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Abstract: Nowadays, most oilfields have entered the high water cut stage of waterflood development.
The importance of oil-water separation technology becomes more obvious. Gravity separation is one
of the most commonly used treatment techniques for produced fluid. The gravitational separator has
a large processing capacity and a wide application range, but its structure is relatively simple and the
separation efficiency gradually falls behind to meet current production needs. The key difficulties to
improve the separation efficiency are to analyze the flow field and coalescing components inside the
separator. Aiming at these difficulties, this paper reports an innovatively designed series-parallel
multistage multiphase separation system (MMSS). A horizontal separator is connected in series
with a vertical separator, and the vertical separator consists of five discrete pipes connected in
parallel. Different coalescing components are then set inside the vertical separator. The separation
effect of the MMSS is studied by numerical simulation and laboratory experiments. The oil phase
volume distribution cloud diagrams of coalescing components are analyzed by numerical simulation,
including semicircle baffle, spiral track plate, four-hole plate and seven-hole plate. Laboratory
experiments show that MMSS has a high separation efficiency, and the water content at the oil outlet
is 3.0% less than that of the horizontal separator. By observing the shape of oil droplets at the outlet
and measuring the oil cut and water cut at the sampling outlet, the separation effect of four coalescent
plates is obtained. According to the statistics, when the volumetric flow at the inlet of the separator is
1.5 m3/h, the average particle size of oil drops in the blank pipe, semicircular baffle, four-hole plate,
spiral track and seven-hole plate increases in turn. A continuous oil layer appears at the outlet of the
vertical separator in the fully open state. The water content at the oil outlet of the semicircular baffle
coalescing component is always at a high level under different flow rates. When the inlet volumetric
flow rate is less than 1.6 m?/h, the performance of the spiral track coalescing component is better.
With the increase of the inlet volumetric flow rate, the separation efficiency of the spiral track is lower
than that of the orifice. The results show that the semicircular coalescing component has the worst
performance, the spiral track coalescing component is superior at small volumetric flow rates, and
the orifice coalescing component is superior at large volumetric flow rates.

Keywords: oil-water separation; gravitational separation; coalescing components; separating
efficiency; oil droplet size

1. Introduction

With the continuous development of oil fields, most the oil fields in China have al-
ready entered the high water cut stage, and the production starts to decrease progressively.
The separator is a key device for processing produced fluids and successfully extracting
oil and gas, and how to effectively improve the separation efficiency is an important re-
search focus. At present, common separation methods in the literature include gravity
separation, centrifugal separation, coalescence separation, air flotation separation, filtration
separation, etc. [1-3]. Gravity separation is the most important and widely used method
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for oily wastewater treatment, utilizing the differences in the density of oil and water for
sedimentation and separation [4-8]. Wang et al. [9] used a gravity separation simulation
test system to study the separation characteristics and flow laws of the horizontal separator.
Results show that there is an optimal oil-water interface position in the separator to achieve
the best separation effect. Acharya et al. [10] conducted computational fluid dynamics
simulations on gravity separators with different water contents, and the results suggest
that the separation efficiency of separators increases with the increase of water content. Ye
etal. [11] carried out numerical simulation to optimize the efficiency of the separator. Based
on this, a two-stage gas-liquid separator with a better separation effect and suitability for
the actual well conditions was designed. Centrifugal separation is a method to separate oil
and water by centrifugal force [12-15]. Zeng et al. [16] numerically simulated the internal
flow field of the double-cone cyclone separator. The simulation results indicated that the
center of the cyclone was an effective separation area, which laid a foundation for further
research on the mechanism and structural optimization design of hydrocyclone. Zhang
et al. [17] discussed the influence of the structural parameters of the cyclone separator on
the separation performance by combining experiments and numerical simulation. The
research suggests that the overflow port diameter of the separator has the greatest impact
on the system efficiency. Further, de Luna et al. [18] simulated the flow field inside the
cyclone separator and obtained the conclusion that pressure and tangential velocity are
symmetrically distributed in the device. Coalescence separation corresponds to the differ-
ent affinity between each phase in the oil-water mixture and the coalescing element [19-22].
Researchers have performed a significant amount of experimental research on the influence
on coalescence separation performance, such as coalescence material selection, coalescence
structure, operating conditions, emulsion properties [23-25]. Zhang et al. [26] optimized
the shape and internal structure of the separator, and selected four coalescing elements
with an angle of 120° for comparative experiments. The results show that the coalescing
effect of a stainless-steel corrugated sheet is better than that of a polyethylene corrugated
sheet. Pan et al. [27] established a numerical simulation and orthogonal experiment to
investigate the influence and mechanism of flow rate, oil droplet size and surface wetta-
bility on the oil-water separation effect of the coalescing plate, whereby the flow rate has
the greatest influence on the separation effect. Huang et al. [28] studied the coalescing
behavior and mechanism of oil droplets in the dispersed phases. The results showed
that, within a certain range, increasing the effective coalescing area or decreasing the plate
inclination angle would improve the separation efficiency. In addition, the air flotation
accelerates the floating speed of oil droplets by forming tiny bubbles in the oil-water
mixture [29-34]. Filtration separates oil from water by using porous filter elements that
allow the water phase to pass but prevent the oil phase from passing. The commonly
used filtration methods include membrane filtration [35,36], fiber filtration [37,38], staged
filtration, etc.

Although great advances have been made in the design of separators, there are limited
significant structural innovations. Restricted by the structure of the original separator,
most of them are only improved on the original basis. Many researchers have studied the
internal flow field of the separator by numerical simulation. The conclusions obtained
provide guiding significance to the design of the separator and a reference for the further
study of the separation performance. The most widely used separation system is the
combined horizontal separator. It is based on the addition of a variety of components to
the traditional horizontal separator, such as coalescing components, rectifying components
and entrance pendants.

In this paper, the mechanism of the coalescing separator is analyzed according to the
gravity separation mechanism, equal flow theory and shallow pool theory. The horizontal
separator and the vertical separator with different coalescing components are innovatively
designed and connected to form a series-parallel multistage multiphase separation system
(MMSS). The flow field inside the vertical separator was studied by Fluent. On the one
hand, the effects of the parallel vertical separator, coalescing components and the flow rate
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on the system separation efficiency were studied by laboratory experiments. The results
show that the separation efficiency of the MMSS is significantly improved compared with
the single-stage horizontal separator. Four kinds of coalescing components, including spiral
track, semicircular baffle, four-hole plate and seven-hole plate, have different promoting
effects on oil-water separation of emulsions. The spiral track is more suitable for small
flow separation, and the orifice plate component performs well in large flow separation.

2. Methods and Theories
2.1. Coagulation and Separation Mechanism

The produced fluid is an oil-in-water emulsion with an extremely high water cut. Due
to the difference in oil and water density, the oil droplets in the dispersed phase moved
upward by buoyancy. The speed of movement can be expressed by Stokes” formula [39]:

_ 4.2
Vup = (Pw lg;)g 0 (1)

where py, is the density of water; p, is the density of oil; g is local gravitational acceleration;
vyp is the rising rate of oil droplets; y is the viscosity of water; and d, is the oil droplet size.

The oil droplets with smaller particle size continuously undergo Brownian motion [40].
After collision coalescence, the particle size becomes larger and the speed increases, which
accelerates the process of oil and water separation. After coalescing oil droplets with
particle sizes of d, dy . .. dy, the velocity is:

(0w — po)g (] + i d;)
_ _ i=2 (2)
18u(d} + X 47)
=2
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where vy, is the rising rate of coalescent oil droplets; d is the oil droplet size; subscript
1 refers to the first oil droplet; and d; represents the ith oil droplet.

Qi et al. [41] analyzed the coalescence process and the hydrodynamic characteristics
of the droplet and the membrane. According to Navier—Stokes equation, the coalescence
time model of the single droplet on the membrane is established. The formula points out
that the coalescence time is related to the physical properties of the liquid, the area of
the oil membrane, the size and velocity of the droplets, etc. In this study, the coalescence
component in the discrete pipe can increase the area of the oil membrane by increasing
the contact area with oil droplets. This can reduce the coalescence time and improve the
separation efficiency. The flow rate of the droplets depends on the inlet flow rate, which
can be controlled by adjusting the inlet flow rate. The coalescence time model of the single
droplet on the membrane is established as follows:

f 2 Uy + Ugs Uh% 2 Uy + Ugg ‘Th%
b=l n 2 3
2(uy + ues) n{ [ 0/< rf + 3R;4er% /\he/ rf + 3R],tcr12( ®)

where ¢, is the coalescence time of the droplet and the oil film, s; rf is the radius of the
droplet and membrane deformation zone, m; u, and u.; are velocities of the interlayer
drainage and membrane surface, respectively, m/s; hy is the interlayer thickness of the
initial liquid, m; k. is the critical liquid interlayer thickness, m; ¢ is the surface tension
of the dispersed phase, N/m; y. is the viscosity of continuous phase, Pa s; and R is the
deformation curvature radius of the droplet, m.
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2.2. Isoflow Theory

The parallel design of the vertical separator satisfies the isoflow theory [42]. After the
emulsion flows into the pipes, the descending speed meets the following formula:

1o Q

0 = —_—— = —
down nAp nAp

(4)

where Ay is the cross-section of pipes; Q is the inlet flow; and 7 is the number of pipes.
When the flow rate is fixed, increasing the value of n can reduce vy,,. Furthermore, the
oil-water separation capacity of the separator is improved.

2.3. Shallow Pool Theory

In 1904, Hazen proposed the shallow pool theory [43]. Assuming that the pool length
is L, the pool depth is H, the liquid velocity in the pool is v, and the settling velocity of
particles is y, the motion of droplets in the separator satisfies the formula L/H = v/ug. In
the process of gravity separation, the separation effect of dispersed phase droplets is a
function related to the droplet rate and the shallow pool area. Specifically, the efficiency
of the separator can be improved by expanding the sedimentation area or increasing the
settling speed.

3. Multistage Multiphase Oil-Water Separation System

Gravity separators utilize the difference in gravity between oil, gas and water to
separate them. It is the most widely used process equipment in the petroleum extraction and
processing industry. According to the shape of the gravity separator, it can be divided into
vertical and horizontal. The multistage multiphase oil-water separation system is shown
in Figure 1. It is composed of a parallel vertical separator with a coalescing component and
a horizontal separator connected in series. It combines the characteristics of horizontal and
vertical separators, which has the advantages of a compact structure, insensitivity to liquid
level fluctuation, large processing flow, high separation efficiency and large operation
elasticity.

L

Figure 1. Proposed multistage multiphase oil-water separation system.

The parallel vertical separator is shown in Figure 2, which is designed based on the
gravity separation and coalescence mechanism, isoflow flow and shallow pool theory. The
main structure of the separator is the parallel connection between the central pipe and
the five pipes, in which the four pipes are equipped with the spiral track, semicircular
baffles, four-hole plates and seven-hole plates, respectively, and a blank pipe is left for a
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comparison experiment. The five risers are provided with an independent switch, which is
summarized into a liquid inlet at the upper part of the separator and a liquid discharge
port at the bottom.

Figure 2. Schematic diagram of the parallel vertical separator.

4. Numerical Simulation
4.1. Numerical Simulation Setup

The flow field inside the vertical separator is simulated by Fluent Fluent 2020, ANSYS
Inc, Houston, TX, USA). The flow rate of the pipe is 1.5 m3/h, and it is considered that
there is no slip between the fluid and the pipe surface. The Euler-Euler multiphase mixed
model has high computational efficiency and is widely used to solve multiphase flows with
different flow velocities. It is suitable for situations where the dispersed phases are widely
distributed, and it is the most consistent with the experimental conditions.

The medium used in the simulation is water and white oil, and the oil concentration
of the emulsion is 10%. White oil has the advantages of less volatile components, a
stable performance and minimal pollution, and it will not pollute the equipment in the
experiment. White oil with a similar viscosity to crude oil in the wellbore is chosen.
The experimental conditions are atmospheric pressure and a temperature of 20 °C. The
air density is 1.29 kg/m?, the water density is 998.2 kg/m?, the kinematical viscosity is
1.007 x 10~ m? /s, and the surface tension is 7.36 x 1072 N/m. The physical properties of
white oil meet the following formula:

The relationship between density and temperature:

p = 868.1 — 0.65(T — 293.15) (5)

where p is the density of the white oil and T is the temperature of the white oil.
The relationship between dynamic viscosity and temperature:

Ig(j + 6) = 9.73 — 3.831gT ©)

where y is the dynamic viscosity of the white oil and T is the temperature of the white oil.

The separation process of oil and water phase is simulated. It is considered that the
oil droplets in the emulsion have uniform particle size. The liquid is an incompressible
continuous fluid with constant viscosity. The whole separation process is adiabatic. The
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dynamic governing equations of the fluid in the separator include the mass conservation
equation and the momentum equation. The expression are as follows:
Mass conservation equation:

aux auy auz -
o Ty T 70 @

Momentum conservation equation:

Aete) 4V - (puxu) = — 3 + (uVitx) + Su,
d 9
) 49 (puyu) = ~ 2 + (uVuy) + Suy ®)

% + V- (puzu) = —g—g + (uVuz) + Sy,

where t is the time; f is the unit mass force; S, Suy,SuZ is the generalized source term; and
subscripts represent the direction of the mass force, including x, y, z.

4.2. Geometric Modeling and Meshing

The simulated structure of the discrete pipe is shown in Figure 3. The total length of
the pipe is 1500 mm, the diameter of the pipe body is 150 mm, and the diameter of the
inlet and outlet pipelines is 25 mm. In order to facilitate the study, the pipe is divided into
three divisions: inlet, coalescing and settling. The coalescing component is installed in the
coalescing section to improve the oil and water separation ability of the pipe.

150 mm

Inter

Coalescing

1500 mm

Settling

25 mm

Figure 3. Geometric structure of discrete pipe.

The coalescing components used in the experiment include the spiral track, semicircu-
lar baffle, four-hole plate and seven-hole plate. The spiral track is composed of a central
core and a peripheral fluid track, which is half the length of the pipe. The spiral track is
installed in the direction of the liquid flow and is tangent to the inner wall of the riser. The
semicircular baffles are perpendicular to the direction of the liquid flow. The semicircular
baffles are installed opposite to each other at a certain distance. The orifice plates are
installed in groups of three at equal intervals perpendicular to the direction of the liquid
flow. Figure 4 shows the model and dimensions of the coalescing components.
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@)

750 mm

(b) (©) (d)

Figure 4. Model diagram of coalescing components. (a) Spiral track model diagram; (b) semicircular
baffle model diagram; (c) four-hole plate model diagram; and (d) seven-hole plate model diagram.

Fluent’s preprocessing module Gambit is used to model discrete pipes with different
coalescing components. The discrete pipe adopts the division method of global control and
local encryption. Tetrahedral mesh is used to partition the whole area, and unstructured
mesh is used only in the local complex area. The coalescing components are divided by
unstructured mesh, and the rest of the riser is divided by tetrahedral mesh. The velocity
boundary condition is set at inlet, the outflow is set at the outlet, the wall boundary
condition is set on pipe surface. Figure 5 shows the mesh division.

(b) (c) (d)

Figure 5. Meshing diagram of discrete pipes. (a) Mesh division of the spiral orbit, with an encrypted
mesh of 89,900; (b) mesh division of the semicircular baffle, with an encrypted mesh of 72,000; (c)
mesh division of the four-hole plate, with an encrypted mesh of 62,700; and (d) mesh division of the
seven-hole plate, with an encrypted mesh of 66,300.

4.3. Numerical Simulation Results and Analysis

Four discrete pipes, i.e., spiral track, semicircle baffle, four-hole plate and seven-hole
plate, were numerically simulated. The flow field of different coalescing components was
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observed, and their separation characteristics were studied qualitatively by the oil phase
volume distribution cloud diagram. The origin of the coordinates is located below the side
of the separator riser. The X and Y axes are set on the same plane. The flow direction of the
fluid in the pipe is set to the Y direction and the transverse direction is set to the X direction.

Figure 6 shows the volume distribution of the oil phase in the spiral orbit. Red repre-
sents the highest concentration of the oil phase and blue represents the lowest; Figures 7-9
use the same color scale. The volume fraction of the oil phase in the range of the spiral
orbit is very high, indicating that the large area of contact between the mixture and the
spiral orbit can promote the coalescence of oil droplets.

Oil Volume Fraction

H 1.000x10*

9.427x102
8.853x102

8.279x102

7.704x102

L

—

Figure 6. Oil phase volume distribution of the spiral orbit.

Qil Volume Fraction

F 1.000x10*

8.386x102
6.772x102
5.157x102

3.542x102

Figure 7. Oil phase volume distribution of semicircular baffle.
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Qil Volume Fraction

H 1.000x10*
-
9.410%x1072 '

8.819%x102
8.228x1072

7.637x1072

Figure 8. Oil phase volume distribution of four-hole plate.

Oil Volume Fraction
1.000x10!

9.353%x102 ’
8.704x102
8.055x102

7.407x102

—

Figure 9. Oil phase volume distribution of seven-hole plate.

Figure 7 shows the oil phase volume distribution of the semicircular baffle. Analysis of
the diagram shows that the mixture flows in the shape of an “S” near the baffle, generating
eddy currents in the area below the baffle and forming a “dead zone”. Therefore, the
volume fraction of oil phase volume decreases slowly in an “S” shape near the baffle and
sharply below the baffle.

Figures 8 and 9, respectively, show the oil phase volume distribution of the four-hole
plate and seven-hole plate. The volume fraction of the oil phase decreases slowly along the
pipe without sudden change. However, the oil phase volume fraction of the seven-hole
plate is always smaller than that of the four-hole plate. Comparing the four kinds of
coalescent components, the semicircular baffle has the most uneven volume distribution of
the oil phase and the most unstable flow characteristics.

The volume distribution of the oil phase in each pipe is affected by the coalescing
components. The orifice plate accelerates the coalescence of oil droplets by slowing the
flow rate laterally. The orifice coalescing component accelerates the agglomeration of oil
droplets by slowing down the flow velocity laterally. The seven-hole plate has more holes
than the four-hole plate, which has a stronger ability to slow down the flow rate. The spiral
orbit improves the effect of coalescence mainly by increasing the contact area between the
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emulsion and the component, and the oil volume fraction near the spiral orbit shows a high
value. In contrast, the semicircular baffle has no significant effect on contact coalescence
and slow flow rate coalescence, so its oil volume fraction distribution is the most uneven.

5. Laboratory Experiment
5.1. Experimental Procedures

After simulating the flow field of the riser with different coalescing components, it is
found that the oil phase volume distribution in the pipe with a semicircular baffle is the
most uneven, and the pipe with an orifice coalescing component is the most stable. To test
the efficiency of the MMSS and verify the performance of each discrete pipe, the laboratory
experimental system is built, as shown in Figure 10. The specific operation steps can be
divided into three parts: the oil-water mixture, multistage separation of mixed liquid and
sampling measurement.

h

™

white oil air —

a b

(-

Figure 10. Flow chart of the laboratory experiment. (a) Small mixing barrel; (b) booster pump; (c)
liquid flowmeter; (d) gas pump; (e) gas flowmeter; (f) check valve; (g) tee; (h) bypass valve; (i) vertical
separator; and (j) horizontal separator.

When carrying out the experiment, the oil and water mixture with a white oil concen-
tration of 10% was first configured. The specific operation is as follows: turn on loop I and
open the switch of the mixer. Through the high rotation of the mixer impeller, the oil and
water mixture was fully sheared and emulsified. This process lasted for 70 min.

Circulation I was closed after the oil and water mixture was configured. According
to the research requirements, the system was adjusted, and loop II was connected. After
running the experiment for 30 min, 250 mL samples were taken at the outlet of the vertical
separator under different working conditions. A digital microscope was used to observe
the shape and measure the particle size of the sample droplets. At the end of the oil and
water separation process, liquid samples were taken at the water outlet and oil outlet of the
horizontal separator. The water content concentration of the oil outlet and the oil concentra-
tion of the water outlet were measured by distillation and a ultraviolet spectrophotometer,
respectively.

5.2. Experimental Results and Analysis
5.2.1. Separation Effect of the Separation System

In order to test the optimization effect of the MMSS and highlight the practical value of
the parallel vertical separator (Tianjin Yixiang Junda Energy Technology Co., Ltd., Tianjin,
China), a set of experiments were designed to compare the separation efficiency of the
MMSS and horizontal separator (Tianjin Yixiang Junda Energy Technology Co., Ltd., Tianjin,
China). In the experiment, the parallel vertical separator was fully open, and the flow rate
was 1.5 m3/h. Timing was started while turning on loop II. Figures 11 and 12 show the
changes in water and oil contents at the oil outlet with settlement time.
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Figure 11. Change in water content of the oil outlet with settlement time.
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Figure 12. Change in oil content of the water outlet with settlement time.

By analyzing Figures 11 and 12, it can be seen that both the water and oil contents
at the water outlet decreased with the increase of settling time in the first 30 min, which
was in the stage of oil and water separation. After 30 min, the curve changed gently, and
the oil-water separation was finished. Compared with a single horizontal separator, the
separation efficiency of the MMSS was improved, and the water content at the oil outlet
was reduced by 3.0%. This is because the emulsion flowing into the MMSS can be separated
twice. The primary separation is carried out in the parallel vertical separator, and the
coalescing components placed in the pipes can accelerate the coalescence of the oil droplets.
From the distribution cloud diagram of oil phase volume fraction, it can be seen that the oil
phase volume fraction at the outlet of the discrete pipe decreased significantly compared
with the inlet. A part of the oil droplets in the emulsion are separated, which reduces the oil
content of the emulsion flowing into the horizontal separator. The emulsion with reduced
oil content flows into the horizontal separator for secondary sedimentation separation. In
addition, the settlement time of the emulsion in MMSS is longer than that in the single
horizontal separator, which will also improve the separation effect to a certain extent. It is
worth noting that the oil content at the water outlet of the two separators is essentially the
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same after 30 min. This indicates that there is still a small part of oil droplets in the outlet
fluid that cannot be removed by gravity separation.

5.2.2. Separation Efficiency of Different Coalescing Components

After comparing the separation effect between the MMSS and a single horizontal
separator, the effect of the coalescing component in the discrete pipe on the separation
efficiency was further studied. During the experiment, the inlet flow of the separator
was 1.5 m®/h. The working state of the five pipes is controlled by adjusting the switch,
including six working states: connecting blank pipe, semicircle baffle, spiral track, four-hole
plate, seven-hole plate and fully open.

Firstly, the vertical separator was studied to verify the optimization effect of the
vertical separator. After the experiment was run for 30 min, the liquid at the outlet of the
vertical separator under six working conditions was sampled successively. The droplet
morphology was observed by a digital microscope, as shown in Figure 13.

(9

Figure 13. Microscopy images of oil droplet size at the outlet of the vertical separator under six
working states. (a) Blank tube; (b) semicircular baffle; (c) spiral track; (d) four-hole plate; (e) seven-
hole plate; (f) all five risers are open.

The particle size of oil droplets can be measured by micrographs. The diameter of
each droplet was plotted in the picture. Finally, the average diameter and distribution of
droplets were obtained by comprehensive statistics. Table 1 shows the oil droplet size. The
larger the oil droplet size, the better the coalescence effects. By analyzing the above six
groups of experimental result, it is found that the oil droplet size of the blank pipe is the
smallest. When the five rises are fully opened, the continuous oil layer appears at the outlet
of the vertical separator. Under the experimental conditions, the oil droplet coalescence
capacity of the four coalescing components is ordered as follows: seven-hole plate > spiral
track > four-hole plate > semicircle baffle.

Table 1. Oil droplet size.

Blank Tube  Semicircular  Spiral Orbit Four-Hole Seven-Hole All Risers
/(um) Baffle/(um) /(um) Plate/(um) Plate/(um) Are Open

69.03 71.49 75.80 72.99 78.24 )




Separations 2022, 9, 405

13 of 16

After the oil and water separation process is finished, the oil concentration at the
water outlet and water concentration at the oil outlet were measured, respectively, under
six working conditions. The blank tube was used as a control experiment to analyze
the changes of sample data under the other five working states. The higher the sample
reduction percentage, the stronger the coalescence ability of the coalescing components.
Table 2 shows the values of the samples.

Table 2. Comparison of separation effects.

Blank Semicircular Spiral Four-Hole Seven-Hole
Tube Baffle Orbit Plate Plate
Oil content
reduction/% 6.25 13.3 10.2 14.8 20
Water content
reduction/% 6.9 15 13.7 15.5 17.6

It is evident from Table 2 that the five pipes all open have the largest percentage
reduction. When the riser with the coalescing component works alone, the oil content at
the water outlet and water content at the oil outlet decrease to different degrees compared
with the blank pipe. The ability of each coalescing component to improve the system
efficiency is highly consistent with the ability of coalescent oil droplets, which is seven-hole
plate > spiral track > four-hole plate > semicircle baffle. Among the four coalescing
components, the orifice group was installed perpendicular to the oil and water emulsion
flow direction. The number of holes in the seven-hole plate is larger, the ability to slow
down the flow velocity is stronger, and the separation time of the emulsion in the separator
is longer. Therefore, the separation efficiency of the seven-hole plate is higher than the
four-hole plate. The contact area between the spiral track and the emulsion is the largest,
but the ability to slow down the liquid flow velocity is weaker than the orifice group. The
separation effect of the spiral track is between the seven-hole plate and the four-hole plate.
The semicircular baffle has the smallest contact area with the emulsion and has the worst
slow flow ability to the liquid flow, so the separation effect is the worst.

5.2.3. Influence of Coalescing Components on System Separation Efficiency at Different
Volumetric Flow Rates

In order to study the effect of coalescing component on system separation efficiency
under different volumetric flow rates, the inlet volumetric flow rates can be adjusted
successively to 1.0 m3/h, 1.2 m3/h, 1.5 m3/h, 1.8 m3/h, 2.0 m3/h. The water content line
diagram at the oil outlet of the five discrete risers under different volumetric flow rates is
drawn and analyzed.

It can be seen from Figure 14 that the water content at the oil outlet of the separator
increases with the increase of inlet flow under the five working conditions. When the inlet
flow is less than 1.6 m3/h, the performance of the coalescing component is as follows:
spiral track > seven-hole plate > four-hole plate > semicircle baffle. However, when the
inlet flow is greater than 1.6 m3/h, the coalescence performance of the spiral track deterio-
rates rapidly, and the coalescence performance is as follows: seven-hole plate > four-hole
plate > spiral orbit > semicircle baffle. It can be seen that the coalescence performance of
the spiral track is significantly affected by the flow rate; it is superior under the condition
of a small flow rate. The coalescence performance of the orifice element is not obviously
affected by flow rate, which is suitable for large flow rate separation. The semicircular
baffle shows the smallest improvement in system separation efficiency.
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Figure 14. Water content at the oil outlet of different flow rates.

The main mechanism of increasing droplet collision probability and coalescence rate is
different for different coalescing components. The spiral track mainly increases the droplet
collision probability by increasing the contact area between the emulsion and the coalescent
plate. It has no obvious effect on the rectifying and slowing flow of the emulsion, so it
performs better under the condition of small flow.

The seven-hole plate and four-hole plate increase coalescence efficiency by slowing
the flow rate laterally. Therefore, the greater the inlet flow, the more obvious the slow
flow effect of the orifice plate. The circular holes of the seven-hole plate are smaller and
more densely distributed than those of the four-hole plate, which further increases the
probability of contact coalescence of oil droplets. Therefore, the coalescence performance of
the seven-hole plate is always better than the four-hole plate under the same condition.

6. Conclusions

(1) Numerical simulation of the vertical separator was carried out by Fluent software.
In order to clarify the separation mechanism of parallel risers and the separation
ability of a single pipe, the flow fields of pipes with different coalescing components
were studied. The results show that the oil phase volume fraction distribution of the
semicircle flapper is the most uneven, while the flow field of the orifice coalescing com-
ponent is the most stable. Affected by contact with coalescence, the oil phase volume
fraction in the vicinity of the spiral orbit coalescing component is at a high level.

(2) Laboratory experiments were carried out to study the separation effect of the multi-
phase oil-water separation system. The results show that the water content at the oil
outlet of the new separation system is 3% less than the horizontal separator, and the
new separation system has a better separation effect than the horizontal separator.

(3) The numerical simulation results of the parallel vertical separator are in good agree-
ment with the experimental results. The semicircular coalescing component has the
worst separation effect. Under the condition that the inlet flow is less than 1.6 m3/h,
the water content at the oil outlet of the spiral track is the lowest. It can be seen that
the spiral track is suitable for small volumetric flow rate separation. In contrast, the
orifice coalescing component can still maintain a lower water content at the oil outlet
under the condition of large flow, which performs well at a large volumetric flow rate.

(4) There are still some deviations in this experiment. There is a certain error of time in
the sampling and measurement at the outlet, which affects the droplet morphology in
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the emulsion. In addition, different temperatures in the laboratory will also have an
impact on the oil viscosity.
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