficients were
determined. Studies have shown that the relative coefficients decrease with increasing gas
superficial velocity. Yoshida et al. [20] showed two characteristic ranges. For Re > 300,
the Cpy coefficient is constant and depends only on the number of impellers and the gas
superficial velocity, and for Re < 300, it additionally depends on the Reynolds number.
Moreover, both coefficients (Cpg-Cjg) depend on the viscosity of the liquid.

Yoshida et al. [19,20] also indicated the need to determine the value of the maximum
power Prax as the value necessary in the design of unbaffled stirred vessels. Moreover,
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Yoshida et al. [21] proposed correlations making the degree of gas hold-up dependent on
total power input per unit mass, gas superficial velocity, liquid viscosity, and volumetric
mass transfer coefficient from total power input per unit mass, superficial gas velocity,
liquid viscosity, and liquid diffusivity. They also compared the volumetric mass transfer
coefficients for standard mixers and the AJITER with unsteady mixing. They showed that
a stirred vessel with several impellers, such as multiple turbine-type, helical ribbon-type,
and anchor-type, achieves greater mass transfer coefficients compared to standard stirred
vessels and steady mixing.

Yoshida et al. [6] also observed the behavior of the gas-liquid system in the vicinity of
the blade of an unsteadily rotating Rushton turbine and four delta blade impeller. Under
conditions of unsteady mixing, gas caverns become unstable, which contributes to an
increase in the relative power requirements in the gas-liquid system by up to 40%.

The comparison [7] of the ki a coefficients in a vessel equipped with 2-4 Rushton
turbines and delta type impellers during unsteady mixing indicates that higher mass
transfer is obtained for delta impellers. Furthermore, in the case of these impellers, a greater
influence of the number of impellers on the kj a value is observed. Moreover, comparison
of mixing time in multiple-impeller systems, for unsteady and steady mixing, shows that
unsteady mixing time is shorter at an energy dissipation rate lower than 1 W/kg [7].

Yoshida et al. [4] also analyzed gas hold-up and mass transfer for 10% ethanol solution,
glycerol (20%, 60%, and 99%), and millet-jelly solutions (50% and 80%) in the AJITER
stirred vessel. They found that gas hold-up decreases with surface tension for liquid
viscosity from 0.000894 Pas to 0.002 Pas and increases with surface tension in viscosity
range from 0.002 Pas to 1.18 Pas. The same relation was observed for volumetric mass
transfer coefficient ky a.

Woziwodzki and Broniarz-Press [22] conducted a study of the power requirements
of an unsteady rotation Rushton turbine in unbaffled vessel. They found that the relative
power demand for a Rushton turbine is higher for unsteady mixing. They also examined
two various time-courses of impeller rotation: triangle with (FR) and without (F1) change
in direction of the rotation. The relative power demand was smaller for F1 triangle mode.
The authors also observed that above oscillation frequency f = 0.46 Hz relative power
demand decreases.

Power requirements for unsteady rotating BT-6, BT-4, BT-4E, and Scaba 6SRGT were
conducted by Frankiewicz and Woziwodzki [23,24]. At triangle time-course of impeller
speed they observed lower relative power requirements in comparison to steady mix-
ing. The results show that blade shape has a significant effect on unsteady relative
power requirements.

Most of the works on gas-liquid unsteady mixing focus on multi-impeller systems,
(AJITER mixers) and sine time-course of impeller speed. A few of them concern stirred
vessels equipped with a single impeller (Rushton turbine and delta impeller) and the effect
of impeller type on mass transfer in unsteady mixing.

No mass transfer comparisons were made for steady and unsteady mixing. There are
also no studies on the influence of the impeller type or the blade shape on the volumetric
mass transfer coefficient.

The purpose of this work is to analyze the gas-liquid mass transfer in a stirred vessel
with a single turbine impeller and unsteady mixing. The gas hold-up and volumetric
mass transfer coefficient studies were carried out for vessels equipped with impellers
with various blade shapes and blades number. A comparison with steady mixing was
also performed.

2. Experimental Set-Up

Measurements were conducted in the experimental set-up presented in Figure 1. It
consists of an unbaffled vessel (1) with diameter Dy = 0.29 m and liquid height Hy =T,
compressor (2), rotameter Krohne VA40V /R (3), motor (4) Indukta SF 100L-4A (2.2 kW,
N = 1500 rpm) and PC (6).
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Figure 1. Experimental set-up.

The motor was controlled by inverter (5) Schneider Electric p-Drive MX-Eco and
generates reverence curves for unsteady mixing. The vessel was equipped with a radial
impeller with a diameter of D = 0.1 m. Four types of impellers were used: Rushton turbine,
BT-6, BT-4, and BT-33 (Figure 2). A Rushton turbine was used as a reference impeller
and BT-6, BT-4, and BT-33 to investigate the effect of blade shape and blade orientation
on gas hold-up and volumetric mass transfer coefficient kj a. Impeller bottom clearance
C was equal to impeller diameter C = D. The time course of impeller speed was based on a
triangular waveform described elsewhere [8].

(a) (b)

(9 (d)
Figure 2. Impellers (a) Rushton turbine (RT) (b) BT-6 (c) BT-33 (d) BT-4.
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Maximum impeller speed Nmax was equal to absolute value of Npin, Nmax = | Npin | -
An impeller speed above zero, N > 0, means that the impeller rotates clockwise, while N < 0
the impeller rotates in a counterclockwise direction. Oscillation frequency f of unsteady
mixing was changed from 0.23 Hz to 0.92 Hz.

Measurements were performed in the air-water system. The air, from a compressor,
was introduced into the vessel through ring sparger with a diameter of Ds = 0.085 m and
the distance between it and the impeller was 0.1 m (AC = 0.1 m). The gas flow rate was
changed from 0.5 m3/h to 1.2 m3/h, which gives a superficial gas flow velocity in the range
of 0.0021 m/s to 0.005 m/s.

The measurement of the torque and rotational frequency of the stirrer was performed
using the MT2 torque meter and the Sensor AT MW-2006-2 m adapted to work with MT
type strain gauges by SENSOR-AT and PCIN inductive sensors by SELS and others with
similar parameters to measure the rotational speed.

The digital strain gauge measuring the torque (2 Nm) on the vessel shaft had a
sampling frequency of up to 1600 Hz and a resolution of 11 bit. The accuracy of the
measurement was higher than 0.25%. The MW-2006-2 m worked with the sampling
frequency from 1 Hz to 1600 Hz for the torque measurement and from 1 Hz to 100 Hz for
the impeller speed measurements.

The Elmetron CO-505 oxygen meter and COG-1 galvanic oxygen sensors were used to
measure the dissolved oxygen in the solution. The CO-505 oxygen meter allowed for the
measurement of the dissolved oxygen concentration in the range of 0-60 mg/L with an
accuracy of 0.1 mg/L, and for the application of temperature effect compensation in the
range of 0—40 °C, and pressure effect in the range of 80,000-110,000 Pa.

2.1. Methods

In the paper, power requirement, gas hold-up, and volumetric mass transfer coeffi-
cients, were examined.
A modified Morison equation was applied [8,25]

1 7TD5p
Ts = RpClD5CD\w|w + ClTCI

dw

at )

The time-course of the impeller speed was similar to a triangle wave and described by
the following equation [8,25]:

8 . 1 . 1 .
N = ;Nmax <sm(27rft) ~3 sin(67ft) + % sm(lOnft)) ()

The volumetric mass transfer coefficient was determined by the dynamic method by
measuring the dissolved oxygen level in the liquid with an oxygen sensor. The sensor was
placed about 1 cm from the vessel wall and about 12 cm below the liquid free surface. The
volumetric mass transfer coefficient was determined using the below equation:

—kpa(t — to) = In((c* — cr)/(c* — <)) @)

where ¢ is instantaneous oxygen concentration, c*-equilibrium concentration of oxygen,
co-initial concentration of oxygen, a-interfacial area per volume unit.

Plotting on the right side of the above equation, a straight line is obtained, the slope of
which is equal to the value of the volumetric mass transfer coefficient —kj a.

The volumetric mass transfer coefficient is dependent on temperature. To reduce
changes in temperature the following correction was applied [26]:

(kp.a)z0 = 1.0242 T (kg a)r )

where T-is measurement temperature, (kpa)r-mass transfer coefficient in measurement
temperature, (kya)y-kpa in 20 °C.
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The volumetric mass transfer coefficient ky a was corrected because of the effect of the
sensor time constant t. The time constant was defined as the measurement time of 63% of
the total oxygen concentration in the solution [27,28]:

1/kpa’ =1/kja+t %)

where ki a’ is obtained from the experiment.

Before starting the measurements of dissolved oxygen, the calibration process of
the measuring electrode and the deoxygenation process with nitrogen passed through
a sparger were performed. The electrode was calibrated before each measurement. A
one-point calibration was used, which consisted of measuring the oxygen in the air and
setting this value as 100% oxygen content.

After deoxygenation, gas was introduced into the impeller zone and the dissolved oxy-
gen concentration in the liquid was measured according to the procedure described above.

Gas hold-up measurements were based on volumetric method and observation of
level change in comparison to initial ungassed conditions.

2.2. States of Gas Dispersion

Gas dispersion states depend on gas loading and impeller speed and impeller diam-
eter. For radial impellers three states are distinguished: flooding, loading, and complete
dispersion. During unsteady mixing the impeller speed was changed from Ny, up to
Nmax (negative value of N means opposite direction of impeller rotation).

In the experiment the state of gas dispersion was not constant, and it changed with
time. For this reason, all dispersion states were observed. It was assumed that Npyax should
be large enough to avoid flooding in the entire range of the impeller speed. Taking this
criterion into account, the loading and full dispersion states were achieved.

3. Results

The experiments were comprised of two stages. In the first, the power requirements
for the BT-33 impeller were examined; in the second, step gas hold-up and mass transfer
were studied for all impellers.

3.1. Power Requirements
3.1.1. Liquid Mixing

Research on the mixing power demand for the BT-6, BT-4, and RT impellers has been
previously published [22-24] for homogeneous systems. Figure 3 shows a comparison
of the steady mixing power (Figure 3a) and unsteady mixing power (Figure 3b) for all
impellers and the BT-33 impeller.

The power number (Po = P/(N®Dp)) for the BT-33 impeller is Po = 2.83 and is compa-
rable with the power number for the BT-4 (convex) (Po = 2.66) and BT-6 (concave) Po = 2.6.
The steady power number for the BT-6 (convex, Po = 3.78) was about 31% higher than for
the BT-33 and 48% higher than BT-4 (concave, Po = 1.91). The highest value of the power
number was obtained for Rushton’s turbine (Po = 4.9) [8]. Figure 3b presents the power of
the unsteady mixing. For unsteady mixing, an increase in the power demand is observed.
For the BT-33 impeller, the unsteady mixing power is about 36% higher and amounts
to Po = 3.86. Similar relationships were obtained for the remaining impellers [23,24]. No
effect of the oscillation frequency on the mixing power of homogeneous systems in the
range f = 0.23-0.92 Hz was observed. This indicates that the drag forces dominate the
inertia forces.

The obtained results also show that changing the blade shape from straight to curved
results in a decrease of the unsteady mixing power by 39% (BT-6) and about 23% for steady
mixing. The greater drop in unsteady mixing power is related to the shape of the blade and
the direction of impeller rotation. The impeller with concave blades moves in a clockwise
direction and the convex blades move in a counter-clockwise rotation direction.
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100 10
o — =RT[8]
o | O BT-33 _——— -
(| === BT-6 Convex [23]
I BRI BT-6 Concave [23]
I BT-4 Convex (23] (| |  amememm—————a-
—  BT-4 Concave [23] OB BRBB
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- O BT-33,f=0.23Hz
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10,000 100,000 Re 10,000 Re 100,000
(a) (b)
Figure 3. Power requirements for RT, BT-6, BT-33, and BT-4 impellers, (a) steady mixing

(b) unsteady mixing.

3.1.2. Gas-Liquid Mixing

Figure 4 shows the dependence of the relative power demand, RPD, on the gas flow
number for the BT-33 impeller and unsteady mixing. Relative power is defined as the ratio
of the mixing power in the gassed system, Pg, to the mixing power in the system without
gas Py (RPD = Pg/Py), and the gas flow number, Flg, is defined by the formula:

= b (6)
g ND3
1
° °
° o 04 0,047 0a°
A0 ¢ 0 o . Ay
0 mpd dRS a0
o
& mBT-33,f=0.23 Hz, Q;=0.5m¥h ®BT-33,f=0.23 Hz, Q;=0.9m%h
ABT-33,f=0.46 Hz, Q;=0.5m¥%h A BT-33,f=0.46 Hz, Q= 0.9 m¥h
¢ BT-33,f=0.92Hz, Q,=0.5m%h @BT-33,f=0.92 Hz, Q;=0.9 m¥h
OBT-33,f=0.23 Hz, Q= 1.2 m¥h
ABT-33,f=0.46 Hz, Q;= 1.2 m%h
©BT-33,f=0.92 Hz, Q,;= 1.2 m%h
01 1 1 L fl L I T T |
0.01 0.1
Fl,

Figure 4. Relation between the relative power demand, RPD, and gas flow number, Flg, for
unsteady mixing.

The tests were carried out at a constant gas flow rate (Qg = const).

During the mixing of gas-liquid systems, a decrease in mixing power is observed. This
is due to the decrease in density, as well as the accumulation of gas behind the impeller
blades, the so-called gas caverns. Relative power demand depends not only on the amount
of gas supplied but also on the oscillation frequency. Previous studies [23,24] for RT,
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BT-4, BT-6, and BT-33 impellers indicate that the RPD increases with increasing oscillation
frequency. The influence of the number of blades and their shape are observed. Increasing
the number of blades from four (BT-4) to six (BT-6) reduced the oscillation frequency impact.
The same applies to the shape of the blade. The use of an ellipsoidal closed blade also
reduces the influence of the oscillation frequency [23].

Relative power is an important parameter to determine the amount of energy dissi-
pated in the stirred vessel and the efficiency of mass transfer. From the point of the latter, it
is advisable to use impellers that are characterized by high relative power in the range of
the gas flow number Flg of interest. Therefore, considering the RPD, it is advisable to use
impellers with curved blades, for which the minimum relative power is about 0.65. In the
case of the straight blade (RT) impellers, the power drop is approximately 50%.

3.2. Gas Hold-Up

The gas content in the mixture, also called the gas hold-up, is one of the most important
parameters describing the mixing of gas-liquid systems. The amount of gas hold-up &g
allows for assessing the dispersion capacity of the impeller. During unsteady mixing, the
gas hold-up changes with time due to changes in the direction and impeller speed.

The concave/convex shape of the blade results in the fact that the amount of the
energy dissipated depends on the direction of rotation. As a result, two characteristic
values of the gas hold-up rate can be distinguished: the maximum value, €gmax, for the
stage of changes in the impeller rotation frequency, during which it can operate as the
concave blade; and minimum value, egmin, where it operates as the convex blade impeller
in the same oscillation period. The gas hold-up depends on the unsteady mixing power,
i.e., the oscillation frequency of the impeller. Figure 5 shows the dependence of the gas
hold-up egmax on the gassed mixing power input per unit volume Pg/V.

1 TE
F| oBT6f=023Hz ©BT-33,f=023Hz € F| OBT6,f=023Hz © BT-33,f=0.23Hz
Sg [| ®BT33,f=046Hz A BT-4,f=023Hz 9 [ | ®BT-33,f=046Hz A BT4,f=023Hz
A BT-4,f=046Hz ® BT-6,f=0.46Hz [ | 4 BT4,f=046Hz m BT-6,f=0.46 Hz
BT-6, f= 0.92 Hz BT-33, f=0.92 Hz BT-6, f = 0.92 Hz BT-33, f = 0.92 Hz
0.1 BT-4,=0.92 Hz 0.1 E BT-4,f=0.92 Hz
-
3 A0 DA L
P> =g
0.01 ¢ S 0.01 k
E - E
Steady mixing L Steady mixing
RT (28] —:+— BT-6[31] RT[28) —++— BT-6[31]
= PBT[30] - — A315[29)] I =——+=— PBT[30] — — A315[29]
0001 4l Il AN R T 0001 N ]
1 1 1 1
0 0, 000 1 100, 1,000
Pg/V (W/m®) pg/v (W/m?3)
(a) (b)
1
€ F| 0BT-6,f=023Hz © BT-33,f=023Hz
g || ®BT-33,f=046Hz A BT-4,f=023Hz
A BT-4,f=046Hz ™ BT-6,=046 Hz
BT-6, f = 0.92 Hz BT-33, f=0.92 Hz
| BT-4, f=0.92 Hz
0.1
F -
‘(/
&o s
— 2=
0.01 ¢
Steady mixing
RT[28] —-+— BT-6[31]
—.— PBT[30] — — A315[29]
0.001 s s aveanl
1 9 1,000
PgN (W/m°)
(0)

Figure 5. Relation between gas hold-up and Pg/V for BT-33, BT-4, and BT-6 impellers: (a) vg = 0.0021 m/s,
Qg =05 m3/h; (b) v =0.0038 m/s, Qg = 0.9 m/h; (c) vg =0.005m/s, Qg =1.2m%/h.
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The gas hold-up for unsteady mixing increases with the mixing power, as well as the
gas flow rate Qg. The lowest hold-up values were observed for the BT-33 impeller, while
for the BT-4 and BT-6 impellers they were comparable. A slight influence of the oscillation
frequency was also observed, with its increase, a slight increase in the gas hold-up is
observed. Moreover, as the amount of gas increased, the differences in the gas hold-up
between the impellers decreased, with the lowest values observed for the BT-33 impeller.
Figure 5 also compares the results obtained for the unsteady mixing with the results of the
gas hold-up for the steady mixing and the A315, PBT, RT, and BT-6 impellers [28-31]. The
obtained results show that for the unsteady mixing the rate of gas hold-up is greater than for
the steady mixing. Moreover, as the energy input per unit volume increases, the differences
in the gas hold-up decrease, and above 1000 W/m?, for the analyzed impellers, the gas
hold-up for unsteady mixing is lower than for the steady mixing in a vessel equipped
with the Rushton turbine and the BT-6 impeller [28-31]. In the case of the A315 and PBT
impellers, the advantage of unsteady mixing disappears above Pg/V =700 W/ m?.

For the obtained dependences of the gas hold-up rate, the correlation equations of the
general form were proposed:

P\
eg = Cy (\f) vg® KC 7)

where C;, C;, C3, C4 are constants (Table 2) and KC is Keaulegan-Carpenter number.

N
KC = —/% ®)
f
Table 2. Constants in Equation (7).
Impeller (@] C, Cs Cy R?
BT-33 0.432 0.167 0.621 —0.108 0.729
BT-4 0.156 0.136 0.412 —0.029 0.931
BT-6 0.204 0.111 0.439 —0.035 0.918

The Keulegan-Carpenter number is useful to consider the effect of the oscillation
frequency, as well as to determine the ranges of the inertia force and drag effect [32]. For
KC > 15, the drag force is dominant, while for KC < 4, the inertia force is the dominant one.

Equation (7) is valid in the following ranges: Pg/V ¢ (10; 1000) W/m?, v, € < 0.0021;
0.005 > m/s and KC ¢ (4; 130).

In the case of the BT-33 impeller, a greater influence of the amount of gas is observed
than in the case of the BT-4 and BT-6 impellers. This may indicate that when the blades are
arranged in a concave-convex blade configuration, the gas caverns forming in the space
between the blades have a greater influence. In the case of the BT-4 and BT-6 impellers, the
effect is comparable and the constant C3 varies in the range from 0.412 to 0.439. Similarly,
in the case of oscillation frequencies, a greater influence is observed for the BT-33 than for
the BT-4 and BT-6.

In the case of the influence of the mixing power, the constant C; varies in the range
from 0.111 to 0.167 and is smaller compared to the steady mixing, for which C, varies in
the range from 0.2 to 0.63, and Cj in the range from 0.265 to 1.95 [17,28-30,33-35].

Unsteady mixing shows less dependence on Pg/V for concave impellers. The reason
for this is the variability of the gas hold-up and dispersion states over time.

3.3. Volumetric Mass Transfer Coefficient Kia

The volumetric mass transfer coefficient, according to Higbi’s [36] theory, depends on
the contact time between phases t, the diffusion coefficient in the liquid phase Dy, and the

interfacial area a:
4Dy,
kra=4/— 9
La=4/-——"a )
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Calderbank [37] proposed a relationship that allows for determining the interfacial
area based on the gassed power input per unit volume Pg/V, physicochemical parameters
of fluids, and gas flow velocities vg:

Py

P\ 04 o5 0
a— 1'44(\/>7pC <Vg> (10)

006 Vi

where p., 0, v; are the density of the continuous phase, the interfacial tension, and the
terminal velocity of raising up gas bubble, respectively.

It follows that the volumetric mass transfer coefficient can also be presented in the
form of a dependence on the Pg/V and the superficial gas flow velocity.

Substituting Equation (10) into Equation (9) we obtain:

P \04 (5
[aD \V) P 05
kia =144 L(V)Oéc(vg) (11)
7t oY Vgr

Figure 6 shows the dependence of k;a on the superficial gas flow velocity ve for the
analyzed impellers and different oscillation frequencies, as well as maximum impeller
speed Nmax. For Nimax = 5 1/s, the values of the volumetric mass transfer coefficient ky a
were comparable for all impellers, regardless of the gas flow velocity vg. Larger differences
are observed for Npmax = 14 1/s. The highest efficiency of mass transfer is observed for the RT
impeller and the lowest for the BT-33 impeller. With an increase in the oscillation frequency,
it was observed that the advantage of Rushton’s turbine decreased with increasing gas
velocity vg. This suggests that for gas flow velocities greater than vg = 0.0058 m/s or greater
oscillation frequency, the impellers with ellipsoidal blades (BT-4 or BT-6) will show higher
mass transfer efficiency. The differences between the impellers also result from the fact that
at vg = const each impeller has a different gassed mixing power and RPD.

ABT-6,N,,=5s"' @BT-33,N,,,=5s" ABT-6,N,,,=5s"' @BT-33,N,,,=5s"
0.05 |2BT6 Nuw= 145" OBT-33, Nyy,= 14 0.05 [ABT-6, Npyy = 14 57 OBT-33, Ny, = 14 571
: ©BT-4,N,,,=5s' BRT,N,=5s" ©BT-4, N,y =55' BRT,Ny,=5s"
BT-4, N,y = 14 5" ORT, Ny, = 14 571 BT-4, Ny = 14 5 ORT, Ny = 14 871
0.04 I 0.04 |
. o
m] (m] o
=003 L 0 =003 -
v oo ) e
2002 | . o 0.02
o
u -]
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@ ]
5 ° g L
0 1 1 0 1 1
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Figure 6. Relation between volumetric mass transfer coefficient kp a and superficial gas velocity vg
for BT-33, BT-4, BT-6, and RT impellers: (a) f = 0.23 Hz, (b) f = 0.46 Hz, (c) f = 0.92 Hz.
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Figure 7 shows the dependence of kp.a on Pg /V for various gas flow rates (0.5-1.2 m3/ h).

1

+ F [4RT,Q;=05m%h OBT-33, Q,=0.5m*h ©BT-4,Q,=0.5m%h
ka (s™) [ [ART,Q;=1m% OBT-33,Q,=0.9 m¥h ©BT-4,Q,=0.9 m¥%h
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Figure 7. Relation between volumetric mass transfer coefficient kp a and Pg/V for BT-33, BT-4, BT-6,
and RT impellers.

The ky a coefficient grows exponentially with the increase of the gassed power input
per unit volume Pg/V, as does the gas hold-up rate. The increase in ki a coefficient is
related to the decrease in the Sauter diameter of the gas bubble d3,, and, thus, the increase
in the interfacial area a. With the increase in the amount of gas fed to the stirred vessel,
ki a increases, which is related to the increase in the number of air bubbles and interfacial
area. The obtained dependences of the volumetric mass transfer coefficient on the Pg/V
and superficial gas velocity were subjected to statistical analysis in order to obtain the
correlation equation. The nonlinear estimation method with the Levenberg-Marquardt
algorithm was used. Additionally, the significance of differences was analyzed to determine
the number of correlations. The results of the statistical analysis show that for all impellers
and types of unsteady mixing, one correlation can be proposed:

P, \ e
kLa—C5(Vg> Vg7 (12)

Table 3 summarizes the constant in Equation (12). The verification of the equation is
shown in Figure 8.

Table 3. Constants in Equation (12).

Impeller Cs Ce Cy R?
BT-33, BT-4, BT-6, RT 0.02 0.408 0.431 0.941

Equation (12) is valid in the following ranges: Pg/V ¢ (10; 1100) W/m3, vg € <0.0021;
0.005 > m/s and KC ¢ (4; 130)

According to the Kolmogorov theory [38], for steady mixing, the constant C¢ is 0.4,
and the constant Cy is about 0.5. The obtained value of the constant C4 indicates compliance
with the theory, and it is correct when the average size of the gas bubbles are only affected
by their break-up [39]. The constant C; of Equation (12) is smaller than the theoretical value.
However, the literature analysis shows that both constants are variable. The constant Cy
can vary in the range from 0.12 to 0.79 [27,28,33,39].
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Figure 8. Verification of Equation (12): (a) experimental data and model, (b) predicted and observed
values of k; a.

Figure 7 also shows a comparison of the obtained kj a values for unsteady mixing with
the values for steady mixing and the RT and BT-6 impellers [28,31]. The comparison shows
that the mass transfer efficiency for the unsteady mixing in the RT, BT-6, BT-4, and BT-33
impellers is greater than for the steady mixing. This indicates a lower impact of gas caverns
on the decrease in mixing power, which is caused by their instability due to the unsteady
rotation of the impeller [7].

4. Conclusions

The purpose of mixing of two-phase systems is to increase the interfacial area and
to improve the mass transfer. This is done using impellers with concave blades, which
limit the size of the gas caverns. In unsteady mixing, the impeller performs a rotating,
oscillating motion, as a result of which, the impeller can operate as a convex blade impeller
and concave blade impeller at the same oscillation period.

This paper presents the results of research into the gas hold-up and the volumetric
mass transfer coefficient for turbine impellers with ellipsoidal asymmetric blades (BT-6 and
BT-4), and six alternately arranged (BT-33). The tests confirmed that for mixing, the gas
hold-up increases with the increase in the gassed power input per unit volume. The lowest
values of the gas hold-up are obtained when the ellipsoidal blades are arranged alternately
(BT-33). On the other hand, for an impeller with four or six blades, the gas hold-up is
similar. Such results are surprising, because in steady mixing an impeller with more blades
could disperse more gas. This opens new research opportunities. A slight influence of the
oscillation frequency of the impeller is also observed: as the oscillation frequency increases,
the rate of gas hold-up increases.

Mass transfer coefficient is strongly dependent on power input per unit volume and
superficial gas flow velocity. Impellers with flat blades, such as the Rushton turbine, have
the largest power demand and in unsteady mixing give the highest values of kja. The
results showed that for concave impellers the effect of superficial gas flow velocity is
relevant and above vg = 0.005 m/s kpa could be greater in comparison to the Rushton
turbine. This requires further investigation.

Overall, these results suggest that unsteady mixing in an unbaffled vessel could be
an alternative to steady mixing in baffled vessels. The use of concave impellers improves
mass transfer in comparison to a steady rotating Rushton turbine or BT-6 impeller. Future
research is needed to investigate the effect of the number of blades and the blade height.
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Nomenclature

a interfacial area per volume unit, (m2/m3)
C impeller bottom clearance, (m)

c oxygen concentration, (mg/L)

Cp drag coefficient

Cy inertia coefficient

D impeller diameter, (m)

Dy diffusion coefficient in the liquid phase
Ds ring sparger diameter, (m)

Dy vessel diameter, (m)

Flg gas flow number, Flg = Qg/ (ND3p)

f oscillation frequency, (Hz)

Hi, liquid height, (m)

KC Keaulegan-Carpenter number

kra volumetric mass transfer coefficient, (s 1)
N impeller speed, (s~1)

P mixing power, (W)

Po power number, Po =P/ (N®D%p)

Q flow rate, (m3s—1)

Re Reynolds number, Re = ND?p/n

RPD relative power demand, RPD = Pg /Py
T temperature, (°C)

Tg torque, (Nm)

t time, (s)

A\ volume, (m3)

v velocity, (m/s)

Greek letters

€g gas hold-up

p density, (kg m~3)

o interfacial tension, (Nmfl)

w angular frequency, (rad s—!)
Subscripts

max maximum

min minimum

t instantaneous

* equilibrium

0 initial

g gassed conditions

u ungassed conditions

c continuous phase
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