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� The breakup, coalescence, and migration regularity of droplets are focused on.
� The existence of the flow reversal for the gas core is proved by ERT measurement results.
� The numerical model considering droplets breakup and coalescence is developed.
� The developed droplet migration model can accurately predict the separation performance of GLCC.
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The separation characteristics of the gas-liquid cylindrical cyclone (GLCC) has been investigated by
experiment and numerical analysis. The droplet size and phase distributions were measured using
Malvern RTsizer and electrical resistivity tomography, respectively. The Discrete Phase Model was used
to numerically analyze the swirling hydrodynamics. The results showed that the separator with strong
swirl intensity would not necessarily get better separation performance, and the nozzle with Ne = 5.9 per-
formed best. The small and medium droplets tended to initially coalesce and subsequently break up with
increased gas superficial velocity, whereas they always tended to coalesce with increased liquid superfi-
cial velocity. ERT measurement results proved the existence of the flow reversal for the gas core. Finally, a
droplet migration model was developed based on the force analysis of droplet and the swirling hydrody-
namics, which accurately predicted the separation performance of GLCC. These results can be used in the
design of the GLCC.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Traditionally, the oil industry has relied on conventional vessel-
type separators to separate natural gas from the gas-liquid mix-
tures produced from oil/gas wells. These separators rely on gravity
and expansion, and are bulky, heavy, and costly. With the rise in
offshore exploitations, compact alternatives are desired to cut
down the costs associated with the separation equipment. The
gas-liquid cylindrical cyclone (GLCC), which mainly involves the
combination of gravitational and centrifugal forces to realize sepa-
ration, may be the solution. The GLCC exhibits high performance
and has a relatively small size owing to its short fluid residence
durations.

The GLCC has been used in the fields where partial or complete
gas-liquid separation is required. It can be operated as a multi-
phase metering loop, where gas and liquid are separately metered
by gas and liquid flow meters. With the gas and liquid outlets
recombined, the metering loop has some self-regulating functions
that can reduce or even eliminate the need for liquid-level control
(Wang et al., 2010). The GLCC is better suited to applications
requiring only partial gas-liquid separation. The raw gas, separated
by the GLCC from high-pressure wells, can be used for the gas lift of
low-pressure wells (Kouba and Shoham, 1996). Moreover, fluctua-
tions in the liquid flow are reduced, which can improve the perfor-
mance of downstream equipment, such as multiphase pump, de-
sander, and oil-water cyclone separator (Arpandi et al., 1996).

Despite decades of research, it is still difficult to predict the
complex hydrodynamic performance of the GLCC. Thus, it is
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Fig. 1. Schematic of the GLCC and three types of inlet nozzles.
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difficult to reasonably determine the structural dimension accord-
ing to the condition of the produced liquid, which has been the
main obstruction to extending the application of the GLCC. Today,
the research on the GLCC are mainly based on the ‘‘black box” the-
ory, which involves observing the change in separation perfor-
mance with structure parameters and operation parameters.
Kouba et al. (1995) observed that inclining the inlet approximately
27� downward significantly reduced the amount of liquid carry-
over. Movafaghian et al. (2000) studied the effects of geometry,
fluid properties, and pressure on the separation performance of
the GLCC. Wang (1997) found that the applicable operating condi-
tions can be extended using an inlet nozzle with a reduced size.
Meléndez-Ramírez et al. (2004) presented that the separator effi-
ciency was mainly affected by the inlet gas flow rate for the
explored conditions with slug flow at the GLCC entrance. However,
these previous studies seldommentioned the relationship between
the internal flow field and separation performance.

In fact, fewer experimental studies investigate the internal flow
field in the GLCC. Erdal and Shirazi (2004) measured the axial and
tangential velocities of the single phase swirling flow at 24 differ-
ent axial locations in the range from a distance of 32 cm to 90 cm
below the inlet by using a Laser Doppler Velocimeter (LDV). Simi-
larly using the LDV to measure the velocity field in the lower part
of the GLCC, Hreiz et al. (2014) gave an understanding of the origin
of the double flow reversal regime that was encountered in swirl
flows. In the upper part of the GLCC, the liquid phase generally con-
sists of both liquid film and droplets that can transform into each
other and fall back under the effect of gravity and centrifugal force.
Due to this complex hydrodynamics behavior of gas-liquid swirl
flow, it is difficult to investigate the velocity distribution in the
upper part of the GLCC by experimental measurement.

Numerical simulation methods can provide detailed and quan-
titative velocity distribution in the the GLCC. Hreiz et al. (2011) cal-
culated the single-phase hydrodynamics for the swirling flow in
the GLCC by employing several turbulence RANS and LES models.
Through Eulerian multiphase model of ANSYS Fluent, Yue et al
(2019) analysed the flow behvior of liquid film based on the gas
tangential and axial velocities in the upper part of the GLCC. Using
CFX, Reyes-Gutiérrez et al. (2006) simulated single-phase and two-
phase flows in the GLCC, and the simulated interface vortex shape
and liquid angular velocity showed a reasonable match with exper-
imental data. However, most of these previous studies on CFD sim-
ulation of GLCC separator are restricted to single phase flow or
ignore the effect of droplet breakup and coalescence on the gas
flow field.

In fact, liquid carry-over and gas carry-under hinder the separa-
tion efficiency of the GLCC. Liquid carry-over and gas carry-under
refer to the entrainment of liquid into an exiting gas stream and
the entrainment of gas into an exiting liquid stream, respectively.
In terms of the liquid carry-over, the droplet size distributions
are essential because it directly affects the centrifugal effect of
the droplets. Breakup and coalescence regularity of non-dilute oil
drops in a vane-type swirling flow field has been investigated
according to the drop size distribution measured by Malvern RTsi-
zer (Liu et al., 2018). The research on the droplet size distribution
in the GLCC has not yet found in the literatures. And for gas carry-
under, the geometry and the stability of the gas core have a strong
influence (Bergström and Vomhoff, 2007). To avoid interference in
the swirling flow, nonintrusive measurement mehods were
required for direct measurement of the gas core. Williams et al.
(1995) successfully used electrical resistance tomography (ERT)
to monitor the stability of the air-core in the cyclonic sepators. In
order to determine the initiation of gas carry-under, many mecha-
nistic models have been developed and improved (Mantilla, 1998;
Kouba et al., 1995). However, there have been no mechanistic
models and fundamental work published to reasonably predict
the liquid carry-over.

In this work, the droplet size distribution in the GLCC was firstly
measured experimentally using a Malvern RTsizer, and the gas core
in the lower part of the GLCC was monitored by ERT system. Con-
sidering the effect of droplet breakup and coalescence on the gas
flow field, the hydrodynamics in the GLCC was numerically simu-
lated using Discrete Phase Model (DPM) coupled with RNG k-e tur-
bulence model. Furthermore, based on the analysis of the forces
acting on the droplet and the distribution characteristics of the
swirl flow field, a droplet migration model was developed to pre-
dict the liquid carry-over in the GLCC. Through the mechanistic
model, the relationship between the characteristics of the swirling
flow field and separation efficiency was established.

2. Experimental investigation

2.1. Test configuration

The GLCC body was fabricated from plexiglass to enable visual
observation. Fig. 1 shows the schematic of the GLCC. The GLCC
has a 50 mm I.D. pipe mounted vertically with a total height of
1980 mm. The gas leg is a 25 mm I.D. pipe located 1070 mm from
the inlet. The liquid leg is a 50 mm I.D. pipe located 780 mm from
the inlet.

The inlet is 25 mm I.D. pipe inclined downwards to cause the
swirling liquid to run below the inlet, thereby allowing the unob-
structed passage of the gas into the upper part of the GLCC. In this
study, a downward inclination angle of 27� was selected to retard
the onset of the liquid carry-over, which has been generally recom-
mended by many scholars (Arpandi et al., 1996; Chirinos et al.,
1999; Kouba et al., 1995; Mohan et al., 1998). The necking ratio
is an important parameter for obtaining the swirl intensity and it
is defined as:
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Ne ¼ AGLCC

Aslot
: ð1Þ

where AGLCC and Aslot are the cross-sectional area of the GLCC body
and the slot at the inlet, respectively.

To investigate the effect of the necking ratio on the separation
performance, three types of inlet structures were used: Ne = 4.0,
5.9, and 10.7. All the inlets were tangents to the body, as shown
in Fig. 1. The data in the following image, unless specified, corre-
sponds to the nozzle with Ne = 4.0.

Two annular film extractors (AFEs) were applied to measure the
droplet size distribution and improve the separation performance
of the GLCC. The AFEs consisted of annular tubes and a liquid leg
(I.D. of 25 mm). The diameters of the inner tube and outer tube
inlet were 50 mm and 80 mm, respectively. The liquid film could
be removed from the annular gap of the inner tube and could flow
out through the liquid leg. The low AFEs and the high AFEs were
located 240 mm and 555 mm above the inlet centerline,
respectively.

2.2. Measuring method and systematic error

Based on the phase Doppler particle analyzer (PDPA), Santolaya
et al. (2013) and Sommerfeld (1998) measured the droplet size dis-
tribution of sprays generated by pressure swirl atomizers, although
the signals from multiple and non-spherical droplets could not be
well received by the PDPA. By analyzing the droplet images
recorded by the high-speed camera, the probability density func-
tion of the droplet size distribution of the spray or liquid entrain-
ment in dispersed flow was obtained (Lan et al., 2014; Patruno
et al., 2010). Other measuring techniques such as sieving, resis-
tance method, and microscope observation were not suitable for
measuring the wide droplet size distribution. The Malvern particle
sizer is a powerful tool for time-averaged and fast online measure-
ments of the droplet size distribution. Ding et al. (2017) measured
the droplet size of a coaxial spray using a Malvern RTsizer.
Simmons and Hanratty (2001) investigated the droplet size distri-
bution in a horizontal annular gas-liquid flow using a Malvern
Spraytec R5008 particle sizer.

Malvern instruments are based on laser diffraction techniques.
Light scattering phenomenon occurs when a laser beam passes
through a group of droplets. The scattered light is focused using
a Fourier lens, after which it is detected using an annular detector
array. Thereafter, the scattered light is converted into a far-field
diffraction pattern. The droplet size can be determined by the
diffraction angle since the diffraction angle varies inversely to
the droplet size. For the far-field diffraction, the energy distribu-
tion of the scattered light is only related to the droplet size
distribution. Thus, the droplet size distribution can be reverse-
calculated according to the energy spectrum. However, it is diffi-
cult to evaluate the error of the Malvern instrument because all
the available methods for particle size distribution suffer from
inherent flaws (Eshel et al., 2004). Kusters et al. (1991) found that
serious errors could occur when a Malvern 2600 instrument using
a scattering matrix corresponding to a refractive-index ratio of
about 1.2 is applied to measure systems with refractive-index
ratios near 1. In this study, the refractive index ratio of the Malvern
RTsizer was set according to a test medium, and a background
measurement was performed before each test.

The value corresponding to x percentage finer size is termed as
Dx. D32 is the Sauter mean diameter used to monitor the fine parti-
cle, which is defined as:

D32 ¼ d3
1 þ d3

2 þ d3
3 þ � � �

d2
1 þ d2

2 þ d2
3 þ � � �

: ð2Þ
D43 is the De Brouckere mean diameter used to monitor the
coarser particle, which is defined as:

D43 ¼ d4
1 þ d4

2 þ d4
3 þ � � �

d3
1 þ d3

2 þ d3
3 þ � � �

: ð3Þ

ERT was used to measure the gas concentration of the gas-liquid
two-phase flow (Singh et al., 2017; Sardeshpande et al., 2017; Jia
et al., 2015). With the conductivity distribution from ERT, the gas
concentration could be determined by applying the Maxwell
relationship:

ag ¼ 2rl � 2rm

2rl þ 2rm
ð4Þ

where rl is the conductivity of the liquid, and rm is the local mix-
ture conductivity.

Dual-plane ERT sensors were used in this study, and each ERT
sensing plane consisted of 16 titanium-alloy rectangular elec-
trodes. A total of 8000 dual-frames of voltage measurements were
acquired for each flow condition, which took 8.75 s at a speed of
914.3 dual-frames per second. A sensitivity coefficient back-
projection algorithm was adopted to reconstruct the flow images
for its high speed, which adopted 316 square meshes. The recon-
struction algorithm employed the voltage relative changes
between a measurement profile acquired from a flowwith gas con-
centration change and a reference profile acquired from a flow
with pure water. Reference measurement error of 1% could lead
to conductivity error of up to 10% depending on the magnitude
of the conductivity charge (Wang et al., 1999). Before each test,
the ERT system was calibrated, and the reference frame was took
when the sensor was full of pure liquid so that the reference mea-
surement error could be controlled within 1%.

2.3. Flow loop

In the experiment, air was chosen as the gas phase. Tap water
was used as the liquid phase. The flow loop is illustrated in
Fig. 2. High-pressure water pumped from a tank and compressed
air supplied by an air compressor were well mixed at the nozzle.
A pressure-swirl nozzle was employed, which utilized centrifugal
effect and the shear action between high-speed air flow and liquid
to provide the finest atomized droplets. Subsequently, the ato-
mized droplets were injected into the pipe, and compressed air
that was provided by another air compressor transported the ato-
mized droplets into the GLCC body rapidly. The inlet air was fil-
tered for impurities, and then metered using a thermal gas mass
flowmeter. The inlet water flow rate and flow rate of each phase
in the mixture emerging from the liquid outlet were metered
online using Coriolis mass flowmeters. The liquid flow rates
obtained through the gas outlet and each AFE were separately col-
lected and measured by the volumetric measurement technique.
The pressures at the inlet and each outlet were monitored using
pressure transmitters. All the output signals from the metering
devices were acquired for over 40 s, at reading intervals of
0.001 s. The final measured quantity was calculated as the average
of the 40-s data sets.

The atomized droplets were tangentially introduced into the
GLCC body. Most of them ran into the lower part of the GLCC
directly, while the rest moved upward with the high-speed air
flow. A liquid film was formed in the upper part of the GLCC as
the droplets pushed toward the wall by the centrifugal effect. Sim-
ilar to the measurement of the droplet size distribution in the
annular gas-liquid flow (Steimes and Hendrick, 2017), the droplet
flow was extracted from the pipe before entering the measuring
zone of the Malvern RTsizer, as shown in Fig. 3. The down sample



Fig. 2. Flow loop of the GLCC.

Fig. 3. Liquid film removal by AFE.
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outlet (DSO) and the up sample outlet (USO) were located 410 mm
and 725 mm above the inlet centerline, respectively. The liquid
film was removed from the AFE, and an extraction pipe (I.D.
20 mm) was fixed in the GLCC through a length of 2 mm to cross
the potential new liquid film. In addition, the extraction pipe was
short enough and its outlet was very close to the measuring zone
to reduce the change of droplet distribution induced by other phys-
ical factors, such as gravitational deposition, breakage, and coales-
cence. In the lower part of the GLCC, dual-plane sensors of ERT
3000 were installed at positions 360 mm and 410 mm below the
inlet centerline to measure the phase distribution in the swirling
field.
2.4. Experimental conditions

All the experiments were carried out at a temperature of 20 �C.
The experimental conditions were as follows. The density of tap
water was 999.0 kg/m3 with a viscosity of 1.0 mPa�s, while the den-
sity of air was 1.205 kg/m3 with a viscosity of 1.81 � 10�3 mPa�s.
The air-water surface-tension coefficient was 0.072 N/m. For each
inlet structure, 55 sets of inlet conditions were employed. The gas
superficial velocity ranged from 12 m/s to 64 m/s and the liquid
superficial velocity from 0.085 m/s to 0.555 m/s, thereby covering
a wide range of liquid volume fraction between 0.001% and 4.51%.

3. Numerical simulations

3.1. Numerical method

In this study, numerical simulations were conducted by ANSYS
Fluent 14.5. The DPM model that considers the impact of droplets
breakup and coalescence on the separation process was developed
to obtain the distribution characteristics of the entire flow field and
the migration trajectories of the droplets in the GLCC. The
continuous phase was described by the Euler method, and the
time-averaged N-S equation was solved to obtain the flow field
parameters. The discrete phase was described by the Lagrange
method, and the trajectory was obtained by integrating the motion
equation of several particles. The motion equation of a dispersed
particle in the Lagrangian reference system is obtained according
to the force analysis and can be written as:

dup

dt
¼ f D u� up

� �þ qp � q
� �

gx

qp
þ f x ð5Þ

where fD(u-up) is the drag force per unit particle mass; (qp � q)gx/qp,
the resultant force of gravity and buoyancy; fx, an additional accel-
eration term; fD, the drag coefficient; u, the continuous phase veloc-
ity; up, the discrete phase velocity; q, the continuous phase density;
and qp, the discrete phase density.

O’Rourke (1981) estimated the collision frequency using the
stochastic method. He assumed that collisions may occur only
when two parcels existed in the same grid. When the grid is smal-
ler than the droplet size, this method has a second-order accuracy.
Based on the concept of collision volume, the collision frequency
can be deduced as:

P1 ¼ p r1 þ r2ð Þ2v relDt
Vc

ð6Þ

where r1 and r2 are the radii of the two parcels. Vc is the volume of
the grid, and vrel is the relative velocity between the two parcels.

After evaluating the collision of the two parcels, it is necessary
to further determine the results of their collision. O’Rourke
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assumed that two parcels coalesced when they collided frontally
and rebounded off when they collided sideways. The critical colli-
sion parameters are as follows:

bcrit ¼ r1 þ r2ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
min 1:0;

2:4f
We

� �s
ð7Þ

where f is a function of r1/ r2, andWe is the collisionWeber number.
The actual collision parameter, b, is shown as Eq. (8):

b ¼ r1 þ r2ð Þ
ffiffiffiffi
Y

p
ð8Þ

where Y is the mean variation.
It is assumed that part of the lost kinetic energy is converted

into viscous dissipation and angular momentum. The rate of
energy loss is correlated with the collision parameter. Based on this
energy loss assumption, O’Rourke derived the parcel velocity after
the collision as follows:

v 0
1 ¼ m1v1 þm2v2

m1m2
þm2 v1 � v2ð Þ

m1m2

b� bcrit

r1 þ r2 � bcrit

� �
ð9Þ

To reasonably describe the dynamic characteristics of the dro-
plets, a droplet breakup model was applied to simulate the entire
breakup process of the droplet. The classical droplet breakup
model is a wave-breaking model proposed by Reitz (1987), which
is suitable for simulating the droplet breakup process when the
Weber number is greater than 100. The model considers that the
velocity difference with respect to the gas phase and liquid phase
causes the droplet to breakup. The breakup time and the droplet
size after the breakup are associated with fast-growing Kelvin-
Helmholtz unstable surface wave. Another common droplet
breakup model is the TAB model, which is suitable for simulating
the droplet breakup process when the Weber number is less than
100. Given that the Weber number in this study is less than 100,
the TAB model is a suitable option. The TAB model describes the
droplet breakup process through the critical deformation of oscil-
lating droplets. The relative motion of the droplet provides the
external force required for the vibration. The surface tension of
the droplet acts as the restoring force to prevent the liquid from
vibrating. The viscous force of the droplet acts as a damping force
to prevent the vibration deformation of the droplet.

The forced damped vibration of the droplet can be expressed
using the following governing equation:

d2y
dt2

¼ 2qgU
2
m

3qlr
2
d

� 8r
qlr

3
d

y� 5ll

qlr
2
d

dy
dt

ð10Þ

where y = 2e/rd is the normalized radial deformation of the droplet.
In the formula, e is the deformation amount of droplet in the radial
direction, and rd is the radius of the droplet.

According to the energy conservation before and after the dro-
plet breakup, the droplets sizes after the breakup can be calculated.
The droplet distribution can be expressed by the Sauter mean
diameter:

r32 ¼ rp
7
3 þ

qlr
3
p dy=dtð Þ2bu

8r

ð11Þ

where rp is the droplet diameter before the breakup, and (dy/dt)bu is
the value of dy/dt at y = 1. The droplet size distribution after the
breakup can be obtained using the TAB model as:

f rdð Þ ¼ 3
r32

exp �3rd
r32

� �
ð12Þ

The RNG k-e model considers both turbulent vortices and the
time-averaged strain rate of the mainstream. It can achieve better
results in simulating a flow with large streamline curvature and
high strain rate. The transport equations are as follows:
@

@t
qkð Þ þ @

@xi
qkuið Þ ¼ @

@xj
akleff

@k
@xj

� �
þ Gk þ Gb � qe� YM þ Sk

ð13Þ

@

@t
qeð Þ þ @

@xi
qeuið Þ ¼ @

@xj
akleff

@e
@xj

� �
þ C1e

e
k

Gk þ C3eGbð Þ

� C2eq
e2

k
� Re þ Se ð14Þ

The current literature shows that no turbulence model performs
better for all kinds of swirl flows (Hreiz et al., 2011). Comparison
with the experimental results is the best way to choose proper tur-
bulent model. The RNG k-emodel has been utilized to describe the
turbulent flow process in the GLCC (Yue et al., 2019; Erdal et al.,
1996; Han et al., 2013; Gupta and Kumar, 2007). In these litera-
tures, the simulated pressure, velocity, and film height agreed well
with measured values, which verified the effectiveness of the RNG
k-e model for the numerical simulation of the GLCC. Their simula-
tion conditions are similar to those in this study. In this study, the
RNG k-e model was also employed to simulate the turbulent flow
in the GLCC. In Section 3.4, the comparison between numerical
and experimental results indicates that RNG k-e model is accept-
able for simulating the gas-liquid two-phase flow in the GLCC.

3.2. Boundary conditions

The gas inlet adopts a uniform velocity inlet boundary. The
pressure outlet was set according to the measured pressure value
in the experiment. For the dispersed liquid phase, the liquid mass
flow rate was set at the inlet. The Rosin–Rammler distribution was
used to characterize the inlet droplet size distribution measured
using the Malvern RTsizer as the inlet boundary conditions of the
dispersed droplets, as shown in Fig. 4. The wall function method
is adopted to evaluate the boundary condition at the standing wall.

3.3. Geometrical model and meshing

Fig. 5 is the geometrical model and the mesh of the GLCC. The
structure dimension of the model is consistent with that of an
experimental device. To improve the computational accuracy,
the grid was divided into blocks. The flow field and phase distri-
bution at the inlet were the most complex. Thus, the compact
unstructured grid was used at the inlet. The structured grid was
adopted in the rest. According to the verification of the grid inde-
pendence, a grid with 1,557,350 cells was chosen as the final grid
scheme.

3.4. Verification of simulation

The droplets gathered around the wall, permitting the visualiza-
tion of the flow field. Fig. 6 shows the streamline distribution
obtained by experimental observation and numerical simulation
when the gas superficial velocity was 49 m/s and the liquid super-
ficial velocity was 0.283 m/s. As can be seen, the fluid was divided
into two paths at the inlet. Numerical results clearly indicated that
helical motion was adopted in the upper part of the GLCC. Accord-
ing to the experimental photograph, the liquid was driven into the
upper part of the GLCC by the high-speed air flow and the forming
liquid film moved upward spirally. Through numerical simulation
and experimental observation, it was found that the flow field in
the lower part of the GLCC exhibited an abnormal disorder due
to the gas reverse movement. In summary, through qualitative
comparison, the streamline distribution predicted by numerical
simulation was, basically, consistent with that observed by
experiment.



Fig. 4. Inlet droplet size distribution (a) measured using the Malvern RTsizer, (b) described by Rosin–Rammler.

Fig. 5. Geometrical model and mesh of the GLCC.

Fig. 6. Comparison between the streamlines by experimental observation and by
numerical simulation.
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The mixed Reynolds number is defined as:

Rem ¼ qmvmD
lm

ð15Þ

where vm, qm, and lm are the gas-liquid mixture velocity, density,
and viscosity, respectively. All these parameters are assumed as
the weighted average of the phase volume fraction.

The variation of the pressure drop with the mixed Reynolds
number obtained by numerical simulation is in agreement with
the experiment results, as shown in Fig. 7a. With the increase in
the mixed Reynolds number, the pressure drop increases approxi-
mately linearly. Fig. 7b shows that the simulated droplet size dis-
tribution at the DSO agrees well with the Malvern sampling
result. Therefore, the numerical model developed in this study is
adequate to predict the gas-liquid separation behavior and hydro-
dynamic characteristics in the GLCC.
4. Results and discussion

4.1. Liquid carry-over

4.1.1. Effect of the liquid level on liquid carry-over
The liquid level is an important parameter for gas-liquid sepa-

ration performance. In this work, the liquid level was controlled
by adjusting the differential pressure between the upper and lower
outlets. To evaluate the separation efficiency, the upper liquid
carry-over was defined as the liquid extracted from each AFE and
emerging from the gas outlet. Variations of characteristic sizes
and the upper liquid carry-over with respect to the liquid level
were investigated, as shown in Figs. 8 and 9. When the liquid level
was below the inlet and above the liquid outlet, the droplet size
distribution and the amount of the upper liquid carry-over were
independent of the liquid level. This is because the lower part of
the GLCC was almost a ‘‘dead zone” for the gas phase in this situ-
ation. The liquid level provided a barrier against the downward
flow of the gas. Thus, almost the entire volume of gas flowed
directly into the upper part of the GLCC from the inlet. The varia-
tion of the liquid level had a negligible influence on the flow field
distribution in the upper part of the GLCC. When the liquid level



Fig. 7. Comparison between the experimental data and numerical simulation for the pressure drop (a) and droplet size distribution at the DSO (b).

Fig. 8. Effect of the liquid level on the droplet size distribution at the down sample
outlet.

Fig. 9. Effect of the liquid level on the upper liquid carry-over.
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was above the inlet, large droplets were formed under the shear
action of high-speed gas flow on the liquid phase. These droplets
moved upwards with the high-speed gas flow. Thereafter, the
characteristic sizes and the amount of the upper liquid carry-
over increased dramatically. This increase should be avoided in
gas-liquid separation. Therefore, this work mainly studied the flow
characteristics in the GLCC when the liquid level was below the
inlet and above the liquid outlet.

4.1.2. Effect of the gas-liquid flow rates on the liquid carry-over
The upper liquid carry-over ratio is defined as the ratio of the

amount of the upper liquid carry-over to the inlet liquid flow rate:

Fl ¼ Qul

Q l
ð16Þ

where Qul is the amount of the upper liquid carry-over and Ql is the
inlet liquid flow rate.

Fig. 10a shows the change in the upper liquid carry-over ratio
with the gas superficial velocity. As can be seen, the upper liquid
carry-over ratio is zero for a low gas superficial velocity. This is
because almost all the droplets directly entered the lower part of
the GLCC, and eventually flowed away from the liquid outlet. A
considerably small amount of droplet entered the upper part of
the GLCC. Due to the weak carrying capacity of the low flow-
rates gas stream, these droplets quickly fell back to the lower part
of the GLCC under gravity. There was no liquid flowing away from
the gas outlet. With the increase in the gas superficial velocity, the
upper liquid carry-over ratio increased firstly and then decreased.
As the gas superficial velocity increased, the carrying capacity of
the gas stream improved gradually. Gradually, the gas stream
was able to overcome the gravity effect of the droplets and carried
them upward. The larger the gas superficial velocity, the more dro-
plets can be transported. Due to a relatively weak swirl intensity,
the droplets had to travel a long distance in the axial direction of
the GLCC before they reached the wall to form a liquid film. There-
fore, the liquid film formed by centrifugation in the upper part of
the GLCC was usually thin in this situation. As the gas superficial
velocity increased further, the swirl intensity began to increase
rapidly. The droplets could quickly migrate to the wall to form a
thick liquid film above the inlet, which was difficult for high
flow-rate gas streams to carry upward. Therefore, the thick liquid
film rapidly fell back to the lower part of the GLCC before reaching
the AFE. This can lead to a gradual decrease in the upper liquid
carry-over ratio.

The effect of the liquid superficial velocity on the upper liquid
carry-over ratio is depicted in Fig. 10b. The upper liquid carry-
over ratio increases as the liquid superficial velocity decreases. This
is because the atomization effect of the inlet nozzle becomes more
pronounced as the liquid superficial velocity decreases. The



Fig. 10. Effect of the gas (a) and liquid (b) superficial velocity on the upper liquid carry-over ratio.
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proportion of small droplets to the total inlet liquid volume
increases. It became easier for small droplets to be transported
upward by high flow-rate gas streams, which resulted in the liquid
carry-over.

4.1.3. Effect of the necking ratio on liquid carry-over
The effect of the necking ratio on the upper liquid carry-over

ratio is demonstrated in Fig. 11. As can be seen, the initial gas
superficial velocity leading to the liquid carry-over for the nozzle
with Ne = 4.0 is much lower than that for the other two inlet struc-
tures. The main reason is that the swirl intensity is low when the
necking ratio is 4.0. Consequently, the droplets do not rapidly
migrate to the wall to form a liquid film. Therefore, the liquid
phase mainly exists in the form of droplets above the inlet. Low
flow-rate gas streams can transport these droplets upward, as
shown in Fig. 12a. With the increase in the necking ratio, the dro-
plets can rapidly migrate to the wall to form a liquid film. For the
nozzle with Ne = 5.9, the swirl intensity is moderate, and the shear
action of the swirling gas flow on the liquid film is relatively weak.
As shown in Fig. 12b, the liquid film can maintain a relatively
stable shape, which can be carried upward only by high flow-
rates gas streams. Therefore, the initial gas superficial velocity
leading to the liquid carry-over for the nozzle with Ne = 5.9 was
high. However, the necking was too severe for the nozzle with
Ne = 10.7. When the gas superficial velocity increased to a certain
extent, strong swirling flow caused strong shear action on the
upward moving liquid film. As shown in Fig. 12c, a large number
Fig. 11. Upper liquid carry-over ratio for different necking ratios.
of new droplets were formed, resulting in a significant increase
in the upper liquid carry-over ratio. In general, the nozzle with
Ne = 5.9 performs best for separating the liquid from the gas flow.
Combining with the results about the effect of the gas superficial
velocity on the upper liquid carry-over ratio, it can be concluded
that the separator with strong swirl intensity will not necessarily
get better separation performance.
4.1.4. Breakup, coalescence, and migration regularity of the droplets
The droplet size distributions at the inlet and both sample out-

lets are shown in Fig. 13. The droplet size distributions at both
sample outlets are obviously smaller than that at the inlet, while
the droplet size distribution and characteristic size at the up sam-
ple outlet are slightly smaller than those at the down sample outlet
are. This shows that the gas-liquid separation mainly occurs at the
inlet and between the inlet and the down sample outlet. The gas-
liquid separation effect is not obvious between two sample outlets,
which is basically consistent with the observed experimental phe-
nomena (Fig. 14).

Fig. 15 depicts the droplets distributions at different times with
a gas superficial velocity of 49 m/s and liquid superficial velocity of
0.283 m/s. In the figure, blue represents the sizes of small droplets
and red represents the sizes of large droplets. The droplets in the
lower part of the GLCC are considerably large; consequently, the
color of the droplets larger than 3 mm is set to be the same with
that of 3 mm droplets to make the differences between small dro-
plets and medium droplets more intuitive. At the inlet, most dro-
plets, particularly those with relatively large particle sizes,
directly enter the lower part of the GLCC due to gravity and inertia.
As can be clearly seen from Fig. 15, these droplets exhibit three-
dimensional helical motions. Due to centrifugal action, the proba-
bility of collision and coalescence of the droplets near the wall is
larger than that in other areas, and the formed droplets near the
wall are the largest. Only a small number of droplets, particularly
those with relatively small particle sizes, move upward with the
high-speed airflow. These droplets can maintain good coherence
with the gas and have the highest migration speed. Thus, they
enter and fill the upper part of the GLCC quickly. However, these
droplets can migrate to the wall to form a liquid film under the
centrifugal force, and relatively large droplets are easy to migrate
to the wall to form a liquid film. The liquid film flows out from
the down annular film extractor. Only small droplets are left in
the GLCC. The centrifugal force of these small droplets is low.
Simultaneously, due to the rapid attenuation of the swirl intensity
above the inlet, the swirl intensity between the down sample out-
let and the up sample outlet was significantly weakened compared



Fig. 12. Liquid films for the different necking ratios.

Fig. 13. Measured droplet size distributions at the inlet and both sample outlets.

Fig. 14. Variation of the droplet size distribution in the upper part of the GLCC.
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with that at the inlet. It is difficult to throw these small droplets to
the wall.

Fig. 16 illustrates the effect of the gas superficial velocity on the
characteristic size at the down sample outlet with a liquid superfi-
cial velocity of 0.283 m/s. With the increase in the gas superficial
velocity, dmin, d32, and d50 show the same trend, namely, first
increasing and then decreasing. According to Zhang and Xu
(2016), the increase of d32 implies a decrease in the turbulent dis-
sipation energy. Relatively low turbulent dissipation implies a
more ordered flow, and the augmentation of the gas superficial
velocity contributes to the improvement of the swirl intensity.
The probability of collision and coalescence between small and
medium droplets increases correspondingly. Thus, dmin and d50 first
increase with the increase in the gas superficial velocity. However,
as the gas superficial velocity increases further, the shear damage
of small and medium droplets owing to the continuous gas phase
is greater than the coalescence caused by the enhancement of
the swirl intensity. The decline of d32 indicates that the disorder
degree of the swirling flow field increases. The coalescence effect
of the droplets is weakened in this disordered flow field. Thus,
the overall breakup effect outweighs the coalescence effect. In
summary, small and medium droplets initially tend to coalesce,
and subsequently breakup with the increase in the gas superficial
velocity.

Different from other characteristic sizes, the maximum droplet
diameter at the down sample outlet decreases gradually with the
increase in the gas superficial velocity, and this works for two rea-
sons. On the one hand, the increase in the gas superficial velocity
improves the swirl intensity and the droplets, which can be sepa-
rated, are smaller. On the other hand, there exists a maximum
stable droplet diameter in the swirling flow field. Hinze (1955)
investigated the breakup of dispersed droplets in a turbulent iso-
tropic flow field. He believed that the action time of the turbulent
stress that results in the breakup of droplets was short. The
breakup of the droplets was mainly caused by the inertia force.
The Weber number was used to characterize the influence of the
shear force and surface tension of the continuous phase on the dro-
plet breakup, and was regarded as the critical condition for the



Fig. 15. Simulated droplet size distribution at different times (unit: m).
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droplet breakup. The maximum stable droplet size can be calcu-
lated using the critical Weber number.

qcv2Dmax

r
¼ const ð17Þ
Fig. 16. Measured characteristic size at the down sample outlet
where qc is the density of the continuous phase; v is the maximum
slip velocity; and r is the surface tension coefficient.

The two-phase slip velocity increases with the continuous
phase velocity. Subsequently, the shear damage of small and med-
ium droplets owing to the continuous gas phase becomes more sig-
nificant. According to Eq. (17), the maximum stable droplet size
decreases. These two factors lead to a decreased maximum droplet
size at the down sample outlet as the gas superficial velocity
increases.

Fig. 17 illustrates the effect of the liquid superficial velocity on
the characteristic size at the down sample outlet with a gas super-
ficial velocity of 43 m/s. dmin, d32, and d50 increase with the liquid
superficial velocity. This indicates that small and medium droplets
tend to coalescence. According to the study on the characteristics
of the droplet size distribution at the inlet in Section 4.1, it was
found that the increase in the liquid superficial velocity led to an
increase in the sizes of the small droplets. The number of droplets
entering the GLCC also increased. Meanwhile, increasing d32
implies the decrease in the disordered degree of the swirling field.
All these can increase the probability of collision between small
droplets and medium droplets, which, in turn, causes the coales-
cence effect to increase.

Unlike other characteristic sizes, the maximum droplet diame-
ter at the down sample outlet varies slightly with the liquid super-
ficial velocity. This is because the maximum droplet size at the
down sample outlet is mainly determined by the upper swirling
flow field, which is mainly determined by inlet gas superficial
velocity and necking ratio. As discrete phases, the droplets weakly
influence the upper swirling flow field alone. Therefore, the change
for different gas superficial velocities under Vsl = 0.283 m/s.



Fig. 17. Measured characteristic size at the down sample outlet for different liquid superficial velocities under Vsg = 43 m/s.
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in the liquid superficial velocity has little effect on the maximum
diameter at the down sample outlet.

Fig. 18 shows the effect of the necking ratio on the maximum
droplet diameter at the down sample outlet. It can be seen that
the larger the necking ratio, the smaller the maximum droplet size
at the down sample outlet. The necking ratio is an important
parameter affecting the swirl intensity of the GLCC. A large necking
ratio implies a high tangential velocity of the fluid entering the
GLCC. The swirl intensity increases and the droplets that can be
separated become smaller.
Fig. 18. Effect of the necking ratio on the maximum diameter at the down sample
outlet.
4.2. Gas carry-under

4.2.1. Phase distribution in the lower part of the GLCC
Fig. 19 shows the local void fraction in the lower part of the

GLCC when the gas superficial velocity is 24 m/s and the liquid
superficial velocity is 0.385 m/s. As can be seen, the corresponding
measuring results of ERT is basically consistent with the experi-
mental observation. The average gas holdup in the upper section
is 2.75%, and the average gas holdup in the lower section is
1.93%. The gas-liquid separation laws in the lower part of the GLCC
can be obtained from these two figures. A large number of bubbles
are formed at the liquid surface. With the rotation of the liquid
phase, these bubbles are pushed radially toward the vortex center
and accumulated in the form of a gas core. Fig. 20 plots the local
void fraction distributions along the pipe horizontal centerline,
which is also measured by ERT. Due to a low inlet liquid velocity,



Fig. 19. Local void fraction in the lower part of the GLCC under Vsg = 24 m/s and
Vsl = 0.385 m/s.
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the centrifugal intensity in the lower part of the GLCC is weak. It is
difficult for the bubbles to migrate to the axis completely. The
moisture content of the gas core is high. As can be seen, the aver-
age gas holdup in the lower section is less than that in the upper
section, which proves the existence of the flow reversal for the
gas core. In fact, there exists a pressure gradient in the radial direc-
tion of the GLCC due to centrifugal forces. The pressure in the pipe
center increases with the decrease in the swirl intensity. The axial
pressure gradient develops and reverses the flow direction. The gas
core moves up to the free interface where they can disengage.
Another distinct observation is that the swirling field presents an
obvious nonsymmetry for the single inlet structure. The forming
gas core twists and rotates. In a severe case, the gas core can beat
the wall of the GLCC, which easily induces vibration and causes
structural damage.

4.2.2. Effect of gas-liquid flow rates on the gas carry-under
The gas fraction at the liquid outlet is defined as:

Fg ¼ Qdl

Qdl þ Qdg
ð18Þ
Fig. 20. Radial distribution of the gas fraction.
where Qdl is the liquid flow rate at the liquid outlet, and Qdg is the
gas flow rate at the liquid outlet.

Fig. 21a displays the variations in the gas fraction at the liquid
outlet with the gas superficial velocity. With the increase in the
gas superficial velocity, the gas fraction at the liquid outlet gradu-
ally decreases and eventually stabilizes. Though denser bubbles are
induced for a larger gas superficial velocity, and it can increase the
gas core size in the lower part of the GLCC theoretically. However,
for a large gas superficial velocity, the liquid occupies a small
cross-section area at the inlet nozzle. The tangential velocity of
the liquid entering the GLCC increases with a corresponding
increase in the swirl intensity. Simultaneously, the high-speed
gas can increase the rotational speed of the liquid through the
strong shear action at the interface. Both can promote the conver-
gence of the bubbles in a shorter distance. The enhancement effect
of swirl intensity wins over the effect of denser bubbles, and thus
the gas core size decreases gradually as the gas superficial velocity
increases, as shown in Fig. 22. It means that bubbles get well sep-
arated from the liquid phase, thereby reducing the gas fraction at
the liquid outlet.

Fig. 21b illustrates the effect of the liquid superficial velocity on
the gas fraction at the liquid outlet. With the increase in the liquid
superficial velocity, the gas fraction at the liquid outlet firstly
decreases and then increases. As the liquid superficial velocity
increases, the swirl intensity began to increase rapidly. The bub-
bles then migrated to the axis rapidly, and the gas core was
formed. The gas-liquid separation performance was enhanced.
However, the gas core could not move up to the free interface in
time with a large liquid velocity. This led to an increase in the
gas fraction at the liquid outlet.

4.3. Velocity distribution of gas flow

Fig. 23 shows the velocity vector distribution near the inlet of
the GLCC. The flow at the inlet is very disordered, resulting in many
eddies. The fluid under the inlet centerline circulates from top to
bottom and then from bottom to top, forming a circulatory eddy
flow, which has a negative impact on the gas-liquid separation per-
formance. As can be seen from the velocity vector distribution
above the inlet centerline, the fluid flows in a three-dimensional
helical manner. Due to the high gas velocity, partial liquid flows
directly from the gas outlet with the high-speed gas, thereby form-
ing a short-circuit flow.

The velocity distribution of gas flow is investigated by numeri-
cal simulation. Fig. 24 depicts the tangential velocity distribution
in different sections of the GLCC. As can be seen, the tangential
velocity along the radius direction can be approximately regarded
as the combination of free and forced vortices. Basically, the tan-
gential velocity increases first and then decreases from the wall
to the axis. The tangential velocity near the wall is zero because
of the no-slip boundary condition on the solid wall. According to
the boundary layer theory, the viscous force has a great influence
on the flow field in the thin layer near the wall of the GLCC. The
thin layer is small relative to the diameter of the GLCC. Conse-
quently, the tangential velocity near the wall decreases rapidly
from the maximum to zero. At a distance from the solid wall, the
influence of the viscous force is much smaller than that of the iner-
tia force. Thus, the tangential velocity begins to decrease slowly
along the radius direction, reaching the minimum near the axis.
The kinetic energy is converted into static energy. The tangential
velocity presents an asymmetric distribution along the radius for
the single inlet structure. The minimum and maximum tangential
velocities are present on the side that deviates from the inlet. In
addition, the amplitude of tangential velocity gradually decreases
along the axis, which indicates that the swirl intensity in the GLCC
gradually decreases along the axis.



Fig. 21. Effect of the gas (a) and liquid (b) superficial velocity on the gas fraction at the liquid outlet.

Fig. 22. Cross-sectional void fraction distribution for different gas superficial velocities.
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Fig. 25 depicts the axial velocity distribution in different sec-
tions of the GLCC. It can be seen from the figure that the axial
velocity distribution at the cross-section with a height of
1100 mm (190 mm above the inlet centerline) is similar to the tan-
gential velocity distribution. Basically, due to the wall effect, the
axial velocity is zero on the wall, and first increases and then
decreases from the wall to the center. The side that deviates from
the inlet presents the minimum axial velocity. With the increase in
the axial height, the amplitude of the axial velocity decreases grad-
ually, and the axial velocity distribution along the radial direction
stabilizes. The axial velocity gradient is very large in the thin layer
of the wall for the large viscous force. At a distance from the solid
wall, the axial velocity is not attenuated along the radius.

Fig. 26 depicts the radial velocity distribution in different sec-
tions of the GLCC. As can be seen, the radial velocity distributions
in different sections are quite different, which indicates that the
fluid movement in the radial direction is disordered. The radial
velocity increases first and then decreases from the wall to the cen-
ter of the cyclone. The magnitude of the radial velocity is smaller
than those of the tangential velocity and the axial velocity, which
is the reason for the measurement difficulty in the experiment
(Monredon et al., 1992).
4.4. Mechanism model

Based on the above study and the force analysis of a single dro-
plet, the droplet migration model was established. It was assumed
that the droplet was released at the axis of the inlet section in the
GLCC, as shown in Fig. 27.



Fig. 23. Distribution of the velocity vector in the GLCC.

Fig. 24. Radial distribution of the tangential velocity.

Fig. 25. Radial distribution of the axial velocity.

Fig. 26. Radial distribution of the axial velocity.

Fig. 27. Schematic of the droplet migration model for the gas-liquid cylindrical
cyclone.
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The forces acting on the droplet in the continuous gas flow field
can be roughly divided into three categories: (1) the forces inde-
pendent of relative motion, including gravity, gradient force, cen-
trifugal force, and buoyancy force. (2) The forces opposite to the
relative motion, including viscous resistance, additional mass
force, and basset force. (3) The forces in the same direction as
the relative motion, including lift force, Magnus force, and Saffman
force. Employing the magnitude analysis for these forces, the main
acting force could be determined, namely the viscous resistance,
gravity, buoyancy force, gradient force, and centrifugal force.

When relative movement between the droplets and the contin-
uous gas phase occurs, the droplets are subjected to viscous resis-
tance for the viscous effect of the gas. The direction of the viscous
resistance is opposite to the actual direction of the droplet motion.
The viscous resistance is expressed as:

FD ¼ 1
2
CDqgv2

d
p
4
d2 ð19Þ
 where qg is the gas phase density; d, the droplet diameter; vd, the

droplet slip velocity; CD, the drag coefficient. By comparing different
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drag force models (Yilmaz and Yasar Gundogdu, 2009), the follow-
ing typical relationship was adopted for the drag coefficient:

CD ¼
24=Re Re < 1

24 1þ 0:15Re0:687
� �

=Re 1 < Re < 1000
0:44 Re > 1000

8><
>: ð20Þ

where lg is the gas viscosity coefficient. The Reynolds number is
given by

Re ¼ qgvdd
lg

; ð21Þ

Centrifugal force plays an important role in the gas-liquid sep-
aration. The centrifugal force is directed from the axis to the wall.
The expression is as follows:

FC ¼ p
6
d3ql

v2
ct

r
; ð22Þ

where ql is gas phase density, and vct is the tangential velocity of the
gas phase.

The resultant force of gravity and buoyancy on the axial direc-
tion of the droplets is:

Fcz rð Þ ¼ p
6
d3 ql � qg

� �
g: ð23Þ

According to the study above, the vortex in the radial direction
of the GLCC can be regarded as a combination of the quasi-free vor-
tex and quasi-forced vortex. According to the characteristics of
eddy current motion, the pressure near the wall is relatively high
and the pressure near the center is relatively low. There is a pres-
sure gradient in the radial direction. The pressure gradient pre-
vents the droplets from moving towards the wall, which is
equivalent to the buoyancy in the gravity field. Therefore, it is
called the centripetal buoyancy. The centripetal buoyancy points
to the axis of the GLCC, and it is calculated as:

Fbr ¼ p
6
d3qg

v2
ct

r
: ð24Þ

The force balance in the radial direction yields:

1
2
CDqgvdrvd

p
4
d2 ¼ p

6
d3 ql � qg

� �v2
ct

r
: ð25Þ

Solving Eq. (25) for the slip droplet velocity in the radial direc-
tion, yields

vdr rð Þ ¼ 4
3

ql � qg

qg

 !
v2

ct

r
d
CD

1
vd

: ð26Þ

In a similar way, a force balance in the axial direction yields:

1
2
CDqgvdzvd

p
4
d2 ¼ p

6
d3 ql � qg

� �
g: ð27Þ

Solving for the axial slip velocity gives

vdz rð Þ ¼ 4
3

ql � qg

qg

 !
g

d
CD

1
vd

: ð28Þ

Eqs. (26) and (28) can be combined and solved for the total slip
velocity of the droplet, as follows:

vd rð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2
dr rð Þ þ v2

dz rð Þ
q

: ð29Þ

Solving for the droplet velocity yields

vd rð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4
3

ql � qg

qg

 !
d
CD

vuut g2 þ v2
ct

r

� �2
" #1=4

: ð30Þ
The attenuation rate of the swirl intensity along the pipe is a
key parameter. The local swirl intensity is defined as the ratio of
tangential momentum flux to the total momentum flux at a
cross-section in the axial direction:

X ¼
2pq

RR
0
vsgvct rð Þrdr

qpR2v2
sg

; ð31Þ

Chang and Dhir (1994) measured the tangential and axial veloc-
ities in the swirling flow field using a hot-wire anemometer. Com-
bined with the data of Kitoh (1991), it was found that the swirl
intensity was nearly constant for the axial distance within 2 times
the pipe diameter. For other regions, the swirl intensity decreased
exponentially along the axial direction, and the ratio of the atten-
uation rate to the local swirl intensity was a function of the dimen-
sionless axial distance, (z/D)-0.3. The expression of the local swirl
intensity was obtained as

X ¼ 1:48
Mt

MT

� �0:93

exp �0:113
Mt

MT

� �0:35 z
D

� �0:7" #
; for z=D P 2;

ð32Þ

Mt

MT
¼ _mtAD

_mTAd
: ð33Þ

where _mt is the gas flow rate at the inlet nozzle; _mT , the gas flow
rate in the GLCC; Ad and AD, the cross-section area of the inlet nozzle
and the body of the GLCC, respectively; and D, the diameter of the
GLCC.

According to the study on tangential velocity in Section 4.4, the
quasi-forced vortex is dominant, and the area for the quasi-free
vortex is short. Thus, the tangential velocity is approximately lin-
ear along the radial direction, the same as the assumption of
Gomez et al. (1999). The tangential velocity at the axis is zero
and the tangential velocity at the wall is the largest, as given by

vct rð Þ ¼ r
R
vctmax; ð34Þ

where vctmax is the maximum tangential velocity in the radial
direction.

Substituting Eq. (34) into Eq. (31), the correlation between the
local swirl intensity and the maximum tangential velocity can be
obtained as

X ¼ 2
3
vctmax

v sg
: ð35Þ

Therefore, the tangential velocity distribution is given by

vct rð Þ ¼ 3rv sgX
D

: ð36Þ

Once vd is solved by Eq. (30) for every radial location of the dro-
plet, the radial and axial components of the slip velocity can be cal-
culated using Eqs. (26) and (28). The trajectory of the droplet can
be computed using the following integration:

Dzd ¼
Z v sg � vdz rð Þ

vdr rð Þ dr: ð37Þ

The minimum droplet size that reaches the AFE (dcri) can be cal-
culated by solving Eq. (37) numerically. If the droplet distribution
at the inlet is known, the flow rate of the liquid entering the AFE
and gas outlet can be calculated to evaluate the separation effi-
ciency of the GLCC. The extracted liquid carry-over ratio is defined
as the ratio of the liquid extracted by AFE to the inlet liquid flow
rate:
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Fel ¼ QulFv dcrið Þ
Ql

: ð38Þ

where Fv(dcri) is the cumulative volume fraction of dcri.
As can be seen from Fig. 28, the predicted droplet diameters

agree well with the experimental results for the nozzles with
Ne = 4.0 and Ne = 5.9. However, the predicted droplet diameters
are smaller than the measured values for the nozzle with
Ne = 10.7. The main reason is that the necking ratio is too severe
for the nozzle with Ne = 10.7. A strong swirling flow causes a strong
shear action on the upward moving liquid film, thus forming new
droplets. As can be seen in Fig. 29, the predicted and measured val-
ues for the extracted liquid carry-over ratio show good concor-
dance. It proves that the developed model correctly establishes
the relationship between the characteristics of the swirling flow
field and the separation process, which can provide the theoretical
guidance for the design of the cyclone separator. This contributes
to establishing a stable swirling flow field, realizing rapid accumu-
lation of the droplets, and the rapid phase separation of the gas-
liquid two-phase.
5. Conclusion

Experiments and numerical simulations were conducted to
investigate the separation characteristics of the GLCC. A compre-
hensive understanding of the liquid carry-over, gas carry-under
and velocity distribution was obtained. The following conclusions
can be drawn.
Fig. 28. Comparison between the predicted values
Experimental results showed that, when the liquid level was
below the inlet and above the liquid outlet, it had little effect on
the liquid carry-over and the droplet size distribution in the upper
part of the GLCC. The separator with strong swirl intensity would
not necessarily get better separation performance, and the nozzle
with Ne = 5.9 performed best.

Malvern RTsizer was used to measure the droplet size distribu-
tions before and after separation. It was found that the small and
medium droplets tended to initially coalesce and then break up
as the gas superficial velocity increased, whereas they always
tended to coalesce as the liquid superficial velocity increased.
The maximum droplet size at the down sample outlet was mainly
determined by the upper swirling flow field that depended on inlet
gas superficial velocity and necking ratio.

According to the void fraction distribution measured by ERT
imaging system, the gas-liquid separation mechanism in the lower
part of the GLCC was investigated. ERT measurement results
proved the existence of the flow reversal for the gas core. As the
gas flow rate increases, the enhancement effect of swirl intensity
wins over the effect of denser bubbles, and thus the gas core size
decreases gradually.

DPM model combined with the RNG k-e turbulence model was
applied to study the swirling hydrodynamics. Considering the
effect of droplet breakup and coalescence on the gas flow field,
the velocity distribution of gas flow was numerically obtained.
Combining with the force analysis of the droplets, the droplet
migration model was developed, which accurately predicted the
separation performance of the GLCC. The model can be applied to
and experiment data for the droplet diameter.



Fig. 29. Comparison between the predicted values and experiment data for the extracted liquid carry-over ratio.
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guide the standardized design of the GLCC and realize the rapid
accumulation of droplets.
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