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Abstract: At present, there is a common problem that the mixing mode is single and it is difficult to
overcome the inherent bottleneck of multiphase mixing. A mixing device combining the advantages
of jet entrainment and mixing dispersion was designed and built. In an effort to determine the
mixing degree of two phases, the mixing coefficient of gas–liquid charging was measured using the
cylinder method with the optimal working parameters. To explore the optimization of the mixing
conditions and control mechanism of multiphase materials, the law of gas–liquid shear mixing in
the process of multi-force field synergistic change was revealed. Based on the testing of the gas
injection capacity under different working conditions and the calculation of the gas–liquid two-phase
mixing coefficient, it was concluded that the flow rate was the direct key factor affecting the gas
injection capacity. The working speed also had a certain impact on the gas injection capacity. When
working at a high speed and high flow rate, the jet beam broke through the cutting barrier and
presented a superposition effect. The jet impact assisted the rotation, and the suction performance
of the device was significantly improved, which was conducive to the mixing of the gas and liquid
phases. According to the test results of the measuring cylinder method, the calculated average
inflation volume is 0.01 m3/

(
m2·min

)
, the inflation uniformity coefficient is 77.51, and the mixing

coefficient of the gas and liquid phases is 0.12.

Keywords: multiphase mixing; synergy; interaction impact

1. Introduction

Two-phase and multiphase mixing are widely present in natural and chemical in-
dustrial processes, including pharmaceuticals, food, metallurgy, pharmaceuticals, mining,
petroleum, and natural gas [1–4]. As mentioned by Zhang [5], in the complex petroleum
industry, liquid–solid, gas–liquid, and liquid–liquid interfaces dominate, bringing many
challenges. The mixing of different systems in nature is to pursue uniformity of mixing
and achieve equilibrium points. The mixing in the chemical industry is to optimize the
reaction process and reduce the time required for materials to participate in the chemical
reaction [6]. The mixing of multiphase materials plays an important role in the chemical
process flow. The materials can improve the uniformity of the internal reaction system by
mixing to increase the reaction contact area and change the physical and chemical proper-
ties of the reaction materials, so as to meet the requirements of chemical production [7,8].
Full mixing of substances is a prerequisite for many chemical reactions, as well as a process
requirement. Some physical changes also require a mixing operation to achieve the effect,
such as gas absorption and liquid extraction. As an important carrier for mixing in the
chemical industry, the kettle reactor carries the mixing tasks of different types and different
interphase materials such as liquid mixing, solid–liquid mixing, gas dispersion in the liquid,
enhanced heat and mass transfer, and chemical reaction [9–13].

Jet is widely used in ore cutting, metal polishing, farmland irrigation, etc., due to its
low energy consumption and strong adaptability, and is constantly expanding into new
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application fields [14–16]. The material is suspended in the liquid to form a mixture or
suspension by means of the stirring action of a paddle. The main purpose is to make
the material fully and evenly dispersed in the liquid medium, and finally, strengthen the
reaction process by the mixing [17–23]. There are many types of kettle reactors in the
chemical industry, and their structure and appearance are not uniform. Based on the
phase differences of the reaction materials, they can be divided into homogeneous reactors
and heterogeneous reactors [24]. The more common ones are solid–liquid, liquid–liquid,
gas–liquid reactors, and gas–liquid–solid three-phase reactors. However, the traditional
mechanical stirring reactor is widely used, which mainly consists of two core components:
the stirrer and the reactor body. The traditional method of using direct gas supply is
not conducive to the full mixing of gas and liquid phases, reducing the utilization rate
of the gas and causing impurities that damage the chemical properties of the prepared
products. Moreover, the production cost of the equipment is high, which is not conducive
to maintenance and upkeep [25–28].

Therefore, based on the advantages of jet and mixing, the gas–liquid two-phase mixing
process was taken as the starting point. Based on the working mode of the traditional
stirring kettle and the new jet mixing technology, a new semi-industrial multiphase mixing
device was proposed: a multiphase material mixing device with jet and mixing synergy. The
research objective is to explore the optimization of three-phase material mixing conditions
under the synergistic effect of jet and stirring in depth.

(1) The response mechanism of the jet structure and functional parameters affecting jet
suction and the impact of a negative pressure environment and suction volume is studied.
In this experiment, a semi-industrial experimental device was built to explore the law of
gas phase and liquid shear suction under different working conditions.

(2) Exploring the shear effect on the gas phase and the dispersion effect on solid
materials at different rotational speeds in order to determine the suspension and dispersion
behavior of the device on solid particles. Identifying the optimal working parameters to
reveal the dispersion mechanism of the stirring effect on the solid phase. Mastering the
mixing mechanism of three-phase materials under the action of jet and stirring; identifying
the optimal working parameters of jet and stirring; enriching existing basic theories; and
providing a theoretical reference and technical basis for economic industrial production.
Because it has important research value and significance.

2. Materials and Methods
2.1. Experimental Setup

The determination of the working parameters of the jet nozzle was based on the
Bernoulli characteristic equation calculation and an extensive reference literature search. It
was found that the negative pressure formed by the vacuum inside the nozzle was directly
proportional to the flow rate of the feed, that is, the flow rate of the feed affected the
negative pressure and, thus, the suction amount. In the process of gas–liquid two-phase
mixing, air intake is a prerequisite, and the flow rate and pressure of the feed are the most
critical factors for gas–liquid two-phase mixing, which have also been widely studied. In
order to facilitate the study of the influence of the feed flow rate and pressure on the suction
capacity, the optimized parameter values in the relevant jet literature were selected to fix
the structural parameters of the jet nozzle and create an experimental model. Based on the
variable parameter feed flow rate and pressure as experimental parameters, we explored
the suction volume and the mixing of two and three phases. The selection values of the
structural parameters for the jet nozzle model are shown in Table 1.

According to the working characteristics of the nozzle jet, the diffusion phenomenon
of fluid sprayed through the nozzle can lead to a decrease in the impact capacity. This
results in a loss in jet kinetic energy. To reduce energy consumption, the nozzle should be
applied closely to the impeller. Only by fully utilizing the high impact kinetic energy of the
jet can high energy utilization and conversion be achieved.
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Table 1. Jet nozzle structure parameter types and values.

Component Parameter Optimization Value Range Value

Internal spray
Inner spray straight pipe diameter D1/mm Determined based on working parameters 12

Inner nozzle outlet diameter D2/mm Matching ratio with external nozzle 1.96–3.24 6
Internal nozzle convergence angle α/◦ 14–16 14

External spray Outer spray straight pipe diameter D3/mm Determined based on working parameters 30
Outer nozzle outlet diameter D4/mm Fit with inner nozzle 12

Suction pipe Suction tube diameter d1/mm Determined based on working parameters 8

This was calculated based on the design principles and relevant empirical formulae.
Based on practical experience, the structural parameters of the main components of the
processing fluidics and stirring devices are shown in Table 2.

Table 2. Structural parameters of the main components of the jet mixing device.

Serial Number Parameter/mm
Structural Components Length Width Height Diameter Thickness Number

1 Upper impeller 90 60 — 100 4 6
2 Lower impeller 160 45 — — 4 4
3 Feeding silo — — 135 240 7.5 1
4 Draft tube 658 — — 105 7.5 1
5 Main shaft 1166 — — 19 1

6 Conical discharge port — — — big254
small120 7.5 1

7 Tank 2067 1138 860 — 7.5 1
8 Sealing bottom plate 1200 900 — — 7.5 1

Figure 1 is a structural diagram of the self-made jet stirring device. The circulating-
pump-pressurized suction mixing system is transported to the jet nozzle through the
pipeline. Due to the ejection, the gas is sucked into the nozzle and mixed shear with the jet
liquid. The impeller is assisted in rotation under the impact of the jet beam, thus improving
the utilization rate of energy. The energy conversion rate depends on the impact force
generated by the jet beam impacting the impeller. The gas–liquid two-phase mixed system
presents a spiral descent in the guide tube and collides with the bottom impeller. The
shear action of the impeller changes the suspension characteristics of the mixed system,
making the gas and liquid phases fully mixed in the tank. The physical image created by
the research and design institute is shown in Figure 2.
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2.2. Experimental Method

The variable frequency control system is connected to the circulating pump motor
and the mixing motor. The variable frequency control system is debugged to display the
equipment’s working condition and working speed.

The LZD-F-B electromagnetic flowmeter is installed above the delivery pipeline of
the circulating pump. It connects the power line, dedicated signal line, and dedicated
excitation line of the sensor to the electromagnetic flowmeter to measure the flow rate and
flow rate in the pipeline. The LZB series glass rotor flowmeter is sealed and connected
to the suction port of the nozzle. The working condition of the rotor is measured and
recorded to determine the gas injection capacity and negative pressure inside the nozzle.
The percentage of gas volume to liquid flow rate ratio is calculated, as well as the difference
in gas to liquid velocity, based on parameters such as flow rate. Based on the negative
pressure environment inside the nozzle, the mixing effect of the two-phase gas–liquid
mixture can be determined.

To explore the influence of flow rate and speed-related factors on the gas ejection
capacity of the device, a suction volume test was carried out. The mixing motor was set in
the control system to work at different speeds of 75, 150, 225, 300, 375, 450, and 525 r/min,
and the flow in the pipeline was adjusted to 7.6, 7.8, 8.0, 8.2, 8.4, and 8.6 m3/h using the
diverter valve on the device under the same working speed. The glass rotor flowmeter of
the LZB series was sealed and connected to the suction end of the nozzle of the device to
record the flow and velocity of the LZD-F-B electromagnetic flowmeter, and record the
suction value of the dependent variable according to the rotor position of the glass rotor
flowmeter.

In an effort to determine the mixing degree of the two phases, the mixing coefficient
of gas–liquid charging was measured by the cylinder method with the optimal working
parameters. In the plane of the tank, 12 measuring points were evenly selected with
the spindle as the center of symmetry according to the principle of symmetry, and each
measuring point was measured three times. The cross-sectional area of the transparent
measuring cylinder should be greater than 18 cm2, and a stopwatch should be used to
record the time required for the discharge of 250 cm3 water. The sealing property of the
cylinder should be maintained during measurement, and the measuring cylinder should
be vertically inserted 120 mm below the liquid level, as shown in Figure 3.
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3. Results and Discussion

The prerequisite of mixing is to ensure a good gas ejection ability. Only by ensuring
sufficient gas to participate in the mixing reaction can the mixing degree of the gas and
liquid phases be improved.

3.1. Injection Ability Test

Figure 4 shows the inspiratory volume of the device under different flow rates. It can
be seen from the figure that when the flow rate is less than 8.2 m3/h, the change trend in the
inspiratory volume of gas is not obvious, and when the flow rate is greater than 8.2 m3/h,
the inspiratory volume of gas is significantly improved. It is shown that increasing the
liquid flow rate can increase the intake of gas, and the flow rate is the direct key factor to
change the ejection ability of the gas.
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It can be clearly observed from Figure 5 that at higher flow rates of 8.4 and 8.6 m3/h,
the gas ejection capacity increases with the increase in rotational speed, and when the
rotational speed is higher than 300 r/min, the suction capacity increases. The low flow
rates, especially the comparison between 525 r/min and 75 r/min, show a significant
change in inspiratory performance, the inspiratory capacity of the slightly higher flow
rate is the minimum, but the inspiratory capacity of the lowest flow rate is the maximum.
Thus, it is verified that the rotational speed also affects the ejection ability of gas. A high
rotational speed will affect the suction performance at low flow rates, bring negative effects
to the nozzle and reduce the gas ejection ability, thus affecting the gas–liquid two-phase
mixing effect.



Processes 2023, 11, 2531 6 of 11

Processes 2023, 11, x FOR PEER REVIEW 6 of 12 
 

 

rotational speed is higher than 300 r/min, the suction capacity increases. The low flow 
rates, especially the comparison between 525 r/min and 75 r/min, show a significant 
change in inspiratory performance, the inspiratory capacity of the slightly higher flow rate 
is the minimum, but the inspiratory capacity of the lowest flow rate is the maximum. Thus, 
it is verified that the rotational speed also affects the ejection ability of gas. A high rota-
tional speed will affect the suction performance at low flow rates, bring negative effects to 
the nozzle and reduce the gas ejection ability, thus affecting the gas–liquid two-phase mix-
ing effect. 

100 200 300 400 500
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

I
n
s
pi
r
a
to
r
y 
c
a
pa
c
i
ty
(
L/
m
i
n)

Speed（r/min）

 7.6 m3/h
 7.8 m3/h
 8.0 m3/h
 8.2 m3/h
 8.4 m3/h
 8.6 m3/h

 
Figure 5. Influence of rotational speed on gas ejection ability. 

In order to study the mutual influence of flow rate and speed, the interactive influ-
ence of flow rate and speed is analyzed. As shown in Figure 6, when the rotational speed 
is less than 300 r/min, with the increase in the flow rate, the trend of the suction capacity 
curve at each rotational speed is roughly the same, and the suction capacity gradually 
increases with the increase in the flow rate. When the rotation speed is higher than 300 
r/min, the curve changes in a highly consistent trend. The curve in the later stage presents 
a steep rise, and the suction performance increases significantly. 

7.6 7.8 8.0 8.2 8.4 8.6
0.1

0.2

0.3

0.4

0.5

0.6

In
sp

ir
at

or
y 

ca
pa

ci
ty

（
L/

mi
n）

Flow（m3/h）

 75 r/min
 150 r/min
 225 r/min
 300 r/min

 

Figure 5. Influence of rotational speed on gas ejection ability.

In order to study the mutual influence of flow rate and speed, the interactive influence
of flow rate and speed is analyzed. As shown in Figure 6, when the rotational speed is less
than 300 r/min, with the increase in the flow rate, the trend of the suction capacity curve
at each rotational speed is roughly the same, and the suction capacity gradually increases
with the increase in the flow rate. When the rotation speed is higher than 300 r/min, the
curve changes in a highly consistent trend. The curve in the later stage presents a steep rise,
and the suction performance increases significantly.

In general, the flow rate is the direct key factor, while speed has a certain influence.
When the working speed is high, the jet beam is cut by the impeller at a low flow rate, which
obstructs the movement of the fluid. The reaction generated by the jet impact makes the
fluid accumulate in the nozzle of the device, affecting its inspiratory performance, bringing
negative effects and reducing the gas ejection ability. With a high speed and high flow rate,
the superposition effect is presented and the jet beam breaks through the cutting barrier,
the jet impact assists rotation, and the suction performance of the device is significantly
improved, which is conducive to the mixing of the gas and liquid phases.
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3.2. Gas–Liquid Shear Mixing

For the variable flow field, it is difficult to specify the migration, movement, disper-
sion, and mixing of different phase materials. The change in ejection capacity under the
synergistic actions of jet and stirring indicated that the flow rate and rotation speed had
certain influences on the gas–liquid two-phase shear mixing. The flow rate of the liquid
in the device increased with the increase in flow rate, and the difficulty of increasing the
liquid flow rate was greater than that of the gas. The difference between the gas velocity
and liquid velocity was used to explore the gas–liquid two-phase shear condition.

It can be seen from Figure 7 that at a low flow rate, before the turning point of 8.2 m3/h,
the gas–liquid velocity difference fluctuates up and down in a stable range. This is similar
to the impact of the flow rate on the gas ejection capacity. When the flow rate is high, after
the turning point of 8.2 m3/h, the gas–liquid velocity difference of each group changes
obviously and shows a decreasing trend in numerical terms. With the increase in flow
velocity, the increase in gas velocity decreases the difference of the gas–liquid velocity,
shortens the gap with the flow velocity of jet liquid, and enhances the shear degree of the
two-phase gas–liquid mixture.
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Similar to the flow rate difference, when the operating parameters change, the gas
intake also changes. The ratio percentage of gas volume to liquid flow rate is used to
describe the mixing of two phases in the change in working parameters. As can be seen
from Figure 8, the gas–liquid ratio mostly increases with the increase in flow rate at a low
rotation speed, while the gas–liquid ratio decreases firstly and then increases with the
increase in flow rate at a high rotation speed, showing a “V-shaped” trend. The appearance
of this “V” shape is not conducive to the mixing of gas–liquid two-phase materials. It also
makes the energy utilization rate low, consumes a lot of energy, and reduces the mixing
probability of two-phase materials. The working conditions at the top of the “V” should be
avoided during production and testing.
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Figure 8. Gas–liquid ratio under different working conditions.

The glass rotor flowmeter can directly measure the suction volume of the device. It is
convenient to use and easy to operate, but cannot reflect the actual amount of gas involved
in the reaction. In order to specifically represent the mixing situation between multiple
phases, the gas–liquid two-phase mixing degree of the device was evaluated by using
the gas–liquid mixing coefficient in the gas–liquid mixing of the MTT 652-1997 Chinese
standard [29].

According to Table 3, the improved and optimized mixing coefficient can be calculated
using a formula to evaluate the mixing degree of gas–liquid two-phase flow. The calculation
results and formula are as follows:

Table 3. Measurement record table of the time required to discharge clean water from the cylinder.

Point of Sampling Sequence of Measurement
First Time Second Time Third Time

1 501 513 509
2 690 675 702
3 827 834 813
4 995 1003 1015
5 514 505 516
6 703 603 693
7 846 836 850
8 1015 988 1023
9 510 523 498
10 697 713 705
11 863 896 873
12 1075 1013 1050
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Calculate the inflation rate at each measurement point according to Equation (1):

Qi = 0.6
V

A1t
(1)

Qi—the inflation rate at the i-th measurement point, m3/(m2·min);
V—volume of clean water discharged from the measuring cylinder, cm3;
A1—cross-sectional area of the measuring cylinder, cm2;
T—time required to discharge a specified volume of clean water from the measuring

cylinder, s.
The volume of discharged clean water is 250 cm3, and the cross-sectional area of the

cylinder is 19.63 cm2.
Calculate the average inflation rate of the tank according to Equation (2):

Q =
1
n

n

∑
i=1

Qi (2)

Q—the inflation rate at each measurement point, m3/(m2·min);
N—number of measuring points;
Q—the average inflation rate of the device tank.
Calculation of inflation uniformity coefficient:
Calculate the inflation uniformity coefficient of the tank according to Equation (3):

K = 100

(
1 − 1

nQ

n

∑
i=1

∣∣Qi − Q
∣∣) (3)

K—inflation uniformity coefficient, %.
Calculation of inflation mixing coefficient:
The gas–liquid mixing coefficient is calculated according to Equation (4):

β =
60QA2

qv
(4)

β—mixing coefficient;
Q—inflation uniformity coefficient of the entire machine, m3/(m2·min);
A2—area of the tank, m2;
qv—measured flow rate of the flowmeter, m3/h.
The mixing coefficient of two phases of gas can be calculated to evaluate the mixing

of two phases of gas and liquid. The calculation results are as follows: the average filling
capacity of the device is 0.01 m3/(m2·min), the uniform coefficient of filling is 77.51, and
the mixing coefficient of the gas–liquid phase is 0.12. The degree of gas–liquid mixing still
needs to be further improved.

3.3. Disscussion

In these expriments, the mixing characteristics of each phase in the mixing process
of multiphase materials were studied, and a semi-industrial multiphase material mixing
device based on jet mixing was used as the test object. The influence factors and mixing
rules of the material mixing were determined through a theoretical analysis and experiment,
and the mixing conditions were optimized. However, the significance of fitting engineering
research needs to be further studied when it is transformed into industrial production
equipment. Among areas for further study are:

(1) Under the synergetic action of jet mixing, the impact of the jet beam drives the
impeller to assist in rotation. It is necessary to explore the interaction between the jet
and mixing in order to improve the energy conversion rate. The critical condition of
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the impeller cutting the jet beam is explored to avoid the negative feedback effect and
improve the energy conversion.

(2) The centrifugal effect of solid materials caused by a high working speed, the specific
representation of the centrifugal situation and centrifugal force of materials, and the
influence of particle size and the density of materials on the suspension effect need to
be further explored. Thus, it is helpful to study the flow field movement law in the
tank and explore the migration law and dispersion of materials.

(3) In this experimental study, no in-depth exploration was conducted on the environ-
mental factors of equipment and materials. Although the experimental environment
conditions were stable, in chemical production, materials will be at different working
temperatures. Temperature can also affect the degree of mixing and other aspects,
which requires further consideration.

4. Conclusions

1. Flow rate is the key factor affecting gas ejection ability, and rotational speed has a
certain effect. The interaction between flow rate and speed make the impeller at high
speed cut the jet beam at a low flow rate, causing a negative effect and reducing the
suction capacity. At high speeds and high flow rates there is a superimposed effect
that enhances the suction effect.

2. When the flow rate increases to 8.2 m3/h, the gas–liquid shear mixing is enhanced.
The velocity difference between the gas and the liquid represents the shear condition
of the gas–liquid phase. When the flow rate is before the turning point of 8.2 m3/h,
the difference is relatively stable; when it is after the turning point, the difference
decreases significantly and the degree of gas shear is strengthened.

3. The mixing degree was evaluated by the ratio percentage of gas volume to liquid flow
and the mixing coefficient. At a high rotational speed, the gas–liquid ratio shows a
V-shaped trend, and the top angle condition is not conducive to the mixing of the two
phases. The coefficients of gas–liquid two-phase mixing are calculated: the average
filling volume is 0.01 m3/ (m3·min), the uniform coefficient of filling is 77.51, and the
mixing coefficient of the two-phase gas–liquid is 0.12.
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