
Citation: Xu, X.; Mou, J.; Zhang, H.;

Zou, D.; Yang, X.; Liu, X.; Qiu, Z.;

Dong, B. Experimental Study on

Performance of Liquid–Gas Jet Pump

with Square Nozzle. Energies 2023, 16,

7951. https://doi.org/10.3390/

en16247951

Academic Editor: Bjørn H. Hjertager

Received: 19 September 2023

Revised: 20 November 2023

Accepted: 28 November 2023

Published: 7 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Experimental Study on Performance of Liquid–Gas Jet Pump
with Square Nozzle
Xin Xu , Jiegang Mou *, Huiyan Zhang, Daohang Zou, Xuelong Yang * , Xiaohui Liu, Zhi Qiu and Buyu Dong

College of Metrology & Measurement Engineering, China Jiliang University, Hangzhou 310018, China;
s21020804061@cjlu.edu.cn (X.X.); zhanghuiyan@cjlu.edu.cn (H.Z.); zoudaohang@cjlu.edu.cn (D.Z.);
s21020408032@cjlu.edu.cn (X.L.); p21020854097@cjlu.edu.cn (Z.Q.); p21020854026@cjlu.edu.cn (B.D.)
* Correspondence: mjg@cjlu.edu.cn (J.M.); yxl@cjlu.edu.cn (X.Y.)

Abstract: An experimental study is conducted to investigate the effects of different operating pa-
rameters on the performance of liquid–gas jet pumps. A square nozzle with an area ratio of 2.25
is designed for the liquid–gas jet pump, and an experimental setup for the liquid–gas jet pump
system is constructed. By varying parameters such as inlet flow rate, temperature, and inlet pressure,
the variations in the pumping capacity and pumping ratio of the system are studied. The perfor-
mance of liquid–gas jet pumps with square nozzles and traditional circular nozzles under the same
working conditions was compared through experimental data. Explore the performance advantages
and disadvantages of liquid–gas jet pumps with different shaped nozzles under the same working
conditions. The experimental results indicate that as the inlet flow rate of the liquid–gas jet pump
increases, the pumping capacity of the system increases, leading to an increase in the pumping ratio.
The operational efficiency slightly decreases with a rise in the working water flow rate. The pumping
ratio of the system increases with an increase in the inlet pressure, reaching a peak value of around 4.0
when the inlet valve is fully open. Inlet pressure significantly affects the efficiency of the liquid–gas
jet pump, with the highest efficiency point achieved at Pa (inlet air pressure) = 60 kPa, reaching an
operational efficiency of 42.48%. When Pa exceeds 70 kPa, the operational efficiency rapidly declines.
Comparing the performance of square and circular nozzle liquid–gas jet pumps under the same
operating conditions, the performance of the square nozzle liquid–gas jet pump outperforms that of
the circular nozzle counterpart. The pumping system’s performance decreases continuously with an
increase in the working liquid temperature; however, the decline in pumping performance becomes
gradual after exceeding 40 ◦C. As the water level rises, both the pumping capacity and pumping ratio
of the system increase. After the liquid level reaches 40 cm, the changes in the pumping system’s
performance become less pronounced.

Keywords: liquid–gas jet pump; square nozzle; pumping performance; performance studies

1. Introduction

Jet pump design theory has a history of over 100 years of research. As a type of fluid
conveyance machinery and a mixing and reaction device, jet pumps are widely used in
conjunction with other pumping systems, finding extensive applications in agriculture,
water conservancy, transportation, and other fields [1].

Hoeffer [2] conducted successful extraction experiments using liquid–gas jet pumps in
condensers for the first time. Then, through extensive experimental studies, Rammingen [3]
discovered that the pressure of two-phase fluids suddenly increased after mixing. Witte [4],
through experimental research, discovered that in the process of water and gas mixing
within the liquid–gas jet pump, the gas undergoes significant compression, greatly impact-
ing the pump’s performance. A dimensionless constant (Euler number) was introduced
to elucidate the complex two-phase flow during the liquid–gas mixing process, defining
what a mixing shockwave is. Betzler [5] primarily conducted experimental studies on the
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diffuser structure. The results showed that optimal suction efficiency of the liquid–gas
jet pump is achieved when the gas and liquid phases are already mixed within the throat
section. Subsequently, an overall structural optimization study was carried out on the
liquid–gas jet pump, revealing a correlation between the isothermal compression ratio
of air and the throat length-to-diameter ratio. The optimal isothermal compression ratio
of air occurs at a throat length-to-diameter ratio of 22, approximately 18%. Opletal [6]
studied the influence of the geometric parameters of the jet pump on the injection ratio and
mass transfer coefficient, showed that the working structure parameters had an important
influence on the injection performance of the LGJP and proposed a method to evaluate the
mass transfer performance. Winoto [7] conducted experimental research on the correlation
between the conditions of maximum flow rate in liquid–gas jet pumps and the suction and
discharge pressures. The results showed that solely reducing the suction pressure does
not lead to an earlier occurrence of the maximum flow rate. However, under lower inlet
pressure conditions, further reducing the discharge pressure causes the maximum flow
rate to occur earlier. The liquid–gas jet pump remains operationally stable at the state of
maximum flow rate, and visualization of the throat section revealed that the mixing foam
is already formed before the maximum flow rate state is reached.

Cunningham [8], through an extensive analysis of experimental results, suggested
that under optimal conditions, as long as appropriate values for the throat length-to-
diameter ratio and throat diameter are chosen in the structure of liquid–gas jet pumps,
the isothermal compression ratio of air can exceed 40%, and possibly even higher. This
finding provides reference for the structural design in this study. Additionally, Witte [4]
employed a 19-nozzle multi-jet structure and conducted experimental comparisons under
various operating conditions, ultimately achieving an isothermal compression ratio of 40%.
Kumar [9] applied liquid–gas jet pumps to seawater purification systems and conducted
related experimental research. The results indicated that the pump’s performance reached
an optimum value when the nozzle-to-throat entrance distance was 33 mm. Furthermore,
the relationship between nozzle diameter, throat-to-nozzle distance, area ratio, and the
performance of liquid–gas jet pumps was studied through experiments by Kumar et al., and
these theoretical results were validated, showing good agreement between experimental
and theoretical outcomes. Bo Hu [10], studied the flow characteristics within the pre-swirl
system of a marine gas turbine at low rotational speed by varying the pressure at the pre-
swirl nozzle. Ge Qiang [11] designed the structural parameters of liquid–gas jet pumps and
developed calculation programs using VB and Access databases for the pump’s structural
dimensions. Additionally, CFD (Computational Fluid Dynamics) software was utilized
for numerical simulation analysis of the mixing process of two-phase fluids within the
liquid–gas jet pump under different structural parameters. The results showed that when
operating efficiency reaches its maximum, the throat-to-nozzle distance should be 1.5 times
the nozzle diameter, and the nozzle throat area ratio (m) should be 5.86, resulting in an
efficiency of 0.232.

Eisallak [12] conducted experimental analysis of the impact of inlet pressure on jet
streams. The results showed that when the inlet pressure is relatively weak, the performance
of the liquid–gas jet pump improves, while with higher inlet pressure, the pump’s efficiency
decreases. Xiang Qingjiang [13] conducted pressure measurements on the diffuser wall
under different gas-liquid volume flow rate ratios. Experimental results indicated that
within the diffuser, the maximum pressure increment ranged up to 250 kPa, with pressure
initially decreasing and then increasing along the wall. Consequently, the installation of
the liquid–gas jet pump should consider the pressure changes within the diffuser caused
by the static pressure resulting from vertical height. Zhang [14] summarized the design
theory, internal flow mechanism, structural optimization, and practical applications of
liquid–gas jet pumps, with a particular focus on discussing pulse liquid–gas jet pumps.
Yandong Gu [15] analyzed the performance degradation of the multi-stage centrifugal
pump and optimized the performance and axial forces. Cheng Honggui [16], in order to
study the flow characteristics of ultra-large area ratio jet pumps, performed numerical
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simulations and structural optimizations on jet pumps with different area ratios. The results
showed that as the flow ratio increased, the resistance of the entrained fluid increased
rapidly. Unlike conventional jet pumps, the pressure ratio exhibited a parabolic decline,
and the point of highest efficiency shifted to the right as the area ratio increased. Haidl [17]
used a converging nozzle to measure the suction capacity of a conventional liquid–gas jet
pump while experimenting with the performance of the pump in less stable configurations,
providing the best design suggestions for units with various geometric shapes, directions
and operating conditions to minimize gas entrainment.

Yang Xuelong [18] used the orthogonal experimental design method to design the jet
pump’s throat length, diffuser angle and profile, and analyzed three parameters to obtain
the optimal combination of throat and diffuser tubes. Hui Qianglong [19] conducted an
experimental study on the performance of liquid–gas jet pumps with several special-shaped
nozzles. The results showed that when the area is relatively large, the maximum liquid–gas
ratio of the liquid–gas jet pump formed by the special-shaped nozzles is greater than that
of circular nozzles. He Weidong [20] and colleagues conducted an experimental study to
verify the impact of jet pump supply liquid temperature on the energy-saving effectiveness
of a plate freezer. Performance experiments were carried out at four different temperatures:
25, 30, 35, and 40 ◦C. The results indicated that the performance of the plate freezer initially
increased and then decreased as the condensation temperature rose. This suggests that
the working fluid temperature affects the efficiency of the jet pump, thereby influencing
the overall system efficiency. In order to improve the performance of the jet pump. The
above research shows that the pumping efficiency of the liquid–gas jet pump is affected
by the internal structure of the liquid–gas jet pump and external parameter conditions
such as temperature. This paper studies the factors affecting the external performance of
square nozzle liquid–gas injection pumps, exploring the effects of different parameters
on the performance of the experimental system of the square nozzle liquid–gas jet pump.
The paper establishes an experimental platform for the liquid–gas jet pump system to
investigate the effects of these three influencing factors on the system’s performance. This
includes using a controlled variable method to verify the impact of factors such as inlet
flow rate, inlet pressure, and inlet water temperature during the operation of the liquid–gas
jet pump system. Additionally, a comparison is made between the efficiency changes of
square nozzle and traditional circular nozzle liquid–gas jet pumps under the same area
ratio. Different air inlet pressure and water inlet flow parameters have a greater impact on
the efficiency of the liquid–gas jet pump. The square nozzle with the same area ratio has
better efficiency and performance under different parameter conditions.

2. Experimental Apparatus Design
2.1. Experimental Setup and Instruments

Design and construct the experimental platform framework for the liquid–gas jet
pump system according to experimental requirements, and establish the experimental
procedure as shown in Figure 1.

Based on the design diagram of the pump system experimental platform, the exper-
imental setup of the system was constructed, as shown in Figure 2. The liquid–gas jet
pump system experimental platform consists of a working pump (liquid–gas jet pump), a
pressurization pump (centrifugal pump), a motor, pipeline valves, performance acquisition
equipment, and other relevant components. The system is driven by the electric motor
(13), and the working fluid is discharged from the water tank (1), pressurized through
the centrifugal pump (2), and its flow is controlled by a valve installed on the working
pipe [21]. The flow rate of the working fluid is measured by flowmeter (4). The fluid then
enters the liquid–gas jet pump (6) through the pipeline (5). Gas enters through the inlet (8),
passes through the inlet pipe (9) and the float flowmeter (10), and is controlled by the inlet
valve (11). The gas is mixed with the working fluid in the pressure-stabilizing tank (12),
and the mixed liquid is passed through the diffuser pipe (7) before being discharged back
into the water tank for recycling.
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Figure 2. Physical diagram of the pump system experimental platform. 1—Water tank, 2—Centrifugal
pump, 3—Inlet valve, 4—Flowmeter, 5—Inlet pipeline, 6—Liquid–gas jet pump, 7—Diffuser pipe,
8—Inlet port, 9—Inlet pipe, 10—Float flowmeter, 11—Inlet valve, 12—Pressure-stabilizing tank,
13—Motor.

2.2. Device Parameters

The centrifugal pump in this experimental setup is employed as a pressurization
pump. The chosen pump operating performance parameters to meet the requirements are
as follows: rated flow rate (Qn) of 50 m3/h, rated head (Hm) of 32 m, rated rotational speed
frequency (fn) of 50 Hz, and it is matched with a motor of 7.5 kW power.

For the working pump of this system (liquid–gas jet pump), the design will involve
adjusting certain dimensional parameters based on a comparison between practical opera-
tional needs and theoretical analysis. The structure of the liquid–gas jet pump is depicted
in Figure 3, and the structural parameters are detailed in Table 1.
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Table 1. Structural parameters of the liquid–gas jet pump.

Main Structure Dimensions

Suction chamber length (L1) 250 mm
Mixing chamber length (L2) 120 mm

Throat length (L3) 370 mm
Diffuser length (L4) 630 mm

Nozzle side length (L5) 78 mm
Suction chamber inner diameter (R1) 110 mm

Inlet port inner diameter (R2) 65 mm
Throat inner diameter (R3) 66 mm

Diffuser outlet inner diameter (R4) 100 mm
Inlet port inner diameter (R6) 65 mm

Area ratio (m) 2.25

The working fluid inlet pressure of the liquid–gas jet pump is generally around
0.6 MPa. The pressurization pump is used to increase the water pressure inside the water
tank to 0.6 MPa. The gas directly connected to the atmosphere is drawn into the system
through the inlet pipeline at a pressure of 0.1 MPa. The pressure variation range at the
outlet of the mixed fluid is 0.1–0.25 MPa.

The air pumping volume (Qa) and inlet water pressure (Pa) are among the most crucial
performance indicators. Therefore, the fluid flow entering through the inlet valve or inlet
gas valve is controlled, and the water pressure is measured using a pressure transmitter.

2.3. Performance Indicators of Liquid–Gas Jet Pump

In order to provide a better understanding of the relationship between the operational
performance of the liquid–gas jet pump and the flow characteristics of the internal two-
phase liquid–gas flow, this study employs dimensionless numbers such as the volume flow
rate ratio (q) and the working efficiency (η) and area ratio (m) of the liquid–gas jet pump to
describe its performance. These performance indicators offer an intuitive reflection of the
mass and energy transfer processes within the liquid–gas jet pump:

(1) Volume Flow Rate Ratio (q) [22].

q =
Qa

Qg
(1)

In the equation,

Qa stands for the air pumping volume;
Qg stands for the inlet water flow.

(2) Area Ratio (m) [23].

m =
fb
fo

(2)

fb represents the throat cross-sectional area;
fo represents the nozzle cross-sectional area.
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(3) Working Efficiency (η) [22].

Unlike liquid–liquid jet pumps, the fluid movement inside a liquid–gas jet pump
involves gas compression and changes in density, making it impossible to use the efficiency
formula of liquid–liquid jet pumps for calculation. The working efficiency of a liquid–gas
jet pump is essentially the ratio of the energy gained by the pumped gas to the energy lost
by the working fluid.

The gas is drawn into the liquid–gas jet pump through the inlet port and then mixed
with the jetting liquid before exiting through the outlet. This process can be visualized as
an isothermal compression process.

The energy gained by the gas is given by the following equation:

Wa =
∫ vc

va
pdv =

∫ vc

va

pava

vx
d(vx) = pava ln(

vc

va
) (3)

In the equation,

va represents the velocity of the gas entering the liquid–gas jet pump;
vx is the gas velocity along the axis of the liquid–gas jet pump;
vc is the velocity at which the gas leaves the liquid–gas jet pump.

According to the ideal gas equation:

pv = nRT (4)

In the equation,

p represents pressure;
v represents the volume of the gas;
n represents the amount of substance of the gas;
R is the molar gas constant;
T stands for temperature.

As the gas is assumed to undergo an isothermal compression process, the tempera-
ture T remains constant, and the gas medium does not change. Therefore, the following
derivation can be conducted:

Wa = pava ln(
vc

va
) = pava ln(

pa

pc
) (5)

The energy loss of the working fluid is:

Wg = Qg∆p (6)

In the equation, ∆p represents the total pressure difference lost by the liquid from
entering the liquid–gas jet pump to leaving it.

Therefore, the expression formula for working efficiency is:

η =
Wa

Wg
(7)

3. Experimental Design

In order to investigate the effects of various factors on the performance of the liquid–
gas jet pump system, experiments with controlled variables of different parameters were
conducted on the experimental platform of the liquid–gas jet pump system. The aim was
to delve into the influence of parameter variations on the performance of the pump system.
This study examines the factors that may affect the operating conditions of the pump
system through experiments and generates corresponding performance curves.

The pump parameters were adjusted to operate the pump within a highly efficient
and stable working range. The operating point of the pump corresponds to the intersection
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of the pump performance curve and the pipeline curve. Altering the operating point of the
pump is referred to as pump regulation. When the pump’s model is fixed, its performance
curve remains constant. Thus, adjusting the operating point of the pump intelligently
involves modifying various parameters of the operating system. Changing the system’s
performance curve can be achieved by adjusting factors such as inlet pressure, intake
pressure, friction losses, and local losses. Friction losses and local losses are closely related
to components within the system, such as pipe diameter, roughness, angles, and more.
Due to experimental limitations, altering pipe parameters is not possible; therefore, the
operating point of the liquid–gas jet pump system is primarily regulated by adjusting inlet
flow rate, intake pressure, and working fluid temperature.

3.1. Experimental Design with Inlet Flow Rate as the Single Variable

Ensure all valves are in the closed position. Start the centrifugal pump motor and
allow it to run until it reaches a stable state. Slowly adjust the gas valve and the inlet
water valve to fully open positions. Record data from various sensors, including inlet flow
rate and intake pressure. Subsequently, gradually adjust the inlet water valve opening,
recording experimental data at 5 m3/h intervals while simultaneously adjusting the gas
valve to maintain a stable intake pressure.

After the liquid–gas jet pump has been running stably for 2 min, continuously collect
sensor data for 60 s. Gradually adjust the inlet water valve until the working water flow
rate is insufficient to maintain continuous gas suction. Throughout this process, maintain
the water flow rate as the sole variable while adjusting the gas valve to keep the intake
pressure constant. Upon completion of data collection, first adjust the gas valve to fully
open and then stop the motor to prevent backflow and ensure that liquid does not enter
the pressure-stabilization tank.

3.2. Experimental Design with Inlet Pressure as the Single Variable

Ensure all valves are closed. Start the centrifugal pump motor and wait for the
centrifugal pump to reach a stable operating state. Gradually adjust the gas valve and
inlet water valve to fully open positions. Record data from all sensors. Subsequently,
gradually reduce the valve opening in increments of 10 kPa, recording experimental
data at each interval. Simultaneously adjust the inlet water valve to maintain a stable
working water flow rate. Similarly, after the liquid–gas jet pump system has run stably
for 2 min, continuously collect sensor data for 60 s. Gradually adjust the gas valve until
the jet of liquid is no longer able to sustain stable gas suction. Throughout this process,
maintain the inlet pressure as the sole variable, adjusting the inlet water valve to keep the
working water flow rate constant. After completing the data collection, first fully open
the gas valve. Then, stop the motor to prevent backflow and the entry of liquid into the
pressure-stabilization tank.

3.3. Experimental Design with Inlet Water Temperature as a Single Variable

In practical engineering, the temperature of the liquid can be influenced by weather
and working conditions, causing fluctuations in the working fluid’s temperature. Since the
design temperature of the liquid–gas pump in the system is 15 ◦C, the system can operate
normally when the mixed liquid temperature of the cooling water for the pump and the
steam extracted from the condenser is below 20 ◦C. During the summer, environmental tem-
peratures often exceed 30 ◦C, and the efficiency of the liquid–gas pump drops significantly
when the working fluid temperature exceeds 30 ◦C, resulting in a much lower pumping
capacity than the design value. When the variation in inlet water temperature exceeds a
certain range, it affects the performance of the liquid–gas pump system, preventing the
system from maintaining efficient and stable operation. To investigate the effect of inlet
water temperature on the experiment, the experimental setup on the test bench was used,
maintaining a constant motor speed of 1800 rpm while varying the inlet water temperature
and recording experimental data. In this process, the inlet air pressure was kept as the only
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variable. Based on the experimental data, performance curves for the liquid–gas pump
system at different inlet water temperatures were plotted.

4. Experimental Validation

In Figure 4, In the operational conditions of the system, changes in valve opening
affect the inlet flow rate and inlet air pressure. Therefore, adjustments to the inlet flow rate
and inlet air pressure can be achieved by controlling the valve opening. The valve opening
of the pipeline valves influences the pumping performance curve of the pump system. By
controlling and maintaining the valve opening within a reasonable range, the liquid–gas
pump system can operate stably and efficiently in the working area over the long term.
Experiments were conducted using the constructed experimental setup, keeping the electric
motor’s speed constant at 1800 rpm. Different valve openings were manually adjusted, and
experimental data were recorded. Based on the experimental results, performance curves
for this liquid–gas pump system were plotted at various valve openings.
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During the experimental process, measurement errors are unavoidable. Factors such
as vibrations caused by the centrifugal pump can affect the accuracy of sensors, especially
the sensitivity of the float-type flowmeter. Additionally, significant measurement deviations
can occur due to the impact of liquid droplets on the pressure taps in the throat and diffuser
tubes. To ensure the credibility and accuracy of the experimental data, it is necessary to
conduct error analysis and correction on the collected data. Pressure transducers, float-type
flowmeters, and electromagnetic flowmeters have a high data acquisition frequency of up
to 1000 Hz. The data collection process generates a large volume of data, and significant
errors may arise due to uncontrollable factors such as vibrations. To address this, error
correction is performed on the experimental data using the 3-sigma rule.

The criterion, assuming a sufficiently large number of measurements and an adequate
amount of data, is based on the assumption that only random errors exist in the data.
It involves calculating the standard deviation from the data and setting a range interval
around this standard deviation value. Any data points outside of this range are considered
gross errors and should be removed.

The 3σ criterion, assuming a sufficiently large number of measurements and an ad-
equate amount of data, presupposes that only random errors exist in the data. After
calculating and processing the data, the standard deviation value is determined. A range
interval is established around this deviation value, and data points falling outside this
interval are considered gross errors and should be removed. When performing preci-
sion measurements on the object under test, independent measurements x1, x2. . .xn, are
obtained. The arithmetic mean x and the residual errors vi = xi − x (i = 1, 2, . . . n) are
calculated. The standard deviation σ is then computed using Bessel’s formula. If the
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residual error vb (1 ≤ b ≤ n) of a specific measurement value xb satisfies the following
condition, the data point xb is considered to be a gross error and it is removed from
the dataset:

|vb| = |xb − x| > 3σ (8)

After removal, the average of the remaining data is taken as the measured data for
this group of data.

Since the intake airflow measurement point and the intake pressure measurement
point in the experimental setup designed in this paper are not located at the same position,
there are pressure changes and heat exchange when the extracted gas enters the pressure-
stabilizing tank. Therefore, there is a difference between the collected intake airflow and
the actual flow at the intake pressure measurement point. During the gas movement in the
pipes and the pressure-stabilizing tank, there is no heat exchange with the surroundings,
and it is considered an adiabatic process. According to Poisson’s law equation:

P×VY = C (9)

In the equation, P represents gas pressure, V represents volume, Y represents specific
heat ratio, and C represents a constant.

The gas flowmeter employs a float-type flowmeter, and its measurement data are the
gas flow rate at 20 ◦C and 4 kPa gas pressure. The measurement environment is maintained
at 20 ◦C. By substituting these values into the Poisson’s law equation, the accurate actual
gas flow rate at the intake pressure measurement point is obtained.

4.1. Impact of Inlet Flow Rate Results

The variation in inlet flow rate is primarily controlled by the valve opening. The
flow rate of the working fluid pumped by the centrifugal pump depends on the valve
opening, and changes in the valve opening are used to alter the working fluid flow rate.
Experiments were conducted under controlled conditions, meaning that other variables
were kept constant. The experimental inlet water temperature was set at 20 ◦C, the water
tank liquid level was maintained at 70 cm, and the inlet valve opening was adjusted as
necessary to maintain an inlet pressure of around 90 kPa. The experimental setup was
started, and data collection was initiated, once the system reached a stable operational state.
The experimental results are presented in the curves shown in Figures 5 and 6.
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From Figures 5 and 6, it can be concluded that as the inlet flow rate of the working
fluid increases, both the pumping capacity and pumping efficiency of the liquid–gas pump
system also increase. As shown in Figure 7, it can be observed that the efficiency slightly
decreases with an increase in the working fluid flow rate, but the impact is limited, with
the maximum efficiency variation reaching only 9.17%.
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4.2. Impact of Inlet Pressure Results

The gas flow extracted by the liquid–gas pump is primarily controlled by the inlet
valve. Changes in the experimental gas flow rate are achieved by altering the valve
opening. Experiments were conducted under controlled conditions, with the experimental
inlet water temperature held at 20 ◦C and the water tank liquid level at 70 cm. By varying
the inlet valve opening and adjusting the inlet water valve to maintain a constant inlet
water flow rate of 58 m3/h, the experimental results are presented in the curves shown in
Figures 8 and 9.
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From Figures 8 and 9, it is evident that keeping the inlet water pressure constant while
changing the inlet pressure results in corresponding variations in the pumping performance
of the liquid–gas pump system. As the inlet pressure increases, both the pumping capacity
and pumping efficiency of the system also increase. When the inlet valve is fully open, the
pumping efficiency reaches a peak of around 4.0.

Figure 10 shows that the inlet pressure has a significant impact on the efficiency of the
liquid–gas pump. The working efficiency is relatively high and stable when Pa is less than
or equal to 70 kPa. However, when Pa exceeds 70 kPa, the working efficiency decreases
rapidly. The highest efficiency point is observed at Pa = 60 kPa, with a working efficiency
of 42.48%.



Energies 2023, 16, 7951 12 of 17

Energies 2023, 12, x FOR PEER REVIEW 12 of 18 
 

 

30 45 60 75 90

0.75

1.50

2.25

3.00

3.75

q

Pa（kPa）  
Figure 9. Changes in air extraction ratio with different inlet pressure levels. 

From Figures 8 and 9, it is evident that keeping the inlet water pressure constant 
while changing the inlet pressure results in corresponding variations in the pumping 
performance of the liquid–gas pump system. As the inlet pressure increases, both the 
pumping capacity and pumping efficiency of the system also increase. When the inlet 
valve is fully open, the pumping efficiency reaches a peak of around 4.0. 

Figure 10 shows that the inlet pressure has a significant impact on the efficiency of 
the liquid–gas pump. The working efficiency is relatively high and stable when Pa is less 
than or equal to 70 kPa. However, when Pa exceeds 70 kPa, the working efficiency de-
creases rapidly. The highest efficiency point is observed at Pa = 60 kPa, with a working 
efficiency of 42.48%. 

40 50 60 70 80 90
15

20

25

30

35

40

45

η 
(%

)

Pa（kPa）

 Qg=58m3/h
 Qg=50m3/h
 Qg=45m3/h
 Qg=40m3/h

 
Figure 10. Influence of inlet pressure on efficiency. 

According to the literature reference [24], the area ratio (m) of circular nozzles in 
liquid–gas pumps ranges from 1.96 to 7.92. Efficiency gradually increases and then de-
creases within this range, as shown in Figure 11. However, there is a trend of increasing 
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According to the literature reference [24], the area ratio (m) of circular nozzles in liquid–
gas pumps ranges from 1.96 to 7.92. Efficiency gradually increases and then decreases
within this range, as shown in Figure 11. However, there is a trend of increasing efficiency
when the area ratio is between 2 and 3. The efficiency curves in the figure are all plotted
based on the maximum efficiency corresponding to the area ratio.
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Figure 11. Efficiency curves of jet pump for different area ratios.

According to Table 2 in the literature, the optimal efficiencies for area ratios of 1.96
and 3.07 in jet pumps are 0.35 and 0.41, respectively. Based on the trend in the curves, it
can be observed that the efficiency of a circular nozzle liquid–gas pump with an area ratio
of 2.25 falls between 0.35 and 0.40. In contrast, the square nozzle liquid–gas pump in this
study achieves an optimal efficiency of 42.48% with an area ratio of 2.25. This indicates that
for the same area ratio, the square nozzle configuration outperforms traditional circular
nozzles in terms of working efficiency.
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Table 2. Working parameters of the pump system at different temperatures.

T (◦C) Pg (kPa) Pa (kPa) Qa (m3/h) Qg (m3/h)

15 252.715 90.118 253.706 58.252
20 252.22 89.966 251.07 58.179
25 251.692 90.174 243.798 57.983
30 251.7045 90.446 244.476 58.089
35 251.028 90.096 237.793 58.185
40 249.644 90.782 230.952 58.27
45 250.437 91.075 230.574 58.384

4.3. Impact of Inlet Water Temperature Results

Experiments were conducted under controlled conditions, with the water tank liquid
level maintained at 70 cm. The inlet water temperature (T) was gradually increased from
15 to 45 ◦C, with increments of 5 ◦C each time. Table 2 presents experimental data for the
liquid–gas pump system’s pumping performance at different inlet water temperatures
while keeping both the inlet water and inlet air valves fully open and achieving maximum
working efficiency.

From the table above, it can be observed that in the liquid-ring gas jet pump system
with the inlet water and inlet air valves fully open, the water-pumping capacity of the sys-
tem remains almost constant, consistently at around 58 m3/h. However, the gas-pumping
capacity gradually decreases with the increase in inlet water temperature. Figures 12 and 13
depict the changes in gas-pumping capacity and gas-pumping ratio of the pump system as
the water temperature rises.

From the above figure, it can be seen that with the inlet water and inlet air valves
fully open and all other conditions remaining constant, the overall liquid-ring gas jet pump
system gradually decreases as the inlet water temperature rises. However, when the inlet
water temperature exceeds 40 ◦C, the gas-pumping ratio changes more gradually within
the temperature range of 40–45 ◦C.

At different water temperatures, while maintaining the system’s inlet air pressure at
90 kPa, the inlet water pressure was varied. Figure 14 illustrates the overall gas-pumping
performance of the liquid-ring gas jet pump system at different temperatures.
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From the above Figure 14, it can be observed that at the same inlet water pressure, the
gas-pumping performance of the liquid-ring gas jet pump system gradually decreases as
the inlet water temperature increases. At a constant temperature, the system’s gas-pumping
performance increases with an increase in inlet water pressure, and the performance curve
of the system approximately shifts with the same slope to the lower right. The most
significant change in the system’s gas-pumping performance occurs in the temperature
range of 35 to 40 ◦C. When the water temperature exceeds 40 ◦C and is within the 40–45 ◦C
temperature range, the change in gas-pumping ratio of the liquid-ring gas jet pump system
is not significant, and the gas-pumping ratio curves of the system almost overlap.

At different inlet water temperatures, with a constant inlet water flow rate of 58 m3/h,
the inlet air pressure was varied to conduct a gas-pumping performance test on the liquid-
ring gas jet pump system. The following Figure 15 illustrates the changes in the overall
gas-pumping performance of the system at different temperatures for comparison.
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From the above Figure 15, it can be observed that the gas-pumping performance of
the liquid-ring gas jet pump system continuously decreases as the inlet water temperature
increases. When the inlet water temperature varies within the range of 15–30 ◦C, the gas-
pumping performance of the liquid-ring gas jet pump system remains relatively stable, and
the curves approximate each other. However, when the inlet water temperature changes
in the range of 35–45 ◦C, the gas-pumping performance of the liquid-ring gas jet pump
system varies significantly, and the system’s gas-pumping curve noticeably shifts to the
lower right.

5. Conclusions

This study conducted experimental research on various parameters affecting the
performance of the liquid-ring gas jet pump system using a controlled variable approach.
Performance curves of the liquid-ring gas jet pump system were plotted, and the gas-
pumping efficiency of the system was observed by analyzing the trends in these curves.
Based on this, the following conclusions can be drawn:

(1) Under the condition of keeping other factors constant, the air extraction efficiency of
the liquid–gas jet vacuum pump system increases with an increase in the water inflow
rate. Simultaneously, under the condition of maintaining other variables consistent,
the liquid–gas jet vacuum pump system exhibits an increase in air extraction efficiency
with an increase in the air intake pressure. Therefore, this verifies that the water
inflow rate and air intake pressure have a significant impact on the performance of
the liquid–gas jet vacuum pump system.

(2) Keeping other conditions constant while adjusting the water temperature, the air
extraction efficiency of the liquid–gas jet pump system decreases as the water tem-
perature rises. Within the temperature range of 35–40 ◦C for the water inflow, the
air extraction performance undergoes the most significant changes. However, once
the water temperature exceeds 40 ◦C, the liquid–gas jet vacuum pump system’s air
extraction performance remains relatively stable. This experiment segment confirms
the significant impact of water temperature on the performance of the liquid–gas jet
vacuum pump system.

(3) When the area ratio is the same and equal to 2.25, changing the inlet water flow or
air inlet pressure of the liquid-vapor jet pump system, it was found that the square
nozzle liquid-ring gas jet pump exhibits higher operational efficiency than the circular
nozzle counterpart. Under this specific area ratio, the square nozzle liquid-ring gas jet
pump system demonstrates superior performance.
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(4) Performance experiments were conducted on the liquid–gas jet pump system, explor-
ing the factors leading to changes in its performance. Additionally, a comparison was
made between the performance of nozzles with different shapes but the same area
ratio. This research provides a basis for enhancing the performance of liquid–gas jet
pumps and related areas.
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Nomenclature

Pa the inlet air pressure, m3/h
Pg the inlet water pressure, kpa
Qg the inlet water flow, m3/h
Qa the air pumping volume, m3/h
q the volume flow rate ratio
m the area ratio
T the inlet water temperature, ◦C
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