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Abstract: The density of tar vapor and water vapor produced by coal pyrolysis is different. Different
centrifugal forces will be generated when they flow through the hydrocyclone. The water vapor and
tar vapor are divided into inner and outer layers. According to this phenomenon, the moisture in
the tar can be removed. In this paper, a Eulerian gas-liquid two-phase flow model is established
by numerical simulation to study the effect of inlet velocity on the separation effect of a designed
hydrocyclone (split ratio 0.2). The results show that the inlet velocity and moisture content have an
influence on the volume distribution characteristics, tangential velocity, axial velocity, pressure drop
distribution, and separation efficiency of tar vapor and water vapor in the hydrocyclone. When the
inlet velocity increases from 2.0 to 12.0 m/s, the central swirl intensity increases, and the negative
pressure sweep range at the overflow outlet increases. The axial velocity increased from 2.8 to
14.9 m/s, tar vapor content at the overflow outlet decreased from 74% to 37%, and at the underflow
outlet increased from 89% to 92%. When the moisture content is lower than 10%, the hydrocyclone
with the split ratio of 0.20 is no longer suitable for the separation of oil-water two-phase vapor.
However, when the water content is higher than 20%, the purity of tar vapor at the underflow outlet
can reach 92%, and the overflow outlet needs multistage separation to realize tar purification.

Keywords: pressure-controlled pyrolysis; oil-water separation; centrifugal force; two-phase vapor
separation; cyclone separation

1. Introduction

Rich coal and less oil are the typical features of the Chinese energy structure. In recent
years, the rising dependence on foreign crude oil has stimulated the progress of tar extrac-
tion from coal [1]. The pressure-controlled pyrolysis technology can extract tar from the
abundant coal resources, and obtain important chemical raw materials, such as anthracene,
naphthalene, benzene, and toluene. It is not only an important support in the field of
the national energy and chemical industry [2,3], but also an important direction of coal
classified utilization [4]. For a long time, the research on direct coal liquefaction has focused
on the improvement of the catalytic hydrogenation process and equipment [5,6], catalyst
selection and preparation [7,8], tar composition, and content optimization [9-11]. However,
the water content of tar after coal pyrolysis reaches 10~30% and contains more sulfur ion
and chloride ion salts. The presence of water leads to ion ionization and accelerates the
corrosion of equipment.

When the temperature decreases, the viscosity of the tar will increase, and the tar
will gradually become a non-Newtonian fluid, or even consolidate, which will bring
difficulties to the oil-water separation process. The researchers tried to separate tar and
water by different methods, such as sedimentation [12], centrifugation [13], heating [14],
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infiltration [15], and demulsification [16]. Gai et al. proposed the method of oil-water
separation during coal pyrolysis by tar distillation decomposition. When the boiling point
of the fraction is 120~140 °C and the volume ratio of the oil-water system is 1:4 at room
temperature, the oil content of water can be reduced to less than 300 mg L1 [17], but
this method is greatly affected by temperature and is only suitable for less oil content.
Li et al. established the kinetic model by using Smoluchowski aggregation theory and
Stokes Einstein collision theory. Based on the heating and demulsification dehydration
process, they predicted the effects of temperature, viscosity, time, and water content on tar
dehydration efficiency [18]. Zelenskiy et al. proposed adding a demulsifier in the tar and
water system to strengthen the process of gravity sedimentation, to separate the water in
tar. The results show that the water content is reduced from 8~15% to 2~4% [19]. Although
this process can remove most of the water from the tar, the demulsifier will dissolve in the
tar and cause the secondary pollution.

To sum up, it is necessary to consider a high-speed and efficient separation device to
realize the industrial process of oil-water separation. The cyclone separator is an efficient
separation device based on medium density, which is widely used in the field of the
petroleum and chemical industry. Wang et al., based on the Reynolds stress model (RSM)
of the computational fluid dynamics (CFD) software, simulated the de-oiling effect of
hydrocyclone with four different single-inlet structures. Within this research, the separation
efficiency of the helical inlet hydrocyclone is the most ideal [20]. Sattar et al. thought that it
took too long for electrical resistance tomography to generate fault maps, and proposed a
new strategy based on the physics and simple logic behind the measurement to monitor
the separation in the inline cyclone separator. The results show that the new algorithm is
104 times faster than the electrical resistance tomography in the case of inline eddy current
separation [21]. Sattar et al. studied the influence of inlet conditions on the shape and size
of the gas core in an inline swirl separator and proposed that the gas core diameter should
be measured with the smallest possible invasion to predict the separation behavior and
control the process in the best way [22]. The numerical modeling method can eliminate
the influence of intrusion behavior on the performance of the hydrocyclone and obtain the
strength and shape of the central swirl. Hanane et al. proposed a hybrid IBM-LES method
and applied it to simulate laminar pipe flow for the first time. The results show that the
method can control the fluid—solid interaction and converge to the exact solution with
second-order accuracy [23]. Liu et al. designed a particle size reconstituted hydrocyclone
and studied the effects of split ratio and oil content on the separation performance. The
results show that the particle size reconstituted hydrocyclone can realize the separation
of crude oil and water [24]. Jia et al. used the CFD-PBM numerical simulation method to
study the separation mechanism of the hydrocyclone from different scales and showed that
the oil-water separation effect was better when the split ratio was 0.2 [25].

After the low-rank coal was pyrolyzed by the pressure-controlled technology, the
products flowed out of the high-temperature fluidized bed. At that time, the light fraction,
water, and pyrolysis gas are all in the form of high-temperature vapor, with low viscosity
and strong rheological characteristics. In this process, the light fraction and water are
atomized at high temperature and have different densities. The cyclone separation process
can be used to remove the water in the tar according to the difference of centrifugal force
caused by the different density of light fractions and water vapor. In this paper, the effect
of the hydrocyclone on separating oil-water two-phase vapor is studied by modeling and
numerical simulation. According to the previous research results, the overflow split ratio of
the hydrocyclone was selected as 0.2. The influence of inlet flow velocity on the stratification
property of oil-water two-phase vapor flowing into the hydrocyclone under different water
cut conditions is analyzed. The flow field distribution characteristics, phase distribution law,
and pressure distribution characteristics of oil-water two-phase vapor in the hydrocyclone
are explored, and the separation efficiency of the hydrocyclone with different inlet flow
velocity and water content is revealed. This study aims to analyze the influence of process
parameters on the separation efficiency of the finalized hydrocyclone, optimize the inlet
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flow corresponding to different water contents, and improve the separation efficiency of
two-phase vapor, to optimize the structure of the hydrocyclone, promote the application
field of the hydrocyclone, and provide guidance and help for the hydrocyclone separation
technology of oil-water two-phase vapor.

2. Establish the Numerical Model
2.1. The Operation Process

The pressure-controlled pyrolysis process of low-rank coal was carried out with
nitrogen as the protection and displacement medium, as shown in Figure 1. Nitrogen was
input to the booster through the pressure relief valve. After the pressurization process is
completed, it was stored in the air storage tank at the bottom of the booster. The pyrolysis
process of low-rank coal was completed in a fluidized bed. High-pressure nitrogen was
used to purge the fluidized bed, and the pyrolysis gas, tar vapor, and water vapor were
purged into the cyclone separator to complete the oil-water separation process.

Mass flowmeter =P Condensing line

L,

The cyclone

= =] [

' The fluidized bed

—

Water reeyceling tank

Booster e mm e ——————— .-

Recorder
Figure 1. Low-rank coal pyrolysis and product separation system.

2.2. Geometric Model

The tangential inlet single-cone cyclone model was selected, and the structural param-
eters are shown in Table 1.

Table 1. The structural parameters of the cyclone.

Attribute Symbol Value Unit
Inlet cross-sectional area Aq 453.00 mm?
Overflow pipe diameter Dy 10.70 mm
Length of overflow pipe Ly 25.00 mm
Depth of overflow pipe H; 12.50 mm
Spacing between overflow pipe and swirl chamber L, 6.25 mm
Swirl chamber diameter D, 60.00 mm
Swirl chamber height H; 75.00 mm
Cone length L3 276 mm

Cone angle o 11.75 °
Underflow outlet diameter D3 12.5 mm

The fluent preprocessor was used to divide the hexahedral mesh, as shown in Figure 2.
The grid cell size was 1.0 mm, and grid encryption was carried out at joints, corners, en-
trances, and exits [26]. The pressure loss along the way was selected for grid independence
verification. The number of grids was 327,742, 237,682, and 124,578, respectively, and the
pressure drop was 0.182, 0.176, and 0.137 kPa, respectively. In this paper, the model with
237,682 grids was selected to complete the simulation. The type of boundary layer was
defined as no slip boundary, and the thickness was 1.0 mm.
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Figure 2. Grid division of the cyclone.

2.3. Governing Equations

The volume distribution, turbulence intensity, tangential velocity, and axial velocity
of tar vapor and water vapor in the hydrocyclone follow the conservation law of mass
and energy. The moisture content was between 10% and 30%, which meets the selection
characteristics of a dispersed phase volume ratio exceeding 10%. Therefore, the Euler method
was selected for fluid analysis of oil-water two-phase vapor. The parameter characteristics
are shown in Table 2

Table 2. The characteristic parameters of oil-water two-phase vapor.

Attribute Symbol Value Unit
Tar vapor density P1 4.84 kg/m?
Tar vapor heat transfer coefficient kg 0.0178 W/m?2-K
Tar vapor viscosity V] 6.75 x 107° N-s/m?
Water vapor density P2 0.5542 kg/ m3
Water vapor heat transfer coefficient ko 0.0261 W/m2-K
Water vapor viscosity Mo 1.34 x 107° N-s/m?
Convection term C; Cq 1.44 -
Convection term C, Cy 1.92 -
Tar vapor particle size d 0.0004 m
Moisture content 10%; 20%; 30%; 40% -
Inlet velocity u 2;4;8;12 m/s

The separation process of two-phase vapor in the cyclone presented an internal and
external two-layer swirl; especially, the turbulence degree of the internal swirl was higher,
and the anisotropy was more obvious [27,28]. The Reynolds stress model (RSM) considers
the characteristics of rapid change of vortex, rotation, and tension in engineering turbulence
calculation, and can solve the problem of anisotropy of the internal and external vortex [29].

Transport equation of each component in RSM:

o) , (i) o(oi)

ot oOXy Dt

= D,',]' + Pz',j + Gi,j + q)z',]' — &+ Fi,]'

where D; j—the diffusion term of the turbulence model, P; j—the shear stress generation
term, G;;—the buoyancy generation term, ¢;;—pressure strain redistribution, ¢;;—the
viscous dissipation term, and F; j—the rotation generation term of two-phase system.
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where p—coefficient of thermal expansion, m/K, ()—vortex vector, 6—cone angle of
cyclone, °, and g—gravitational acceleration, —9.81 m/s?.
After calculation and simplification, the final RSM transport equation is as follows:
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where p—density, kg/m3, P—pressure, Pa, K—thermal conductivity, W/(m?-K), p—Hydro
dynamic viscosity, (N-s)/m?, ui—velocity vector, and Cy,Co—convection coefficients of the
k-¢ equation.

3. Results and Discussion
3.1. Velocity Distribution

Velocity is an important factor affecting the separation efficiency of the cyclone, es-
pecially the tangential velocity, which determines the centrifugal force [30,31]. As shown
in Figure 3, it is the velocity nephogram of tar vapor in the cyclone under different inlet
velocities. The flow velocity was large at the overflow outlet, swirl chamber, and cone wall
of the cyclone. That is because in the hydrocyclone, two layers of internal and external
swirls with opposite directions were formed. The internal swirls are also called the forced
vortex zone. The external swirling flow is also called the semi-free vortex zone. When
the inlet velocity was 2.0 m/s, the hydrocyclone could not form the swirl or the forced
vortex zone. When the inlet velocity was greater than 4.0 m/s, the vortex intensity in the
forced vortex zone gradually increased, and the higher the inlet velocity, the smaller the
radius of the forced vortex zone and the stronger the suction capacity. The main component
of the forced vortex zone is water vapor. The density of water vapor was smaller than
that of tar vapor, and the centrifugal force was lower. However, due to the suction of
high-speed fluid, the turbulence degree of water vapor was high, so the axial velocity was
high. The tangential velocity in the center of the forced vortex zone was almost 0. The main
component is tar vapor in the semi-free vortex zone. Due to the high density, the tar vapor
also bears high centrifugal force, which leads to the small axial velocity of tar vapor and
the large tangential velocity and has the characteristics of wall attachment.
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Figure 3. The velocity nephogram of tar vapor under different inlet velocities: (a) 2.0 m/s, (b) 4.0 m/s,
(c) 8.0m/s, and (d) 12.0 m/s.

The monitoring curve was set at the conical section and central axis of the cyclone,
and the tangential velocity of the cyclone was asymmetrically distributed along the radial
direction, as shown in Figure 4a. The flow velocity at the cone section wall was higher and
increased with the increase of the inlet flow velocity. This is because when the moisture
content is the same, the centrifugal force will increase with the increase of the inlet velocity,
and then the tangential velocity will also increase [32]. The influence of the inlet velocity on
the axial velocity is mainly reflected in the overflow outlet, as shown in Figure 4b. With the
increase of the inlet velocity, the velocity at the underflow outlet and cone section showed
little change, while the velocity at the overflow outlet increased a lot. This is because the
outflow phase at the underflow outlet was mainly tar vapor with high density, and the
flow velocity of tar vapor along the cone wall at the edge of the swirl was low. Even if the
inlet velocity is increased, the rate of tar vapor wall-attached flow will not greatly increase.

At the same inlet velocity, the moisture content of two—phase vapor had a weak effect
on the distribution of tangential and axial velocity. With the increase of moisture content,
the tangential velocity decreased a little, while the axial velocity increased a little, as shown
in Figure 4c,d. This is because the density of water vapor is lower than that of tar vapor.
When the inlet velocity is constant, the increase of light phase content means that the
content of tar vapor is relatively reduced. This led to the decrease of the average density of
the two-phase system, so the centrifugal force decreased accordingly, and the tangential
velocity also decreased. On the other hand, the negative pressure formed by axial swirl had
a suction effect on the central fluid. With the increase of water vapor content, the central
fluid density decreased relatively, the effect of suction was amplified, and the velocity of



Energies 2022, 15, 4900

7 of 14

the axial overflow outlet increased. However, the flow velocity at the underflow outlet is
mainly the wall-attached flow of tar vapor, so the moisture content had little effect on it.
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Figure 4. The velocity distribution of tar vapor. (a) Tangential velocity with water content of 20%,
(b) axial velocity with water content of 20%, (c) tangential velocity when inlet velocity is 8.0 m/s, and
(d) axial velocity when inlet velocity is 8.0 m/s.

3.2. The Partial Pressure of Tar Vapor Phase

As shown in Figure 5, when the water vapor content of the two-phase system was
20%, the tar stream and water vapor distribution occurred in the section of the cyclone.
When the inlet velocity was 2.0 m/s, the intensity of the axial swirl in the center of the
cyclone was low, and the suction effect was not obvious. The water vapor with lower
density accumulated in the swirl chamber and flowed out from the overflow outlet, and
only a small amount of tar vapor flowed on the wall. When the inlet velocity was higher
than 4.0 m/s, the intensity of the central swirl increased and the suction effect on water
vapor phase was more obvious. The aggregation degree of tar vapor in the outer swirl
increased with the increase of the inlet velocity.
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Figure 5. The phase distribution of tar vapor and water vapor in cyclone section with water content
of 20%. (a) Inlet velocity 2.0 m/s, (b) inlet velocity 4.0 m/s, (c) inlet velocity 8.0 m/s, and (d) inlet
velocity 12.0 m/s.

The partial pressure of tar vapor in the radial and axial direction of the cyclone also
confirmed the above view. As shown in Figure 6a, when the moisture content of the two-
phase system was 20% and the inlet velocity was 2.0 m/s, there was no obvious difference
in the radial partial pressure of tar vapor. When the inlet velocity was greater than 4.0 m/s,
the partial pressure of tar vapor increased in the radial direction, especially within 10 mm
of the cone wall. The partial pressure of tar vapor in the center of the cyclone was low, and
this trend was more obvious with the increase of the inlet velocity. When the inlet velocity
was 8.0 m/s, as shown in Figure 6b, the content of water vapor also had a weak influence
on the partial pressure of tar vapor. With the increase of the water vapor content, the radial
partial pressure of tar vapor decreased, especially within 10 mm of the cone wall. This is
mainly because the centrifugal force of tar vapor decreased when the inlet velocity was
constant. The increased water vapor content led the average density to decrease in the
two-phase system. The axial partial pressure of tar vapor in the cyclone also has similar
characteristics. As shown in Figure 6c, when the moisture content of the two-phase system
was 20% and the inlet velocity was 2.0 m/s, the axial partial pressure of tar vapor was
only slightly different at the overflow outlet, swirl chamber, and cone section. With the
increase of the inlet velocity, the partial pressure of tar vapor at the swirl chamber and cone
section increased, and the partial pressure of tar vapor at the overflow outlet was almost
without any change. The contact position between the overflow pipe and the swirl chamber
presented negative pressure, which was caused by the suction effect of the axial swirl. This
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is beneficial to increase the axial velocity, reduce the tangential velocity in the center of the
cyclone, and improve the separation efficiency. In addition, with the increase of the water
vapor content, as shown in Figure 6d, there was no significant difference of pressure in the
overflow outlet when the inlet velocity was 8.0 m/s. The pressure of the swirl chamber and
the cone section showed a decreasing trend. Combined with the nephogram of tar vapor
distribution, the increase of water vapor content led to the increase of the central cyclone
degree, so the centrifugal force of tar vapor increased, and the content in the center of the
cyclone decreased.
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Figure 6. The partial pressure of tar vapor in radial and axial direction of cyclone. (a) Radial pressure
with water content of 20%, (b) radial pressure when inlet velocity is 8.0 m/s, (c) axial pressure with
water content of 20%, and (d) axial pressure when inlet velocity is 8.0 m/s.

3.3. Volume Distribution Characteristics of Tar Vapor

The streamline distribution characteristics of water vapor flowing in the cyclone are
shown in Figure 7a, b. The density of water vapor was smaller than that of tar vapor,
which was mainly distributed in the upper layer of the cyclone and flowed out through the
overflow outlet. When the inlet velocity was within the range of 2.0~12.0 m/s, the flow
area of water vapor was greatly affected by the inlet velocity. When the inlet velocity was
4.0 m/s, the water vapor flow area was in the upper part of the swirl chamber and the cone
section. With the increase of inlet velocity, the entrainment of the internal swirl formed in
the center of the cyclone was strengthened, and the occupied volume of water vapor in the
swirl chamber was gradually reduced.
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Figure 7. The streamline distribution of water vapor and tar vapor in cyclone. (a) Water vapor
streamline when inlet velocity is 4.0 m/s, (b) water vapor streamline when inlet velocity is 8.0 m/s,
(c) tar vapor streamline when inlet velocity is 4.0 m/s, and (d) tar vapor streamline when inlet velocity
is 8.0m/s.

The tar vapor with high density mainly flows out from the underflow outlet of the cy-
clone, but some tar vapor will still flow out from the overflow outlet due to the entrainment
of the internal cyclone. With the increase of inlet velocity, the centrifugal force on tar vapor
increased, so the entrainment effect of the central swirl on tar vapor gradually decreased,
as shown in Figure 7c,d. The distribution of the tar vapor flow line in the internal swirl
gradually decreased with the increase of the inlet velocity. This is mainly because the
increase of the inlet velocity led to the increase of tangential velocity of the two-phase vapor
in the swirl chamber. The centrifugal force of tar vapor was further increased, and more tar
vapor was thrown to the outside of the swirl, and then flowed, attached to the wall [33].

The volume distribution of tar vapor in the radial direction of the cyclone is shown in
Figure 8. The inlet velocity and moisture content had significant effects on the distribution
of tar vapor. The tar vapor with a content greater than 85% was mainly distributed within
10 mm of the outer swirl. When the moisture content was 20%, as shown in Figure 8a, the
content of tar vapor in the central swirl was 67~83%. With the increase of inlet velocity,
the tar vapor content of the central swirl decreased, and the tar vapor content gradually
increased within 10 mm to the wall. When the inlet velocity was 8.0 m/s, as shown in
Figure 8b, with the increase of moisture content, the volume fraction difference of the tar
vapor between the outside and the center of the swirl increased, which is more conducive
to the separation of the two-phase vapor.
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Figure 8. Volume distribution characteristics of tar vapor in the radial direction of the cyclone. (a) The
water content is 20% and (b) the inlet velocity is 8.0 m/s.

The axial distribution difference of tar vapor is mainly reflected in the volume fraction
flowing out from overflow and underflow outlet. As shown in Figure 9a, when the mois-
ture content was 20%, the volume fraction of tar vapor at the overflow outlet was about
70~86.43%, and the volume fraction at the underflow outlet was 92.07%. The increase of
inlet velocity will reduce the volume fraction of tar vapor at the overflow outlet, but it had
little effect on the volume fraction of tar vapor at the underflow outlet. When the inlet
velocity was 8.0 m/s and the moisture content was 10%, as shown in Figure 9b, the volume
fraction of tar vapor at the overflow outlet was 74.69%. Under the condition of constant
inlet velocity, with the increase of moisture content, the volume fraction of tar vapor at the
overflow outlet gradually decreased to 37.54%; however, at the underflow outlet, it was
almost unaffected, about 90%.
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Figure 9. Volume distribution characteristics of tar vapor in the axial direction of the cyclone. (a) The
water content is 20% and (b) the inlet velocity is 8.0 m/s.

The separation efficiency of the two-phase vapor is an important parameter to measure
the working performance of the cyclone. As shown in Figure 10a, when the moisture
content was 20%, the influence of inlet velocity on the separation efficiency of the cyclone
was mainly reflected in the volume fraction of tar vapor at the overflow outlet. When
the inlet velocity increased from 2.0 to 12.0 m/s, the volume fraction of tar vapor at the
overflow outlet decreased from 74.27% to 47.76%, while the tar vapor volume fraction at the
underflow outlet changed slightly, from 89.02% to 94.04%. In addition, the moisture content
of the two-phase system also affects the separation efficiency of the cyclone, as shown
in Figure 10b. When the inlet velocity was 8.0 m/s and the moisture content increased
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from 10% to 40%, the content of tar vapor at the overflow outlet decreased from 75.04% to
37.56%, and at the underflow outlet it decreased from 97.41% to 92.34%. The cyclone is not
suitable for oil-water separation when the moisture content of the two-phase system is less
than 10%. When the moisture content is higher than 20%, the two-phase system flowing
out from the overflow outlet shall adopt the form of multi-stage cyclone combination to
separate the oil-water of the two-phase vapor again.
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Figure 10. The separation efficiency of the cyclone. (a) At the overflow outlet and (b) at the under-
flow outlet.

4. Conclusions

In this paper, the effect of inlet velocity on the separation efficiency of the designed
hydrocyclone was studied by numerical simulation. A Eulerian gas-liquid two-phase flow
model was established to investigate the variation trend of inlet velocity and moisture
content on the volume distribution characteristics, radial pressure drop, tangential velocity,
and axial velocity of tar vapor and water vapor in the designed hydrocyclone, with a split
ratio of 0.2. When the water content was 20%, the inlet velocity increased from 2.0 to
12.0 m/s, and the separation efficiency of the cyclone also increased from 89.02% to 94.04%.
However, the increase of water content will reduce the radial pressure gradient of the
hydrocyclone, weaken the turbulence degree in the forced vortex area of the hydrocyclone,
and then reduce the stratification effect. On the other hand, when the moisture content
of the two-phase system was less than 10%, the cyclone was not suitable for oil-water
separation. When the moisture content was higher than 20%, the two-phase system flowing
out from the overflow outlet shall adopt the form of multistage cyclone combination to
separate the oil-water of the two-phase vapor again.
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