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Gas—liquid mixing and mass transfer in jet-driven tanks are crucial for multiphase systems. However, the
understanding of these devices remains limited. Herein, a novel self-rotating hydraulic agitator with a
semi-circular, multi-nozzle, and multi-layer jet design was integrated into a tank. High-speed imaging and
dynamic gassing-in were used to characterize the bubbles and measure the volumetric mass transfer
coefficient (kia). The hydraulic stirring tank generated self-rotating vortices and strong shear forces,
promoting bubble break-up compared to a mechanical stirring tank, reducing the Sauter mean diameter
(d32) by 25%—40%, increasing the deformation rate (E) by 7%—8%, and enhancing kia by 20%—45%. Higher
gas and liquid rates intensified the flow disturbances and gas—liquid contact. Appropriate baffles suppress
circulation and vortex cores while enhancing local turbulence. The counter-directional configuration of
the hydraulic agitator and gas distributor enhanced radial flow and shear interactions, generating smaller,
more spherical bubbles that decreased ds; by 4%—8%, increased the E by 4%—5.5%, and improved kia by 3%
—11%. The effect of pulsed intake mode on gas—liquid mass transfer was investigated, and no observable
enhancement was observed under the tested conditions. Computational fluid dynamics (CFD) simulations
were conducted to investigate the flow field and turbulence interaction. These findings reveal that the
mechanisms enhancing tank performance include self-rotating vortices, high-velocity shear, multi-zone
flow coupling, and gas—liquid interactions, thereby providing valuable insights for optimizing both the
tank structure and agitator design of fluid-jet-driven apparatuses.
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1. Introduction

Multiphase mixing is an indispensable unit operation in
petrochemical, fine chemical, biological fermentation, and energy
conversion processes [1—3]. The bubble distribution, gas—liquid
mass transfer, and flow field characteristics in multiphase tanks
determine their overall mixing performance [4—6]. Despite their
widespread application, traditional mechanical stirring tanks, as
conventional mixing enhancement methods, face inherent limi-
tations in multiphase systems, such as low mass transfer efficiency
and uneven mixing [6—8]. Therefore, optimizing tank design and
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advancing stirrer innovation are crucial for enhancing mass
transfer efficiency and improving gas—liquid contact in multi-
phase systems.

In recent years, design elements such as the optimization of
stirring structures, improvement of gas distribution devices, and
introduction of novel driving mechanisms have been widely
explored to enhance the uniform distribution of bubbles, mass
transfer performance, and flow-field characteristics within tanks
[5,9,10]. Regarding stirring structure optimization, Gu et al. [11]
designed a novel stirring paddle that effectively shortens the
mixing time and enhances mass transfer. Regarding improvements
to gas distribution equipment, Liu et al. [12] proposed a spherical
microporous gas distributor whose microporous structure effec-
tively reduced the bubble size. They increased the gas holdup and
mass-transfer coefficient. Regarding novel drive mechanisms, Yip
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et al. [5] proposed a vertical oscillation mechanism as an alterna-
tive to conventional mechanical stirring. They investigated the
frequency dependence of gas—liquid mass transfer and fluid
behavior in these tanks. These design elements have been shown
to promote bubble dispersion, enhance mass transfer, and improve
flow uniformity under the corresponding operational conditions
[5,11,12]. However, these design elements suffer from restricted
flow penetration and nonuniform bubble distribution. These
drawbacks can be mitigated using liquid-driven equipment, which
generates high shear and promotes more uniform bubble break-
up.

Liquid jet-driven apparatuses, such as jet mixers and jet-loop
tanks, have shown promise in enhancing mixing and mass trans-
fer in multiphase systems [2,13]. Studies have shown that jet-
driven apparatuses promote both internal liquid—gas recircula-
tion and gas—liquid redispersion through intense jet penetration,
thereby improving the overall performance within the tank
[10,14]. These advantages arise from the elimination of traditional
rotating shafts and impellers, the compact structure of the devices,
and their adaptability to different tank sizes [2,15]. Although
various developments have been reported for jet-driven appara-
tuses, a consensus on mitigating their structural and operational
limitations remains elusive [15,16]. Many designs employ a single-
nozzle configuration, which often restricts the spatial distribution
of the liquid jets and consequently diminishes the mixing effi-
ciency [10,17]. Furthermore, the number and orientation of the
nozzles typically induce uneven flow patterns, and the gas phase
often fails to disperse concurrently with the liquid phase, ulti-
mately limiting gas—liquid mass transfer [10,18]. The simultaneous
realization of efficient gas—liquid dispersion and effective mass
transfer in jet-driven tanks remains an active area of research, as
current approaches still show limitations in achieving multidi-
rectional injection and generating multiscale bubbles [10,17,19].
Therefore, the structural optimization of tanks and innovative
agitator designs represent practical approaches for mitigating the
limitations of multiphase systems [20,21]. A novel agitator and gas
injection method that simultaneously generates strong self-
rotating flows and enhances bubble dispersion is an effective
strategy for maximizing mass transfer efficiency in complex
multiphase systems.

The bubble distribution, gas—liquid mass transfer, and flow
field characteristics within the reactor are key factors governing
the gas—liquid contact efficiency and mass transport behavior. The
measurement, simulation, and quantitative characterization of the
relevant features of the tank are required to elucidate the
gas—liquid mixing mechanisms, optimize tank configurations, and
advance agitator design. High-speed imaging coupled with digital
image analysis provides a method for visualizing the geometric
characteristics of bubbles [22,23]. The primary advantage of high-
speed imaging techniques over probe-based measurement
methods is their ability to capture accurate bubble information
without the disturbances inherently introduced by physical
probes, thereby ensuring more reliable and representative mea-
surements [23,24]. The dynamic gassing-in method is a well-
established and effective technique for determining the volu-
metric mass transfer coefficient (k a), making it particularly suit-
able for assessing gas—liquid mass transfer efficiency [25,26]. The
experimental characterization of flow field structures and turbu-
lence characteristics within tanks has long been challenging
because of optical inaccessibility and the intrusive nature of
physical probes [27,28]. Notably, with the rapid advancement of
computational fluid dynamics (CFD) techniques, the visualization
of flow field structures and turbulent behaviors has become
feasible, thereby enhancing the understanding of the coupled flow
mechanisms within tanks [7,20,29,30].

Despite continuous progress in gas—liquid mixing and mass
transfer intensification in tank systems, the understanding of
liquid jet-driven apparatuses remains limited [15,16]. To the best
of our knowledge, multi-nozzle, multi-layer hydraulically driven
apparatuses capable of generating self-rotating flows and strong
shear effects have rarely been reported. Methanol carbonylation is
a typical gas—liquid multiphase reaction and an essential process
for producing fundamental organic chemical feedstocks [31]. In
this study, a novel multi-nozzle, multi-layer hydraulic agitator
with semi-circular nozzles was proposed to address the limita-
tions of conventional mechanically stirred and single-jet systems,
enabling enhanced gas—liquid mixing and mass transfer within
the tank. Unlike conventional impellers or injectors, the proposed
configuration employs distributed radial jets and a layered struc-
ture to enhance axial circulation, tangential momentum transfer,
and gas dispersion within a single device. The design utilizes
asymmetric jet momentum to generate a self-rotating flow within
the tank, thereby enhancing the liquid circulation and the in-
tensity of gas—liquid mixing. Through experimental observations
or numerical simulations, the bubble distribution, gas—liquid mass
transfer, and flow field characteristics in a tank equipped with a
hydraulic agitator were investigated under different operating
conditions. The experimental results were compared with those
obtained using mechanical stirring to highlight the benefits of
hydraulic stirring on gas—liquid flow and mass transfer. Moreover,
a pulsed intake mode was investigated to assess its potential
impact on the gas—liquid mass transfer. CFD simulations provided
further insights into the flow field characteristics within the tank,
including the velocity field, turbulent kinetic energy (TKE), and
turbulent dissipation rate (&), which govern the bubble dispersion
and mass transfer performance.

2. Experimental
2.1. Chemicals

Methanol (CH30H, analytical reagent) was obtained from
Chengdu Cologne Chemical Co., Ltd. (Guangdong, China). Nitrogen
and air (>99.99%) were obtained from Nanning Air Separation Gas
Co., Ltd. (Nanning, China). Deionized water was prepared in the
laboratory. Methanol, nitrogen, and air were selected as the
working media, and all experiments were conducted under
ambient conditions (25 + 1) °C. The corresponding physical
properties are listed in Table 1.

Although the study was conceptually motivated by methanol
carbonylation, which relies on carbon monoxide, nitrogen was
adopted as an inert surrogate owing to its comparable physico-
chemical properties and to circumvent the stringent safety and
handling constraints associated with carbon monoxide.

2.2. Experimental apparatus

A schematic of the experimental apparatus is shown in Fig. 1(a).
The setup consisted of a tank, a hydraulic agitator, a gas distributor,
a temperature control unit, a data acquisition system, a piping
control module, and a feedstock supply system. Table 2 lists the

Table 1

Physical properties of working media.
Working Density/kg-m > Dynamic Surface
medium viscosity/mPa-s tension/N-m~'
Methanol 791.6 0.545 22.52
Nitrogen 1.165 0.018
Air 1.184 0.0185
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Fig. 1. Experimental system design: (a) schematic of the experimental setup; (b) schematic of the tank internal structure; (c) Rushton turbine configuration; (d) schematic of the
hydraulic agitator and gas distributor.
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Table 2
Experimental instrument specifications.

Instrument Model Manufacturer

Notes

CHM2-6LSWSC
Phantom Miro R310

Three-phase asynchronous motor
High-speed camera

Gas flowmeter AS200
Solenoid valve 4V-210-08
Constant temperature water bath ~ LC-HCB-10
Low-temperature water bath DHC-2005-A
Dissolved oxygen meter PDO-1000
Flow velocity meter LS1206B

South Pump Industry Co., Ltd., China
Vision Research, Inc., USA

Aosong Electronics Co., Ltd., China

AirTAC International Group (Airtac), Taiwan, China
Shanghai Lichen Instruments Co., Ltd., China
Hangzhou Qiwei Instruments Co., Ltd., China

Beijing Tengine Innovation Instruments Co., Ltd., China
Nanjing Xiangruide Electric Technology Co., Ltd., China

Fated flow: 2 m®> -h™!
Maximum frame rate: 3200 frames per second
(full resolution); minimum exposure time: 1 ps
(global shutter)

Maximum range: 5 L-min~
Response time: <50 ms
Temp range: 5 °C—100 °C
Temp range: —20 °C to 100 °C
Range: 0—20 mg-L~!

Flow range: 0.05—-2.0 m-s~

1

1

Table 3
Dimensions of the tank structural features.
Symbol Value/mm Symbol Value/mm Symbol Value/mm
B 200 Cs 16 dq 3
B 40 D 120 do 2
B, 60 Dy 80 e 24
Bs 20 G 55 f 3
C 10 Gy 40 h 1.5
G 10 Ho 220 w 12
Cy 10 K 220

primary instrumentation details. The central cylindrical flat-
bottom tank was fabricated using transparent quartz glass. The
internal structure is shown in Fig. 1(b), and the characteristic di-
mensions are listed in Table 3. Vertical baffles were mounted on
the inner wall of the tank, and a rectangular insulated jacket was
fitted on the outer surface and connected to the temperature
control system. This jacket also minimizes optical distortion dur-
ing visualization. In this study, three investigations were con-
ducted. Although the same tank configuration was employed, the
operating conditions were adjusted according to the specific ob-
jectives of each investigation. The feed flow rates were controlled
using a turbine and mass flow meter, and data were collected using
a high-speed camera, dissolved oxygen meter, and flow velocity
meter.

2.3. The geometry of the hydraulic agitator and gas distributor

As shown in Fig. 1(d), this study developed a novel multi-nozzle,
multi-layer self-rotating hydraulic agitator and a single-layer gas
distributor. These were integrated into the tank to enhance liquid
circulation and gas dispersion, with different layer configurations
adopted to accommodate their distinct functional roles. Both were
realized by incorporating multiple fine nozzles and optimizing their
geometries and injection orientations. The characteristic di-
mensions are listed in Table 3. A qualitative comparison with
representative existing impeller or injector is provided in Table 4 to
illustrate the structural and operational features of the present
design [10,17,18,32—34]. The hydraulic agitator consisted of a central

Table 4

pipe and four layers of semi-circular fine pipes. The multi-layer
configuration allows liquid momentum to be introduced at multi-
ple axial positions, thereby promoting vertically extended circula-
tion within the tank. Each layer uniformly arranged six fine pipes of
alternating large and small diameters, which were radially distrib-
uted along the horizontal plane with outward-oriented nozzles. The
spacing between adjacent layers was fixed, and the entire assembly
was positioned at equal intervals along the axial direction of the
main feedpipe. The distributor was configured similarly to the hy-
draulic agitator and consisted of a single layer of fine tubes. This
single-layer design was adopted to ensure effective gas introduction
into the main circulation flow while avoiding flow interference
associated with multi-layer gas injection. The working medium was
injected through multiple nozzles to generate a strong tangential
flow. This jet-induced momentum drove the bulk fluid into a self-
rotating flow in the tank. Two types of horizontal installations
were employed: co-directional (Co-dir) and counter-directional
(Counter-dir), as shown in Fig. 2.

(a) Co-dir

(b) Counter-dir

Fig. 2. Schematic of the hydraulic agitator and gas distributor orientations.

Qualitative comparison of structural and operational features of the present agitator and representative existing impeller or injector.

Feature Rushton turbine Single-nozzle injector

Multi-nozzle injector Hydraulic agitator (this work)

Driving mechanism Mechanical rotation Single jet-driven

Momentum input way Blade pumping Single-jet
Axial circulation Moderate Limited
Tangential momentum Limited Moderate
Axial injection Single level Single level
Structural integration Medium Low

Multi-point jet-driven Jet-induced self-rotation and multi-point jet-driven

Multi-jets Distributed multi-jets
Limited Enhanced

Moderate Enhanced

Multi-level Multi-level

Medium Integrated multi-layer
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2.4. Experimental methodology

2.4.1. Bubbles and image processing

The image collection system comprised a high-speed camera, an
LED lamp, and a computer, as shown in Fig. 1(a). The high-speed
camera captured the bubbles in the circulating rising region
through a transparent window, with the frame rate and resolution
adjusted accordingly. The images were processed in batches using
MATLAB and Image] in combination with digital image analysis to
extract key bubble characteristics [23,35]. The overall image pro-
cessing procedure is illustrated in Fig. S1 (in Supplementary Ma-
terial). The images were first converted to grayscale and subjected
to background subtraction to eliminate static interference and
enhance the bubble foreground. Image enhancement was subse-
quently performed to improve boundary visibility, including Otsu-
based adaptive thresholding (sensitivity = 0.4), median filtering
(3 x 3 kernel), and Gaussian smoothing with a standard deviation
of 2 pixels [36]. Bubble edges were accurately identified using the
Canny edge detection operator with low and high thresholds of 0.1
and 0.3, respectively [37]. The detected contours were segmented
through morphological opening and closing operations with a disk
structuring element (radius = 1 pixel) to suppress noise and refine
bubble boundaries. Subsequently, adjacent or partially overlapping
bubbles were separated using a marker-controlled watershed al-
gorithm, enabling the extraction of individual bubble contours, and
their characteristic parameters were calculated [36,37].

The equivalent diameter (deq) of a bubble was calculated from
its projected area (A) as follows [28,37,38].

deq =2\/% (1)

The aspect ratio (E) is defined as the ratio of the minor axis
(Lminor) to the major axis (Lmajor) Of a bubble's minimum circum-
scribed circle (Eq. (2)) and is used to evaluate the degree of bubble
deformation [39].

L.
E:mexjor 2)
minor

The d3; was used to characterize the average bubble size
[33,38,40], calculated as follows.

dyp == (3)

where d; is the equivalent diameter of the i-th bubble, and n; is the
number of bubbles of that size.

The E quantifies the average shape change of bubbles [34], as in
Eq. (4).

o2k (4)

n

where E; is the aspect ratio of the i-th bubble and n is the total
number of bubbles.

2.4.2. Measurement of kra

The kia was measured using the classic dynamic gassing-in
method [26,41]. During the experiment, after methanol was
added to the tank, nitrogen was introduced to purge oxygen until
the dissolved oxygen concentration dropped below 0.3 mg-L~}, at
which point oxygen was considered removed. Subsequently, air
was injected in pulsed or continuous modes through an externally
controlled solenoid valve, while the dissolved oxygen concentra-
tion was monitored in real-time. Under pulsed conditions, the

controller—solenoid valve system periodically opened and closed
the valve to generate intermittent gas injection with preset pulse
parameters. An oxygen sensor was positioned 170 mm from the
bottom of the tank, and the signal was acquired using a dissolved
oxygen meter. After temperature compensation and data
smoothing, the measurements were linearly fitted to a first-order
mass transfer model, with the slope representing kia [25,42].

C -G
I =
n(c* — CL) kLa (5)
where C* denotes the saturated dissolved oxygen concentration, Cy

is the initial dissolved oxygen concentration in methanol, and C; is
the dissolved oxygen concentration at a specific time.

2.5. Numerical simulation

2.5.1. Governing equation

The finite volume method (FVM) was employed as the dis-
cretization framework to ensure the conservation of mass and
momentum in liquid-phase flow [43]. The swirling flow in the tank
was solely induced by the momentum of the high-velocity hy-
draulic jets. Therefore, rotating reference frames and sliding mesh
techniques were not employed in the simulations. The realizable
k—e model was employed for turbulence closure, demonstrating
superior accuracy in predicting shear-dominated and swirling flow
dynamics, and was thus suited to the hydrodynamic conditions of
this study. While advanced turbulence-induced bubble coales-
cence and breakup models have been developed for detailed
multiphase CFD predictions [44,45]. The present study focuses on
the characteristics of a single-phase flow field, and bubble char-
acteristics were obtained experimentally rather than modeled
numerically. The motion of incompressible fluids within tanks is
governed by the continuity and Navier—Stokes equations, as fol-
lows [7,20,43,46].

Continuity equation:

V-u=0 (6)
Navier—Stokes equation:
a(gtu)+pu-Vu: —Vp + uviu (7)

where u, p, u, and p denote the velocity vector, fluid density, vis-
cosity, and pressure, respectively.
The transport equations for TKE and ¢ are as follows [34,47].

9 O kun =2 Me) Ok Oui
ag Pk + ox; (pku;) = ox; [(u + ak> ax]} +Tjj ox; pe (8)

o, , 0, D e\ e e ou &2
g1 09) + 5 (peu) =5 {(#Jrae) axj] + Oy, ~ G
9)

where u; denotes the turbulence viscosity, Ci.= 1.44, Co.= 1.92,
or= 1.0, and o,= 1.3.

_ pCuk?

£

(10)
where Cy,= 0.09.

2.5.2. Boundary conditions and solution setup
Considering the gravitational effects, the liquid inlet corre-
sponding to the hydraulic jet was specified as a velocity inlet, and
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(b)

Y=100 plane

Fig. 3. Domain discretization and spatial representation: (a) geometry; (b) tank grid
(grid numbers: 1.327 x 10); (c) coordinates.

the outlet was defined as a pressure outlet. The inlet velocity was
determined based on the liquid circulation rates. All walls were
treated as no-slip boundaries, and the wall pressure was set to zero.
A pressure-based solver was employed, with pressure—velocity

20

333

coupling implemented using the SIMPLE method [47]. The pres-
sure and momentum equations were spatially discretized using
second-order upwind schemes [11]. The simulations were per-
formed transiently to capture the unsteady flow structures induced
by the hydraulic-jet. A fixed time step of At=1 x 10~ s was adopted
for all simulations, and no adaptive time stepping was applied.
After an initial transient period, the flow field reached a statistically
steady state. In addition to residuals, the volume-averaged velocity
magnitude and TKE were monitored, and a statistical steady state
was assumed when these variables showed negligible temporal
fluctuations. The solution was considered converged when the re-
siduals of all governing equations dropped below 1 x 104, and the
monitored global flow variables exhibited no further temporal
drift.

2.5.3. Mesh independence test

Fig. 3(a) and (b) show the tank geometry from which the fluid
domain was extracted for the CFD simulations. The domain was
discretized using a hexahedral-dominant polyhedral mesh.
Considering the size difference between the hydraulic agitator
outlet and the tank diameter, local mesh refinement was applied in
the jet region to resolve velocity gradients. The tank coordinate
system is shown in Fig. 3(c).

A grid independence test was conducted using six different grid
resolutions ranging from 5.361 x 10° to 1.889 x 10°. Fig. 4 com-
pares the time-averaged liquid-phase velocity magnitude and
turbulent kinetic energy along the X-axis on the XZ-plane for the
different grids. The relative difference between the medium and
fine meshes was calculated as:

Pfine — Pmedium

o= x 100% (11)

Pfine

where ¢ represents key global flow quantities. The differences
were below 2%, a commonly accepted threshold in CFD studies
[48,49], indicating negligible discretization error and mesh-
independent solutions. The flow distribution stabilized when the

546115
H—th 884915
~——=» 1144328
1327652
+—+ 1627180
*—= 1889575

— [
<> N

Turbulent kinetic energyx10~/m?-s>
N

0.25

—
I

0.20

S

3

=
—
n

=
o
>

—=— 546115
—e— 884915

Velocity magnitude (CH,OH)/m

=75

-100 -50 25 0

X/mm

(a)

25

0.05 1144328
—o—1327652
—— 1627180
—*— 1889575
0.00
-100 -75 -50 25 0 25 50 75
X/mm

(b)

Fig. 4. Grid independence test: (a) mean turbulent Kinetic energy distribution along the X-axis on the XZ-plane; (b) liquid-phase velocity distribution along the X-axis on the XZ-

plane.
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grid number reached approximately 1.327 x 10° and further
refinement had a negligible effect on the simulation results.
Therefore, a grid number of 1.327 x 10° was adopted for all sub-
sequent transient simulations to achieve a balance between nu-
merical accuracy and computational efficiency.

2.5.4. Validation of numerical results

To validate the numerical model, the simulated liquid-phase
velocity was compared quantitatively with the experimental
measurements. A vertical sampling line was defined on the XZ-
plane at X= 50 mm, extending along the positive Y-axis at different
heights. The velocity profiles along this line were extracted from
the time-averaged results of the transient simulations to ensure
consistency with the experimental measurements. As shown in
Fig. 5, the simulated liquid-phase velocities at different vertical
positions exhibited good agreement with the experimental mea-
surement data, capturing both the magnitude and spatial variation
trends. The results exhibited a strong correlation, demonstrating
that the proposed model reliably predicts the liquid flow charac-
teristics within the tank.

3. Results and Discussion
3.1. Bubble distribution characteristics

3.1.1. Bubble size distribution

Fig. 6 shows the effects of superficial gas velocity (ug), liquid
circulation rate (Qy), baffle number (N), and gas distributor
orientation on bubble size distribution. The results indicated that
the bubble size distribution was sensitive to both the operational
and structural parameters. As shown in Fig. 6(a), increasing the
superficial gas velocity from 0.000219 to 0.001096 m-s~ ' reduced
the peak of the bubble size distribution by approximately 21%
and increased the fraction of large bubbles. The distribution also
shifted to the right, thereby broadening the size range [40]. As
shown in Fig. 6(b), increasing the liquid circulation rate from 0.6
to 1.2 m>-h~! raised the peak of the distribution by approxi-
mately 28%, narrowed it toward smaller diameters, and increased
the proportion of bubbles in the 0.5—2.0 mm range by 80%—85%,
promoting a more uniform population. As shown in Fig. 6(c), the
number of baffles had a non-monotonic effect on size distribu-
tion. When two baffles were employed, local vortices were

0.22} @—2 Experimental 5
= = = Simulation 1

&
-
=)

S
—
S

Liquid phase velocity/m's™

0 20 40 60 80 100
¥Y/mm

Fig. 5. Validation of the numerical model: liquid-phase velocity distribution along the
positive Y-axis on the XZ-plane at X= 50mm.

effectively suppressed, and 75%—85% of the bubbles fell within
the 0.5—2.0 mm range, making bubble refinement most effective.
When the number of baffles exceeded two, the fraction of large
bubbles increased, as excessive baffles caused short-circuiting
and limited bubble break-up [50]. Notably, the counter-
installed distributor produced a distribution that was 7%—18%
narrower, with a peak height 6%—9% higher than that of the co-
installed configuration, highlighting its effectiveness in refining
bubbles and suppressing coalescence through enhanced local
turbulence. Specifically, the combination of a lower superficial
gas velocity, higher liquid circulation rate, two baffles, and a
counter-installed distributor effectively controlled the bubble
size distribution and optimized the gas—liquid dispersion
performance.

3.1.2. Bubble shape distribution

Fig. 7 shows the effects of the superficial gas velocity, liquid
circulation rate, baffle number, and distributor orientation on the
bubble shape distribution. The results indicated that the interplay
between operating conditions and structural parameters influ-
enced the shape of the bubbles. As shown in Fig. 7(a) and (b),
decreasing the superficial gas velocity or increasing the liquid
circulation rate shifted the main peak of the shape distribution
closer to 1. This change increased the fraction of near-spherical
bubbles by 6%—14%, indicating a stronger tendency for sphe-
ricity. As shown in Fig. 7(c), the number of baffles affected the
bubble shape. Two baffles produced the most concentrated dis-
tribution and optimal shape control, resulting in a 5%—14% higher
fraction of high-aspect-ratio bubbles than the other configura-
tions. Excessive baffles reduce the fraction of near-spherical
bubbles, leading to shape instability [50]. The counter-installed
distributor increased the occurrence of high-aspect-ratio bub-
bles (E> 0.8) by 6%—15% compared with the co-installed config-
uration, resulting in a bubble population with shapes closer to
spheres [10]. This effect was attributed to the increased gas ve-
locity, which enhanced the interfacial stretching and promoted
longitudinal elongation. In contrast, liquid circulation and baffle-
induced disturbances intensified the shear and regulated local
turbulence to maintain shape consistency [9]. Specifically, the
combination of a lower superficial gas velocity, higher liquid cir-
culation rate, optimal baffle number, and counter-installed
distributor promoted the formation of a near-spherical bubble
population.

3.1.3. Sauter mean diameter

Fig. 8 shows the effects of the superficial gas velocity, liquid
circulation rate, baffle number, and distributor orientation on the
Sauter mean diameter of bubbles. The results indicated that both
the operating parameters and structural configurations influ-
enced the Sauter mean diameter. Increasing the superficial gas
velocity enlarged the Sauter mean diameter by 10%—16% owing to
enhanced bubble coalescence [51]. In contrast, increasing the
liquid circulation rate reduced the bubble size by 35%—45%
through stronger turbulent shear, promoting bubble refinement.
The number of baffles has a non-monotonic effect on bubble size
[9]. The two baffles achieved an optimal balance between tur-
bulence intensity and flow disturbance, reducing the Sauter
mean diameter by 2%—11%. Excessive baffles blocked the flow
paths and enhanced the backflow, thereby limiting the bubble
break-up. The counter-installed distributor enhanced bubble
break-up and dispersion by altering the relative motion between
the gas and liquid phases, resulting in a 4%—9% reduction in the
Sauter mean diameter compared with the co-installed
distributor.
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Fig. 6. Bubble size distribution under different conditions: (a) varying superficial gas velocity (Q,= 1.2 m3-h~!, N= 2); (b) varying liquid circulation rate (ug=4.38 x 10 4m-s

N= 2); (c) varying number of baffles (Qy= 1.2 m*-h™, ug= 4.38 x 10~ m-s™1).

3.1.4. Deformation rate

Fig. 9 illustrates the impact of superficial gas velocity,
liquid circulation rate, baffle number, and distributor orienta-
tion on the bubble deformation rate. The results indicated that
the combined effects of the operating parameters and struc-
tural configurations influenced the bubble deformation rate. As
the superficial gas velocity increased, the deformation rate
decreased by 6%—8.5%, indicating that the bubbles became
more elongated [39]. In contrast, increasing the liquid circu-
lation rate increased the deformation rate by 7%—13%, pro-
moting bubble spheroidization. Increasing the number of

Equivalent diameter/mm

(c)

1

baffles mitigated the variations induced by changes in the gas
velocity and liquid circulation rate. With two or three baffles,
the deformation rate increased by 6.5%—13%, reflecting
enhanced bubble stability [9]. Distributor orientation also
played a role: counter-installed, counter-directional gas—liquid
jets enhanced turbulence and shear, whereas co-installed, co-
directional jets formed a stable axial mainstream, reducing the
deformation rate by 4%—5.5%. With four baffles, the difference
between the distributor orientations was negligible, indicating
that the multi-baffle arrangement dominated the local flow
field.
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3.2. Mass transfer performance on kia. As shown in Fig. 10(a), kra increased by 145%—176% with
increasing superficial gas velocity, reflecting the enhanced

The kia is a key parameter for evaluating the gas—liquid mass gas—liquid interface renewal process. Fig. 10(b) shows that the
transfer performance of a tank [41]. In this study, kia was baffle structure exhibited nonlinear effects on the mass transfer.
measured under two operating conditions: continuous and pulsed The kia increased by 210%—290% as the number of baffles

intake, with pulsing controlled by a solenoid valve. increased from zero to two, reaching a maximum, but decreased
by 41%—49% when the number of baffles was further increased to
3.2.1. Continuous intake four. Thus, moderate disturbance promotes bubble breakage and

Under continuous intake mode, Fig. 10 shows the effects of interface renewal, whereas excessive baffles reduce the mass
superficial gas velocity, baffle number, and distributor orientation transfer efficiency by hindering continuous bubble dispersion
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[9,33]. Distributor orientation also affected kya: under identical
conditions, the counter-installed distributor increased kia by
6%—11% compared with the co-installed configuration, likely due
to the induced radial recirculation that extended the bubble resi-
dence time and enlarged the effective mass transfer area. Although
the difference between the orientations decreased at high gas
velocities, the counter-installed distributor consistently exhibited

superior mass transfer performance across the experimental range
[10]. Specifically, the distributor orientation and baffle structure
synergistically regulated mass transfer, with a high gas velocity,
counter-installed distributor, and double-baffle structure effec-
tively enhancing mass transfer. This conclusion aligns with
Lacassagne et al. [52], who reported that “moderate turbulence
structure helps to improve gas—liquid mass transfer efficiency”.
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3.2.2. Pulse intake

Under pulse intake modes, Fig. 11 shows the effects of the pulse
duty cycle (D;), pulse period (T;), and distributor orientation on kia
under various intake conditions.

As shown in Fig. 11(a) and (b), the intake mode and gas
distributor configurations affected mass transfer, with kia being
13%—20% higher under continuous intake than under pulsed
intake [25]. The kia increased by 83%—108% as the duty cycle
increased from 0.1 to 0.5, but decreased by 51%—55% when the
pulse period was extended from 0.5 s to 2.5 s, indicating that
shorter pulse periods and higher duty cycles enhanced mass
transfer efficiency. Mechanistically, the duty cycle governs the
balance between gas injection and interruption, with higher duty
cycles increasing the bubble renewal frequency and enhancing the
liquid-phase disturbance [53]. Conversely, prolonged pulse

periods reduce the bubble generation per unit time, thereby
weakening gas—liquid mixing. This conclusion is consistent with
that of Zhang et al. [54], who reported that moderate pulsation
disturbances enhanced mass transfer. The effectiveness of pulsed
intake depends on the match between the pulse frequency and the
characteristic hydrodynamic time scales [34]. Based on Danck-
werts’ surface renewal theory, gas—liquid mass transfer is
controlled by the interfacial renewal frequency [55,56]. When the
pulse period exceeds the mixing or bubble renewal time, distur-
bances decay before the next injection, limiting interfacial renewal
and mass transfer. Within the present operating range (0.5—2.5 s),
the pulse period was comparable to or longer than the mixing
time, explaining why the pulsed mode did not outperform
continuous intake. Notably, kia under high-duty-cycle pulsed
operation gradually approached the values measured in the
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continuous intake mode. The counter-installed distributor
consistently yielded a higher kia, approximately 3%—10% higher
than the co-installed configuration, thereby enhancing the effec-
tive mass transfer area through increased shear and promoting
bubble break-up and redispersion. Specifically, the intake mode
and distributor orientation synergistically regulated mass transfer,
and the optimization of pulse parameters further improved the
gas—liquid mass transfer efficiency, although it remained lower
than that under continuous intake.

3.3. Comparison of mechanical stirring and hydraulic stirring

This study employed the power ratio method to comparatively
analyze mechanical and hydraulic stirring under equivalent energy
input conditions by normalizing the power [41,57]. By adjusting
the operating parameters, both stirring modes were operated
under identical power per unit volume conditions, eliminating the
influence of power differences on the results. Mechanical stirring
was conducted using a six-blade Rushton turbine with the
configuration shown in Fig. 1(c) and the characteristic dimensions
listed in Table 3. This Rushton turbine was selected as a
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representative radial-flow type widely used as a benchmark in
gas—liquid mixing studies because of its well-documented hy-
drodynamic and mass transfer characteristics [32,58—60]. The
Supplementary Material details the parameter selection and
calculation steps for both stirring modes while maintaining con-
stant power per unit volume.

A pump powered the hydraulic stirring tank. The power per
unit volume was calculated using the following equation [61].

Pj:ngij (12)
(13)

where P; is the hydraulic stirring power, g is the gravitational ac-
celeration, Qy is the liquid circulation rate during hydraulic stir-
ring, Hj is the pump head under hydraulic stirring conditions, and
Vj is the working volume of the hydraulic stirring tank.

The power of the mechanical stirring tank is the sum of the
stirrer shaft and circulation pump powers. The power per unit
volume was calculated using the following equations [61,62]:
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P =NppN;®D > + pgQm Hm (14)
P
Pv,m:ﬁ (15)

where Py, is the mechanical stirring power, N, is the power
number of the Rushton turbine, N; is the stirring rotational speed,
D is the Rushton turbine diameter, Qy, is the liquid circulation rate
during mechanical stirring, Hy, is the pump head under mechan-
ical stirring conditions, and Vj, is the working volume of the me-
chanical stirring tank.

For a typical Rushton turbine operating unventilated in a fully
turbulent regime, the reported N, values generally range from 4.5
to 6.5, with an empirical value of approximately five commonly
used [32,61]. Under gas—liquid two-phase conditions, the pres-
ence of bubbles reduces the effective power number by decreasing
the stirring efficiency compared with the single-phase case.
Studies have shown that the power of a Rushton turbine can
decrease by approximately 10%—30% under ventilated conditions,
depending on the gas flow rate and operating Reynolds number
[33,63]. Accordingly, this study adopted the air-free power value
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(Np=5) from the literature and applied a gas content correction
factor using the power number correlation curve proposed by
Kaiser et al. [57] to accurately represent the actual energy con-
sumption under gas—liquid conditions.

This section ensures that experiments were conducted under
conditions in which both systems operated at identical power per
unit volume.

Pv,m:PvJ (16)

3.3.1. Comparison of bubble distribution characteristics

3.3.1.1. Bubble size distribution. Fig. 12 illustrates the impact of
superficial gas velocity on the bubble size distribution under four
operating conditions with two baffles and a power per unit volume
of 7550 W-m 3. The results indicated that the bubble size distri-
bution shifted toward larger diameters as the superficial gas ve-
locity increased [33]. As shown in Fig. 12(a), under hydraulic
stirring, the modal bubble diameter primarily ranged from 0.5 to
2 mm, accounting for over 75% of the population and resulting in a
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Fig. 12. Effects of stirring mode, distributor orientation, and ug on bubble size distribution at N= 2 and Py= 7550 W-m~3: (a) hydraulic stirring; (b) mechanical stirring.
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compact distribution that reflected a high degree of bubble
refinement. In contrast, Fig. 12(b) shows that mechanical stirring
yielded a broader distribution with an extended tail and approxi-
mately twice the proportion of bubbles larger than 2 mm, indi-
cating weaker bubble break-up. This difference arose from distinct
bubble formation mechanisms: hydraulic stirring depended on
jet-induced vortices and shear, facilitating continuous breakage
and circulation, whereas mechanical stirring produced strong local
shear and low-velocity regions that promoted coalescence [41].
Further comparison revealed that, under identical gas velocities
and distributor configurations, hydraulic stirring consistently
generated smaller and more narrowly distributed bubbles,
exhibiting superior size control and distribution stability. Notably,
the counter-installed distributor reduced the bubble diameter by
5%—8% in both modes, with the reduction under hydraulic stirring
being nearly 1.5 times that under mechanical stirring, indicating a
synergistic effect on bubble break-up.

3.3.1.2. Bubble shape distribution. Fig. 13 illustrates the impact of
superficial gas velocity on bubble shape distribution under four
operating conditions with two baffles and a power per unit volume
of 7550 W-m>. The results indicated that the bubble aspect ratio
predominantly ranged from 0.6 to 0.95 across all conditions,

341

suggesting that most bubbles adopted near-spherical shapes
[33,39]. As shown in Fig. 13(a), under hydraulic stirring, approxi-
mately 55%—60% of bubbles exhibited a high aspect ratio (E
> 0.75), with the distribution shifted toward higher values and
becoming more concentrated, particularly in the presence of the
counter-installed distributor. In contrast, Fig. 13(b) shows that
mechanical stirring yielded a broader distribution, with only
35%—50% of the bubbles having an E value greater than 0.75,
indicating greater deformation. This difference arose from the
underlying mechanisms: hydraulic stirring relied on jet-induced
stable shear and circulation to enhance bubble sphericity under
relatively uniform stretching, whereas localized intense shear and
non-uniform turbulence during mechanical stirring generated
uneven stress on bubbles, readily producing irregular shapes such
as ellipsoids [39]. Overall, hydraulic stirring maintained a high
consistency in bubble morphology across different operating
conditions, highlighting its stability and superiority for micro-
bubble control.

3.3.1.3. Sauter mean diameter and deformation rate. Fig. 14 illus-
trates the impact of superficial gas velocity on the Sauter mean
diameter and deformation rate of bubbles under four operating
conditions with two baffles and a power per unit volume of
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7550 W-m>. The results indicated that, within the investigated
range of superficial gas velocities, the Sauter mean diameter under
mechanical stirring was consistently 25%—40% larger than under
hydraulic stirring, reaching a maximum of 3.7 mm with the co-
installed distributor [64]. Hydraulic stirring produced smaller
bubbles, averaging 1.9—2.3 mm, with a more uniform and narrowly
dispersed distribution. The deformation rate analysis revealed that
hydraulic stirring maintained a higher average deformation rate of
0.78, preserving near-spherical bubble shapes. In contrast, me-
chanical stirring resulted in a lower rate of 0.71, with deviations
from sphericity increasing as gas velocity increased [39]. From a
fluid dynamics perspective, hydraulic stirring generates stable
circulating flow fields using high-speed jets, effectively suppress-
ing bubble coalescence. In contrast, mechanical stirring induces
uneven breakup and re-coalescence owing to localized high shear,
resulting in greater fluctuations in the bubble shape. Notably, under
both stirring modes, the counter-installed distributor reduced the
Sauter mean diameter by 4%—8% and increased the deformation
rate by 4%—5%, likely due to the bubble rectification effect induced
by the interaction of the gas and liquid jet directions. Overall, hy-
draulic stirring demonstrated advantages in controlling the bubble
size and maintaining the bubble shape.

3.3.2. Comparison of mass transfer performance

Fig. 15 illustrates the impact of superficial gas velocity on kia
under four operating conditions, with two baffles and a power per
unit volume of 7550 W-m ™3, The results showed that kpa increased
with increasing superficial gas velocity under all operating con-
ditions. The maximum k;a achieved under hydraulic stirring
combined with the counter-installed distributor was approxi-
mately 1.4—1.8 times higher than that achieved under mechanical
stirring with the co-installed distributor. Within the examined gas
velocity range, kia increased by 6%—16% depending on the
configuration, and hydraulic stirring enhanced kia by 20%—45%
compared with that of mechanical stirring. The mass transfer co-
efficient is affected by the renewal frequency of the gas—liquid
interface and local shear strength [52,65]. Hydraulic stirring pro-
longs the bubble residence time and enhances interfacial turbu-
lence via circulation-driven flow. Coupled with the countercurrent
gas—liquid motion induced by the counter-installed distributor, it
enlarges the gas—liquid contact area and thereby improves the
mass transfer efficiency. In contrast, mechanical stirring generates

0.030

[0 H-stirring & Counter-dir
I H-stirring & Co-dir
[0 M-stirring & Counter-dir| Z

0.027

0.024

*Number of baffles (V=2)

*Power per unit volume (P,=7550 W-m~) - ~
2

0.021

0018 |

0.015

kyals™

oon2f

0.009

0.006

0.003

0.000

0.000438 0.000877 0.001315 0.001754

Superficial gas velocity/m-s™

0.002192

Fig.15. Effects of stirring mode, distributor orientation, and superficial gas velocity on
kia at N= 2 and P,= 7550 W-m >,

localized high shear primarily around the impeller blades, leading
to limited bubble break-up near the wall and a reduced overall
mass transfer performance. Notably, the counter-installed
distributor improved the mass transfer performance of the tank,
resulting in a 7%—11% increase in kia compared with the co-
installed configuration. Specifically, hydraulic stirring enhances
gas—liquid interface renewal and mass transfer, whereas opti-
mizing the distributor configuration remains equally crucial.

3.4. Flow field simulation results

CFD simulations were performed to characterize the flow field
in the hydraulic stirring tank. The analysis focused on three
representative quantities: the velocity field, TKE, and e, which
collectively describe the momentum transport, turbulence gen-
eration, and energy dissipation that govern tank performance
[29,66]. The analysis of these parameters elucidated how the jet-
induced flow structures influenced fluid circulation, mixing in-
tensity, and local energy distribution.

3.4.1. Velocity field analysis
Fig. 16 shows the velocity distribution in the tank jet zone (Y= 0
plane) under different conditions. The results indicated velocity

Velocity/m-s™!
2.00
1.86
1.71

0.
000 () y_,

Fig. 16. Velocity distribution in the tank jet zone under various conditions (Y= 0
plane): (a) varying liquid circulation rate (N= 2); (b) varying number of baffles
(Qu=12m3-h").
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peaks at the six fine-tube nozzles and their wakes, which served as
the primary driving forces for liquid circulation. Simultaneously,
low-velocity recirculation zones were observed near the walls. As
shown in Fig. 16(a), an increase in the liquid circulation rate
increased the flow velocity, expanded the circulation pathways,
and enhanced the transport capacity of the main circulation. The
high-velocity zone extended both radially and circumferentially,
while the low-velocity recirculation zone contracted yet persisted
under these conditions [17]. As shown in Fig. 16(b), increasing the
number of baffles disrupted large-scale vortices, resulting in a
more heterogeneous momentum distribution, the formation of
multiple local recirculation cells, and additional small-scale stag-
nation zones in the baffle-shadowed regions [9].

3.4.2. Turbulent kinetic energy analysis

Fig. 17 shows the TKE distribution in the tank jet zone (Y= 0
plane) under various conditions. The results indicated that the six
fine-tube nozzles and their wake regions generated regions with
high TKE. In contrast, low-TKE regions were observed in the sur-
rounding areas and downstream of the baffles [17]. As shown in
Fig. 17(a), increasing the liquid circulation rate enhanced the
overall TKE and expanded the turbulent thickness within the cir-
culation channel, indicating improved energy transfer resulting
from higher liquid flow rates [67]. The TKE distribution exhibited
both radial and circumferential extensions, with localized low-
energy regions persisting despite the intensified turbulent shear
forces induced by the elevated velocities. As shown in Fig. 17(b),
increasing the number of baffles disrupted large-scale vortices,
forming multiple localized high-TKE zones downstream of the
baffles. This increase promoted local mixing, although an excessive
number of baffles created shielded low TKE zones.

3.4.3. Turbulent dissipation rate analysis

Fig. 18 shows the distribution of ¢ in the tank jet zone (Y= 0
plane) under various conditions. The results indicated that the six
fine-tube nozzle outlets and their wake regions generated high-
dissipation zones, which reflected strong velocity gradients and
localized turbulent dissipation [34]. In contrast, the near-wall re-
gions, areas downstream of the baffles, and vortex wakes gener-
ated low-dissipation zones, which corresponded to far-field areas
of energy transfer. As shown in Fig. 18(a), increasing the liquid
circulation rate elevated the overall e. It expanded the high-
dissipation zone, indicating that higher liquid-phase flow rates
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Fig. 18. The e distribution in the tank jet zone under various conditions (Y= 0 plane):
(a) varying liquid circulation rate (N= 2); (b) varying number of baffles
(Qu=12m>-h").

intensified shear effects and increased energy levels [34]. The
dissipation distribution extended along the primary flow direc-
tion, with e peaking in the high-shear regions, consistent with the
enhanced energy transfer to smaller scales. As shown in Fig. 18(b),
increasing the number of baffles fragmented the large-scale en-
ergy into localized shear layers, generating dispersed high-
dissipation zones that promoted local mixing. Simultaneously,
low-dissipation stagnation zones formed in regions shielded by
the baffles [28].

3.5. Analysis of gas—liquid interaction mechanisms

In multiphase mixing systems, the interaction between bub-
bles, turbulence, and vortices critically shapes the observed
macroscopic hydrodynamics and mass transfer behavior [33,68].
Based on the experimental observations and CFD results presented
earlier, we analyzed the internal mechanisms that give rise to the
characteristic bubble distribution, gas—liquid mass transfer pat-
terns, and flow field structures under different operating condi-
tions. The corresponding mechanistic interpretation is
summarized in Fig. 19 and discussed below.

(1) As shown in Fig. 19(a), the mixing was dominated by self-
rotating vortices. The jet-induced swirling motion gener-
ates large vortical structures that interact with smaller-scale
eddies, promoting bubble dispersion and enhancing inter-
facial renewal.

(2) As shown in Fig. 19(b), the high-velocity shear effect inten-
sified local energy dissipation. The turbulence generated at
the hydraulic agitator outlet promotes bubble breakup,
producing smaller and more widely dispersed bubbles,
thereby improving spatial uniformity.

(3) Fig. 19(c) highlights the role of multi-zone flow coupling in
the mixing process. Radial injection through fine tubes es-
tablishes an annular self-rotating flow that drives the for-
mation of a dominant axial stream. The coupling between
these regions enhances the macroscopic gas—liquid
transport.

(4) As illustrated in Fig. 19(d), gas entrainment into the liquid
stream intensifies gas—liquid interactions, generating
liquid-driven forces that break bubbles into finer sizes and
prolong their residence time, thereby enhancing gas—liquid
contact.
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Fig. 19. Schematic representation of gas—liquid interaction mechanisms: (a) self-rotating vortices; (b) high-velocity shear effects; (c) multi-zone flow coupling; (d) gas—liquid

interaction.

4. Conclusions

In this study, we developed a novel multi-nozzle, multi-layer
self-rotating hydraulic agitator combined with a single-layer gas
distributor and integrated them within the tank. Through
experimental measurements and CFD simulations, we

characterized the bubble distribution, gas—liquid mass transfer,
and flow field in the system. Experimentally, the geometric fea-
tures of the bubbles and the kia value were quantified, and CFD
simulations were conducted to characterize the internal flow
field. Based on these investigations, the main conclusions are as
follows.
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1. Self-rotating vortices and strong shear forces promote bubble
break-up and interfacial renewal. Increasing the superficial gas
velocity and liquid circulation rate can further enhance the flow
field disturbances, leading to improved gas—liquid mixing and
mass transfer.

2. The counter-installed distributor, combined with the arrange-
ment of two baffles, effectively optimized the bubble
morphology and distribution, promoting gas dispersion and
enhancing mass transfer performance.

3. The orientation of the distributor affects the ki a and bubble
characteristics. Compared with the co-installed configuration,
the counter-installed distributor increases kia by 3%—11%, re-
duces the average bubble diameter by 4%—8%, and increases the
average aspect ratio by 4%—5.5%.

4. Within the testing conditions of this study, the k;a under pulsed
intake indicated a limited effect relative to continuous intake.
Our subsequent work will focus on optimizing the pulse pa-
rameters, particularly the pulse duty cycle, to assess their in-
fluence on mass transfer performance.

5. Compared to traditional mechanical stirring tanks, the hy-
draulic stirring tank achieved 20%—45% higher ki a, reduced the
average bubble diameter by 25%—40%, and increased the
average aspect ratio by 7%—8%, highlighting its potential for
intensifying multiphase systems.

6. Mechanistic analysis revealed that self-rotating vortices, high-
velocity shear effects, multi-zone flow coupling, and gas-
liquid interactions play crucial roles in enhancing the overall
tank performance.
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Nomenclature

A projection area of the bubble, mm?

CL dissolved oxygen concentration at a given time, mg-L ™!

Co initial dissolved oxygen concentration, mg-L™!

C* saturated dissolved oxygen concentration, mg-L™!

D Rushton turbine diameter, m

D duty cycle of the i-th pulse

deq bubble equivalent diameter, mm

d; equivalent diameter of the i-th bubble, mm

dsa Sauter mean diameter, mm

E bubble aspect ratio

E; aspect ratio of the i-th bubble

E bubble deformation rate

g gravitational acceleration, m-s 2

H; pump head under hydraulic stirring conditions, m

Hp pump head under mechanical stirring conditions, m

kra volume oxygen mass transfer coefficient, s~

Liajor major axis length of the bubble contour-fitted ellipse,
mm

Liinor minor axis length of the bubble contour-fitted ellipse,
mm

N number of baffles

Ny Rushton paddle power number

Nr stirring speed, r-min~!

n number of bubbles

n; frequency of the i-th bubble size occurring

P hydraulic stirring power, W

Pm mechanical stirring power, W

Py; hydraulic stirring power per unit volume, W-m >

Pym mechanical stirring power per unit volume, W-m~—>

p pressure, Pa

Qm liquid circulation rate during mechanical stirring,
m3-h~!

Qv liquid circulation rate during hydraulic stirring, m>-h~!

T; the i-th pulse cycle, s

u velocity, m-s~!

Ug superficial gas velocity, m-s~!

1% working volume of the hydraulic stirring tank, m>

Vi working volume of the mechanical stirring tank, m>

p density, kg-m~—>

u dynamic viscosity, mPa-s
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