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Abstract: A wellhead multistage bundle gas–liquid separator combining a gas–liquid cylindrical
cyclone (GLCC) with multi-tube bundle components is expected to improve the gas–liquid separation
performance. However, there is no unified understanding of the factors influencing the separation
performance of the separator. The continuous improvement and applications of the separator are
restricted. This paper evaluated the performance of the separator using a numerical simulation
method. The results indicate that the separation flow field evolves to be uniform with the increased
water cut when the gas–oil ratio and flow rate remain constant. Compared with a 30% water cut,
the separation efficiency at a 50% water cut increased by 5.88%. When the gas–oil ratio and water
cut remained constant, the swirl effect of the primary separation was enhanced. The separation
efficiency increased to more than 70% when the flow rate was 15 m/s. When the flow rate and water
cut remained unchanged, the pressure of the separation flow field was reduced. However, when
the gas–oil ratio was greater than 160 m3/t, the flow field trace density of the secondary separation
bundle was reduced, and the separation efficiency was also lower than 60%. The separation efficiency
can be further improved by optimizing the number and diameter of secondary separation bundles.

Keywords: gas–liquid separation; gas–liquid cylindrical cyclone; separation performance; flow field
characteristic; numerical simulation

1. Introduction

A gas–liquid cylindrical cyclone (GLCC) is widely used in oil and gas fields of different
regions such as desert, land, and ocean [1,2]. Conventional volumetric separators are replaced
by GLCCs with better economy and operability because a GLCC has the advantages of a
simple structure, light weight, a small volume, and a wide treatment range [3–5]. In high
water cut oil and gas fields, for example, during the process of oil and gas exploitation and
transportation, the produced liquid often exists in the form of multiphase flow. Thus, it is easy
for the produced liquid to form an unstable flow state caused by many factors, such as pressure,
which increases the measurement error in the process of delivery. In order to overcome the
problem of inaccurate measurement, a growing number of optimized measurement methods
have appeared. Their core principle is basically similar; that is, they separate the different
phases into a multiphase flow and then measure them separately [1,6–8]. The combination of
a GLCC and a metering device is superior to other conventional methods. The discontinuity
and instability in the metering process are overcome, and the metering of the small flow rate
of the multiphase flow is realized [9–11].

However, the separation flow field inside the separator is relatively complex. During
the production of oil and gas fields, the physical parameters of the recovered fluid also
undergo dynamic changes, such as the water cut, gas–oil ratio, and other factors. However,
since GLCC separators use gravity and centrifugal force for gas–liquid separation, slip
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occurs between the gas–liquid phases due to the density difference between the gas–
liquid phases, and the liquid phase is thrown against the pipe wall while the gas phase
is discharged through the fixed pipe. During the separation process, when the amount
of the liquid phase increases beyond the threshold of separation performance or the flow
rate changes, it will adversely affect the separation effect. Therefore, traditional GLCC
separators can no longer meet actual production needs [9,12]. In addition, there are also
some problems in the application of a GLCC, such as the difficulty of liquid level control,
eliminating slug flow, the influence of multiple factors on the separation effect, and the
low accuracy of subsequent metering. These problems are improved by the wellhead
multistage bundle gas–liquid separator. In the separator, efficient gas–liquid separation is
realized by the GLCC and multi-tube bundle components. After the gas–liquid mixture
is separated by the primary GLCC swirl, it enters the multi-tube separator for secondary
deep separation. The separation efficiency is improved, and the measurement accuracy
is guaranteed. Although the principle of the separator is clear, the structure is simple,
and the application is convenient, the separation performance of the separator is affected
not only by the geometric structure characteristics but also by the flow conditions of the
gas–liquid mixture. The flow pattern and geometric parameters such as inlet inclination
angle and flow rate have been researched in some studies [12,13]. For example, the internal
flow behavior and gas–liquid separation efficiency of a GLCC were analyzed, and then
the evaluation and optimization were realized [4,7,8,14]. However, these were only for
single-stage separation optimization of GLCC, and the separation performance evaluation
of the improved multistage bundle gas–liquid separator was not considered.

Therefore, the separation performance of the separator in this paper is studied by
the numerical simulation method, the separation flow field and separation effect are
observed, the influence law of water cut, flow rate, and gas–oil ratio of the gas–liquid
mixture is explored, the gas–liquid separation process is described, the separation efficiency
is quantitatively compared, the further optimization direction of separator geometric
structure is proposed, and the expanded application of a GLCC is provided.

2. Model Development
2.1. Modeling of the Wellhead Multistage Bundle Gas–Liquid Separator

The wellhead multistage bundle gas–liquid separator is a skid-mounted structure,
which includes a two-stage separation unit, gas flowmeter, liquid flowmeter, measurement
data acquisition system, power distribution system, pipelines, and other components [15].
The gas–liquid mixture enters the GLCC through the primary separation inlet of the
separator, forming a swirling flow, and the mixture is separated into a gas phase and liquid
phase under the combined action of gravity, centrifugal force, and buoyancy. Then the
liquid phase is agglomerated into large droplets by a swirling action, and, subsequently,
affected by centrifugal force, the liquid is separated along the radial direction and collected
at the bottom. Meanwhile, the remaining liquid phase is carried by the gas phase, flowing to
the gas-gathering tube, and the primary separation is realized [7–10]. The gas phase enters
the gas-gathering tube and continues to move upwards, passing through the gas separation
elbow and the secondary separation bundle between the elbow and the gas-gathering tube;
then, the deep secondary separation is carried out. After separation, the gas and liquid
phases enter the different flowmeters, and the accuracy of the gas phase and liquid phase
measurement can be guaranteed [14,16,17].

For the wellhead multistage bundled gas–liquid separator, the gas–liquid separation
function is mainly affected by the GLCC and multi-bundle components. Therefore, accord-
ing to the needs of the numerical simulation process, the separator structure is simplified
in this part. The strengthening structures and auxiliary components in the separator are
ignored, and the measurement and collection parts of the gas phase outlet and the lower liq-
uid phase outlet are ignored; so, the simplified physical model of the separator is obtained,
as shown in Figure 1. The geometric parameters of the separator are shown in Table 1.
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Figure 1. Simplified physical model of the wellhead multistage bundled gas–liquid separator.
1—primary separation inlet; 2—cylindrical cyclone (GLCC); 3—balance tube; 4—liquid phase outlet;
5—gas-gathering tube; 6—secondary separation bundle (thin); 7—secondary separation bundle
(coarse); 8—gas separation elbow; 9—gas phase outlet.

Table 1. Geometrical parameters of the physical model.

Structure Parameters Size, mm Structure Parameters Size, mm

Length of the primary separation inlet riser 500 Diameter of the primary separation inlet riser 66
Length of the primary separation inlet

inclined tube 700 Diameter of the primary separation inlet
inclined tube 66

Length of the cylindrical cyclone 1780 Diameter of the cylindrical cyclone 147
Length of the balance tube 1200 Diameter of the balance tube 147

Length of the liquid phase outlet 300 Diameter of the liquid phase outlet 66
Length of the gas-gathering tube 796.5 Diameter of the gas-gathering tube 147

Diameter of the secondary separation
bundle (thin) 26 Diameter of the secondary separation

bundle (coarse) 66

The mixture model is simplified as the Euler model, which considers the diffusion
and fluctuation effect between phases and uses the concept of slip velocity to describe
the phase moving at different speeds [16,18–20]. For the turbulence model, the influ-
ence of the wall surface on the Reynolds stress distribution in the Reynolds stress model
(RSM) was considered, and the strong rotation motion in the flow field can be completely
reproduced [18,21–23]. Therefore, the mixture model and RSM were selected.
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µm =
n

∑
k=1

αkµk (5)

→
vdr,k =

→
vk −

→
vm (6)

Here,
→
F is the volume force (N); µm is the viscosity of the mixture (Pa/s), and

→
vdr, k is

the drift velocity of phase k (m/s).

2.2. Calculating Process

In the process of primary gas–liquid cyclone sedimentation separation and secondary
multi-bundle deep separation, the separator performance can be further evaluated by
observing the characteristics of flow field distribution and evolution. After considering
the structural and functional characteristics of the separator, the separator was divided
into three parts, including the GLCC, the multi-bundle separation unit, and other parts.
Then, Gambit was used to mesh with different grid densities, and the unstructured grid
of the physical model was generated. As shown in Figure 2, the grid of the GLCC part
was encrypted.
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Figure 2. Mesh generation of the physical model.

The wall of the model was set to a static state, and the influence of viscosity was
considered. The inlet of the incoming liquid was set to a velocity inlet, and the boundary
of the separation outlet of the liquid phase and gas phase was set to a free flow outlet.
The operating pressure was set based on the field practice pressure. At the same time, the
droplet particle adopted the approach of surface injection, and the droplet at the nozzle of
the liquid phase outlet was set as an escape; so, the separation efficiency can be expressed
as Equation (7).

η =
N0 − Nr

N0
× 100% (7)

Here, η is the separation efficiency (%); N0 is the number of droplets at the primary
separation inlet (pcs), and Nr is the number of droplets at the gas phase outlet (pcs).

In the process of the numerical scheme, the above model was considered, and some
assumptions in the process of gas–liquid separation of the separator were proposed. Firstly,
the separator was filled with air; then, the gas–liquid two-phase mixture entered [15,24]. In
addition, in the process of gas–liquid separation, the gas–liquid two-phase mixture was an
incompressible fluid, and its temperature remained unchanged [10,14].

During the gas–liquid separation process, the flow characteristics were affected by gravity,
and there was mutual movement between the gas phase and the liquid phase in the gas–liquid
mixture [25]. Therefore, the unsteady calculation was adopted as the calculation method,
the SIMPLE algorithm was used as the numerical simulation solution, the least-squares cell-
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based method was selected as the pressure gradient term, and PRESTO! was adopted as the
pressure dispersion term. In terms of time discretization, the first-order implicit format was
adopted, the relaxation factor of each variable was set to default, the calculation accuracy was
guaranteed, and the calculation efficiency was improved [18,26–28]. Different flow conditions
were simulated, and the change in the gas–liquid separation performance of the separator
was observed. The specific parameter settings are shown in Table 2.

Table 2. Parameters for the simulated calculation.

Water Cut, % Flow Rate, m/s Gas–Oil Radio, m3/t Pressure, MPa

30
20 160

0.70

40
50

40
15

16020
25

40 20

100
160
220
280

3. Results and Discussion
3.1. Effect of Water Cut on the Performance of GLCC
3.1.1. Pressure Distribution and Separation Flow Field

In the primary separation process, each section in the gas–liquid cylindrical cyclone
(GLCC) was selected from top to bottom, and the pressure value of each section was
obtained by calculation. Therefore, the axial pressure distribution in the GLCC with
different water cuts was obtained.

As shown in Figure 3, the pressure distribution characteristics in the GLCC were
similar under different water cuts. The curve in the figure shows the pressure distribution
along the axis of the separator, and the pressure peak occurred at the inlet of the inclined
tube along with the fluid entry. The pressure at the inclined tube of the primary separation
inlet was the highest. As the gas–liquid mixture flowed downward, swirl separation
occurred and the energy was reduced; so, the pressure value was reduced. However, with
the increase in water cut, the pressure increased at the inclined tube of the GLCC, and the
pressure drop required for separation also increased. The evaluation shows that the gas–oil
ratio remained unchanged, and the proportion of the liquid phase was increased with the
increase in water cut. Under the effect of gravity, the pressure at the inclined tube increased.

The separation flow field characteristics of the separator at different water cuts are
shown in Figure 4; different colored streamlines in the figure indicate different flow trajec-
tories in the flow field that do not intersect each other. The different colors aim solely to
facilitate discrimination. The gas–liquid mixture entered the GLCC along the primary sepa-
ration inlet; with the increase in water cut, the characteristics of centrifugal force generated
by the swirling flow significantly improved. As a result, most of the liquid phase flowed
along the radial direction of the GLCC to the tube wall and flowed downward along the
tube wall; the liquid phase was discharged by the liquid phase outlet. The remaining liquid
phase was carried by the gas phase and entered the gas-gathering tube through the balance
tube from the center of the separation tube. The gas–liquid secondary separation was
carried out in the secondary separation bundle, and the overall flow field distribution was
more uniform. At the same time, with the increase in water cut, the turbulence intensity of
the flow field in the balance tube and the gas-gathering tube area increased.
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Figure 3. Effect of the water cut on the axial pressure distribution of a cylindrical cyclone.
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3.1.2. Separation Performance

The discrete phase model (DPM), a multiphase flow model, is widely used in numerical
simulations to track the motion of particles of small content phases [29]. The DPM model
was used for droplet trajectory tracking, and the capture condition of droplets by the
separator was obtained; so, the separation performance was quantitatively characterized
by the separation efficiency, and then the influence of subsequent measurement on the
separation performance was judged. At the same time, the pressure drop between the
primary separation inlet and the gas phase outlet was calculated, it can be used as the
characteristic parameter of the separation pressure drop. When the separator throughput
was the same, the lower the pressure drop was, the better the separation performance. The
gas–liquid separation effect of the separator under the influence of water cut is shown in
Table 3.

Table 3. Effect of the water cut on the gas–liquid separation performance.

Water Cut, % Separation Efficiency, % Separation Pressure Drop, Pa

30 64.19 2809
40 65.94 3078
50 70.07 3637

When the flow rate, gas–oil ratio, and pressure were consistent, the water cut of the
gas–liquid mixture was increased from 30% to 50%, and the separation efficiency of the



Processes 2022, 10, 632 7 of 12

separator showed a gradual upward trend; the maximum value of 70.07% was obtained
when the water cut was 50%. Overall, the separation effect was consistent with the axial
pressure of the GLCC and the distribution characteristics of the separation flow field. In
addition, with the increase in water cut, the liquid phase proportion in the gas–liquid
mixture increased, and the separation pressure drop increased.

3.2. Effect of Flow Rate on Performance of GLCC
3.2.1. Pressure Distribution and Separation Flow Field

In the primary separation process, the distribution of axial pressure in the GLCC at dif-
ferent flow rates was obtained by observing the cross-section from top to bottom in the GLCC.

As shown in Figure 5, at different flow rates, the pressure distribution trend of the
gas–liquid mixture in the GLCC was generally similar. However, the fluctuation of the
pressure distribution curve was observed, the flow rate increased, and the pressure required
for swirl separation at the inlet also increased. At the same time, with the movement of the
gas–liquid mixture, the area of the balance tube and gas-gathering tube was affected by the
sudden increase in pressure, and the stability of the pressure was reduced.
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The separation flow field characteristics of the separator at different flow rates are
shown in Figure 6. It can be seen that as the flow rate increased, the swirl characteristics of
the gas–liquid mixture in the GLCC were enhanced, and the irregularity of the streamline
trajectory was also enhanced. The effect of the gas phase gathering and liquid phase
reflux was inhibited in the secondary separation bundle. From the perspective of the flow
field characteristics, the swirl action in the gas-gathering tube was more obvious, and the
irregular streamline trajectory in the gas separation elbow was also obvious. The gas–liquid
separation efficiency was affected by the flow field characteristics to varying degrees.

3.2.2. Separation Performance

Similar to the method for evaluating water cut, the gas–liquid separation efficiency of
the separator was obtained by tracking the droplet trajectory at different flow rates. The
results are shown in Table 4. The water cut of the gas–liquid mixture was set to 40%, and
the gas–oil ratio was set to 160 m3/t. Compared with the flow rate of 20 m/s and 25 m/s, a
higher separation efficiency was obtained at 15 m/s. At this time, the separation efficiency
was 72.35%, and the separation pressure drop was the minimum value of 1729 Pa, which
was also consistent with the axial pressure and flow field distribution.
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Figure 6. Effect of the flow rate on the gas–liquid separation flow field characteristics. (a) 15 m/s;
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Table 4. Effect of the flow rate on the gas–liquid separation performance.

Flow Rate, m/s Separation Efficiency, % Separation Pressure Drop, Pa

15 72.35 1729
20 65.94 3078
25 61.79 4914

3.3. Effect of the Gas–Oil Ratio on the Performance of GLCC
3.3.1. Pressure Distribution and Separation Flow Field

The distribution characteristics of the axial pressure in the GLCC with different gas–
oil ratios are shown in Figure 7. When the gas–oil ratio was reduced, the liquid phase
proportion in the gas–liquid mixture increased; so, the pressure of the gas–liquid mixture
entering the GLCC increased continuously. High pressure at the center of the separation
cylinder area was generated, and the stability of the high-pressure transmission along the
GLCC to the lower part became worse.

The separation flow field characteristics of the separator at different flow rates are
shown in Figure 8 The gas–oil ratio increased from 100 m3/t to 160 m3/t, the flow field
stability in the primary and secondary separation regions in the separator was improved,
and the streamline distribution was dense. As the gas–oil ratio continued to increase,
the flow field stability also increased. However, the flow line density in the secondary
separation area was reduced significantly, the secondary separation performance was
affected, and the overall separation efficiency of the separator was reduced.
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3.3.2. Separation Performance

The gas–liquid separation effect of the separator under the influence of the gas–oil
ratio is shown in Table 5. The water cut was set to 40%, the flow rate was set to 20 m/s,
the gasoline ratio increased, and the separation efficiency was reduced. When the gas–
oil ratio was 220 m3/t, the separation efficiency of the separator was less than 60%, and
the separation pressure drop also reduced with the increase in the gas–oil ratio. This
phenomenon was also consistent with the above understanding of the effect of the water
cut on the separation performance.

Table 5. Effect of the gas–oil ratio on the gas–liquid separation performance.

Gas–Oil Ratio, m3/t Separation Efficiency, % Separation Pressure Drop, Pa

100 67.15 4570
160 65.94 3078
220 59.68 2395
280 57.86 1904

3.4. Optimization of the GLCC Structure

The optimization method of the GLCC was roughly the same, either improving the
geometry of the separator by analyzing the flow field characteristics inside the separator
or introducing pre-separation to improve the separation performance. In terms of the
optimization of the inlet angle of the separator, it is generally believed that the optimal
angle is 27◦ [8,16,17]. However, factors such as the cyclone main diameter and multistage
separation have a significant impact on the separation performance, and the improvement
and optimization of these aspects have not yet fully reached a consensus [30–34].

After the gas–liquid mixture flow conditions were considered, the separation per-
formance of the separator was evaluated and improved. Furthermore, the separation
performance of the separator was also improved after the geometric structure was opti-
mized. For the wellhead multistage bundle gas–liquid separator, the largest feature was
multi-bundle secondary separation. The number of secondary separation bundles in the
separator was four, and the diameter was 26 mm. In the simulation process, when the
diameter remained unchanged, the number was increased to six, and when the number
remained unchanged, the diameter was increased to 40 mm. The flow field characteristics
are shown in Figure 9.
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The increase in the number of secondary separation bundles obviously improved the
effect of secondary separation, reduced the intensity of disturbance to the flow field in
the gas-gathering tube, caused the cyclonic characteristics to disappear, and improved the
stability of the flow field in the gas-gathering tube. However, at the same time, with the
increase in the number of bundles, the turbulence to the flow field in the gas separation
elbow increased to some extent due to the increase in branches. The change in bundle
diameter also affected the separation efficiency. Compared with the diameter of 26 mm,
the gas–liquid separation efficiency was increased by 5% when the diameter was 40 mm.
It can be seen from the flow trajectory of the flow field that when the diameter of the
bundle was small, it restricted the flow of the liquid phase down the wall of the separation
tube during the secondary separation, which affected the amount of gas in the bundle for
gas–liquid separation and reduced the separation efficiency. When the bundle diameter
increased, the flow field trajectory of liquid phase droplets in the secondary separation
bundle significantly improved, the turbulent degree of the gas separation elbow flow field
reduced, and the separation efficiency improved. Therefore, the number and diameter of
secondary separation fine tube bundles were increased at the same time, and the separation
efficiency was further improved.

4. Conclusions

A numerical simulation method was used, and the performance of the wellhead
multistage bundle gas–liquid separator was evaluated. The laws of water cut, flow rate,
and gas–oil ratio affecting the separation performance were obtained.

(1) When the gas–oil ratio and flow rate were the same and the water cut was increased,
the pressure drop required for separation increased, the uniformity and stability of the
separation flow field improved, and the gas–liquid separation performance improved.
Compared with a water cut of 30%, the separation efficiency of a 50% water cut increased
by 5.88%.

(2) When the gas–oil ratio and water cut were the same and the flow rate was increased,
the swirl effect of the primary separation was enhanced, and the pressure required for
vortex separation at the inlet increased, but the disturbance to the overall separation flow
field of the separator was also enhanced, and the irregularity of the streamline trajectory
was also strengthened. Under the simulation condition of a flow rate of 15 m/s, a separation
efficiency of more than 70% was obtained.

(3) When the flow rate and water cut were the same and the gas–oil ratio was increased,
the pressure of the separation flow field reduced, and the stability of the flow field was
enhanced. However, when the gas–oil ratio continued to increase from 160 m3/t, the
flow field trace density of the secondary separation bundle reduced continuously, and the
separation efficiency under simulated conditions was less than 60%.
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(4) Secondary separation affected the overall separation efficiency of the separator.
When the number and diameter of the secondary separation bundles were improved, the
flow field trajectory of liquid phase droplets in the secondary separation bundle also tended
to be dense, further enhancing the stability of the flow field in the gas phase collection tube;
the separation efficiency was significantly improved.
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Nomenclature

→
F volume force, N
.

m mass change rate of the mixture, kg/s
N0 the number of droplets at the primary separation inlet, pcs
Nr the number of droplets at the gas phase outlet, pcs
→

vdr, k drift velocity of phase k, m/s
→
vk mass velocity of phase k, m/s
→
vm mass average velocity of the mixture, m/s
αk volume fraction of phase k, %
η separation efficiency, %
µm viscosity of the mixture, Pa/s
ρm density of the mixture, kg/m3

ρk density of phase k, kg/m3
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