RESEARCH ARTICLE | MARCH 18 2022

Oil-water separation in a cylindrical cyclone with vortex
finder

Jian Zhang (5Kf#) S&; Yun-teng He ({fAl=f%); Shuo Liu (XfR); ... et. al

’ '.) Check for updates ‘

Physics of Fluids 34, 033314 (2022)
https://doi.org/10.1063/5.0085029

. CrossMark
@

View Export
Online Citation

Articles You May Be Interested In

N
O
=
LL
Yo

@)

N
O

N

>
i a
Q.

Numerical study of the effect of vortex finder configuration in dense medium cyclones
AIP Conference Proceedings (March 2010)

Oil-water two-phase flow-induced vibration of a cylindrical cyclone with vortex finder
Physics of Fluids (April 2023)

The investigation of the failed duplex material and remaining life prediction of vortex finder Cyclone in the
circulating fluidized bed boiler

AIP Conference Proceedings (February 2023)

Physics of Fluids

Special Topic: Flow and Forensics

AIP

AIP Submit Today! ZA__ Publishing

é/_‘_ Publishing

d-ajoiue/jod/die/6io die sqnd/:dpy wouy papeojumoq

L ¥1€€€0/1260€991/6205800°S/€901 0L/10P/P

Jpd-auluo


https://pubs.aip.org/aip/pof/article/34/3/033314/2845124/Oil-water-separation-in-a-cylindrical-cyclone-with
https://pubs.aip.org/aip/pof/article/34/3/033314/2845124/Oil-water-separation-in-a-cylindrical-cyclone-with?pdfCoverIconEvent=cite
https://pubs.aip.org/aip/pof/article/34/3/033314/2845124/Oil-water-separation-in-a-cylindrical-cyclone-with?pdfCoverIconEvent=crossmark
javascript:;
javascript:;
javascript:;
javascript:;
https://doi.org/10.1063/5.0085029
https://pubs.aip.org/aip/acp/article/1207/1/575/866841/Numerical-study-of-the-effect-of-vortex-finder
https://pubs.aip.org/aip/pof/article/35/4/043317/2883050/Oil-water-two-phase-flow-induced-vibration-of-a
https://pubs.aip.org/aip/acp/article/2654/1/040019/2869262/The-investigation-of-the-failed-duplex-material
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2063275&setID=592934&channelID=0&CID=754934&banID=520996622&PID=0&textadID=0&tc=1&adSize=1640x440&matches=%5B%22inurl%3A%5C%2Fpof%22%5D&mt=1683535632296763&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fpof%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0085029%2F16630921%2F033314_1_online.pdf&hc=d67d121feb9bef82b4a9b313ac140eedf6cd2bf5&location=

scitation.org/journal/phf

Physics of Fluids ARTICLE

Oil-water separation in a cylindrical cyclone with
vortex finder

Cite as: Phys. Fluids 34, 033314 (2022); doi: 10.1063/5.0085029 @ 1. @
Submitted: 12 January 2022 - Accepted: 27 February 2022 - O
Published online: 18 March 2022 View Online Export Citatior CrossMark

Jian Zhang (3k{#),"** (3 Yun-teng He ({7 z 1%),' Shuo Liu (xI5),"* and Jing-yu Xu (V& &) >~

AFFILIATIONS

TInstitute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China
?School of Engineering Sciences, University of Chinese Academy of Sciences, Beijing 100049, China

@ Author to whom correspondence should be addressed: zhangjian@imech.ac.cn and xujingyu@imech.ac.cn

ABSTRACT

Cylindrical cyclones are always used in the petroleum industry to separate the oil-water two-phase mixtures or treatment the waste water.
Here, we use dimensional analysis and multiphase flow numerical simulation to analyze the separation process in a cylindrical cyclone with a
vortex finder to better understand the theory and characteristics of separation. In the dimensional analysis, we consider all structural, flow,
and operating parameters. A multiphase mixture model is used to simulate oil-water two-phase flow and separation in a cylindrical cyclone.
There is a vortex in the core of the cylinder, and its structure is influenced by the diameter of the overflow pipe, the inlet velocity, and the
flow split ratio. However, the influence of these three factors on the equivalent diameter of the vortex core can be ignored. Moreover, the inlet
velocity has little influence on the equivalent length of the vortex core. Therefore, the structure of the vortex core can be calculated from the
diameter and flow split ratio of the up-outlet of the cylindrical cyclone. Oil-water separation increases as the diameter of the oil droplet
increases. The separation efficiency of the cylindrical cyclone with vortex can reach 80% if the inlet dispersion droplet diameter is larger than
1 mm. The oil volume fractions in the up- and down-outlets decrease as the overflow split ratio increases. The flow split ratio is the only
operating parameter to consider to obtain the best separation results for a cylindrical cyclone with a fixed inlet oil-water mixture.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0085029

I. INTRODUCTION

Water and crude oil coexist in the petroleum industry, and the
water volume fraction increases as producing wells age. Some oil-
water mixtures exist in the form of oil-in-water or water-in-oil emul-
sions." The efficiency of oil-water separation technology greatly affects
the economics of petroleum mining.” Current oil-water separation
relies on the classic vessel-type separator, which is generally bulky,
heavy, expensive, and inefficient. To improve the efficiency of petro-
leum exploitation, smaller, lighter, and more efficient separators are
needed.

Centrifugal separation, which exploits the difference in density
between oil and water, is one of the most efficient methods of separat-
ing oil and water.” The hydrocyclone is the classic centrifugal separa-
tion technology, and plenty of research has been done on it."” The
cylindrical cyclone is one of the most significant developments in
liquid-liquid two-phase centrifugal separation technology.” It func-
tions much like the traditional hydrocyclone but is easier to control
and appropriate for a wider range of fixed-size equipment because its
underflow outlet is designed on the tangent of the cylinder.”

Researchers have used theoretical analysis, experimentation, and
numerical simulation to better understand separation in cylindrical
cyclones. Afanador” was the first to develop the concept of the liquid-
liquid cylindrical cyclone. Experiments and numerical simulations of
its flow behavior suggested that the cylindrical cyclone can efficiently
achieve two-phase separation. Oropeza-Vazquez et al.” researched the
hydrodynamics of oil-water two-phase flow in a cylindrical cyclone
experimentally and theoretically. They showed that clean water can be
obtained in the underflow but incomplete separation occurs in the
cylindrical cyclone. For the fixed inlet flow, an optimal split ratio exists
that depends on the inlet two-phase flow pattern. Also, they developed
a new mechanism model to predict the efficiency of the separation of
two-phase flow in a cylindrical cyclone. Mathiravedu et al.'’ studied
the control of a liquid-liquid cylindrical cyclone in industrial applica-
tions. Their developed control method resulted in clear water in the
underflow outlet and maintained the maximum underflow rate at the
same time. Liu et al.'" used numerical methods to study the flow field
characteristics of a cylindrical cyclone. The Euler-Euler multiphase
flow model and Reynolds stress turbulence model were used in their
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numerical simulation. They found that the low-pressure zone in the
core of the cylinder can create an upward flow to the overflow outlet.
Moreover, a series of experiments have been done on oil-water two-
phase separation in a cylindrical cyclone. The process for separating
oil and water is given in the literature. In addition, the effect of the
Reynolds number and flow split ratio on the separation efficiency was
investigated by dimensional analysis, which can be used to predict the
separation result. Gao et al.'” studied the effect of a vortex on the flow
behaviors of a cylindrical cyclone and presented a method of analyzing
vortex structure using the Q criterion. The method shows that the
hydraulic diameter of the vortex decreases from the upper region to
the down-outlet along the axis of the cylindrical cyclone. It is useful
for understanding oil-water two-phase flow behavior in a cylindrical
cyclone."”

Here, we use dimensional analysis to analyze oil-water two-phase
flow and separation in a cylindrical cyclone with vortex finder. To bet-
ter understand the process and consequences of two-phase separation,
we use numerical simulation to research factors that affect the vortex
core of the cylindrical cyclone. Also, we use numerical simulation to
study oil-water two-phase separation to verify the results of our theo-
retical analysis. It is important to understand the separation behavior
of the cylindrical cyclone.

Il. THEORETICAL ANALYSIS

To determine the flow and separation mechanisms of the cylin-
drical cyclone with vortex finder, we first use dimensional analysis to
analyze the relevant processes. The phase distribution is the direct per-
formance to analyze the separation process.' """ Figure 1 shows a sche-
matic diagram of a cylindrical cyclone with vortex finder. Fluid flows

— Overflow
Vortex finder Dover
e _
R
= | Di,

Inlet ‘

Dcore —f—

Dm —

FIG. 1. Schematic diagram of a cylindrical cyclone with the vortex finder.
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into the cyclone from the inlet with a tangential design, which creates
a swirling field in the main cylinder. As a result of centrifugal force
and the design of the two outlets, a core with upward axial velocity
appears in the center of the cylinder, and at the same time, an annular
flow with downward axial velocity appears near the wall of the cylin-
der."® Most of the fluid in the core flows out from the up-outlet, and
the fluid in the outside flows out from the down-outlet. The diameter
and length of the core are influenced by the structural and operating
parameters. For oil-water two-phase flow and separation in a cylindri-
cal cyclone, the oil phase must flow into the core if oil-water separation
is to be realized under centrifugal force. The size of the oil droplet has
a great influence on the separation efficiency.'” There exists a mini-
mum diameter of oil droplet that can be separated from the oil-water
mixture by the cylindrical cyclone.'® Therefore, the result of oil-water
two-phase separation depends on the structure of the core and the
diameters of the oil droplets.
The relevant parameters and their dimensions are as follows:

* Diameter of the inlet pipe, D, (L)

* Contraction ratio of the tangential inlet, & (-)
* Diameter of the main cylindrical pipe, Dy, (L)
* Diameter of the overflow pipe, Doy, (L)

* Diameter of the underflow pipe, Dynger (L)

* Length of the main cylindrical pipe, L,, (L)

* Length of the vortex finder, L¢ (L)

¢ Inlet velocity, Vi (L/T)

* Overflow split ratio, Agyer (—)

* Diameter of the smallest oil droplet, dy, min (L)
* Diameter of the largest oil droplet, d, max (L)
* Difference in density between oil and water, Ap (M/L?)

The length and diameter of the vortex core in the center of the
cylinder, where the axial velocity is up to the overflow, can be
expressed as follows:

[Lcorm Dcvre} :f(Dim &, Dma Dover7 Dunder7 Lm> Lf> Vinlet s )vaver) . (1)

Three parameters, Dy, Vinier and A p, are selected as a basic unit sys-
tem. The relationship above can be translated to a dimensionless form:

|:Lcore Dmre:| :f(Din Dover  Dunder L Lf

Zin g Zover Zunder Zm . f e dover )
Dm7 D,, Dm,67 D,, ) D,, 7Dm7Dm7leef7 oer>
2

Following previous research,'” the diameter of the inlet pipe is always
equal to that of the main cylinder, and the diameter of the underflow
pipe has little influence on flow and separation. The contraction ratio
of the tangential inlet and the inlet velocity can be composited to one
factor that just influences the centrifugal force together. Moreover,
Ghodrat et al.”’ showed that the effect of the vortex finder length on
separation is much less significant than the effect of diameter:

L D D, Ly viul
|: core COVB:| :f< over ~m Lﬂt’ ;vuver)' (3)

Dy’ Dn D, ' D, ¢

Therefore, we can see that the structure of the vortex core in the cylin-
drical cyclone is influenced by the overflow pipe diameter, the length
of the cylinder, the inlet velocity and the flow split ratio. The flow split
ratio is the only operable parameter. It is important to design the
structure of a cylindrical cyclone. The relation between the structure of
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the vortex core and these influences can be determined by direct simu-
lations. The effects of Dyyers Vinter and Agyer are studied in this work.

Mantilla et al.”' showed that the movement of a dispersed oil
droplet depends on the tangential and axial velocities, and the radial
flow of the continuous phase is ignored. The relative axial velocity
(v,,,) and the radial velocity (v,,), respectively, between continuous
phase water and oil droplets can be calculated as follows:

1/2 ~1/4
4 - dO inle 2
Var = |:(pm'00):| X g X g2 + <£rnl/t2>:| ’ (4)

3p,,Cp
—1/4
2
2 Vinlet
+
¢ <Dm/2)

The drag coefficient (Cp) is always 0.44 for turbulent flow as in the
two-phase flow in a cylindrical cyclone.

In oil-water two-phase separation, the oil droplet should first
flow into the vortex core in the center of the cylinder. Therefore, the
flow time of the oil droplet from the cylinder wall to the vortex core
(t,) must be less than the flow time of the oil droplet from the inlet to
the end of the vortex core (t,):

(5)

1/2
v = 4(pm - po)do % Vinlet2 %
o 3p,,Cp D,./2

tr < ta, (6)
(Dm - Dcore) S Lcore + Lf - Din ) (7)
2V, Va — Var

The axial velocity of the continuous water phase (v,) can be calculated
as follows:

4Qunder _ VinletDin2(1 - /lnver)

Vg = = (8)
¢ ﬂ(sz - Dcorez) (Dm2 - Dcorez)-

The smallest diameter of the separated oil droplet (d,,,;,) can be
obtained by Egs. (4)-(8). The result of oil-water two-phase separation
in a cylindrical cyclone with vortex finder can be predicted if the sizes
of the oil droplets are known. The oil volume fractions in the overflow
(¢o,0ver) and underflow (@, ,naer)> respectively, can be calculated as
follows:

Do inlet V0~d02dv,min
(pa‘over -

+ goo,inlet(l - Vavdozdn.mm)7 (9)

Vody>dymin )- (10)

)'UVEV

(po,under = q)o,inlet(l -

Here, ¢,inierr is the inlet oil volume fraction and V,, 45> do,min i the vol-
ume fraction of the oil droplet whose diameter is larger than that of
the smallest separated oil droplet.

lll. NUMERICAL METHODS
A. Multiphase flow model

Two flow models, the Euler-Lagrange model and the
Euler—Euler model, are used in multiphase flow simulation.”” The
Euler—Lagrange model is used to calculate two-phase flow, where one
of the phases is dispersed and the volume fraction of the dispersed
phase is less than 0.1.”” The Euler—Euler model, which is useful for
describing double continuous two-phase flow, includes Euler, mixture,
volume of fluid (VOF), and other interface capture models.”**” In the
present study, the oil-water two-phase flow does not have a stable con-
tinuous interface between oil and water, and the dispersed phase

scitation.org/journal/phf

exhibits coalescence and is broken. Therefore, the mixture model is
most suitable for calculating oil-water two-phase flow and separation
behaviors in the cylindrical cyclone.

In the mixture model, the two phases are regarded as a single
mixture phase, and the governing equation of the mixture is solved.
The interfacial phenomenon is ignored, and slip velocity is introduced
to describe the two-phase flow.”® The density p,, and viscosity g, of
the mixture can be calculated as follows:

n

Pm = Zakpky (11)
k=1
n

K = Z Ok M- (12)
k=1

The continuity equation of the mixture is

%(pm) + V- (Ppthm) =0, (13)

where the velocity of the mixture can be calculated from the average
values of each phase:

n
E Ok Py Uk
_ k=1

U, (14)
Pm
The momentum equation of the mixture is
0
o (Putt) + V- (Pyttin)
= VP + V- [ (Vit + V")
+pug+F+V- (Zakpkud,,kud,,k> N E)
k=1
where F is the body force and u4, k is the drift velocity of phase k,
Uge o = U — Upy. (16)

B. Geometric model and grid generation

Following previous study, we design a cylindrical cyclone with vor-
tex finder. It is made up of a tangential inlet, main cylinder, down-
outlet, and up-outlet with the vortex finder. All structural parameters
are shown in Table I. The diameter of the main cylinder and inlet is
100 mm, and the diameter of the down-outlet is 80 mm. The lengths of
the main cylinder and vortex finder are 1250 mm and 150 mm, respec-
tively. Three diameters of up-outlet pipe, 10 mm, 25 mm, and 50 mm,
are used to research the influence of diameter on the flow field.

TABLE I. Structural parameters of the cylindrical cyclone with vortex finder.

Phys. Fluids 34, 033314 (2022); doi: 10.1063/5.0085029
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D;, 100 mm Dynder 80 mm

D,, 100 mm Dgyer 10/25/50 mm

L., 1250 mm L¢ 150 mm
34,033314-3
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We generate the grid using the ICEM software platform. The
three-dimensional geometric model is separated into four parts—inlet,
main cylinder, up-outlet, and down-outlet—to create a grid for the
model. The generated grid is shown in Fig. 2, and the O-blocking
method is used to create the structure cell. In order to test the influence
of cell size on the accuracy of the numerical simulation, three different
scales of grid are generated. The numerical result of the axial velocity
in the cross section of the main cylinder for different cell sizes is dis-
played in Fig. 3. It shows that the numerical consequence of the
medium grid scheme is almost the same as the fine scheme, but the
coarse scheme has a little difference to others. Thus, the medium grid
scheme is chosen to promise the computational accuracy and effi-
ciency at the same time. About 2.94 million elements are created for
the model in this study.

C. Solution setting and boundary conditions

For the numerical simulation, the RNG k—¢ turbulence model is
chosen and the equations are solved using the SIMPLE algorithm
based on the finite volume method.””** Given the oil-water two-phase
mixture, the primary phase in the flow is set as water, whereas the sec-
ond phase is set as oil because the inlet oil volume fraction is always
less than 0.4 in our study. The physical properties of oil and water (i.e.,
density, viscosity, and surface tension) are shown in Table II. The dif-
ference in density between oil and water is 138 kg/m’.

As for boundary conditions, the velocity inlet boundary is set for
the flow entrance where the oil and water phases have their own inlet
velocities, phase volume fractions. Also, the droplet diameter of the
dispersed phase oil is set in the inlet flow boundary, which is

I <—Up-outlet

Tangential
Inlet

Main
Cylinder

Vortex Finder

. Down-outlet

-
J o
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FIG. 3. The influence of the grid generation on the computational accuracy.

important to the oil-water separation. For the up- and down-outlets,
the outflow boundary is selected to control the flow split ratio expedi-
ently. The other boundary conditions are the same as for a stationary
wall with non-slip flow.”” The steady solver is used in the numerical
simulation because the oil-water inlet flow, and other boundary condi-
tions are fixed.

IV. FLOW FIELD ANALYSIS
A. Flow field characteristics of the cylindrical cyclone

In line with the results of the mechanism analysis above, the flow
field has a great influence on separation in the cylindrical cyclone with
the vortex finder. We use numerical simulation to study in detail the
flow field characteristics of the cylindrical cyclone. The diameter of the
up-outlet is 25 mm. The inlet velocity is 2m/s, and the overflow split
ratio is 0.2. The results of numerical simulation of single-phase water
flow in the cylindrical cyclone are used to accurately analyze the flow
field characteristics.

The axial, tangential, and radial velocities in the cross section of
the main cylinder are shown in Figs. 4-6, respectively. Figure 4 shows
that the axial velocity is upward in the center of the cylinder and
downward near the wall. This proves the accuracy of the consequence
of the separation mechanism. However, the distribution of the axial
velocity is not axisymmetric because of the asymmetrical inlet struc-
ture. The distributions of the tangential and radial velocities are
approximately axisymmetric in the cross section. The direction of the
radial velocity can transport the oil droplet to the core in the center of
the main cylinder to achieve oil-water two-phase separation.

Figure 7 gives the static pressure and axial velocity in the axial
line of the main cylinder. We can see that the static pressure in the

TABLE II. Physical properties of oil and water in this work (T=30°C,
P =0.1MPa).

Density, kg/m’>  Viscosity, mPa-s ~ Surface tension, N/m

Oil 860 85 0.042
Water 998 1 0.071
FIG. 2. Schematic diagram of the cylindrical cyclone with vortex finder.
Phys. Fluids 34, 033314 (2022); doi: 10.1063/5.0085029 34, 033314-4
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FIG. 4. The distribution of axial velocity in the cross section of the main cylinder.

axial line is negative, which can direct the radial velocity from the wall to
the core. The static pressure decreases from the bottom up. In contrast,
the axial velocity in the axial line increases from the down-outlet to the
up-outlet. This explains the flow of the core in the center of the cylinder.

B. The influence of the diameter of the overflow pipe

In this section, we consider the influence of the diameter of the
overflow pipe on the structure of the vortex core in the center of
the main cylinder. Three different diameters—10 mm, 25 mm, and
50 mm—are chosen as typical examples, and the ratios of the main
cylinder are 0.1, 0.25, and 0.5, respectively. The other structural and
operational parameters are all the same. The inlet velocity is 2 m/s,
and the overflow split ratio is 0.2.

10

Axial location, L=1000mm

W
1

t

Tangential velocity, v (m/s)
n =
1

-10 T T T T T T T T T T T T T T T
-50 -40 -30 -20 -10 O 10 20 30 40 50
Radial position, R(mm)

FIG. 5. The distribution of tangential velocity in the cross section of the main
cylinder.
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FIG. 6. The distribution of radial velocity in the cross section of the main cylinder.

The vortex structure in the cores of cylinders with overflow pipes
of different diameters is shown in Fig. 8. The axial velocity in the main
cylinder is limited to 0-10m/s to distinguish the shape of the vortex
core. We can see that the structure of the vortex core in the main cylin-
der of the cylindrical cyclone is not a regular cylinder. The shape of
the vortex core is influenced by the swirling flow field. However, the
overall structure of the vortex core is an axisymmetric shape, and the
diameter is approximate equal along the length of the vortex except
the tail. Therefore, the vortex core is reduced to a cylinder in the analy-
sis of the separation process. The results show that the diameter of the
overflow pipe has a great influence on the equivalent length of the vor-
tex core, which is 998 mm, 534 mm, and 495 mm when the diameter
of the overflow pipe is 10 mm, 25 mm, and 50 mm, respectively. The
length of the vortex core is always the same as the main cylinder when
the diameter of the overflow pipe is 10 mm. Therefore, an overflow
pipe with a small diameter is advantageous for oil-water two-phase

. . . . 10
0.09 Up-outlet——>
13
@-2.0)(104- s
16 X
£ )
g -4.0x10" s
2 14 2
s 2
S 6.0x104 Down-outlet o
% . 12 =
S i
s <
R EWAWA
8.0x10 \/ \/\/ \/\/_ 0
-1.0x10° . : -2
0 500 1000 1500

Axial position, L(mm)

FIG. 7. The distribution of static pressure and axial velocity in the axial line of the
main cylinder.
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FIG. 8. The vortex structure in the cores of cylinders with overflow pipes of different
diameters (Dover = 10 mm, 25 mm, and 50 mm).

separation in a cylindrical cyclone if the pressure drop and overflow
velocity are not considered. According to the dimension analysis, the
relation between the length of the vortex core and the diameter of the
overflow pipe can be described as follows:

LCG?‘E x DOV@V m7 (17)
D, Dy

where the value of m is less than zero, which can be obtained from the
series of numerical simulations or experiments.

Figure 9 gives the distribution of the axial velocity in the cross sec-
tions of main cylinders with different sizes of overflow pipe. The axial
location of the cross section from the bottom in the main cylinder is
1000 mm. We can see that the distributions of axial velocity are almost
identical for the three sizes of overflow pipe. The critical boundary of
the axial velocity between the upward and downward two directions is
similar. The axial velocity is upward in the core and downward near the
wall of the main cylinder. The equivalent diameter of the vortex core in
the center is about 46 mm, and the ratio of the vortex core to the main
cylinder is 0.46. Thus, the influence of the diameter of the overflow pipe
on the diameter of the vortex core can be ignored.

C. The influence of the inlet velocity

In this section, we consider the effect of the inlet velocity on the
structure of the vortex core in the center of the main cylinder. A series
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FIG. 9. The distribution of axial velocity in the cross sections of cylinders with dif-
ferent sizes of vortex finder.

of inlet velocities from 1 m/s to 5m/s are entered into the numerical
simulation. The structural parameters of the cylindrical cyclone with
vortex finder are shown in Table I. The diameter of the up-outlet is
25 mm, and the overflow split ratio is set to 0.2.

The vortex structure in the cores of cylinders with different inlet
velocities is given in Fig. 10. The axial velocity in the main cylinder is
limited to 0-10 m/s to clearly distinguish the shape of the vortex core.
The results show that the inlet velocity has little influence on the
equivalent length of the vortex core, which is 547 mm, 534 mm, and
542 mm for inlet velocities of 1 m/s, 2m/s, and 5m/s. Therefore, the
influence of the inlet velocity on the length of the vortex core can be
ignored (Fig. 11).

D. The influence of the overflow split ratio

In this section, we consider the influence of the flow split ratio of
the two outlets on the structure of the vortex core in the center of the
main cylinder. A series of overflow split ratios are set on the boundary
conditions of the numerical simulation. The structural parameters of
the cylindrical cyclone with vortex finder are shown in Table I. The
diameter of the up-outlet is 25 mm, and the inlet velocity is set to
2m/s.

Figure 12 shows the effects of different overflow split ratios on
the shape of the vortex core in the center of the main cylinder. The
axial velocity in the main cylinder is limited to 0-10 m/s to clearly dis-
tinguish the shape of the vortex core. The results show that the over-
flow split ratio has a distinct influence on the length of the vortex core:
The length increases as the overflow split ratio increases. The influence
of the overflow split ratio on the length of the vortex core is shown in
Fig. 13. When the overflow split ratio is in the range 0.1-0.5, the unit
of the length of the vortex core is millimeters:

Leore = 1038 X 2yer > (0.1 < Jgyer < 0.5). (18)

Following the results of the mechanism analysis in Sec. 1, this relation-
ship can be rewritten as a dimensionless one. It is important to analyze
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FIG. 10. The vortex structure in the cores of cylinders with different inlet velocities
(Viniet = 1.0mVs, 2.0 m/s, and 5.0 m/s).

the process of oil-water two-phase separation in cylindrical cyclones
with vortex finders:

L
o gver (0.1 < Jyer < 0.5). (19)

m

The influence of the overflow split ratio on the distribution of the axial
velocity in the cross section of the main cylinder is shown in Fig. 14.
The axial location of the cross section from the bottom in the main
cylinder is 1000 mm. The distributions of axial velocity are almost
identical. Also, the equivalent diameter of the vortex core in the center
is about 46 mm. Thus, the effect of the flow split ratio on the diameter
of the vortex core can be ignored.

V. ANALYSIS OF OIL-WATER SEPARATION

As the results above show, the structure of a cylindrical cyclone
with vortex finder can be used to realize two-phase separation. To
determine the characteristics of separation in a cylindrical cyclone
with vortex finder, we consider here oil-water two-phase separation.
The effects of structural parameters of the cylindrical cyclone on two-
phase separation can be obtained from the flow field distribution; the
flow and control parameters considered here include the diameter of
the oil droplet, the flow split ratio, and the inlet velocity. The diameter
of the overflow pipe is 25 mm. Moreover, the separation efficiency 7 is
introduced to quantify the oil-water two-phase separation: "’
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FIG. 11. The distribution of axial velocity in the cross sections of cylinders with dif-
ferent inlet velocities.

_ Qo, up—outlet Qw, up—outlet

n= x 100%. (20)
Qa,inlet Qw,inlet

Here, Qo,up-outlet 20d Qy jnlet are the oil flow rate in the up-outlet and

inlet of the cylindrical cyclone in m>/h, and Quup-outlet A0d Qu jnlet
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FIG. 12. The vortex structure in the cores of cylinders with different overflow split
ratios (Zover = 0.1, 0.2, 0.3, and 0.5).
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FIG. 13. The effect of the overflow split ratio on the length of the core in a cylindri-
cal cyclone.

are the water flow rate in the up-outlet and inlet of the cylindrical
cyclone in m*/h.

The effects of the inlet oil droplet diameter on oil-water two-
phase separation are given in Figs. 15 and 16. The overflow split ratio
is 0.1, and the inlet mixture velocity and oil volume fraction are 3 m/s
and 0.1, respectively. Figure 15 shows the distribution of the oil phase
in cylindrical cyclones with different inlet oil droplet diameters. It
shows that the diameter of the oil droplet has a great influence on the
phase distribution, especially on the core of the cylinder. The oil vol-
ume fraction in the core increases as the inlet oil droplet diameter
increases from 0.05mm to 1 mm. It is important to oil-water two-
phase separation. The effects of the inlet oil droplet diameter on the
separation efficiency and the oil volume fractions in the up- and

6 T T T T T T T T T T T T T T T T T T T T T

Overflow split ratio, 2
—0.1

—0.2 A
—03

W
1

a
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FIG. 14. The distribution of axial velocity in cross sections with different overflow
split ratios.
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FIG. 15. The distribution of the oil phase in cylindrical cyclones with different inlet
oil droplet diameters (d,,;, = 0.05mm, 0.1 mm, 0.3 mm, 0.5 mm, and 1 mm).

down-outlets are shown in Fig. 16. We can see that the oil volume
fraction increases in the up-outlet but decreases in the down-outlet as
the inlet oil droplet diameter increases. In other words, the oil-water
separation increases as the diameter of the oil droplet increases. The
change in the separation efficiency with oil droplets of different diame-
ters can be used to measure this clearly. The separation efficiency of a
cylindrical cyclone with vortex can reach 80% if the inlet dispersion
droplet diameter is larger than 1 mm.

The flow split ratio has a great influence on the flow field in a
cylindrical cyclone, which in turn influences separation. The effects of
the up-outlet flow split ratio on separation are given in Figs. 17 and 18.
The inlet oil droplet diameter is set to 0.1 mm, and the inlet mixture
velocity and oil volume fraction are 3 m/s and 0.1, respectively. The
distribution of the oil phase in cylindrical cyclones with different up-
outlet flow split ratios of 0.05, 0.1, 0.2, and 0.3 is shown in Fig. 17. We

wr————7+———1+—100
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A =0.1,v

over inlet

1
(o)
(=]
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<
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Separation efficiency

{40

Oil volume fraction, ¢ (-)

1
[
(=]

Separation efficient, 7(%)
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o
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FIG. 16. Effects of the inlet oil droplet diameter on separation in a cylindrical
cyclone.
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FIG. 17. The distribution of the oil phase in cylindrical cyclones with different flow
split ratios (Zover = 0.05, 0.1, 0.2, and 0.3).

can see that the distribution is always the same as the structure of the
vortex core in the cylinder compared to Fig. 12. The effects of the up-
outlet flow split ratio on the separation efficiency and oil volume frac-
tions in the up- and down-outlets are shown in Fig. 18. The oil volume
fractions in the up- and down-outlets decrease as the up-outlet flow
split ratio increases. However, the separation efficiency increases when
the up-outlet flow split ratio is smaller than 0.3. In practice, the separa-
tion efficiency and the oil volume fractions in the up- and down-
outlets are used to measure the results of different separation requests.
The flow split ratio is the only operating parameter to consider to
obtain the best separation results for a cylindrical cyclone with a fixed
inlet oil-water mixture.

An optimum application range exists for the cylindrical cyclone.
Thus, we study a series of inlet mixture velocities. The phase distribution
in cylindrical cyclones with different inlet velocities is shown in Fig. 19.
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FIG. 18. Effects of the flow split ratio on separation in a cylindrical cyclone.
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FIG. 19. The distribution of the oil phase in cylindrical cyclones with different inlet
mixture velocities (Viyee = 1m/s, 2m/s, 3m/s, 5m/s, and 7 m/s).

The other flow and operating parameters are the same to each other.
The up-outlet flow split ratio is 0.1, and the inlet oil droplet diameter
and volume fraction are set to 0.1 mm and 0.1, respectively. We can see
that the oil volume fraction in the vortex core varies with the centrifugal
acceleration generated with different inlet velocities. The effects of the
inlet velocity on the separation efficiency and the oil volume fractions in
the up- and down-outlets are shown in Fig. 20. The oil volume fraction
increases in the up-outlet but decreases in the down-outlet as the inlet
velocity increases. Moreover, the separation efficiency first increases and
then decreases as the inlet velocity increases from 1m/s to 7m/s. The
maximum separation efficiency is about 40% when the inlet velocity is
5.6 m/s. Presently, the designed cylindrical cyclone with vortex finder
has been tested in the petroleum industry. It can realize the oil-water
separation greatly, and the separated efficiency and energy consumption
are better than the traditional gravity separator.
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FIG. 20. Effects of the inlet mixture velocity on separation in a cylindrical cyclone.
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VI. CONCLUSION

Here, we use dimensional analysis and multiphase flow numer-
ical simulation to analyze separation in a cylindrical cyclone with
the vortex finder. The flow field and transport of dispersed droplets
in the cylindrical cyclone are researched systematically. The axial,
tangential, and radial velocities in the cylinder are described. It is
important to understand the process and principle behind separa-
tion. There is a vortex in the core of the cylinder, and its structure is
influenced by the diameter of the overflow pipe, the inlet velocity,
and the flow split ratio. The influence of the diameter of the over-
flow pipe, the inlet velocity, and the flow split ratio on the diameter
of the vortex core can be ignored. The equivalent length of the vor-
tex core in the cylindrical cyclone can be obtained from the relation

below:
L D, "o
== X = ’ /Luvern- (21)
D,, D,

In this work, m and # are 0.46 and 0.39, respectively. It is useful to
analyze the process and efficiency of oil-water two-phase separation.
To obtain the characteristics of separation in the cylindrical cyclone
with vortex finder, we study oil-water two-phase separation. The
effects of the inlet oil droplet diameter, flow split ratio, and inlet
velocity are studied with multiphase flow numerical simulation. In
practice, the separation efficiency and the oil volume fractions in the
up- and down-outlets are used to measure the results of different
separation requests. Oil-water separation increases as the diameter
of the oil droplet increases. The separation efficiency of a cylindrical
cyclone with vortex can reach 80% if the inlet dispersion droplet
diameter is larger than 1 mm. The oil volume fractions in the up-
and down-outlets decrease as the up-outlet flow split ratio increases.
The flow split ratio is the only operating parameter to consider to
obtain the best separation results for a cylindrical cyclone with a
fixed inlet oil-water mixture. The oil volume fraction increases in the
up-outlet but decreases in the down-outlet as the inlet velocity
increases. The maximum separation efficiency is about 40% when
the inlet velocity is 5.6m/s. It is important to design cylindrical
cyclones with vortex finders optimally for applications in the petro-
leum industry.
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