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Abstract: Gas–liquid transportation is an efficient and economical transportation technology devel-
oped in recent years. It mainly uses some transportation equipment to simultaneously transport
crude oil, associated natural gas, produced water, and so on for the purpose of reducing costs and
energy consumption. In this paper, a double-chamber gas–liquid transferring device was selected
as the research object. The VOF multiphase flow model of FLUENT software was used to simulate
the gas–liquid two-phase flow performance under the design condition. The relationships between
the two-phase flows, pressure, temperature, liquid level in the tank, outlet flow rate of the device,
and time were calculated and analyzed. The results show that the operating cycle of the device
can be divided into three processes, namely ‘suction-compression-discharge’, in which the cycle
period formula is proposed as well. The pressures of gas and liquid in the device are basically the
same, but the temperatures of the two phases are quite different in the compression process. In the
compression process, the outlet valve is closed so that the outlet flow rate of the device is zero, and
the gas compression process can be approximately treated as isothermal compression in engineering
design. The comparison between the measured performance data in the oil field and the calculation
results indicates that the calculation method in this paper is feasible for the performance prediction
and optimization of the double-chamber gas–liquid transferring device.
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1. Introduction

With the continuous development of oil production and transportation, it is important
to achieve energy conservation and reduce emissions, production costs, and environmental
pollution. In the process of oilfield exploitation, crude oil, associated natural gas, and
underground water are usually produced from oil wells at the same time, so it is possible
to gain economic benefits from oilfield development using a pipeline to transfer liquids (oil,
water) together with gas (natural gas). The key equipment in gas–liquid transportation is
the gas–liquid pump. At present, there are two main types of gas–liquid pumps widely
applied in oil fields, i.e., twin-screw pumps and rotodynamic pumps. For twin-screw
pumps, the world’s first twin-screw pump was invented in 1890. In the following decades,
various kinds of screw pumps were developed for engineering applications, especially
for oil-gas transportation [1–3]. Vetter and Wincek [4] proposed an analytical model to
predict the volumetric flow capacity for both single-phase and two-phase operations of
twin-screw pumps. Egashira et al. [5] conducted a qualitative study on the relationship
between leakage and factors such as the gas content of the screw pump, the rotor speed,
and the pressure difference between the inlet and outlet. They also provided an empirical
model for calculating the internal pressure distribution of the oil-gas twin-screw pump.
Muhammed [6] developed a model for predicting the dynamic pressure field around the
screws and the dynamic response of twin-screw pump rotors due to hydrodynamic forces.
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Sun et al. [7] investigated the two-phase flow mechanism inside a double suction twin-
screw pump under different inlet gas volume fractions (GVF). Their results showed that
the pressure inside the working chamber was symmetrical and increased gradually from
the inlet to the outlet. The high GVF areas on the surface of the rotors mainly existed at the
positions of gaps.

For rotodynamic pumps, the earliest research on multiphase rotodynamic pumps began
in the 1980s and was put into engineering application in the 1990s [8–11]. Huang et al. [12,13]
conducted a three-dimensional numerical simulation of gas–liquid two-phase flows in a helico-
axial pump, and provided a numerical method for the performance prediction of the pump.
Ma et al. [14] carried out a multi-objective optimization design for rotodynamic pumps. The
relative head and efficiency of the multiphase pump were increased by 0.81% and 0.77%,
respectively. Suh et al. [15] also performed a numerical optimization to enhance the hydraulic
performance of a helico-axial multiphase pump. The single-objective (efficiency) optimization
was conducted for both the impeller and diffuser. The objective function was evaluated at
design points using Latin-hypercube sampling. Their results showed remarkable increases in a
higher performance level compared with the base model. Liu et al. [16] proposed a method
to optimize the performance of multi-stage multiphase pumps by theoretical analysis based
on the Oseen vortex, and the pump head and efficiency could be improved by an average
of 0.29% and 0.19%, respectively. In summary, a lot of work was reported on the design and
performance analysis of twin-screw and rotodynamic pumps for gas–liquid transportation.

In addition, Guan et al. [17,18] recently developed a novel double-chamber gas–liquid
transferring device. In this device, two tanks alternately become the suction chamber and
the compression-discharge chamber for the incoming gas–liquid flows. A liquid pump
is used to transfer liquids from one tank to the other, thereby realizing the continuous
transportation of the gas–liquid medium. The device was already applied in oilfields and
is expected to become an effective gas–liquid two-phase transferring tool with wide appli-
cation prospects, due to its simple structure and adaptability to various inflow conditions.
However, the working principles and operating cycle laws in this kind of double-chamber
gas–liquid transferring device are still unclear. In this paper, therefore, the gas–liquid
two-phase flows field in a double-chamber gas–liquid transferring device was simulated
numerically using FLUENT software, to understand the working principle of the device
and the internal mechanism of gas–liquid two-phase flows, and to provide a theoretical
basis for improving the design of the double-chamber gas–liquid transferring device.

2. Working Principle and On-Site Performance Measurement

The double-chamber gas–liquid transferring device (Figure 1) is mainly composed of
three major systems, i.e., a fluid system (liquid pump, circulating tanks and pipeline, etc.),
a control system (reversing valves, one-way valves and intelligent control system, etc.), and
an instrument air system (air compressor, pipeline, etc.). The geometric parameters of the
tanks and pipes are shown in Table 1.

Figure 1. Double-chamber Gas–liquid Transferring Device.
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Table 1. Major dimension parameters in device.

Component Specification (mm)

Circulation tank DN = 800, S = 8, H = 1950
Suction and discharge pipe Φ159 × 6
Inlet pipe for liquid pump Φ159 × 6

Outlet pipe for liquid pump Φ133 × 6

During the operation of the device, when liquid is transferred from tank 1 to tank 2
using the liquid pump, tank 1 and tank 2 are the suction chamber and compression-
discharge chamber for the inflow medium, respectively. As shown in Figure 2a, the
reversing valves 2# and 3# are open, while valves 1# and 4# are closed. The incoming
gas–liquid mixture flows through the inlet pipeline into tank 1, guided by the one-way
valve. The gas–liquid mixture is separated in tank 1 due to gravity, and the liquid in the
bottom is pumped and pressurized by the liquid pump to tank 2. The liquid level in tank
1 decreases and the liquid level in tank 2 increases. When the liquid level in tank 2 is
high enough to make the pressure in the tank reach the set superior limit, the intelligent
control system will open the outlet valve of the device, and the gas–liquid medium in tank
2 will be discharged from the outlet of the device. When the liquid level in tank 1 drops to
the set lower limit (25% liquid level), the reversing valves are automatically switched by
the intelligent control system. Reversing valves 1# and 4# are open, 2# and 3# are closed,
and the device outlet is temporarily closed. At this moment, tank 1 and tank 2 exchange
functions. The incoming medium flows into tank 2, guided by the one-way valve, and
the gas–liquid separation is carried out in tank 2. The liquid is pressurized by the liquid
pump from tank 2 to tank 1, and the medium in tank 1 flows out from the outlet pipe after
the pressure reaches the set value (Figure 2b). In this way, the continuous pumping and
transportation of the gas–liquid mixture is ultimately achieved.

Figure 2. Working Principle of Double-chamber Gas–liquid Transferring Device: (a) Tank 1 as Suction
Chamber; (b) Tank 2 as Suction Chamber.

The operating conditions of the device in an oil field were as follows: the pressure
of the inflow medium ps = 0.28 MPa and the gas volume fraction α = 20%, the outlet
pressure pd = 0.83 MPa, liquid pump flow Qby = 16 L/s. Table 2 shows the average
values of the on-site measured pressure difference between the inlet and outlet, flow rates,
and valve switching time. In the table, the gas flow rates are converted to those at the
standard condition.
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Table 2. Comparison of measured and calculated results of gas–liquid transferring device.

Switching Time (s) Gas (m3/h) Liquid (m3/h)
Pressure Difference between Inlet and

Outlet (MPa)

On-site measurement 177 38.53 57.38 0.54
Simulation 172.53 37.23 57.6 0.55

Relative error 2.53% 3.37% 3.83% 1.85%

3. Numerical Method

According to the data on the tank and pipes shown in Table 1, the 3D fluid computa-
tional domain of the double-chamber gas–liquid transferring device was created using the
CAD software SolidWorks as shown in Figure 3.

Figure 3. Flow Computational Domain of Device.

The independence verification for the computational grid was performed as shown
in Figure 4. The time interval that the outlet pressure of the device reached the set value
from the initial state was taken as the indicator for investigation. The polyhedral grids with
different grid densities were selected for calculation because the number of polyhedral
meshes could be much less than that of tetrahedral meshes with the same accuracy. Since
the numerical simulations were made for the whole model of the device and a short time
step was required for the two-phase flow in the study, it took more than three weeks
to calculate a complete working cycle using a Dell Workstation (Precision Tower 7920).
Based on the results in Figure 4, the polyhedron grid with grid number 392860 and node
number 2102518 was finally selected as the computational do-main grid for the subsequent
calculation, considering both calculation cost and accuracy.

The VOF multiphase model [19] and the RNGk − ε turbulence model [20] in FLUENT
software were selected to simulate the three-dimensional gas–liquid two-phase flow field
in the device. Air was treated as an ideal gas (compressible) and the primary phase, and
water was the liquid phase (incompressible) as the secondary phase. The phase change
was neglected, but the energy equation was solved with consideration of heat transfer. The
direction of gravity (9.81 m/s2) was set according to the actual situation. The ambient
conditions were the atmospheric pressure (101,325 Pa) and 15 ◦C in temperature.

In terms of the boundary conditions of the computational domain, the inlet of the
device was set as the pressure inlet, and the temperature of the inflow medium was 48 ◦C.
The outlet of the device was set as a pressure outlet as well. To simplify the calculation,
the 3D flow field inside the liquid pump was not simulated. However, the effect of the
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liquid pump was applied by setting the boundary conditions (flow rates of the pump) at
the pipes connected to the pump. The check valve and the directional valve group were
set to the ‘wall’ or the ‘internal surface’ according to the operational orders. When the
liquid level in the tank was lowered to about 25%, the TUI command in the software was
executed through the Execute Commands function [21] to realize the switching between the
suction chamber and the compression-discharge chamber. The PISO algorithm was used
in the solver, the second-order upwind discretization scheme was used for the continuity
equation and momentum equations, the Geo-Reconstruct scheme was used for the phase
volume fraction, the first-order implicit scheme was used for the time discretization, and
the calculation time step was ∆t = 0.001 s.

Table 2 gives the comparison between the on-site performance measurement and the
calculation results, in order to verify the validity of the calculation method. It can be seen
from Table 2 that the errors between the calculated and the measured data are within a
reasonable range, indicating the calculation method and results in this study are feasible.

Figure 4. Grid Independence Test.

4. Result Analysis
4.1. Liquid Level and Gas–Liquid Two-Phase Distribution

Figure 5 shows the calculated distribution of gas volume fraction at different liquid
levels. The initial state of the calculation was that the two tanks were filled with liquid and
the pipeline was filled with gas (Figure 5a). After the device started to operate, the gas–
liquid medium entered the device from the inlet in the design condition. The gas–liquid
separation was formed in tank 1 due to gravity (Figure 5b), and the inflow of the liquid
pump was not entrained with gas phase content. The liquid level in tank 1 was further
lowered as the liquid in tank 1 was continuously transported to tank 2 (Figure 5c). When
the liquid level in tank 1 dropped to the set lower limit, the reversing valves automatically
switched. After switching, the gas–liquid medium entered tank 2 from the inlet of the
device and formed phase separation. As the liquid in tank 2 was pressurized by the pump
into tank 1, the gas–liquid medium in tank 1 was compressed and discharged out of the
outlet of the device (Figure 5d–f).

Figure 6 shows the variation of relative liquid level H* with time in two tanks. The
relative liquid level H* is defined as:

H∗ = Hl/H (1)

where Hl is the liquid level in the tank, H is the total height of the tank.
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Figure 5. Gas Volume Fraction α Distribution in the Device under Different Liquid Levels: (a) Initial
state; (b) Liquid Level Dropped to 75% in Tank 1; (c) Liquid Level Dropped to 25% in Tank 1;
(d) Liquid Level Rose to 50% in Tank 1; (e) Liquid Level Dropped to 50% in Tank 2; (f) Liquid Level
Dropped to 25% in Tank 2.

Figure 6. Variation of Liquid Level in Two Tanks with Time.
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From Figure 6, it can be seen the liquid levels in the two tanks rise and drop periodically
and alternately. The cycles of liquid level drop and rise are T1 and T2, which can be
calculated by Equations (2) and (3), respectively.

T1 = Ve/αQby (2)

T2 = Ve/Qby (3)

where Ve is the effective filling space of the tank to remove the lowest liquid level.
It can be seen from the Equations (2) and (3) that the period of liquid level drop

or rise is related to the inlet gas content α, liquid pump flow Qby, and the size of the
circulating tank.

Some features are also found in Figure 6 as follows. At the beginning, the liquid level
in tank 1 continued to decline as the liquid was pumped from tank 1 to tank 2, and the
liquid level in tank 2 remained full. However, the liquid in tank 1 was supplemented to
some degree from the inflow, so the liquid level dropped slowly with a decreasing speed to
a value of about H* = 0.25. At this time, the reversing valves automatically switched. The
liquid in tank 2 was delivered to tank 1 by the pump, which made tank 1 full of liquid in
a relatively short time. When the liquid level in tank 2 gradually decreased to a value of
about H* = 0.25, the reversing valve switched again into the next operating cycle.

4.2. Pressure, Temperature, and Flow Rate

Figure 7 shows the calculated average pressure of the gas–liquid two-phase medium in
the tank with time. It can be seen from Figure 7 that the pressures in both the gas phase and
the liquid phase were basically the same. When the device started working, the valve of
tank 2 was closed until the pressure in tank 2 rose to the set value (0.83 MPa). The pressure
in tank 1 increased slightly but was basically consistent with the inlet pressure of the device
(0.28 MPa). This process was regarded as the ‘suction process’ (for tank 1, the same below).
With the switching of the valve, the pressure in tank 2 decreased sharply due to the opening
of the inlet valve and the closing of the outlet valve of tank 1, and the boosting effect of the
liquid pump continuously increased the pressure in tank 1 to the set value, which was the
‘compression process’. When the pressure in tank 1 reached the set value, the valve opened,
and the gas–liquid medium in tank 1 maintained the set pressure to discharge from the
outlet of the device. This process was the ‘discharge process’. So far, tank 1 completed
an operating cycle, which included three processes of ‘suction-compression-discharge’.
Comparing Figures 6 and 7, it can be found that the cycle period T of the device is the sum
of the liquid level drop times of tank 1 and tank 2. The suction time is equal to the liquid
level drop time of tank 1, and the sum of the compression and the discharge time is equal
to the liquid level drop time of tank 2. Tank 1 and tank 2 are usually the same size, so an
operating cycle period T is:

T = 2T1 = 2Ve/αQby (4)

Figure 8 shows the calculated pressure distribution in the device during an operating
cycle. In the suction process (Figure 8a), the pressure in tank 1 was basically consistent
with the inlet pressure of the device, while the pressure in tank 2 was consistent with the
outlet pressure of the device. In the compression process (Figure 8b), however, the pressure
in tank 1 gradually increased but not yet reached the set value. The pressure in tank 2 was
consistent with the inlet pressure of the device. In the discharge process (Figure 8c), the
pressure in tank 1 reached the set value and was consistent with the outlet pressure of the
device, and the pressure in tank 2 was consistent with the inlet pressure of the device.



Processes 2023, 11, 1311 8 of 12

Figure 7. Average Pressure in Tanks with Time: (a) Gas Phase; (b) Liquid Phase.

Figure 8. Pressure Distribution in the Device during an Operating Cycle: (a) Suction Process;
(b) Compression Process; (c) Discharge Process.

Figure 9 shows the calculated average temperature of the two-phase medium in the
tanks with time. It can be seen from Figure 9 that the temperatures in both the gas and the
liquid were basically the same in the suction and discharge processes, and maintained at
about 48 ◦C. In the compression process, however, the gas temperature rose considerably
due to the compression by the liquid, and the maximum temperature difference with the
inlet was about 23 ◦C. Meanwhile, the liquid temperature also rose due to heat exchange
between the two phases, but the maximum temperature difference with the inlet was
about 6 ◦C.

Figure 10 shows the calculated temperature distribution in the device during an oper-
ating cycle. It can be seen from Figure 10 that the temperature in the device was maintained
at about 48 ◦C in the suction process and the discharge process. In the compression process,
the temperature distribution was quite different because the gas was compressed to increase
the temperature and exchange heat with the liquid. High temperatures mainly occurred in
the upper part of the tank and in the area with more gas.
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Figure 9. Average Temperature in Tanks with Time: (a) Gas Phase; (b) Liquid Phase.

Figure 10. Temperature Distribution in the Device during an Operating Cycle: (a) Suction Process;
(b) Compression Process; (c) Discharge Process.

Figure 11 shows the calculated outlet flow of the device with time. It can be seen from
Figure 11 that the outlet flow of the device fluctuates around Qp = 17.3 L/s in the suction
process and the discharge stage. In the compression process, however, the outlet valve of
the device was closed until the pressure in the tank rose to the set value (0.83 MPa), so the
outlet flow of the device in the compression process was Qp = 0.

In order to understand the general law of the gas compression process of the device,
Figure 12 shows the relationship between the calculated average pressure p and the average
density ρ of the gas in tank 1 during the compression process, together with the theoretical
curves of the isothermal process and adiabatic process of an ideal gas [22]. It can be seen
from Figure 12 that the p − ρ curve during the gas compression process in the tank quite
meets that of the isothermal process, due to the absorption and the removal of the heat by
the operating liquid. In engineering design, therefore, the gas compression process in the
device can be approximately regarded as an isothermal process similar to the treatment of
gas in liquid ring compressors [23,24].
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Figure 11. Outlet Flow Rate of the Device with Time.

Figure 12. Gas Compression Process in Tank.

5. Conclusions

In this work, through the transient two-phase flow numerical simulation of the double-
chamber gas–liquid transferring device, the following conclusions are obtained:

• During the operation of the device, the gas–liquid medium forms phase separation
in the circulating tanks due to gravity, and the inflow of the liquid pump is not
entrained with the gas phase content. The liquid levels in the two tanks rise and drop
periodically and alternately. The period of liquid level drop or rise is related to the
inlet gas content α, liquid pump flow Qby and the volume of the circulating tank,
which can be calculated by Equations (2) and (3), respectively.

• The operating cycle of the device can be divided into three processes, ‘suction-
compression-discharge’, and the cycle period can be calculated according to Equation (4).
The pressure in the tank in the suction chamber is basically consistent with the inlet
pressure of the device, and the pressure in the tank in the discharge chamber is ba-
sically consistent with the outlet of the device. In the compression process, there is
no outlet flow because the outlet valve of the device is temporarily closed, and the
circulating tank as the discharge chamber is in a compressed state.

• In the suction and discharge processes, the temperatures of both phases in the device
are basically the same, but there are significant differences in the compression process.
Due to the absorption and the removal of the heat by liquid, the relationship between
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gas pressure and gas density is close to the isothermal compression process for an ideal
gas, so the compression process of the gas phase in the tanks can be approximately
treated as an isothermal process in engineering design.

• The double-chamber gas–liquid transferring devices are expected to become an ef-
fective gas–liquid two-phase transferring tool with wide application prospects, due
to their simple structure and adaptability to various inflow conditions. For the next
study, the influence of various factors on the flow performance will be analyzed, in-
cluding operating conditions (inlet gas content, liquid pump flow, etc.) and structural
parameters (pipeline, circulation tank, etc.).
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