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Abstract: A pneumatic lifting pump is used in sewage treatment, offshore oil production, and other
fields because of its simple structure and strong practicability. In order to study its internal hydraulic
characteristics and gas-liquid two-phase flow, this paper carries out experimental research on the
influence of different air intake modes and riser diameters on the performance of a pneumatic lifting
pump. The air-water two-phase flow pattern in the riser and motion characteristics of bubble formation
at the nozzle are obtained by a high-speed camera. Through theoretical analysis, the theoretical model
of a pneumatic lifting pump is established, and experimental results verify the theoretical model well.
The results show that when the submergence ratio is constant, the lifting efficiency decreases with the
smaller intake area under different intake areas; and the influences of different holes distributions
on liquid flow rate and lifting efficiency are not significant under the same intake area. At the same
submergence ratio, the smaller the riser diameter, the smaller the final lifting liquid flow rate and the
larger the lifting efficiency peak value.

Keywords: pneumatic lifting pump; intake mode; riser diameter; experimental study

1. Introduction

Pneumatic lifting pump is a device which uses a compressor as its power source, takes air and
liquid as working fluid, and conveys materials through multiphase flow in a pipe. It is advantaged
for its simple structure and easy maintenance without any mechanical transmission parts, which can
avoid related dynamic problems such as water hammer. Therefore, it is usually used on high-pressure,
high-temperature, vacuum, radioactive, and corrosive liquids. Compared with mechanical pumps,
pneumatic lifting pumps have lower maintenance costs and higher reliability [1]. At present, this type
of pump is used in many fields, such as deep well water intake, sewage treatment, inland deep-sea
mining, river dredging, and slag cleaning in steelmaking plants. Therefore, the study on lifting
performance of pneumatic lifting pump and its internal hydraulic characteristics has a far-reaching
impact on industrial development.

Carl Loscher first proposed the concept of a pneumatic lifting system, and the pneumatic
lifting system was first used in an oil field in Pennsylvania, USA [2]. Kassab et al. [3] proposed a
theoretical model to maximize operation efficiency of a pneumatic lifting pump. Pedram et al. [4]
acquired the visual detection data of flow patterns in a pneumatic lifting pump with a high-speed
camera. Pougatch et al. [5,6] used multi-fluid Euler method to carry out two-dimensional numerical
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simulation. Esen [7] and Keng [8] mainly studied the influence of basic parameters on pneumatic
lifting performance. Hanafizadeh [9,10] and Charalampos [11,12] tested gas content and pressure
distribution in a pipe and analyzed the stepped pipeline. Riglin [13] studied the effect of adding a
helical component to a radial air incident device on pump performance. Sun Bo [14] and Liu Man [15]
studied the two-phase flow process in the circular tube and the partial S-pipe of the pneumatic lifting
pump. Hu et al. [16] studied the airlift pump performance in air-water-solid three-phase flow for
conveying solid particles. Zou et al. [17] simulated the solid-liquid two-phase flow in pneumatic lifting
system. Wahba et al. [18] observed the multiphase flow in a riser from the simplified one-dimensional
analytical model to a large eddy simulation. Shigeo et al. [19] developed a small gas lifting pump
with hydrofluorocarbon as working fluid. Xue et al. [20,21] studied the void fraction and bubbly-slug
flow pattern of air-water two-phase flow in vertically-downward pipes. Fu et al. [22] studied the
flow pattern identification of gas-liquid two-phase flow and gas-liquid-solid three-phase flow in
the riser of a pneumatic lifting pump. Oueslati [23] studied the effect of liquid temperature on the
performance of the pump. An et al. [24] proposed a theoretical model of a bubble pump with a variable
cross-section lift tube by the differential method. Wang et al. [25] presented a modified model to predict
the performance of airlift pump operating in gas-liquid two-phase flow. Shi et al. [26] studied the
lead bismuth alloy (LBE) circulation capability of gas lift pump on the natural circulation capability
loop (NCCL) test facility. Chen et al. [27] set up a sediment transport test platform for pneumatic
lifting technology. Qiang et al. [28] experimentally investigated the performance of an airlift pump
through two lake experiments and one open sea trial. Shallouf et al. [29] simulated an airlift pump
system integrated aquaculture raceway. Chao Yao et al. [30] studied the frictional pressure drop of
air-water two-phase flows in vertically-downward tubes. Deendarlianto et al. [31] found the volume
of solid particles raised by the pneumatic lifting system with a microbubble generator is much more
compared with the traditional pneumatic lifting system. My group [32,33] discussed the influence of
pneumatic lifting pump on natural circulation capability of the accelerator-driven sub-critical reactor.
Ligus G. et al. [34] studied experimental optimization of an airlift pump with the use of image analysis.

In summary, scholars have done much research on pneumatic lifting pumps, but little research has
been done on the performance of pneumatic lifting pumps under different intake modes. Therefore,
through an experimental study, this paper focuses on comparing the influence of different riser
diameters and different air intake modes on the lifting performance of a lifting pump. Theoretical
analysis is carried out and the theoretical calculation results and experimental results are compared
and verified.

2. Experimental Devices and Procedures

Figure 1 is the experimental device of a pneumatic lifting pump. The ambient environment is
normal temperature and pressure. The compressed air generated by the compressor removes moisture
and oil stains through a dryer, enters the riser through a nozzle, and drives the water in the riser
upward. The initial water level in the pipe is controlled by the level control box. After the air-water pass
through the gas-liquid separation box on the upper part of the riser, the liquid enters the measurement
tank (bucket) along the descending pipe. In addition, three kinds of nozzles with an intake area of 100,
50, and 25 mm? are designed. For each intake area, three injection methods are adopted. The intake
area nozzle diagram is shown in Figure 1b.
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Figure 1. Experimental device of a pneumatic lifting pump. (a) The experimental overall frame: 1. air
compressor, 2. dryer, 3. needle valve, 4. flowmeter, 5. check valve, 6. pressure gauge, 7. gas-liquid
separator, 8. level control box, 9. storage tank, 10. base, 11. nozzle, 12. measurement tank, 13. riser,
14. water pump. (b) Diagram of nozzles with three different inlet areas.

In this experiment, an LGYT series fuel-injection screw air compressor was used for air supply
with an exhaust volume of 1.7 m®/min and exhaust pressure of 0.8 MPa. With a target to observe the
change of flow pattern in the pipe, a visualization experiment was carried out by using a CCD (Charge
Coupled Device) high-speed camera (LaVision Company, Gottingen, Germany). The frequency is
2000 fps, resolution is 1280 x 1024, the distance between the camera and object is 50 cm, and the type
of lens is C-Mount. The length of the riser was 1500 mm; the diameters of the riser are 30 mm, 40 mm,
and 50 mm. A water cover was added to the riser, which effectively reduced the optical distortion
caused by shooting the flow pattern. The air flow in the pipeline was controlled by a needle valve.
The LUXZ intelligent swirl gas flowmeter was used to record the instantaneous air intake in the
pipeline. The flow rate range of the flowmeter was 1.2-15 m>/h, the nominal pressure was 1.6 MPa,
and the accuracy was 1.0 grade. The pneumatic pressure gauge was YC-100 marine pressure gauge.
The measuring pressure range was 0.0-1.0 MPa and the precision grade was 1.6 grade. In order to
prevent the liquid in the riser from flowing back into the gas pipeline, a check valve was installed in
the front of the nozzle. In the experiment, a stopwatch was used to record the working time of the
pneumatic lifting pump, and an electronic scale was used to weigh the liquid flowing into the bucket.
Finally, the lifting liquid flow rate of the pneumatic lifting pump was gained.

In this paper, the experimental tests of lifting pump with nine kinds of nozzles are carried out,
when the riser diameter is 40 mm. Additionally, the hydraulic characteristics of the lifting pump with
three pipe diameters are studied when the nozzle is ®8 mm X 1. At the same time, the gas-liquid
two-phase flow in the riser is captured by a high-speed camera to explore the development of flow
field and the law of bubble motion in the riser.
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3. Data Analysis
3.1. Effect of Intake Mode on the Performance of Pneumatic Lifting Pump

3.1.1. Hydraulic Characteristic Analysis of 8 mm-wide Circular Hole Nozzle

The basic performance index of a pneumatic lifting pump is the flow of lifted liquid. Figure 2
shows the curves of liquid flow rate with air intake when an 8 mm-wide circular hole nozzle is used.
By adjusting the height of the worm wheel and worm in Figure 1a, the initial liquid level height in the
riser can be adjusted. The submergence ratio is the ratio of the initial liquid level in the riser to the
height of the riser.
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Figure 2. Changes of liquid flow with gas flow using 8 mm-wide circular holes.

Figure 2 shows that with an increase in the gas volume flow rate (working condition), the liquid
volume flow rate increases rapidly in the initial stage, and when the gas flow rate exceeds a certain
value, the liquid flow rate tends to be stable. In addition, with the increase of submergence ratio,
the flow rate of lifting liquid increases continuously.

The efficiency of a pneumatic lifting pump is the key factor to evaluate its lifting ability. According
to the working principle of a pneumatic lifting pump, the efficiency n should be the ratio of water mass
flow rate to air mass flow rate [35]. e

M= g @

In the formula, my is liquid mass flow rate, kg/s; 1, is gas mass flow rate, kg/s; 1 is the efficiency
of the pneumatic lifting pump.

Figure 3 shows the efficiency curve of the lifting pump with an 8 mm-wide circular nozzle at
different submergence ratios. It can be seen from the graph that when the submergence ratio is between
0.3 and 0.6, the peak efficiency of the lifting pump increases with the increase of the submergence
ratio, and the peak point moves forward continuously while the corresponding air flow decreases
continuously; when the submergence ratio is between 0.7, 0.8, and 0.9, the lifting efficiency curve
decreases continuously with the increase of air flow, and there is no peak value. This is because the
gas flow rate at the peak efficiency is too small, exceeds the flow measurement range used in the
experiment, and it is difficult to collect the corresponding data. The flow pattern at the peak is a
transition state from slug flow to churn flow. The forward movement of the peak point indicates that
the transition of flow pattern occurs earlier in the pipe.
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Figure 3. Changes of promoting efficiency with gas flow using 8 mm-wide circular holes.
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3.1.2. Analysis of Hydraulic Characteristics of Different Nozzles

50f16

Each nozzle in Figure 1b is tested separately, and the relationship between the air flow rate and
the liquid flow rate of the lifting pump is obtained as shown in Figure 4. When the intake area is 100

and 50 mm?, the intake area has little influence on the liquid lift. When the intake area is 25 mm

2

4

with the increase of air flow, the liquid lift is significantly higher than that of other nozzles. Parker
pointed out that this is due to the increase of momentum of the gas inlet [36]. Further study shows
that the air pressure increases slowly with the increase of air flow rate in the intake area of 100 and
50 mm?, but increases rapidly with the increase of air flow rate in the use of nozzles with the intake
area of 25 mm?, as shown in Figure 5. This is because the flow area of the nozzle is too small, and the

high-speed airflow cannot pass in time.
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Figure 4. Changes of liquid flow gas flow under different intake modes at submergence Ratio of 0.5.
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Figure 5. Change of gas pressure with gas flow rate at submergence ratio of 0.5.

Figure 6 compares the lifting efficiency with the air flow rate under three different air intake areas;
it can be seen that different air intake areas have a significant impact on lifting efficiency. The smaller
the air intake area, the lower the lifting efficiency of the lifting pump. In addition, under the same
air intake, with the gas mass flow rate increasing, the promoting efficiency increases initially and
decreases later. This is because when the gas flow rate is small, the gas exists in the form of small
bubbles, and the gas content in the pipe is low. With a greater gas flow rate, the gas content in the pipe
increases, the dispersed small bubbles polymerize into slug bubbles. Thus, in the bubble flow and slug
flow, with the gas flow rate increasing, the liquid is lifted more and more, and the efficiency continues
to rise up. However, as the gas flow rate is continuously greater, the pipe flow patterns transform
from slug flow to churn flow and annular flow, the gas content becomes bigger and bigger, leading
to the liquid content declining in the pipe. Thus, at this period, although the gas flow rate increases,
the lifting efficiency decreases.
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Figure 6. Changes of efficiency of lifting pumps with three different intake areas at submergence ratio
of 0.5. (a) Intake area form I; (b) intake area form II; (¢) intake area form IIL.

Figure 7 compares the lifting efficiency with the air flow rate under the same area and different air
intake modes; it can be seen that under the same intake area, the different distribution of air holes has
no significant effect on the lifting efficiency of the pump.
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Figure 7. Changes of efficiency of lifting pumps with the same intake areas at submergence ratio of 0.5.
(a) Intake area of 100 mm?; (b) intake area of 50 mm?; (c) intake area of 25 mm?2.
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3.2. Effect of Pipe Diameters on the Performance of Pneumatic Lifting Pump

Figure 8 shows the variation curve of the liquid flow rate with air intake in a pneumatic lifting
pump with an 8 mm-wide circular nozzle, at submergence ratios of 0.5, 0.6, and 0.7 and pipe diameters
of 30 mm, 40 mm, and 50 mm. It can be seen that at the same submergence ratio, the larger the pipe
diameter, the higher the initial gas volume flow rate of liquid lifting. In the first half of the liquid
lifting, the larger the pipe diameter, the smaller the volume flow of liquid; in the second half of the
liquid lifting, the larger the pipe diameter, the larger the volume flow of liquid. The smaller the riser
diameter, the smaller the final lifting capacity of the liquid.
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Figure 8. Changes of liquid flow with gas flow rate under different pipe diameters. (a) Submergence
ratio of 0.5; (b) submergence ratio of 0.6; (c) submergence ratio of 0.7.

Figure 9 shows the curve of the promoted efficiency of the pneumatic lifting pump with the intake
gas volume under the use of an 8 mm-wide circular nozzle when the submergence ratio is 0.5, 0.6, and
0.7 and the diameter of the pipe is 30 mm, 40 mm, and 50 mm. It can be seen that the smaller the riser
diameter, the larger the lifting efficiency peak value, while the peak point moves forward continuously
at the same submergence ratio.
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Figure 9. Changes of promoting efficiency with gas flow under different pipe diameters.
(a) Submergence ratio of 0.5; (b) submergence ratio of 0.6; (c) submergence ratio of 0.7.

3.3. Analysis of Micro-Hydraulic Characteristics in Pipe

3.3.1. Analysis of Gas-Liquid Two-Phase Flow Patterns in Riser

The flow in the pneumatic lifting pump is a complex gas-liquid two-phase flow, and different
flow patterns have great influence on the performance of the lifting pump. In this paper, when the
nozzle is $8 mm X 1, the diameter of the riser is 40 mm, the submergence ratio is 0.5, and the variation
of flow patterns in the pipe is gained by a high-speed camera.

When the gas flow rate is small, Qg is 2.765 m3/h, Q; is 0.241 m3/h, the gas content in the pipe
is low, and the gas phase only exists in the form of small bubbles in the liquid phase, as shown in
Figure 10a. With the increase of gas flow, Q, is 3.990 m3/h, Q; is 0.449 m3/h, the gas content in the pipe
increases, and the dispersed small bubbles are gathered into slug bubbles, as shown in Figure 10b.
At this time, the flow pattern is relatively stable with high lifting efficiency. As the gas flow rate is
continuously increased, the gas phase loses its original stable form, the gas mixes with liquid, and the
two-phase turbulence is intense. At this time, Q, is 9.567 m3/h, Q; is 0.767 m3/h, and the flow pattern is
a churn flow, as shown in Figure 10c. When the gas flow rate reaches the maximum, Qg is 15.002 m>/h,
Q; is 0.902 m3/h, the liquid content in the riser is extremely low, and the liquid mainly consists of
liquid film attached to the pipe wall. The gas forms a high-speed gas column in the center of the riser,
which drives the liquid near the pipe wall to move upward. The flow pattern in the pipe is annular
flow, as shown in Figure 10d, and the vibration of the lifting pump is intense with a loud noise and
low efficiency.
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(a) (b)
Figure 10. Flow pattern in the riser. (a) Bubbly flow; (b) slug flow; (c) churn flow; (d) annular flow.
3.3.2. Motion Characteristics of Bubble Formation at Nozzle

For the gas-liquid two-phase flow in a pneumatic lifting pump, the study of the formation
process of bubbles at the nozzle has important significance for exploring the development of the
air-water two-phase flow in the riser. In this experiment, the bubble formation process at the nozzle is
photographed when the submergence ratio is 0.25 and the air flow rate is 14.61 m3/h. The flow pattern
change chart is shown in Figure 11.

(a) (b) (© (d) (e) (f)

Figure 11. Bubble formation process at the nozzle. (a) t=0.2s; (b) t =0.4s; (c) t=0.6s; (d) t =0.8 s;
(e)t=10s,(f)t=1.2s.

It can be seen from Figure 11a that when t = 0.2 s, the gas begins to fill in the water, and the
liquid phase has a low gas content, so only small bubbles are formed. In this stage, the bubbles attach
to the wall of the edge of the nozzle, and the volume of bubbles increases with the increase of the
filling volume of gas. As the gas enters continuously from the nozzle, the bubbles begin to leave the
filling hole, and stretch to form a long neck and then move away from the hole. The small bubbles,
which come from the hole, can gather into large slug bubbles, as shown in Figure 11b,c. At this time,
the flow field is relatively stable. However, with the continuous accumulation of gas, the slug bubble
eventually bursts and forms discrete small bubbles in the water. These discrete bubbles have different
sizes and velocities and disperse in the liquid phase, disturbing the original stable flow field, as shown
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in Figure 11d,e. Finally, after t = 1.2s, it is difficult for the gas entering the water to gather into big
bubbles due to the interference of discrete small bubbles, as shown in Figure 11f, which eventually
leads to intense two-phase turbulence at the nozzle.

4. Theoretical Analysis and Verification

In this paper, the one-dimensional dimensionless equation of the pneumatic lifting pump proposed
by Parker [36] is revised based on the slip ratio formula of gas-liquid two-phase under slug flow
deduced by Griffith et al. [37]. The deduction process is as follows and the pneumatic lifting model is
shown in Figure 12. The riser is inserted into the liquid and the free surface pressure is atmospheric
pressure. The outlet of the intake pipeline is connected with the bottom of the riser.

Outlet
PR
Riser
_____________________ «——
Free surface
H L
Vv
2
__________ ].,.,._A_,_ /
v, Ve

Figure 12. Theoretical model of pneumatic lifting pump.

In the modeling of the pneumatic lift pump, the riser is divided into two areas. The gas is injected
into the riser through cross-section 1, then mixed with liquid, and lifted to the exit. The area between
cross sections 1 and 2 is the gas-liquid mixing area, and the area between cross-section 2 and the exit of
the riser is the gas-liquid fully-developed area.

The theoretical model of internal flow in the riser is finally obtained [36]:

1 Q7 Qs . ps A(Qgﬂ
- = K+1) 4+ (K+2)=2-2-=2. (=2 2
[+ /s)-(aa)  zsta| VP72 A lG @

s

In the model, L is the length of the riser, m; A is the cross-sectional area, m2; H is the distance
from the free surface to the bottom of the riser, m; Ay is the cross-sectional area of the intake pipeline,
m?2; At the bottom of the air line, V¢ is the gas entry velocity, m/s; the liquid entry velocity is V;, m/s;
and V; is the gas-liquid mixing velocity at cross-section 2, m/s; p; is the liquid density, kg/m3; Q; is the
volume flow rate of liquid, m3/h; Qg is the volume flow rate of gas, m3/h; S is the slip ratio between
phases; K= 4fL/D and based on Parker’s research results, when Ag = 0.63Ay, the theoretical value is
more consistent with the experimental value and Ay is the total area of the air holes of the nozzle [36].

2
(K+1)+(K+2)%—200—pg-i(%‘j)}

Q" ®p Ax ®)

H_ 1 _ Q
L [1+/8)-(Qe/@)] 28147
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The calculation of slip ratio S is based on the conclusions of Griffith et al. [37] under slug flow:

Q¢ 0.354/¢D
5$5=124+02—+ —— 4
Qi Vi @
Friction coefficient f is obtained by Colebrook [38] and verified by Haaland [39]:
L ooty &P 2 ®)
\/J_f 37  Re \/7

In order to verify the validity of the theoretical model, the experimental values are compared with
the theoretical values when a riser diameter is 40 mm, as shown in Figure 13. The experimental data
used ® 4 mm X 8 orifice of inlet area for 100 mm?2, ® 4 mm X 4 orifice of inlet area for 50 mm?Z, and ®

2 mm X 8 of inlet area for 25 mm?.

1.0
80 |-
]
08 bk 70
- 60 -
b 06 = = &4 mmx§
E T = 50
3 =l
= £ af
o -
§ 04 'g
Z s%r
> . [3}
) —=— theoretical value ~
5 02 ° ° . 20 |
Bl experimental value
= submergence ratio=0.5 w0k [ -
D4 mmx8 ]
00 | n x
ok n ' n g "
1 1 1 1 1 1 1 1 1 1 1 1 1 " 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16
3 -1 B
Gas volume flow/(m™h") Gas volume ﬂow/(mx'h I)
(a)
1.0 80
of "
08 |-
60 -
= n ®4 mmx4
=
M\E/ 06 < 50
g e
&= =
© 04+ ©
g 22} .
=) =
e - =
- o +the0§et1cal value = ol
z 02 ® experimental value .
a submergence ratio = 0.5
@4 mmvd 0r
0.0 sm s " agm .
ot "o
1 1 1 1 1 1 1 1 1 1 1 " 1 1 1 1 " 1 1
0 2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16
Gas volume ﬂow/(m3‘h") Gas volume flow/(m”h")

Figure 13. Cont.



Water 2020, 12, 388 13 of 16

[N}
T

=}
T

of

o
o
T

o
o
T

—=—theoretical value

Liquid volume flow/(m*-h™)
Relative error/(%)
&
T

04 [ -
® experimental value u
submergence ration = 0.5 20
02 ° ®2 mmx8 u -
10+ .
[ ] [ ]
n U "
00 F ol - " n
1 1 1 1 1 1 1 1 1 1 1 N 1 1 L 1 1
0 2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16
3 -l 3 -
Gas volume flow/(m™h") Gas volume flow/(m*h")
(c)

Figure 13. Comparison of experimental values and theoretical values at submergence ratio of 0.5
(a) Intake area of 100 mm?; (b) intake area of 50 mm?; (c) intake area of 25 mm?.

When the air intake is small, the relative error is very large; with the increase of the air intake,
the relative error gradually reduces. Near the minimum value, the experimental values are in good
agreement with the theoretical values, and the relative error is less than 5%. When the air intake
increases gradually, the relative error gradually rises to more than 5%. The main reason is that the
slip ratio formula used in this paper is based on conclusions gained by Griffith et al. [37] under slug
flow. The closer the flow pattern is to slug flow, the smaller the error between the theoretical value and
experimental value.

5. Conclusions and Discussions

The nine kinds of air intake modes and three kinds of riser diameters of a pneumatic lifting pump
are designed, the hydraulic characteristics and gas-liquid two-phase flow on lifting performance are
analyzed, and the theoretical model of a pneumatic lifting pump is established for comparison and
verification. The following conclusions are drawn:

1.  Under the intake mode with an 8 mm-wide circular nozzle and diameter of riser with 40 mm,
as the air flow rate increases, the lifting liquid flow rate increases rapidly at first, then slows
down gradually; the lifting efficiency increases rapidly at first, reaches the peak value, and
then decreases.

2. When the riser diameter is 40 mm, the submergence ratio is 0.5, under different intake areas,
smaller intake areas can promote the liquid flow rate, but reduce the lifting efficiency of the
pneumatic lifting pump; under the same intake area, there is not significant influence on the
liquid flow rate and lifting efficiency of the pneumatic lifting pump with the different air holes.

3.  The experiment is carried out when the diameters of riser are 30 mm, 40 mm, and 50 mm, and
the submergence ratios are 0.5, 0.6, and 0.7, with an 8 mm-wide circular nozzle. At the same
submergence ratio, the smaller the diameter of the riser, the smaller the final lifting liquid flow
rate and the larger the lifting efficiency peak value.

4. When the flow pattern in the pipe is slug flow, the theoretical model better predicts the lifting
flow rate of the lifting pump; but when the flow pattern in the pipe is other flow pattern, the
error between the theoretical value and the experimental value is large with the relative error
gradually rising to more than 5%.
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Nomenclature

] efficiency, %

P liquid density, kg/m3

g gravitational acceleration, m/s?

my, liquid mass flow rate, kg/s

Mg gas mass flow rate, kg/s

L riser length, m

H initial liquid level height, m

P, atmospheric pressure, Pa

Pin gas intake pressure, Pa

L length of the riser, m

A cross-sectional area, m?

H distance from the free surface to the bottom of the riser, m

Ag cross-sectional area of the intake pipeline, m?

Ve gas entry velocity at the bottom of the air line, m/s

\% the liquid entry velocity, m/s

V, gas-liquid mixing velocity at the cross-section 2, m/s

i liquid density, kg/m3

Pg air density, kg/m3

Q volume flow rate of liquid, m3/h

Qg volume flow rate of gas, m?/h

S slip ratio between phases

An total area of the air holes of the nozzle, m?

K equals to 4fL/D

Ag Equals to 0.63Ay, m?

f friction coefficient

D Pipe diameter, m

Re Reynolds number

3 Pipe roughness
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