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ABSTRACT

The produced water-containing polymer brings new challenges to oil-water separation
in oilfield production, yet separators with coalescing plates to remove free water have
been playing an active role. In this paper, the flow-field characteristics of polymer-
laden produced water in a separator with coalescing plates are analyzed using
computerized mathematical methods to investigate the effects with a water content
of 55%, 70%, and 85%, flow rate of 3500 m%d, 4800 m?/d, and 6000 m?d, and
duration time of 20 min, 40 min, and 60 min on flow-field properties and separating
efficiency are studied. The results show that the separating efficiency is positively
correlated with water content and duration time, and duration time has the greatest
improvement to the separating efficiency, but the enhancement of flow rate may
reduce the separating efficiency. It is also observed that the separation efficiency of
free-water reached 70.9% and the water content at the oil outlet of the separator
reached 20.4% at a duration time of 60 min, when the contained polymer
concentration and water content in the oil-water mixture are 500 mg/L and 70%,
respectively.
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1. Introduction

With the intensive exploitation of oilfields, a variety of measures such as water flooding and chemical agents
have been widely used, thus crude oil production and economic benefits have been guaranteed [1-3].
Subsequently, the prevalence of impurities such as water, sediment, and polymers are commonly present in the
produced water from oil wells, respectively, the transportation and utilization of crude oil are affected and threats
to the environment may increase [4-5]. Furthermore, the oil-water interfacial stability is affected by components
such as polymer and asphaltene in produced water, which brings new challenges to the treatment of produced
water [5-7]. Typically, water and crude oil mixture need to be separated and treated in the oilfield to achieve
compliance with refining and commercial requirements [8-10].

The existent form of water in crude oil is not fixed, so the difficulty of separation and treatment will continue to
change. Free water is separated from oil in a short time by gravity sedimentation at room temperature, on the
contrary, some amount of water will form a stable emulsion with crude oil, which is difficult to separate by gravity
sedimentation [11, 12]. In industry, the process of separating free water and then treating oil-water emulsion has
been applied on a certain scale [13]. Therefore, efficient separation of free water from emulsion is important.

Although free water is usually separated by gravity, there are differences in specific treatment equipment and
methods [12-14]. At the same time, the separation effect will also change significantly. For example, wang et al.
[15] simulated a separator with a bi-directional corrugated plate structure, which can obtain higher separating
efficiency when the oil concentration is 30% to 60% and the flow rate of the inlet is 13 L/min ~ 133 L/min.
Moreover, lower oil concentrations allow the selection of larger inlet flow rates within the appropriate range.
Almarouf et al. [16] arranged a series of inclined multi-arc coalescing plates in the oil-water separator and
proposed that the geometrical characteristics of the separator govern the separation effect between oil and water.
Under the conditions of longer duration time and higher water content, the separation effect between oil and
water will be enhanced, and the processing temperature and degree of oil shedding are linear. Kim et al. [17]
simulated the influence of mesh size on the separation of an oil-water mixture under different pressure gradients,
and the narrow pores can improve interfacial resistance and viscous dissipation, which help prevent oil infiltration
by consuming oil inertia. From the point of coalescence and breakup of droplets, Yuan et al. [18] considered that
droplets with smaller surface tension are suitable for lower separation speed, and separating efficiency can be
enhanced by controlling the shape and spacing of wave plates, on the contrary, the speed of droplets with larger
surface tension is a convenient way to increase the separating efficiency. Orug et al. [19] experimentally studied
the separating of mixtures at different temperatures, taking into account the corrugated plate spacing, shape, and
angle, and obtained the highest value of separating efficiency. Yayla et al. [20, 21] investigated the influence of the
Reynolds Number and the configuration of the coalescing plate on the oil-water separation. They found that the
Reynolds Number of the oil-water mixture was inversely related to the separating efficiency. When the hole shape
of the coalescing plate is elliptical and rectangular, the size of the hole does not affect separating efficiency.
Moreover, when the distance of the coalescing plate is 12 mm and the Reynolds Number is 18, the separating
efficiency is the highest for a cylinder with an aperture of 15 mm. In general, the various methods of removal of
free water have the same goal, that is, by creating good conditions, oil and water rely on density difference and by
the gravity to separate, and liquid separation plate and coalescing plate plays an irreplaceable role in this
segment.

However, the properties of produced water are constantly changing when the polymer continues to exist, and
the adaptability of the traditional separator to an oil-water mixture containing polymer is reduced, thus the
separation effect of free-water has not reached the expected goal [13, 14, 22]. On the other hand, the separator
with coalescing plates is widely used as the free-water separation equipment in oilfields, and the separation effect
of oil-water mixtures containing polymers also lacks systematic evaluation.

Therefore, the suitability of oil-water mixtures containing polymers in separators with coalescing plates should
be understood. The flow-field characteristics of the separation are concentrated reflections of the removal effect
of free water, which is also inevitably affected by factors such as water content, flow rate, and duration time.
Meanwhile, the separation effect of an oil-water mixture containing polymer in the separator provides a reference
for the optimization of the separator structure.
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In this paper, a #3600 mmx16000 mm separator with coalescing plates is built for mathematical simulation.
The EULERIAN model and RNG k-¢ model are applied to simulate the flow-field characteristics in the separator,
and the role of steady flow and coalescence unit is shown. The separation of free water with the effect of water
content, flow rate, and duration time of oil-water mixture containing polymer is studied by combining qualitative
and quantitative methods. The flow-field change of the separator is further discussed by detecting the pressure
field, flow field, and oil phase concentration distribution, furthermore, the oil-water separation effect is also
evaluated.

2. Methodology
2.1. Modeling of Separator with Coalescing Plates

In the process of oil-water separation in Daqing Oilfield (China), a horizontal settling separator is mainly used
to separate free water, and its model is ® 3600 mmx16000 mm separator with coalescing plates, which has been
widely used. Therefore, a physical model with an equal proportion to the separator is established.

The separation of oil and water depends on the steady flow unit and coalescence unit in the separator. As
shown in Fig. (1a), the liquid separation plate is used as a steady flow unit, and the coalescing plate is used as a
coalescence unit. The goal of oil-water separation can be achieved through these units. This is because the flow
field becomes stable within the unit area, the oil droplets rise upward and the water phase settles downward.

Therefore, during the numerical simulation, the structure of the separator is reasonably simplified, the
auxiliary components such as the oil tank and the base inside the separator are omitted, and the components
such as the manhole and safety valve group outside the separator are not considered. As shown in Fig. (1b), a
simplified physical model of the separator is constructed, and the coalescing plate is arranged horizontally. The
main structural dimensions of the separator can be obtained from Table 1.

Table 1: Structure size data of separator with coalescing plates.

Structural Parameters Size Structural Parameters Size
Total volume of separator (m?) 160 Oil phase outlet diameter (mm) 300
Length of elliptical heads at both ends of separator(mm) 500 Water phase outlet diameter (mm) 300
Total length of separator (mm) 16000 Distance from inlet to liquid separation plate (mm) 2100
Inlet diameter (mm) 300 Distance from inlet to the center of coalescing plate (mm) 9100
Length of coalescing plate (mm) 8000 Coalescing plate spacing (mm) 150
Thickness of liquid separation plate (mm) 20 Thickness of coalescing plate (mm) 20
Hole diameter of liquid separation plate (mm) 230 Opening ratio of liquid separation plate (%) 15

In the process of removing free water by using the separator, the oil-water mixture enters the inside of the
separator in a tangential direction through the inlet, and the initial steady flow is realized by the liquid separation
plate and then enters the coalescence unit. At this time, the lower density of the oil makes it rise and coalesce to
the bottom surface of the coalescing plate, in turn, the higher density of the water makes it settle to the upper
surface of the coalescing plate. The liquid in the coalescing plate will be continuously promoted from the entrance.
Subsequently, the oil flows out from the oil outlet at the upper right end, and water flows out from the water
outlet at the lower right end, and the separation of free water is realized.

2.2. Mathematical Model for Simulation of Coalescence-Separation

Before selecting the mathematical model, the temperature and pressure characteristics of the free-water
separator are considered, and the energy exchange can be neglected.
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Figure 1: Main structure and modeling of ®3600 mmx16000 mm separator with coalescing plates.
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where p,,is the density of the oil-water mixture, kg/m3; v,, is the mass average velocity of the oil-water mixture,
m/s; um, is the dynamic viscosity of the mixture, Pas; a; is the volume fraction of phase j, %; p; is the density of
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phase j, kg/m3; vy, ; is the drift velocity of phase j, m/s; F is the external force, N; v; is the mass velocity of phase j,
m/s; u; is the dynamic viscosity of phase j, Pa's ; p is the pressure shared by all phases, Pa.

The equation for the volume fraction of the oil phase can be derived from the continuity equation as follows:

d(aypr)

TR V (axprvm) + V(@ prvary) = 0 3)

Where vy, is the drift velocity of phase k, m/s; a; is the volume fraction of phase k, %; p, is the density of
phase k, kg/m3."

In the simulation of oil-water separating, the flow pattern of the oil-water mixture in the separator should be
determined before simulation. The identification of the flow pattern can be quantitatively distinguished by the
Reynolds Number. Laminar flow has a small Reynolds Number and high viscous forces in the flow field. In
contrast, the turbulent flow has a large Reynolds Number, high inertial forces in the flow field, an extremely
unstable flow state, and a relatively disordered flow field [27, 28].

Reynolds Number can determine the flow state of the oil-water mixture in the separator, which can be
obtained from Eq. (4) [25, 29].

_Pmvde
u

Re 4)

Where Reis the Reynolds Number of the oil-water mixture in the separator; p,, is the density of the mixture,
kg/m?3; v is the average velocity of the mixture in the separator, m/s; d. is the equivalent diameter of separator,
mm; u is the dynamic viscosity of mixture in the separator, Pa-s.

The density of the oil-water mixture can be calculated according to Eq. (5).

Pm = Po(1 =) + pyip (5)
Where p,is the density of oil, kg/m3; p,, is the density of water, kg/m3; ¥ is the water content of the mixture, %.

The basic structural characteristics of separators with coalescing plates are considered. Reynolds Number is
calculated by Eq. (4) and (5), then the flow pattern is identified. After the analysis and calculation of the working
conditions of a treatment station in an oilfield, the free-water separation process is defined as a turbulent flow
pattern. Therefore, the widely used and applicable RNG k-¢ model is used for simulation [30, 31].

Moreover, oil and water phase volume fractions are extracted to quantitatively characterize the oil-water
separation effect after the calculation runs stably, and the free-water separation efficiency of the oil-water mixture
in the separator can be calculated according to Eq. (6).

P1— P2
n=—— 6
Py (6)
where nis the separation efficiency of free-water, %; ¢, is water phase volume fraction at the inlet, %; ¢, is water
phase volume fraction at the oil outlet, %.

2.3. Solving Process

Based on the established physical model of the separator, the finite volume method is used to solve it, dividing
the calculation area of the physical model into non-repeating control volumes (grids), integrating the conservation-
type differential equations to be solved in any control volume and a certain time interval over space and time, and
specifically completing the application of the algorithm in the model by the commercial software FLUENT.

The grid type is generally divided into structured grid and unstructured grid. Among them, the unstructured
grid has good adaptability to complex models [32]. Fluent Meshing is used to generate an unstructured grid after

5
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the structure of the separator is considered. Since the liquid separation plate and the coalescing plate are the
main implementation areas of the separation function, they are reasonably encrypted. In addition, grid
independence verification is accomplished by encrypting the number of grids in the computational domain, and
the separator outlet velocity variation is observed at different grid numbers. The relative error of the simulation
results decreases with increasing the number of grids, and the grid convergence can be considered when the
error is lower than 5%, and finally, the physical model with the grid number 5086345 is used for the formal
simulation calculation, and the meshing of the separator is shown in Fig. (2).

t

1 1
1 1
h
» x
z

Figure 2: Meshing of ®3600 mmx16000 mm separator with coalescing plates.

In the FLUENT software, the wall is set to a static state by considering the influence of the viscosity of the wall
of the separator. After a given inlet velocity, the outlet boundary of both water and oil is set to “Outflow". Similarly,
the steady flow unit and coalescence unit play an important role. For a clearer understanding of the separation
effect and obtaining the separation flow-field characteristics inside the separator, the mixture composed of oil and
water is considered to be incompressible fluids in the simulation process. The temperature inside the separator
has been kept constant so that heat exchange has been ignored.

The parameters selected for the simulation calculations are determined according to the physical properties of
the oil-water mixture in the Daging oilfield, as shown in Table 2. Due to the mutual motion between the oil and
water phases, a non-constant calculation of the simulation process is chosen for “Phase Coupled Simple” [33].

Table 2: Basic calculation parameters of oil - water separation simulation.

Calculation Parameters Value
Concentration of polymer in oil-water mixture (mg/L) 500
Water phase density (kg/m?3) 1000
Oil phase density (kg/m?3) 845
Oil phase viscosity (mPa-s) 56
Oil-water interfacial tension (N/m) 0.03
Separation temperature (°C) 38
Initial height of oil-water interface (m) 2.5
Contact angle of upper surface of coalescing plate (°) 20
Contact angle of lower surface of coalescing plate (°) 150
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3. Results and Discussion

In the operation of a separator, the separation flow field characteristics can be represented by pressure,
velocity, streamline, and volume fraction of the phase [15, 17, 21]. Thus, the distribution characteristics of the
pressure field, velocity field, and concentration field, as well as the streamlined distribution characteristics inside
the separator are observed and analyzed, and the oil-water separation effect of the separator is evaluated.
Furthermore, the water content and flow rate are selected based on the nature of the oil-water mixture provided
by Daging Oilfield, while the duration time of the oil-water mixture in the separator is determined by actual
process experience. For better quantitative analysis, pressure, and oil phase volume distributions are observed on
the separator z=0 profile, and correlation data are extracted parallel to the separator profile and every 0.1 m in the
Y direction under conditions relative to the outlet boundary.

3.1. Flow-Field Characteristics of the Separator

Oil-water mixture with a water content of 70%, containing a polymer concentration of 500 mg/L, and a flow
rate of 4800 m3/d is selected as a case after the physical properties of the produced water are analyzed. The flow-
field characteristics of oil-water separation are further revealed by calculation results. The important role of the
stability of the working pressure inside the separator on the separation performance is considered, and the
distribution of the pressure field in the separator is shown in Fig. (3a). The uniform decrease of the pressure
distribution in the separator from bottom to top can be observed, and the maximum pressure difference is about
3.3 kPa, which confirms separator has good operation stability.

As shown in Fig. (3b), velocity vector distribution in the separator is extracted, and the flow-field distribution
during the separation process is more intuitively reflected. The oil-water mixture enters the interior from the left
inlet of the separator, and the flow field of the separator is impacted by the maximum flow rate. However, the
distribution of the flow rate change uniformly after passing through the steady flow of the liquid-separating plate.
Meanwhile, the flow field in the separator tends to be stable, and the role of the liquid separation plate as a
steady flow unit is demonstrated.

Fig. (3¢c) shows the streamlined distribution characteristics inside the separator. Similarly, the streamline is the
most intuitive manifestation of separation flow-field characteristics during the separation of free water. It can be
found that the high flow rate of the inlet brings significant disturbance to the streamline in the inlet area, and the
chaotic state of the streamline can be observed. However, the streamline distribution tends to be stable as a
whole, after passing through the coalescence area.

The separating effect of the separator is shown in Fig. (3d), and the change in the volume fraction of oil is the
main manifestation. The stratification of the oil/water interface inside the separator exists, however, the
stratification of the oil and water interface is more chaotic before entering the coalescence area. The stratification
of the oil/water interface is transformed into a clear form after passing through the coalescing plate, the higher oil
phase volume fraction area is thickened, and the lower oil phase volume fraction area is continuously thinned.

3.2. Effect of Water Content on Flow-Field Characteristics

The interfering factors of the flow-field characteristics and separation effect in the separator are taken as
research objectives. Initially, the effect of water content is explored based on flow-field characteristics in the
separator, and the control variable method is used, that is, the contained polymer concentration and flow rate of
the oil-water mixture remain unchanged. Then, three kinds of oil-water mixture with a water content of 55%, 70%,
and 85% are simulated and analyzed after the production, and research data are referred to.

3.2.1. Pressure Field Distribution and Pressure Drop Characteristics

Pressure field distribution in the separator is compared and analyzed in Fig. (4). The pressure field distribution
of the mixture under the three kinds of water content is the same during the separation process, respectively,
when the contained polymer concentration and flow rate are 500 mg/L and 4800 m3/d. The pressure drop of the
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cross-section increases slightly, and pressure field distribution in the separator is generally stable as the water
content of the mixture increases from 55% to 85%.
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(a) Pressure distribution

(c) Streamline distribution
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(d) Distribution of oil phase volume fraction

Figure 3: Flow-field characteristics in separator with the water content of 70%, the contained polymer concentration of 500
mg/L, and the flow rate of 4800 m3/d.
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Figure 4: Pressure distribution in separator with water content of 55%, 70% and 80%. (z=0)



Numerical Investigation on Flow-Field Characteristics towards Removal of Free-Water Qietal.

As shown in Fig. (5), pressure field distribution of the e-separation process is further quantitatively described,
and then the characteristic of pressure drop is drawn. The pressure drop changes of the free-water separation
process with different water content are similar, and the average increase of pressure drop is 4.80%, respectively,
when the water content increases from 55% to 85%.

30.5
—— Water content: 50%
—— Water content: 70%
295 F . 8505,
= Water content: 85%
2
e )
£ .
= 285 | 0
@
-
=
F
@
=
-9
275 F
26.5

0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
Longitudinal position (m)

Figure 5: Characteristics of pressure drop in separator with water content of 55%, 70% and 80%.

3.2.2. Streamline Distribution Characteristics

As shown in Fig. (6), the streamlined distribution of an oil-water mixture with three kinds of water content in a
separator with coalescing plates is shown. There is a ' gap ' in the streamlining of the oil-water mixture with 55%
water content during the separation process, respectively, the stability of the internal flow field of the separator
may be reduced. The dispersion performance of the fluid is more significant when the water content increases
from 55% to 70% and 85%, and the phenomenon is consistent with the reduction of interphase stability caused by
higher water content.

(a) 55% (b) 70% (c) 85%

Figure 6: Streamline distribution in separator with water content of 55%, 70% and 80%. (z=0).

3.2.3. Oil Phase Concentration Distribution Characteristics

As shown in Fig. (7) and Fig. (8), the oil/water interface characteristics of the mixture with different water
contents in the separator are compared and analyzed, and the oil volume fraction is extracted. The oil-water
interface stratification changes to fuzzy with the increase in water content. Overall, the distribution of the oil
phase volume ratio in the separator is more regular. The maximum and minimum values of the oil phase volume
ratio are obtained when the water content is 85% and 55%, respectively, when the longitudinal position is below

(a) 55% (b) 70% (c) 85%

Figure 7: Distribution of oil phase volume fraction in separator with water content of 55%, 70% and 80%. (z=0).
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Figure 8: The volume ratio of oil phase in separator with water +content of 55%, 70% and 80%.

2m. On the contrary, the maximum and minimum values of the oil phase volume ratio are obtained when the
water content is 55% and 85%, respectively, when the longitudinal position is in the range of 2m and 3m. However,
the oil phase volume ratio after separation with a water content of 85% is higher than that with a water content of
55% and 70%, respectively, when the longitudinal position is above 3m.

3.3. Effect of Flow Rate on Flow-Field Characteristics

The effect of flow rate on the flow-field characteristics and separating efficiency is studied, and the pressure
field, streamline, and oil phase volume fraction distribution are also analyzed. Similarly, the contained polymer
concentration and water content of the mixture are kept at 500 mg/L and 70%, respectively, when flow rates of
3500 m3/d, 4800 m3/d, and 6000 m3/d are simulated and analyzed.

3.3.1. Pressure Field Distribution and Pressure Drop Characteristics

As shown in Fig. (9), the distribution of the pressure field in the separator is extracted with different flow rates.
The pressure field in the mixture separating is the same, and the pressure field distribution in the separator is
steady, but the pressure drop decreases slightly with the enhancement of the flow rate. Further, pressure field
distribution in the separation process of free water affected by flow rate is quantitatively described. The
characteristic of pressure drop in the separator is shown in Fig. (10), and pressure drop changes of the three kinds
of flow rate are coincident. The steady state of the pressure change characteristics during the operation of a
separator with coalescing plates is displayed, and the fluctuation of the flow rate does not bring a significant
impact on the pressure field in the separator.

(a) 3500 m3/d (b) 4800 m3/d (c) 6000 m3/d

Figure 9: Pressure distribution in separator with flow rate of 3500 m3/d, 4800 m3/d and 6000 m3/d. (z=0).

3.3.2. Streamline Distribution Characteristics

As shown in Fig. (11), the flow field in the separator is displayed from another perspective, and the streamline
in the separator with the flow rate of 3500 m3/d, 4800 m3/d, and 6000 m3/d are analyzed, respectively, when the
contained polymer concentration and water content of the oil-water mixture are 500 mg/L and 70%. There are
many ' gaps ' between +-the streamlines in the separated flow field when the flow rate is 3500m3/d. The ' gap 'in

10
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the separator is filled, and the phenomenon of eddy current begins to appear and developed, respectively, when
the flow rate increased from 3500 m3/d to 4800 m3/d and 6000 m3/d. Eventually, it can be observed in Fig. (11c)
that the flow field is no longer smooth.

30.5
—#— Flow rate: 3500m*/d
—— Flow rate: 4800m*/d
= 29.5 —&—Flow rate: 6000m*/d
2
[
[
= 285
@
B
=
w
3
=
27.5
26.5

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Longitudinal position (m)

Figure 10: Characteristics of pressure drop in separator with flow rate of 3500 m3/d, 4800 m3/d and 6000 m?3/d.

(a) 3500 m3/d (b) 4800 m3/d (c) 6000 m3/d

Figure 11: Streamline distribution in separator with flow rate of 3500 m3/d, 4800 m3/d and 6000 m?3/d. (z=0).

(a) 3500 m3/d (b) 4800 m3/d (c) 6000 m3/d

Figure 12: Distribution of oil phase volume fraction in separator with flow rate of 3500 m3/d, 4800 m3/d and 6000 m3/d. (z=0).

3.3.3. Oil Phase Concentration Distribution Characteristics

As shown in Fig. (12), Oil phase concentration distribution in the separator under the effect of different flow
rates is obtained, and the oil/water interface state and variation characteristics in the separator are observed.
Overall, the oil/water interface in the separator is relatively flat with different flow rates. Higher oil phase
concentration distribution gradually becomes thicker, and lower oil phase concentration distribution gradually
becomes thinner, respectively, when the flow rate enhances from 3500 m3/d to 4800 m3/d. The difference is that
higher oil phase concentration distribution becomes thinner and lower oil phase concentration distribution
becomes thicker, respectively, when the flow rate increases from 4800 m3/d to 6000 m3/d, in addition, the change
of oil phase concentration distribution is affected by streamlined distribution characteristics is further verified.

As shown in Fig. (13), the volume ratio of oil in an e-separator with different flow rates is extracted for
quantitative analysis. The volume ratio of oil is the highest for a flow rate is 6000 m3/d, and the smallest for a flow
rate is 4800 m3/d, respectively, when the longitudinal position of the separator is below 2.4 m. However, the
volume ratio of the oil phase is the highest for a flow rate is 4800 m3/d for the separator longitudinal position
above 2.4 m.

11
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Figure 13: The volume ratio of oil phase in separator with flow rate of 3500 m3/d, 4800 m3/d and 6000 m3/d.

3.4. Effect of Duration Time on Flow-Field Characteristics

Eventually, the influence of duration time on the separation flow-field characteristics and separation effect is
studied after understanding the effect of water content and flow rate. The duration time of the oil-water mixture
in the separator is changed when the contained polymer concentration and water content of the oil-water mixture
are 500 mg/L and 70%. In this study, three kinds of duration time about 20 min, 40 min, and 60 min are simulated
and selected.

3.4.1. Pressure Field Distribution and Pressure Drop Characteristics

As shown in Fig. (14), there is a significant difference in the distribution of the pressure field in the separator
when the duration time chosen is 20 min, 40 min, and 60 min. The pressure drop in the separator increases with
the extension of the duration time, and pressure loss is reduced, which may be due to the reduction of the flow
rate in unit time, and the longer duration time makes the pressure drop in the separator increase.

(a) 20 min (b) 40 min (c) 60 min
Figure 14: Pressure distribution in separator with duration time of 20 min, 40 min and 60 min. (z=0).

As shown in Fig. (15), the pressure field distribution of the free-water separating process in the separator is
quantitatively described by the pressure drop characteristic. The pressure drop increases significantly after 60 min
duration time, respectively, when the vertical position of the separator is above 1Tm and compared with other
duration times, and the consistency of pressure distribution and pressure drop characteristics is confirmed.

3.4.2. Streamline Distribution Characteristics

As shown in Fig. (16), the streamlined characteristics of the oil-water mixture in a separator with coalescing
plates are similar, respectively, when the duration time is 20 min, 40 min, and 60 min. However, there are obvious
phenomena of ' eddy current 'in many places in the separator, when the duration time is 20 min. In Fig. (16c), the
phenomenon of ' eddy current ' is greatly reduced, and the stability of the separation flow field is continuously
improved for a duration time of 60 min. The separation effect of free water can be improved with an extension of
duration time.
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Figure 15: Characteristics of pressure drop in separator with duration time of 20 min, 40 min and 60 min.

(a) 20 min (b) 40 min (c) 60 min

Figure 16: Streamline distribution in separator with duration time of 20 min, 40 min and 60 min. (z=0)

3.4.3. Oil Phase Concentration Distribution Characteristics

As shown in Fig. (17), there are obvious differences in the distribution of oil phase volume in the separator with
the influence of duration time. The oil/water interface in Fig. (17a) is irregular when the duration time is 20 min.
After the duration time is extended, the oil/water interface changes from chaos to clarity, and the oil-water
stratification becomes more and more obvious, respectively, and the concentration distribution areas of higher
and lower oil phases become thicker and thinner.

(a) 20 min (b) 40 min (c) 60 min

Figure 17: Distribution of oil phase volume fraction in separator with duration time of 20 min, 40 min and 60 min. (z=0).

As shown in Fig. (18), the oil phase volume proportion in the separator with a duration time of 40 min and 60
min is relatively regular. The proportion with a duration time of 40 min is higher than that with a duration time of
60 min for a vertical position of the separator is below 2.4 m. On the contrary, the volume fraction is the highest
when the duration time is 60 min for the area with a longitudinal position of more than 2.4 m. In contrast, the
volume proportion in the upper half and lower half of the separator is low and high, respectively, when the
duration time is 20 min. It is further proved that extending the duration time can promote the effect of oil and
water separation.

3.5. Oil-Water Separation Performance

Oil-water separation is the ultimate goal of the separator, and the quality of the oil phase in the oil outlet
should be guaranteed. The water content in oil should be lower than the specified value of the process flow and
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the water content of the oil outlet should not exceed 30% [22, 34]. Therefore, the effects of water content, flow
rate, and duration time on the separation of free water by a separator with coalescing plates are quantitatively
characterized, respectively, and the volume fractions of oil and water are extracted. As shown in Fig. (19), the
separating performance is mainly reflected by the water content of the oil outlet and the removal rate of free
water, and the oil-water separation effect under different water content, flow rate, and duration time is compared
and analyzed.
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Figure 18: The volume ratio of oil phase in separator with duration time of 20 min, 40 min and 60 min.

As shown in Fig. (19a), the water content of the oil outlet increases when the water content of the mixture in
the separator increases, respectively, the contained polymer concentration and flow rate are 500 mg/L and 4800
m3/d. However, the rise in water content in oil outlets is not significant, although water content has always met
the technical requirements of 30%. The water content of the oil outlet decreases when the flow rate increases
from 3500 m3/d to 4800 m3/d, and the water content of the oil outlet increase when the flow rate continues to
increase to 6000 m3/d, respectively, when the contained polymer concentration and water content of 500 mg/L
and 70%. In the separation simulation of a mixture with 30% oil content, the water content of the oil outlet also
decreases first and then increases after changing the inlet flow rate, which is consistent with the simulation results
of this paper [15]. Although the water content of the oil outlet is lower than the technical index of 30% required by
the process, the irregularity of the water content of the oil outlet cannot be ignored, and separating performance
should be evaluated in combination with the removal effect of free water. The water content at the oil outlet
decreases from 45.4% to 20.4% when the duration time is extended from 20min to 60min, respectively, when the
contained polymer concentration and water content of 500 mg/L and 70%. The increase in duration time not only
makes the water content of the oil outlet meet the requirements for dehydration, but also significantly improves
the oil phase concentration of the oil outlet, and the important role of duration time is further demonstrated. The
result is consistent with the description of flow-field and oil phase volume fraction distribution.

The volume fraction of water and oil extracted after the calculation is stable, and the separation efficiency of
free water in the separator is calculated by Eq. (6), and the separating effect is further quantitatively characterized.
As shown in Fig. (19b), the separation efficiency of free-water increased from 54.7% to 68.8% with the water
content in the oil-water mixture increased, respectively, when the contained polymer concentration and flow rate
are 500 mg/L and 4800 m3/d, but the increasing rate is decreased with the water content in the mixture increases.
The separation efficiency of free water increased from 58.7% to 65.3% when the flow rate increased from 3500
m3/d to 4800 m3/d, respectively, when the contained polymer concentration and flow rate are 500 mg/L and 4800
m3/d. The separation efficiency of free water decreased from 65.3% to 58.9% when the flow rate continued to
increase to 6000 m3/d. The separation efficiency is consistent with the qualitative description of flow-field and oil
phase concentration distribution. The separating efficiency of free water increased from 35.1% to 70.9% when the
duration time is extended from 20 min to 60 min, respectively, when the contained polymer concentration and
flow rate are 500 mg/L and 4800 m3/d. The separation efficiency of free water and the water content of the oil
outlet confirm the important effect of duration time on oil-water separation.
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Figure 19: Oil-water separation effect with different water content, flow rate and duration time.

The research of Almarouf et al. [16] and Yayla et al. [21] is consistent with the numerical simulated results in
this paper. The separating efficiency of free water is positively correlated with the water content and duration time
of the oil-water mixture, respectively, when the characteristics of the mixture and the specifications of the
separator are similar.

4. Conclusion

The pressure, flow rate, and streamlined distribution of the oil-water mixture in a separator with coalescing
plates reflect the important role of the steady flow and coalescence unit in building a stable flow field. The
variation of oil phase volume fraction further confirms the oil-water separation performance of a separator with
coalescing plates. In the separator, the separation efficiency of free water is positively correlated with the water
content and duration time, and the effect of duration time was greater than that of water content and flow rate.
When the duration time was 60 min, the water content at the oil outlet decreased to 20% and the separation
efficiency of free water increased by about 71%. However, as the flow rate increased, the free-water separation
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efficiency first increased and then decreased. When the contained polymer concentration in the oil-water mixture
is 500 mg/L and the water content is 70%, the flow rate of the free-water separation process should be no higher
than 6000 m?3/d.

Using mathematical methods to observe the flow-field characteristics of the oil-water mixture containing
polymer in the separator can reveal the principle of action of a separator with coalescing plates, determine the
influencing factors of the oil-water separation efficiency, and then improve the treatment methods and equipment
parameters of the actual process to achieve efficient operation of oil-water separation. However, the variations of
flow lines and oil phase volume fractions indicate that a separator with coalescing plates is not suitable for
treating oil-water mixtures with higher water content. In addition, a separator with coalescing plates needs a
suitable flow rate to ensure separation efficiency, which means that the separator with agglomerated plates
cannot meet the demand of some high-speed production. Therefore, the structure of the coalescing plate
separator can be optimized, and thus the separation efficiency of free water can be improved.
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