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Abstract: This article presents the results of hydrodynamics and mass exchange in a stirred tank upon
the introduction of gas from an open gas vortex cavity into local liquid regions with reduced pressure.
It establishes conditions for the intensive dispersion of gas. Velocity fields and liquid pressure
behind the stirrer paddles are determined by numerical simulation in OpenFOAM. The gas content
value, gas bubble diameters, and phase surface are determined experimentally. The stirrer power
criterion is calculated by taking into account the gas content and power input. The experimental
mass transfer data based on the absorption of atmospheric oxygen into water during the dispersion
of gas from the open vortex cavity in the local liquid regions behind the rotating stirrer paddles are
presented. In this case, the energy dissipation from the rotating stirrer reaches 25 W/kg, with a phase
surface of 1000 m−1 and a surface mass transfer coefficient of up to 0.3·10−3 m/s. These parameters
are obviously higher than the data obtained in the apparatus for mass exchange through surface
vorticity. The advantage of the given method for gas dispersion in a liquid is the functional stability
of the apparatus regardless of how deep the stirrer is immersed in the liquid or the temperature or
pressure of the gas. Apparatuses based on the intensive gas dispersion method allow for varying
the mass transfer coefficient and gas content across a broad range of values. This allows establishing
a dependency between the experimentally obtained mass transfer coefficient, energy dissipation,
and phase surface values. An equation for calculating the mass transfer coefficient is formulated by
taking into account the geometric parameters of the stirrer apparatus based on the stirring power
and phase surface values.

Keywords: energy dissipation; gas content; gas vortex; mass transfer coefficient; mass transfer;
numerical simulation; paddle stirrer; phase interface; stirring power

1. Introduction

Gas–liquid stirred tanks find wide application in the biotechnology, chemical, food,
pharmaceutical, and petrochemical industries. They are used as bioreactors in the cultiva-
tion of bacteria, aeration tanks in wastewater treatment, flotation units for ore separation,
as well as hydrogenation, chlorination, and alkylation reactors [1–9].

Stirred tanks equipped with bubble columns for dispersing gas into the liquid have
found the widest application [10] (Figure 1a). Further improvements in stirred tanks have
led to the development of apparatuses with a gas-phase supply into the liquid through
surface vortices (Figure 1b) [6,11–14], with gas ejection into the liquid using various units
(Figure 1c) in particular by installing a circulating tube [6,15–17], as well as with gas supply
into the liquid through a hollow shaft (Figure 1d) [6,7,14,18–21].

The tanks described above do not require gas transportation units and provide a flow
circuit without needing significant capital and operating expenses.

When gas is supplied to the liquid through surface vortices (see Figure 1b), a low
rotational speed of 300–700 rpm is maintained in the stirred tank to keep the liquid on
the surface of the stirrer paddles. This ensures a low gas content not exceeding 0.1 and a
low mass transfer coefficient reaching 0.1 s−1. As the rotational speed of the stirred tank
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increases, the liquid is squeezed out by centrifugal force from the paddle surface, and the
gas dispersion either decreases or stops completely.
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Of the above schematic diagrams of gas–liquid dispersion, the one with the gas 
phase supply into the liquid through surface vortices is structurally the simplest. 

We assumed that gas dispersion from the gas vortex cavity into the liquid is caused 
by the appearance of reduced pressure regions in the liquid located directly behind the 
rotating paddles of the stirrer. The pressure drop causes the gas to move into these re-
gions and be subsequently released into the tank space. Proceeding from this, a design 
concept was set up (see Figure 1e) that consists of making the shaft paddle equal to the 
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sification of the entire mass transfer process. To date, despite the variety of methods for 
gas–liquid dispersion from a vortex cavity, the conditions ensuring an intensive transi-
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Figure 1. Different methods for dispersing gas into a liquid in a stirrer apparatus: 1—housing;
2—partition; 3—shaft; 4—bubbler; 5—circulation tube; 6—self-priming stirrer; 7—stirrer paddle; gas
supply through (a–e): (a) bubbler; (b) surface vortices; (c) circulation circuit; (d) self-priming stirrer;
(e) low pressure zones behind the paddle.

Installing circulating tubes with stirrers in the tank complicates the tank design and
requires more stirring power.

In tanks with self-priming stirrers, a reduced pressure is provided at the stirrer mount-
ing site that contributes to moving the gas into the liquid by forming an effective phase
interface. The disadvantage of such units is that their operation depends on the liquid
column height in the tank, the rotational speed, and the gas operating pressure. Stirrers are
difficult to manufacture and have a relatively large diameter for greater stirring power.

Of the above schematic diagrams of gas–liquid dispersion, the one with the gas phase
supply into the liquid through surface vortices is structurally the simplest.

We assumed that gas dispersion from the gas vortex cavity into the liquid is caused
by the appearance of reduced pressure regions in the liquid located directly behind the
rotating paddles of the stirrer. The pressure drop causes the gas to move into these regions
and be subsequently released into the tank space. Proceeding from this, a design concept
was set up (see Figure 1e) that consists of making the shaft paddle equal to the liquid
column height in the tank, as well as installing removable or movable partitions on the tank
wall, which ensures the adjustment of parameters of the gas vortex cavity and keeps liquid
on the paddle surfaces. This allowed for providing local regions with reduced pressure
throughout the paddle height and ensuring intensive gas dispersion. Thus, an increase in
the phase interface and energy dissipation was ensured, with intensification of the entire
mass transfer process. To date, despite the variety of methods for gas–liquid dispersion
from a vortex cavity, the conditions ensuring an intensive transition of gas into a liquid
have not been sufficiently studied. A better understanding of this phenomenon will help
improve this type of tank and increase its efficiency.

The objective of this work is to determine the stirrer process and design parameters
under which intensive gas–liquid dispersion from a gas vortex cavity is carried out, and to
study hydrodynamics and mass transfer in a tank.

Numerical simulation in OpenFOAM is used to determine the velocity fields and
liquid pressures in the stirrer. OpenFOAM is an interactive environment that is based on
the control volume approach [22,23].

This approach is the most versatile for describing the hydrodynamic problem in this
study. A similar research method was described in [24].
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The software uses a generalized version of the Navier–Stokes equations for calculating
the hydrodynamic parameters of the moving stream as follows:

∂ui
∂xi

= 0

ρL
∂ui
∂T + ρL·uj

∂ui
∂xj

= − ∂P
∂xi

+ ∂
∂xj
·
(

µ ∂ui
∂xj

), (1)

where ui and uj are the velocity vector components (i, j = 1, 2, 3), P is the pressure (Pa), ρL is
the liquid density (kg/m3), µ is the medium dynamic viscosity coefficient (Pa· · · s), xi and
xj are coordinates, and T is the time (s).

To determine the mass exchange properties of the dispersion method developed and
studied in the paper [25], known hydrodynamic and mass exchange data were analyzed.

As numerous studies have shown, the gas content in a stirred tank during bubbling
(schematic diagram in Figure 1a) depends on the stirrer type, tank diameter, physical
parameters of the liquid, rotational speed, and gas flow, and is 0.02–0.28 [6,7,26–35].

The gas content in the tank when the gas is supplied through a hollow vortex
(schematic diagram in Figure 1b [7]), circulating tubes (Figure 1c [6,16]), or the self-priming
stirrer (Figure 1d [7]), is at most 0.1.

Therefore, determining the phase surface required knowing the gas content in the
stirrer apparatus under the intensive dispersion method.

The influence of different stirrer parameters on energy consumption has been demon-
strated in numerous studies, for example [28,36]. The presence of the gas phase in the
liquid during stirring leads to a decrease in energy consumption compared to the results
for a single-phase flow [27,28,37,38].

Due to the absence of any reliable power calculation methods or experimental data,
stirrer behavior during intensive gas dispersion continued to be studied.

Numerous works have been devoted to studying mass transfer in a stirred tank when
gas is supplied through a bubble condenser (Figure 1a). It is known that the value of the
mass transfer coefficient depends both on the energy dissipation and on the gas bubble
diameter [7,15,18,38–40].

For example, the dependency for calculating the mass transfer coefficient in a stirrer
apparatus is as follows [10]:

Sh = 0.33·
(

n·ds·db
ν

)0.6
·Sc0.5, (2)

where Sh is the Sherwood criterion (–), n is the rotational speed (s−1), ds is the stirrer
diameter (m), db is the bubble diameter (m), ν is the kinematic viscosity of the fluid (m2/s),
and Sc is the Schmidt criterion (–).

Or, as follows [41]:

β·d2
s

Dl
= 0.95·

(
n·d2

s
ν

)1.55

·Sc0.5·
(

ρL·ν2

σ·ds

)0.6

·
(

s
ds

)1.07
, (3)

Where β is the mass transfer coefficient (s−1), Dl is the oxygen diffusion coefficient in
water at operating temperature (m2/s), σ is the surface tension coefficient (N/m), and s is
the stirrer pitch (m).

However, these equations work satisfactorily only under the conditions they
were produced.

The most promising equations for practical application are ones that are based on
energy dissipation taking into account the influence of the structural parameters of the
stirring unit [42].

This leads to the following dependency [10]:

β = 3·104·ε0.64·u0.6
g ·D0.5

l , (4)
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where ε is the energy dissipation (W/kg) and ug is the gas velocity (m/s).
Or, as follows [43]:

β = 112·ε0.44·ϕ0.67, (5)

where ϕ is the gas content (–).
There are other similar dependencies [44].
The equations above have a significant error, since they do not account for the influence

of the phase surface on the mass exchange.
This study establishes the relation between the max transfer intensity, energy dissipa-

tion, and phase surface.

2. Materials and Methods

Figure 2 presents a schematic diagram of the stirred tank for studying intensive
gas–liquid dispersion.
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Figure 2. Diagram of the experimental apparatus with a paddle stirrer: 1—body; 2—removable
partition; 3—stirrer paddle.

The diameter of the tank body varied from 0.28 to 0.6 m, and its height was 0.3–1.5 m.
The paddle stirrer diameter was 0.03–0.12 m, the paddle width was 0.015–0.06 m, the paddle
height was 0.05–1.30 m, the removable partition width was 0.02 m, and their number varied
from 1 to 3 pieces. A 2.2 kW three-phase motor was used to rotate the stirrer. A US-made
ESV402N04TXB LENZE frequency converter was used to change the rotational speed. The
voltage and current were measured by a Russian-made non-contact ammeter VAR–M01–
083 UHL4, «Meander». The value of the gas content in the liquid layer was determined
volumetrically according to the following formula [3]:

ϕ =
Hg−l − HL

Hg−l
, (6)

where HL is the height of the liquid layer in the apparatus (m), and Hg−l is the height of the
gas–liquid layer (m).

The angular velocity of the gas–liquid mixture rotating in the apparatus was deter-
mined by supplying a dyestuff and tracking its movement by video filming, followed by
data processing [45].
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The average surface diameter of the gas bubbles was determined by photographic
technique and further calculation [45,46]:

db =

√
∑
(

Nbi·d2
bi
)

∑ Ni
, (7)

where Ni is the number of a certain size of bubbles (pcs), and dbi is the bubble diameter (m).
The phase interface was determined as follows [10]:

a =
6·ϕ
db

, (8)

where ϕ is the gas content (–).
Water and a glycerin–water mixture were used as the working media. The temperature

of the studied liquids varied from 14 to 60 ◦C.
Mass transfer at each stage was studied in the context of oxygen absorption from air

by water.
The mass transfer intensity was determined based on the model of ideal mixing in a

periodic reactor [43]:
dc
dτ

= β·(c∗ − c), (9)

where c is the oxygen concentration in the liquid (kg/m3), c* is the steady-state oxygen
concentration in the liquid (kg/m3), and β is the mass transfer coefficient (s−1).

The dependence for calculating the mass transfer coefficient from (9) after integration
has the form:

β = ln[|c∗ − c|/A]/T, (10)

where coefficient A is determined at c = c0, T = 0, c0 is the initial oxygen concentration in
the liquid (kg/m3), and T is the time (s).

Energy dissipation was calculated according to the formula:

ε =
E
m

, (11)

where E is the internal energy of the gas (W), and m is the liquid mass (kg).
Euler’s criterion for stirring power was determined as follows [3]:

KN =
N

ρmix·n3·d5
s

, (12)

where KN is the power criterion, N is the stirring power (W), ρmix is the density of gas–liquid
mixture (kg/m3), n is the rotational speed (s−1), and ds is the stirrer diameter (m).

The density of the gas–liquid mixture was calculated as follows [3]:

ρmix = ρL·(1− ϕ) + ρg·ϕ, (13)

where ρL is the liquid density (kg/m3), ϕ is the gas content, and ρg is the density of air
(kg/m3).

Reynolds number was determined as follows:

Re =
n·d2

s ·ρmix
µ

, (14)

where n is the rotational speed (s−1), ds is the stirrer diameter (m), ρmix is the density of
gas–liquid mixture (kg/m3), and µ is the medium dynamic viscosity coefficient (Pa· · · s).

The stirring power was determined on the basis of both the measured current and
voltage values and the no-load power.
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Numerical simulation was performed in OpenFOAM, which uses a generalized ver-
sion of the Navier–Stokes equations. The following tank parameters were taken: D = 0.3 m,
HL/D = 1, ds = 0.064 m, and b = 0.025 m, and the liquid used is water.

Before the hydrodynamic analysis of the stirrer, its solid model along with a detailed
drawing of its geometric features was prepared. After that, the prepared geometry was
subdivided into elements of a computational grid, and the test for grid convergence
revealed a computational grid consisting of 600,000 elements of various shapes.

To simulate a rotating flow, the sliding-grid approach was applied, which is best suited
for simulating flows in several moving systems of reference [47]. During the simulation, a
transient SimpleDyMFoam non-stationary solver was used, which, based on the calculation
results, allowed studying the varying rotational speed and pressure values.

In the simulation, a medium with physical and chemical properties corresponding to
full-scale tests was set as the working medium. For the computation, the turbulent k–ε
model commonly used in computational practice was selected.

3. Results and Discussion
3.1. Gas–Liquid Dispersion Conditions

As the experimental studies showed, to achieve intensive gas–liquid dispersion, the
gas vortex cavity has to extend along the stirrer paddle, and the side edges of the paddles
must be immersed into the liquid (see Figure 1e). In this case, the rotational speed of the
stirrer should be sufficient to generate the required pressure in the local liquid regions
behind the paddles. Under these conditions, when the liquid was completely squeezed out
from the paddle surface, no intensive gas dispersion was observed.

The depth of the gas vortex cavity and its parameters depend on the angular velocity of
the liquid, the rotational speed of the designed stirrer parameters, and the stirrer immersion
depth [4,12]. Our studies showed that for a 1.5 m high tank and a stirrer paddle height of
1.3 m, the gas vortex cavity reached the tank bottom when only one partition was installed
and the rotational speed was 1200 rpm.

The gas vortex cavity was maintained on the paddle surface by changing the move-
ment of the liquid and its angular velocity by installing one to three partitions on the tank
body wall.

Figure 3 shows the changes in the angular velocity of the liquid depending on the
rotational speed of the stirrer and the number of partitions.
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According to the data presented in Figure 3a, when installing a paddle with a height
of h = 0.3 m, the angular velocity of the liquid in the tank with no partitions increased by
1.5 times versus a paddle with a height of h = 0.05 m.

Installing partitions inside the tank body leads to a decrease in the angular velocity
of the liquid (see Figure 3b), which allows, by changing their number, controlling the
dimensions of the gas vortex cavity and maintaining the liquid on the paddle surfaces.

The hydrodynamic mode in which intensive gas dispersion began was accompanied
by a characteristic sound that was generated when the stirrer speed reached 600–1100 rpm,
depending on the number of partitions and the stirrer dimensions.

Figure 4 shows photographs of the vortex and the gas–liquid medium in the tank
at different rotational speeds of the stirrer for paddle height h = 0.3 m at position (I) and
h = 0.05 m at position (II). According to the data, at a stirrer rotational speed of 600 rpm, no
intensive gas–liquid dispersion was observed (see Figure 4a), either on the paddle h = 0.3 m
(I) or on the paddle h = 0.05 m (II).
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With an increase in the stirrer rotational speed in the tank without partitions, the
vortex diameter at the stirrer location becomes commensurate with the width of the stirrer
paddle (see Figure 4b,c), and the liquid is squeezed out from the paddle surfaces, which
does not provide conditions for intensive gas dispersion and its ejection into the liquid
working volume.

Placing at least one partition inside the tank body leads to a decrease in the angular
velocity of the liquid, the immersion of the side edges of paddles, and gas dispersion from
the stirrer paddle throughout the liquid column height inside the tank (see Figure 4e,f).

A numerical simulation was carried out to determine the pressure drop in the local
liquid regions behind the stirrer paddles.

3.2. Simulation Results

Figure 5 presents the calculated values of the pressure of the liquid inside the stirred
tank. As established, a reduced pressure was observed behind the stirrer paddles, which
confirms the assumption made about the driving force ensuring intensive gas dispersion.
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Figure 5. Calculation pressure in fluid behind the stirrer paddles for rotational speed n = 1000 (rpm)
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Figure 6 shows the changes in the maximum and minimum pressure of the liquid
located in the paddle movement region depending on the calculation time and the stirrer
rotational speed.
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According to the data presented in Figure 6b, at a rotational speed over 600 rpm, the
local pressure behind the paddles becomes lower than the atmospheric pressure, and it
drops with an increase in the stirrer rotational speed.

The stirring process simulation (Figure 7b) demonstrates that the reduced pressure
regions occur along the entire paddle height (point 1–3). The paddle height increase causes
the local region size increase. This is the process driver that conditions the supply of
gas from the vortex cavity into the entire volume of liquid, therefore ensuring the gas
content growth.
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Figure 7. Scheme of a solid model (a) and change in pressure with time (b–d) for a liquid with
viscosity 10−6 (m2/s), n = 1000 (rpm), h = 0.3 (m): (b) L = 0.3 (m); (c) L = 0.13 (m); (d) L = 0.23 (m);
(point 1–3) reading points.

Moreover, a numerical simulation was performed to assess the influence made by
liquid viscosity on the pressure changes behind the stirrer paddle. The calculation showed
that the pressure does not undergo any significant changes within the studied viscosity
range (see Figure 8).

Thus, the calculation results demonstrated the presence of regions with reduced liquid
pressure behind the stirrer paddles. Subatmospheric pressures were also observed to
appear at a stirrer rotational speed of 600 rpm. A change in viscosity over the studied range
does not significantly affect the variations in the liquid pressure behind the paddle.
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3.3. Gas Content and Phase Interface

Figures 9 and 10 present the gas content values that we obtained when studying the
new gas dispersion method (schematic diagram in Figure 1e) for water and 10% glycerin–
water mixture. For a paddle h = 0.3 m, the gas content is 2.5 times higher (Figure 9, point 1)
compared to a paddle h = 0.05 m (Figure 9, point 5).
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mm, and the phase interface, according to points 7–9 in Figure 11, reached 1000 m−1. 

Figure 9. Dependence of gas content on the rotational speed of the stirrer at a water tempera-
ture of 23 ◦C, D = 0.28 (m), ds = 0.064 (m), HL/D = 1.2, h = 0.3 (m). Experimental points (1–6):
1—two partitions; 2—one partition, HL/D = 3; 3—one partition; 4—three partitions; 5—one partition,
h = 0.05 (m); 6—one partition, 10% glycerin–water. The dotted line is the data from Poncin, S. et al.,
2002 [7].
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Figure 10. Dependence of gas content on paddle height (a) and the ratio HL/D (b) at HL/D = 1.2,
D = 0.28 (m), n = 1400 (rpm), b = 0.025 (m), ds = 0.065 (m), h = 0.3 (m).

An increase in the paddle height leads to an increase in the size of local regions with a
reduced liquid pressure behind the paddle along the tank height, which ensures an increase
in the gas content.

The proportion of gas in the liquid when the tank was operating on a glycerin–water
mixture (Figure 9, point 6) turned out to be higher compared to gas dispersion in the water
that comes about as a result of a decrease in surface tension.

According to experimental data shown in Figure 10, the gas content increases with
increasing paddle height and decreases with increasing geometric similarity simplex HL/D.

The established dependence (see Figure 10a) of gas content and the height of the stirrer
paddle can also serve as confirmation of the assumption made about the presence of regions
with reduced liquid pressure throughout the paddle height.

The average surface diameter of gas bubbles at a water temperature of 20 ◦C in the
tank operating according to the dispersion schematic diagram in Figure 1e was 1.0–1.4 mm,
and the phase interface, according to points 7–9 in Figure 11, reached 1000 m−1.

ChemEngineering 2023, 7, x FOR PEER REVIEW 12 of 20 
 

Based on the photo processing, the dispersive composition of the bubbles in the size 
interval of 0.2–5 mm and their normal distributions were determined. The maximum 
number of bubbles under the considered water temperature of 25 °С varies within their 
diameter interval of 1.0–2.0 mm depending on speed. The angular rotation velocity of the 
stirrer increases and the interfacial tension of liquid decreases, causing the decrease in the 
mean surface diameter of the gas bubble. 

 
Figure 11. Dependence of the interfacial surface on energy dissipation. Experimental points for 
bubbling without a stirrer according to [48] (1–6): D = 0.2–0.5 (m), HL/D = 0.8–1.2; data of the authors 
when the apparatus was operated according to the intensive dispersion scheme (Figure 1e) at D = 
0.3 (m), HL/D = 1.2, ds = 0.064 (m) (7–9): 7—h = 0.05 (m); 8—h = 0.3 (m), one partition; 9—h = 0.3 (m), 
three partitions; 10—[49] in an apparatus with a turbine stirrer and bubbler. 

3.4. Stirring Power 
In this regard, the power values that we obtained (see Figure 12) when studying the 

tank gas dispersion method, according to the schematic diagram in Figure 1e, are not 
summarized in terms of the Re number, since the stirring power is greatly influenced by 
the gas content, which varies both from the liquid temperature and from the stirrer rota-
tional speed. 

 
Figure 12. The dependence of the mixing power on the Reynolds number at h = 0.3 (m), one parti-
tion, HL/D = 1.2, ds = 0.064 (m), D = 0.28 (m) at n = 600–2400 (rpm). 

Figure 11. Dependence of the interfacial surface on energy dissipation. Experimental points for
bubbling without a stirrer according to [48] (1–6): D = 0.2–0.5 (m), HL/D = 0.8–1.2; data of the
authors when the apparatus was operated according to the intensive dispersion scheme (Figure 1e)
at D = 0.3 (m), HL/D = 1.2, ds = 0.064 (m) (7–9): 7—h = 0.05 (m); 8—h = 0.3 (m), one partition;
9—h = 0.3 (m), three partitions; 10—[49] in an apparatus with a turbine stirrer and bubbler.

Based on the photo processing, the dispersive composition of the bubbles in the size
interval of 0.2–5 mm and their normal distributions were determined. The maximum
number of bubbles under the considered water temperature of 25 ◦C varies within their
diameter interval of 1.0–2.0 mm depending on speed. The angular rotation velocity of the
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stirrer increases and the interfacial tension of liquid decreases, causing the decrease in the
mean surface diameter of the gas bubble.

3.4. Stirring Power

In this regard, the power values that we obtained (see Figure 12) when studying the
tank gas dispersion method, according to the schematic diagram in Figure 1e, are not
summarized in terms of the Re number, since the stirring power is greatly influenced
by the gas content, which varies both from the liquid temperature and from the stirrer
rotational speed.
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Figure 13a presents the changes in the power from the stirrer rotational speed and the
number of partitions in the tank. In the presence of one or two partitions, the N values
do not differ significantly (Figure 13a, points 1 and 2), which apparently is due to the gas
content effect. However, a further increase in the number of partitions leads to an increase
in power (Figure 13a, point 3).
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An increase in the liquid column height inside the tank leads to an increase in the
stirring power (Figure 13b, points 1–3).

Figures 14 and 15 present the values of the power criterion calculated taking into
account the gas content according to Formula (12).
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Figure 15. Dependence of the power criterion on the Reynolds number at HL/D = 1.2,
D = 0.28 (m), water temperature 13–60 ◦C, for different rotational speed: (a) one partition; for water
(b) two partitions and (c) three partitions, HL = 0.3 (m); the dotted line is the apparatus without
partitions; (I) turbulent operating conditions, (II) bubble operating conditions and the region of
developed turbulent interaction (III).

For a paddle h = 0.05 m, the value of the power criterion (Figure 14, point 1) during
liquid stirring in the tank without partitions was KN = 0.7, which data from numerous
studies [12] confirm. The slight increase in the power criterion at high Reynolds numbers
in the studied case is due to an increase in the gas content.

When a paddle h = 0.3 m is installed in the tank without partitions, the power criterion
increases (Figure 15, dashed line) in comparison with a short paddle.

Figure 15 presents the values of the power criterion in the presence of partitions in
the tank wall for the paddle h = 0.3 m. Three areas of influence of the Reynolds number
on KN can be distinguished: turbulent operating conditions (I), where the viscous friction
forces predominate; bubble operating conditions (II), where the power loss is significantly
affected by the gas content; and the region of developed turbulent interaction (III).

In the bubble operating region, the power criterion weakly depends on the Reynolds
number, which is also observed in self-priming stirred tanks [6] (Figure 15a, point 6). It can
also be noted that with increasing gas content, the value of KN decreases. In the case of
three partitions (see Figure 16c) the bubble effect is absent.
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Figure 16. The dependence of the mass transfer coefficient on the height (a) and width of the paddle
(b) at HL/D = 1.2, n = 1400 (rpm), D = 0.28 (m), one partition.

Thus, to generate gas–liquid dispersion in the tank according to the schematic diagram
presented in Figure 1d, reducing the stirring power requires the minimum number of parti-
tions to be installed inside the tank. In the region of intensive dispersion at 1200–2400 rpm
and gas content 0.15–0.2, the power criterion calculated taking into account the gas content
was KN = 4–5.

3.5. Mass Transfer Experiments

Figures 16 and 17 present experimental data on the mass transfer in the studied gas
dispersion method according to the schematic diagram in Figure 1e. The value of the mass
transfer coefficient increases with an increase in the stirrer paddle length (Figure 16a) due
to a higher gas content. The mass transfer intensity increases with an increase in the stirrer
paddle width and at a certain level remains practically unchanged (Figure 16b).
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1—ug = 0.018 (m/s); 2—ug = 0.03 (m/s); 3—ug = 0.04 (m/s); experimental points (4–9) data of the
authors on the intensive dispersion method at HL/D = 1.2, D = 0.28 (m), ds = 0.070 (m): 4—one
partition, h = 0.05 (m); 5—one partition, h = 0.3 (m); 6—two partitions, h = 0.3 (m); 7—three partitions,
h = 0.3 (m); 8—one partition, h = 0.3 (m), four paddles; 9—one partition, h = 0.3 (m), HL/D = 3.
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Increasing the number of paddles from two to four allowed for increasing the mass
transfer coefficient by 1.4 times (Figure 17, point 8).

Figure 18 shows the dependence of the mass transfer coefficient on energy dissipation.
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Figure 18. Dependence of the mass transfer coefficient on energy dissipation. Experimental points
(1–7) bubbling without a stirrer [48]; 8—stirrer with bubbler (Figure 1a), [49] at D = 0.375 (m),
HL/D = 1, ds = 0.110 (m), ug = 0.018–0.04 (m/s); 9—the method under study (Figure 1e) at HL/D = 1.2,
D = 0.280 (m); 10—data [7].

Figure 19 shows the dependence of the mass transfer coefficient on the energy dissipa-
tion and phase interface according to the data in Figure 18.
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Data processing allowed obtaining the following equation for the mass transfer coefficient:
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]0.45
, (15)
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where β is the mass transfer coefficient (h−1), ε is the energy dissipation (W/kg), and a is
the phase interface (m−1).

The dependence summarizes the data obtained both during bubbling and in the
stirred tank.

The surface mass transfer coefficient with intensive dispersion reached 0.3·10−3 m/s.

4. Conclusions

1. A new method of gas dispersion from an open vortex cavity in a stirrer apparatus was
developed to intensify the mass exchange without additional mechanical gas feeding
to simplify the general stirrer structure and increase the liquid layer height. The
dispersion method can efficiently be used to develop high-performance bioreactors,
chemical reactors, aerotanks, and floatation plants. Used in various units, this method
allows modifying the mass transfer coefficient and gas content across a broad range
of values.

2. The presence of reduced pressure regions in liquid behind the rotating stirrer paddle
has been experimentally found and confirmed through the numerical simulation
method. Intensive gas dispersion has been discovered to occur as the pressure drop
between the liquid region behind the paddle and the vortex gas cavity exceeds 1000 Pa.
A condition for the intensive dispersion of gas from the vortex cavity into the reduced
pressure region is the need to keep the gas cavity open in the stirrer location, to
keep the liquid on the paddle surface and to maintain the stirrer rotation velocity of
600 rpm or more.

3. The gas content value, gas bubble diameter, and phase surface were determined from
the experiment. An increase in the paddle height was shown to lead to higher gas
content and energy dissipation.

4. With the presented method, gas–liquid dispersion allows developing the phase sep-
aration border to 1000 m−1 and the mass exchange coefficient to 1200 h−1 without
mechanical gas feeding into the apparatus.

5. The dependency of the stirrer power criterion on Reynolds number was determined.
An increase in the gas content was proven to lead to a decrease in the KN value. At
rotation speeds of 1200–2400 rpm and a gas content of 0.15–0.2, the power criterion
calculated by factoring in the gas content value in the intensive dispersion region
equals to KN = 4–5.

6. The study demonstrates that with the intensive gas dispersion method, the mass
transfer coefficient values are comparable with those calculated for the apparatus
with a turbine stirrer with a gas supply of 7–20 m3/h. In this case, energy dissipation
of the rotating stirrer reaches 25 W/kg.

7. The dependency for calculating the mass transfer coefficient inside the apparatus with
the dispersion method developed was made to factor in energy dissipation and phase
surface in further calculations.
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Abbreviations

A coefficient
a interphase surface (m−1)
b width paddle (m)
c oxygen concentration in the liquid (kg/m3)
D body shell diameter (m)
Dl oxygen diffusion coefficient in water (m2/s)
d diameter (m)
E internal energy of gas (W)
H height (m)
h height paddle (m)
KN dimensionless power criterion
L readout altitude (m)
m liquid mass (kg)
N stirring power (W)
n rotational speed (rpm)
Ni number of a certain size of bubbles (pcs)
P pressure (Pa)
Q liquid flow rate (m3/s)
Re Reynolds number
Sc Schmidt criterion
Sh Sherwood criterion
s stirrer pitch (m)
T time (s)
u velocity (m/s)
V volume of liquid (m3)
β mass transfer coefficient (h−1)
ε energy dissipation (W/kg)
µ medium dynamic viscosity coefficient (Pa·s)
ν kinematic viscosity of the fluid (m2/s)
ρ density (kg/m3)
σ surface tension coefficient (N/m)
ϕ dimensionless gas content

Indices

* steady-state
b bubble
g gas
g-l gas–liquid
L liquid
mix mixture
s stirrer
0 initial
1 maximum
2 minimum
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