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Gas-liquid separator is an important surface equipment in oilfield development.
Improving the separation efficiency of separator is of great significance to the
overall economic benefit of oilfield. Spiral separator is a high efficiency separation
device that has been widely used, but at present, there are not enough studies on
separation efficiency in number of spiral turns and pitches. In view of this problem,
this paper analyzed the gas—liquid separation efficiency of spiral separators with
different number of spiral turns and pitches via the fluent numerical simulation
software and laboratory experiments. The results showed that a greater number of
spiral turns and a larger particle diameter could lead to higher separation
efficiency. The separation efficiency has an optimum value for the pitch. The
performance of the downhole spiral separator was verified by laboratory
experiments, and the separation efficiency was above 90% under the
conditions where the treatment amount was either unchanged or changed.
These results can provide a reference for the application of spiral separators in
oil fields.
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1 Introduction

As global industrialization continues to accelerate, energy consumption has surged. At
present, the energy system composed of fossil energy such as oil, coal and natural gas will
remain mainstream for a long time. As a representative of clean energy, natural gas has the
advantages of large reserves, high calorific value, convenient transportation, safety and
efficiency, and is gradually replacing the status of traditional industrial energy such as coal
and oil (Hafezi et al,, 2021). Natural gas is a fuel with relatively low carbon emissions
(Makogon, 2010) and its huge energy potential has attracted widespread attention from
countries around the world (Zhu et al., 2021). With the increased productivity of oil fields,
the water content of natural gas production has continued to increase annually (Harris et al.,
1999). But a small amount of liquid in the wellbore can increase the backpressure of the gas
well production layer. The discontinuation or reduction of gas wells production caused by
downhole effusion significantly affects the productivity of gas fields, which can lead to a
reduction of both the gas recovery period and the ultimate recovery of gas reservoirs.
Therefore, the increase of water production in gas wells poses a critical threat to natural gas
production. Thus, gas—water separation and its treatment are gaining significance (Qu et al.,
2006; Qiu and Wang, 2020).
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Gas-liquid separation technology is important to ensure the safe
and efficient operation of industrial equipment so it plays a
significant role in many fields (Liu et al, 2020). Gas-liquid
separation devices can be divided into two categories: one is
gravity settlement (Fitnawan et al., 2009; Lopez et al,, 2019), the
density difference between the gas phase and the liquid phase is used
to achieve the gravity separation. But gravity settlement requires a
large settlement space and a long settlement time, so it is not suitable
for spaces with limited underground structures; the other is to use
the different centrifugal forces generated by rotation to achieve
phase separation. The fluid flows into the cyclone from the
tangential inlet and rotates in the form of vortices inside the
separator. The two phases are separated due to the difference in
density. Cyclone separator (Zhou et al., 2018; Wei et al,, 2020) and
spiral separator (Wang et al, 2018; Najafi et al, 2020) are
widely used.

The cyclone separator is cheaper and has better adaptability in
harsh environment (Lim et al., 2004). It has good performance in
low gas-liquid ratio well. The principle is that a large centrifugal
force will be generated when the fluid passes through the cyclone due
to the density difference between the phases in the mixture and the
action of centrifugal force, less dense phase will gather in the central
area, and that the denser phase will move outward, thereby achieving
separation (Xiaoming et al., 2020). But according to Wasilewski, the
cyclone separators are low efficiency separators (Wasilewski, 2017).
The spiral gas-liquid separator is a simple, novel, efficient, and
compact gas-liquid separator which can be used for gas-liquid
separation for in ground or underground gas extraction, oil and gas
separation in oil extraction (Weingarten et al., 1997; Bo et al., 2003),
helium separation in the aerospace, and for application as a water
treatment device (Mondt, 1996). The general working principle of
the spiral separator is as follows: fluid medium enters tangentially
from the side of the device and flows from top to bottom, and the
fixed spiral blade in the separator rotates the fluid. Due to the density
difference, low density fluid moves towards the inner wall of the
separator and denser fluid moves toward the outer wall. The effect of
gravity causes the denser fluid to flow downwards and the less dense
fluid to flow upwards (Qiu and Wang, 2020). The performance of
the separator depends on the pitch, diameter, length of the screw and
the liquid and air flow.

Currently, spiral separators are more applied in gas-liquid separator
of downhole natural gas. Many scholars have carried out experimental
research to discuss the factors affecting the optimal design and
separation efficiency of internal components. Zhou investigated the
influence of pitch and spiral number in the separation efficiency (Zhou
et al,, 2004) and found that with the increase of pitch and number of
spiral turns, separation efficiency increased first and then decreased.
And he also verified an equation for the pressure drop of the separator
based on the Darcy program whose error was within 20%. Wang et al.
(2021) found that the liquid film overflow of the cylinder on the gas-
liquid cylindrical cyclone was the primary factor leading to the
inefficiency of the cyclone, and the generation of liquid film was
directly related to the flow trajectory of the liquid phase in the inlet
pipe and the short circuit flow at the intake nozzle. Nagdewe et al.
(2008) found that the outlet pipe was doped with liquid particles, which
made the separation efficiency of the gas-liquid separator not reach the
optimal value, and they further improved the performance of the
traditional centrifugal separator by changing the effective length of

Frontiers in Earth Science

10.3389/feart.2023.1209743

the separation space. In 1992, Markov et al. investigated the factors that
affect fluid flow in a spiral separator through experimental analysis.
Some empirical approximation formulas were presented in their study
in addition to examples of quantitative calculations of pressure loss (de
Hoxar, 2000). Rui et al. (2021) discussed the variation trend of gas phase
medium distribution, rate field and pressure loss under the presence or
absence of ejector needles at the bottom of the gas-liquid cyclone and its
different ejector shapes. Millington and Thew (1987) accurately
measured the flow field rate distribution of the columnar separator
according to the experiment, and the results showed that the spacing
between the separator inlet and the overflow section was the main
reason for determining the strength of liquid gas carrying phenomenon.
Anderson et al. (2021) took the axial cyclone as the research object to
investigate the influence of gas-liquid flow velocity, inlet tube shape and
relative injection angle to the gas-liquid separation performance, and
they established an empirical correlation function to predict the vortex
pitch, which could guide the design of efficient gas-liquid separator. Lan
etal. (2022) designed a downhole spiral gas-liquid separator suitable for
high gas-liquid ratio (liquid content less than 10%), and analyzed the
velocity field and pressure field distribution in the separator by using the
RNG k-e turbulence model. Gomez et al. (2000) created a universal
discrete variable phase trajectory solid model based on the different flow
patterns generated at the separator inlet to analyze the motion trajectory
of liquid droplets in gas and bubbles in liquid. Rosa invented the spiral
vane gas-liquid separator for wellhead oil-gas separation. The spiral
structure was used to generate centrifugal force to separate gas and
liquid, which solved the blockage and segmented plugging flow
phenomenon in the process of oil and gas gathering and
transportation (Rosa et al,, 2001). Zhou et al. (2020) proposed a
new gas-liquid vortex separator (GLVS), which symmetrically
arranged multiple swirl arms within the separator. Dries and
Hoffmann, (2019) found that the vane mist eliminator was a high-
efficiency droplet separator because it was durable and had certain stain
resistance, and the separation efficiency was still high at higher working
pressures. Cui, (2010) developed and designed the spiral blade drainage
gas-liquid separator, which was suitable for the slender space in the
wellbore and could be directly separated under the formation. And it
could reduce the pressure drop caused by the loss of energy during the
transportation of the gas-liquid mixed phase. Zhang introduced the field
application of spiral gas-liquid separator (Zhang, 2001). He pointed out
that installing a spiral gas-liquid separator on the pipeline could
improve the processing capacity of the subsequent oil-water
separator. But at present, there are not enough studies on separation
efficiency in number of spiral turns and pitches, which are important
parameters to the separation efficiency of the spiral separator. Owing to
the complexity of fluid movement in the gas-liquid two-phase flow
field, the actual flow field conditions cannot be accurately described. As
such, numerical simulations have become an important tool for
investigating this problem. In the simulation research process, there
are three main theoretical models of gas-liquid two-phase flow:
continuum model (Hongyu, 2015), volume of fluid model (Le et al,
2018) and discrete particle model (Safikhani and Mehrabian, 2016;
Chen et al,, 2020; Zeng et al., 2021). Scholars used turbulence simulation
calculation models to test the flow pattern, bubble shape, separation
performance and pressure drop in the separator (Liu et al., 2019; Qiu
et al,, 2020; El-Emam et al., 2021; Meng et al., 2021; Xu et al., 2021).

With the development of numerical simulation technology, the
study of numerical simulation of spiral separator has become a
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powerful tool for optimal design of spiral separator. Cui (2010)
carried out numerical simulation of the spiral blade gas-liquid
separator, and analyzed the influence of different structural
parameters and operating parameters on the separation
performance of spiral blade. Qu et al. (2011) conducted a
sensitivity analysis of the parameters affecting the separation
effect of the spiral vane downhole oil and gas separator and
found that increasing the inner radius of the spiral and the total
length of the spiral could improve the separation effect, while
increasing the pitch length of the spiral and outer radius would
reduce the separation efficiency. Fu used Fluent to numerical
simulation to investigate the downhole spiral gas-liquid separator
(Fu, 2009). Liang et al., (2015) proposed a special separation device
to study the separation process of gas-liquid two-phase flow. They
had observed laminar flow, circulation flow and segment plug flow,
and the experimental results showed that the two-phase separation
was affected by the location distribution area of the fracture gap and
the relative velocity of gas and liquid. Wang et al. (2017) simulated
the flow of droplet particles in the annular circulation system area of
the gas-liquid separator, and simulated the droplet motion trajectory
from three levels: droplet impact, droplet cracking and droplet
collision with boundary layer. Considering the sudden
deformation of droplets during rotation and they analyzed the
relative changes of gas phase and liquid phase flow field. Chang
and Dhir (1994) used simulation software to study the gas-phase
cyclone field in tangential inlet cyclone tubes, and confirmed that the
tangential and axial velocity distributions in cyclones were closely
related to the turbulence intensity of different sections. Oh et al.,
(2014) analyzed the potential influence of structural features such as
the number of guide vanes, the length of the main diameter and the
exhaust pipe on the axial flow gas-liquid separator according to the
finite element simulation software, and improved the main
characteristic parameters according to the test results. Kou et al.
[50] introduce free energies to account for the liquid-gas capillarity
effect and gas compressibility, and then using the second law of
thermodynamics, rigorously derive a thermodynamically consistent
model for immiscible gas-liquid two-phase flow in porous media, it
brings guidance significance for the follow-up oil production work
[51,52].

In this paper, we focus on the significant parameters which are
number of spiral turns and pitches to study their effect on separation
efficiency. In the second part, we use Fluent as numerical simulation
means to research the efficiency of spiral separator with different
number of spiral turns and pitches. And in the third part, based on
the numerical simulation analysis, we design a separator with a pitch
of 23 mm whose separation efficiency is over 90%. At last, this paper
proposes further research direction which is the test of gas-liquid
separation in high pressure condition.

2 Numerical simulation
2.1 Geometric model

In order to access numerical simulation, the first step is to
establish suitable geometric model. Figure 1 shows the spiral

structure and partial enlargement of the actual separator.
Figure 2 shows the computational geometry model and a partial

Frontiers in Earth Science

10.3389/feart.2023.1209743

.6

FIGURE 1
Spiral structure and partial enlargement.

FIGURE 2
Computational geometry model and a partial enlargement of the
actual separator.

TABLE 1 The size of the geometric model.

Parameter Value (mm)

Tubing outer diameter 73
Inner casing diameter 120
Total tube length 1,000
Length of spiral 400
Distance from the bottom of the screw to the inlet 200

enlargement created in GAMBIT2.4, a pre-processing software for
the computational fluid dynamics software FLUENT6.0. For the
convenience of reducing the complexity of the calculations, the
model was simplified, and the boundary condition of the escape wall
surface was used to replace the gap between casing and spiral.
Table 1 gives the size of the geometric model.
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2.2 Physical model

After the establishment of geometric model, it is necessary to
establish the corresponding physical model by dividing the
appropriate mesh and defining boundary conditions of the
geometric model for the subsequent numerical solution. We use
the same flow pattern determination method as R. Manabe (Zhang,
2001).

2.2.1 Basic equations

The turbulent flow of fluid in spiral structure has curvature and
great tangential velocity, which plays an important role in the whole
flow characteristics and belongs to the range of strong swirling flow.

In order to reflect the anisotropy of Reynolds stress in strong
swirling flow field, the Reynolds stress model (RSM), a high-order
turbulence model equation and an improvement model of the k — ¢
turbulence model, was used to simulate the swirl flow field in complex
spiral structure with large curvature curves. The Reynolds stress model
bypasses the insufficient Boussinesq vortex viscosity hypothesis, and
directly modulates the turbulent Reynolds stress transport differential
equation, and solves it simultaneously with the continuity equation and
the momentum equation. The convection term and Reynolds stress
generation term in the transport equation can be used directly without
modularization, and only the Reynolds stress turbulent diffusion term,
viscous dissipation term and pressure strain term are modularization.
Not only is the convection and diffusion of Reynolds stress considered,
but also the convection term and production term in Reynolds stress
transport equation can be automatically adjusted with the bending and
rotation of streamline, which has a stronger simulation ability than
other models.

The equation describing the gas phase motion in a helical vane
guided gas-liquid separator can be derived from the law of
conservation of mass (continuity equation), conservation of
momentum and conservation of energy.

Continuity equation:

oil;
— =0 1
ox, (1)
Momentum equation:
oi;  _ Ol - 0p

iy i F N 0 o — @)
Par TP%x, ~ P T ax T, \ Mo, T PN

k equation:

d d u\ ok
&R+ o (k) = 5 [(#2) 5]

(3)
+ 5 (Pi,' + G,‘,‘) - P€(1 + ZM?) + Sk
€ equation:
0 0 U, \ o€
T e | (R
) . (4)
+ CEIE [P;i + C3Gii] % +Se

The model closes the fundamental equation by solving the
Reynolds stress transport equation as follows:
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TABLE 2 RSM model related constant.

0/ —— 0 ——
pm (pulu >+a <puku,u ) Dj; + Pij +11;; — & (5)
After the simulation closure of the equation, the specific forms of

the terms on the right end are as follows:
Turbulent diffusion term:

k—— 0 [(—
Dij = —Cﬂpgukula—m(<uiuj) (6)

Stress-generating term:

7,6 ﬁa)/i
P = p[uk la lvu uu 9, ] (7)
Pressure strain term:
IL; = 1Lij + I (8)
k(— 2
Hijl = —Clp— (ukul - —6ijk> (9)
£ 3
2
My = ~Ca[ Py~ 30,Gi] (10)
Viscous dissipation term:
2
& = 0ijpe (11)
3
Turbulent energy produces terms:
a‘,
Gy = —2pu u; au (12)

Where, u;-, u; are each pulsating velocity component, i, j = 1, 2, 3.
k represents turbulent kinetic energy. € represents turbulent energy
dissipation rate. x represents Karman constant. y, represents
turbulence viscosity coefficient. oy represents turbulence Prandtl
number. Sy represents k Equation buoyancy source term. S,
represents ¢ Equation buoyancy source term. &; j represents
Kronecker symbol, when i = j, 6ij =1, when i # j, (Sij =0. Cy,
Cy, Cy, Cq1, Cg, represent the coefficients of each parameter term.

Therefore, the basic closed equations of the RSM model are
constructed. The model constants are selected according to
experience, as shown in Table 2.

In order to facilitate the calculation and save the time and space
of calculation, it is also necessary to make certain assumptions and
simplified handlings to the calculation fluid:

We assumed that:

® The movement of the fluid can be seen as continuous.

@® The fluid is homogeneous.

® When the fluid is at rest, the total pressure is hydrostatic.

@ If the inlet is infinite and uniform flow, the inlet velocity end
face is evenly distributed.

® The speed that controls the fluid in the body is independent of
time, so the fluid is a steady-state flow.
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FIGURE 3
Spiral structure mesh.

2.2.2 Mesh division

Mesh division is based on the spiral structure of the spiral
separator, for mesh division, sensitivity analysis was carried out to
ensure the shortest running time under the premise of high
separation efficiency. The spiral structure is formed by rotating a
rectangular plane with one side perpendicular to the rotary axis and
one side intersecting the rotary axis around the rotary axis in a
certain rotation direction. Due to the complexity of the spiral
structure, it is divided by an unstructured tetrahedral grid. The
grid distribution of the calculated geometry model is shown in
Figure 3, and the encryption grid is adopted in the complicated
region of the flow field. The number of divided elements is about
1 million.

2.2.3 Boundary conditions

The physical model should include information about boundary
conditions and fluid space. However, due to the limitations of the
calculation condition, only the information on the boundary is
currently considered in the engineering calculation. When using
the physical model of the fluid as the calculation object, boundary
conditions are defined on all boundaries that constrain the fluid.

(1) Import and export boundary

The operating gas in spiral structure of the downhole gas-liquid
separator is the air. The relative parameters are given in Table 3.
Spiral channel boundary surfaces are defined as non-slip velocity
boundaries, and on the inner wall of the downhole gas-liquid
separator, the fluid velocity and related turbulence parameters
were taken as zero. The velocity boundary is adopted in the inlet
section and the outlet is set to a pressure boundary condition whose
pressure is 0 MPa and the temperature is 44°C. The spiral slice of the
diversion wall structure using a fixed temperature wall boundary
and the temperature is 44°C.

Since there is no heat exchange problem in the single-phase flow
field of the gas in the spiral structure, the thermal boundary
conditions are not considered here. The wall surface function
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TABLE 3 Import and export boundary parameters.

Parameter Value

Operating pressure 7 MPa
Operating temperature 44°C
Dryness 0.399

Flow rate 2.94 m’/h
Density 47.17 kg/m’
Viscosity 0.911 mPa-s

was used to simulate the wall boundary layer flow field. When
calculating the droplet flow field, the droplets are captured by the
wall when they come into contact with it. We assume that the
captured droplets can flow downwards under the influence of
gravity.

And for liquid particles we assumed that:

@ All the liquid particles are discrete groups that slipped with the
fluid.

@ The initial orbital model did not take into account turbulent
diffusion, viscosity and heat conduction of particles.

® The size of liquid particles is uniform.

@ The particles all start from the velocity inlet and move along
their respective orbits.

® The mass, momentum, and energy source of the particles
acting on the fluid are equally distributed within the fluid unit
for investigation purposes.

(2) Solid wall conditions

The separator is a solid wall with no slip and no mass addition;
Exports are treated under fully developed conditions and must meet
the overall conservation of quality; The turbulence parameters near
the wall are determined by the wall function method.

The turbulence model with high Re number is only suitable for
turbulent flow area at a certain distance from the wall, while in the
viscous bottom area near the wall, the viscosity phenomenon is
dominant, the fluid flow rate is low, and it is in a laminar flow state,
so the method of low Re number model simulation or wall function
correction can be used. As for modified high Re number model:
Although it is still applicable in the viscous bottom layer near the
wall, due to the large velocity gradient and temperature gradient in
the viscous bottom layer, a considerable number of nodes need to be
arranged when doing numerical calculations, so it occupies more
computing time and memory. It is an ideal method to use the wall
function method combined with the turbulence model to solve the
complex flow problem of engineering. The basic idea of this method
is that no nodes are arranged in the viscous sublayer, and the first
inner node adjacent to the wall is arranged in the area of strong
turbulence. The shear stress and heat flux density on the wall are still
calculated according to the velocity and temperature difference
between the first inner node and the wall. Therefore, the wall
function method is used to determine its solid wall boundary
conditions. The wall function is easy to implement, and can
effectively save memory and calculation time (without arranging
too many nodes in the sublayer), which has important practical
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FIGURE 4
The schematic diagram of the model and flow process.

significance for engineering turbulence calculation, and its accuracy
is often comparable to the low Reynolds number method.

It is assumed that the area near the wall of the calculated
problem is outside the viscous bottom layer (log-law layer), and
the distribution of dimensionless velocity and dimensionless
temperature obey the log-law distribution.

1
u*:%:’—clny*+B (13)
. yCVA12
y* = ”T (14)

Where, u represents the average hourly velocity of fluid. u*
represents the shear stress velocity. y* represents the dimensionless
distance between a node and a wall. y represents the distance to the
wall. k represents the turbulent kinetic energy of a node. x, B, C,, are
constants, ¥ = 0.40 ~ 0.42, B= 5.2, C, = 0.09.

In order to more clearly show the numerical simulation model and
boundary conditions used in this paper, a schematic diagram of the
model and flow process is given in Figure 4. The blue part in the lower
left corner represents the two-phase fluid inlet, the red part in the upper
right corner represents the gas outlet, the light blue part represents the
wall boundary, and the line represents the flow field track.

2.3 Parameters design

Common parameters of spiral separator are number of spiral turns,
pitch, spiral inner diameter, spiral outer diameter. The inner and outer
diameters are determined according to the site conditions, and the
common sizes are 73 and 115 mm respectively. The uncertainty of the
number of spiral turns and pitch is strong and directly affects separation
effect of the separator, so this study designs the scheme of different
spiral turns and pitch through numerical simulation and experiments,
so as to explore a separator with high separation efficiency. We design
eight schemes, as shown in Table 4. We selected some widely used
parameters for permutation and combination to study the coupling
effect between parameters and find the optimal setting.
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2.4 Computation and results

After numerical calculation of the gas continuous phase flow
field and liquid particle phase flow field in the underground
gas-liquid separator with different pitch and number of spiral
turns, we obtain the motion trajectories of representative
particles which are in different particle diameters and uniformly
distributed throughout the separator. The convergence criterion of
the numerical modeling is 1 h running time. We can also obtain the
motion trajectory diagram of the liquid particles in the entire
downhole gas-liquid separator. The separation efficiency R can
be obtained by a statistical method, which is the ratio of the
number of particles separated n; to the total number of particles
s, as shown in Formula 5.

Ny

R= (15)

1y

When droplets of different particle sizes are separated in the
spiral structure with different pitches and different number of spiral
turns, the separation efficiency is shown in Table 5.

The relation curve between the separation efficiency and spiral
number of particles of different particle sizes can be drawn from
Table 3 and is shown in Figure 5, the relation curve between
separation efficiency and pitch of particles of different particle
sizes is shown in Figure 6. Supplementary Figure S2 shows the
separation trajectory of particles with different diameters. Based on
the analysis of the curves and cloud maps, it can be concluded that:

(1) Under the condition of the same spirals and particle diameter,
the separation efficiency of the spiral structure with a pitch of
20 is higher than those of other structures. It is not like that the
smaller the pitch, the higher is the separation efficiency. A larger
pitch means that the spacing between adjacent helical pieces is
larger, allowing particles to have a longer retention time in the
helix. This prolongs the interaction time between the particles
and the fluid, allowing the particles to be more fully affected by
the inertial centrifugal force, thus increasing the separation
efficiency.

(2) Under the condition of the same pitch and particle diameter, the
more spirals there are, the longer the separation time of particles
in the separator will be and the higher the separation efficiency
will be, however, with an increase of the number of spiral turns,
the processing cost and energy consumption of the separator
will also increase. Increasing the number of spiral turns
increases the flow path length of the fluid within the spiral,
giving more opportunities for particles to interact with and
separate from the fluid. In addition, the increase in the number
of spiral turns will also increase the turbulence intensity in the
separator, further promoting the particle separation effect.

(3) Under the conditions of same spiral structure, in general, the
larger the particle diameter, the easier it is to separate. The
smaller the pitch, the higher the flow velocity in the spiral, and
the greater the centrifugal inertia force will be; the larger the
particle diameter, the greater the mass, and the higher the
inertial centrifugal force. Therefore, they work in the same
way. As the gas-liquid separation of the spiral separator
mainly depends on the action of the inertial centrifugal force,
the larger the inertial centrifugal force, the easier the separation
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TABLE 4 Geometric model structure parameters of underground gas-liquid separator.

Casel Case2 Case3 Case4d Case5 Caseb Case7 Case8
Number of spiral turns 20 5 10 30 40 20 20 20
Pitch, mm 20 20 20 20 20 10 30 40
Spiral inner diameter, mm 73 73 73 73 73 73 73 73
Spiral diameter, mm 115 115 115 115 115 115 115 115

TABLE 5 Droplet efficiency of different spiral structures and particle sizes.

(um) Casel Case2 Case3 Case4 Case5 Caseb Case7 Case8
1 0.974 0.862 0.946 0.982 1 0.97 0.968 0.957
10 0.974 0.857 0.956 0.987 1 0.961 0.966 0.963
50 1 0.922 0.976 1 1 0.988 0.983 0.982
100 1 0.982 0.993 1 1 1 0.9 0.982

of particles, and the better the separation performance. Larger

100 _ particle diameters imply greater mass and inertia. In a separator,
- the inertial centrifugal force on the particles is proportional to
30 . . .
B gs '’ the mass of the particles. As a result, larger diameter particles
g particle sizes have more mass and will be more strongly affected by inertial
& ——1pm centrifugal force, making them easier to separate out.
= 90 - - -10um
& —4— 50um o . . .
g —se =100um Considering the energy consumption and separation efficiency
o | factors, the optimal spiral structure is Casel while the pitch was
# 20 mm and the number of spiral turns was 20.
80 . . ; . ,
5 10 20 30 40 3 Laboratory experiment
Number of Spiral Rings
Through the numerical simulation software, eight different
FIGU.R ES ) . schemes were simulated, and it could be seen that scheme five
Relation curve between separation efficiency and number of ) .
spiral turns. was the optimal structure. In order to further confirm the separation
efficiency of this structure, a set of devices had been designed and
rocessed according to the optimal results obtained by numerical
p 8 P Y
simulation analysis, and experimental tests had been carried out to
verify the separation efficiency.
100 ¢ X— e T . P : ;
- N To simulate the downhole gas-liquid separation, we used air and
R ol e ) O B water as the medium and used a new type of gas-liquid separator to
E’ separate the suspended water particles from the air medium. The
::3 el . separation performance of the gas-liquid separator was tested to
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= 95 —— compare and verify the numerical simulation results of the flow field.
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& —>* - 100um 3.1 Test instrument and process
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The test process is shown in Figure 7. In this test, we adopted a new
10 20 30 0 downhole gas-liquid separator which we designed. The test medium is
Fitch an air-water system. This experimental device mainly consists of four
FIGURE 6 parts: air intake module, liquid inlet and atomization module,
Relation curve between separation efficiency and pitch. separation module and measurement module. The intake module is

composed of air compressor, float flowmeter, control valve and pressure
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Test process.

gauge and used to provide quantitative gas; The liquid inlet and
atomization module is composed of water storage tank, water pump,
flow control valve, filter, flow meter, pressure gauge, air-assisted
atomization nozzle (the atomization effect in the test is shown in
the Supplementary Material); The separation module is shown in
Figure 8, which is mainly composed of guide cone, spiral deflector,
oil pipe, and casing; The measuring module consists of drainage control
valve, measuring cylinder and stopwatch.

In order to measure the separation effect of the separator, air and
water were used as the media in this laboratory test. The water is
supplied by a water pump and atomized by an atomizing nozzle. The
compressed air is produced by an air compressor, which enters the
separator through the inlet, and the water and air are mixed before
entering the spiral guide plate. After entry, the water droplets are
separated from the gas phase under the combined action of centrifugal
forces, buoyancy, and gravity. The separated water flows towards the
casing wall and flows down the liquid converging trough, and is finally
discharged by the water outlet. Gas flows in the annulus and escapes
from the oil jacket annulus at the top of the gas-liquid separator.

The required test instruments and equipment are shown in
Table 6.

3.2 Processing and analysis of test data
(1) Constant processing quantity

The gas injection pressure in this test is approximately 0.70 MPa,
and this processing quantity is kept constant. The gas flow rate in the
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standard state is 21 m?/h, and the water injection is in the range of
3.8-5.4 m’/h. Different separation efficiency can be obtained by
changing the water injection amount. The test results are shown in
Figure 9.

Test results show that under a condition of constant gas
treatment capacity, there is no obvious rule to follow for
separation efficiency with the change of the water injection.
However, both of them have good gas—water separation effects,
and their separation efficiencies are over 90% with an average of
approximately 95%.

(2) Variable processing quantity

Under the condition that the water injection amount remains
unchanged (approximately 5 m’/h), then the processing quantity is
changed. The test results are shown in Figure 10.

The effect of the capacity of the separator on the separation
efficiency is critical because it determines the strength of the
fluid rotation as it enters the separator. Improper processing
quantity is not conducive to gas-liquid separation. To achieve
effective separation, the fluid must rotate at a higher speed in the
separator, so a minimum processing quantity is required
according to the working principle of the separator. When
the processing quantity is too small, the liquid in the
separator cannot establish a sufficiently strong velocity field;
then the gas-water lacks
(centrifugal force). This eventually leads to a poor separation

separation sufficient power

effect. As the processing quantity increases, the separation effect
generally increases, but if the processing quantity is too large,
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TABLE 6 Test instrument and equipment. l-‘c-‘l
5]
Name of laboratory instrument ~ Amount Type §
2 80+
Air compressor 1 Type W09/7 @
Pump 1 —
Atomizing nozzle 4 —
Gas flowmeter 1 LZB-40 Rotameter i LU L L T L L
6 8 10 12 14 16 18 20 22
Barometer 1 — Gas injection amount,m*h
Measuring cylinder 1 1,000 mL FIGURE 10
Separation efficiency changes with gas injection amount.
Stopwatch 1 —
Flowmeter 1 GB/T 778-1996

the speed at which the fluid rotates in the separator is too high,

causing the droplet subject to

experience greater shear

stress and break apart into smaller droplets. This can

increase the difficulty of the separation. Therefore, for a

specific size of the separator, there should be an optimal flow

treatment range.

As can be seen from Figure 10, when the gas injection volume

increases, the separation efficiency is slightly decreased, but the
separation efficiency is over 90%, which is similar to the numerical

simulation and still very efficient.

Frontiers in Earth Science

4 Conclusion

(1) We used the computational fluid dynamics software FLUENT to

numerically simulate the gas-liquid two-phase flow field in a
gas-liquid separator under eight different spiral structures. The
simulation results were analyzed, and the results show that the
more spirals that exist, the longer the separation time of particles in
the separator will be, the higher the separation efficiency will be,
and the easier the separation process will be. However, the number
of spiral turns should not be blindly increased, because the
processing cost and energy consumption will also increase. The
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larger the particle diameter, the greater the mass, and the higher the
inertial centrifugal force will be, so it is easier to separate; the smaller
the pitch, the higher the flow velocity in the spiral, and the greater
the centrifugal inertia force will be, so the separation efficiency has
an optimum value for the pitch.

(2

~

On the basis of numerical simulation analysis and considering the
reduction of processing difficulty, we designed and processed the
separator with a pitch of 23 mm. The laboratory test shows that the
separator has a positive gas—water separation effect under indoor
test conditions, and the separation efficiency is over 90%.

3

~

Due to the limitations of the measurement range, inherent errors,
and the limited test conditions, we cannot simulate the state of
downhole high pressure. Therefore, there is a certain amount of
error between the simulation results and experimental results, The
error occurs because the density of the gas increases under high
pressure conditions and the interaction between the gas molecules
increases. This can lead to changes in the behavior of the gas within
the separator, for example, the gas may interact and dissolve more
easily with the liquid than under low pressure conditions.
Therefore, the low-pressure test of the gas-liquid separator is
the reference basis, because it can provide some basic
information about the performance and behavior of gas-liquid
separator under specific conditions. The low pressure test allows us
to evaluate the separation efficiency, liquid phase content, and other
important parameters of the gas-liquid separator at lower pressures.
After the low-pressure test, the gas-liquid separator must be tested
under the condition of high-pressure.
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