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A B S T R A C T

To investigate the separation mechanism of a vane-type separator, a flow experiment and a numerical simulation
were conducted. Electrical resistance tomography and Coriolis mass flow meters were used during the flow
experiment. An Eulerian multiphase model coupled with the Reynolds stress turbulent model was applied to
conduct a corresponding numerical simulation. Based on the phase, the velocity, and the swirling intensity
distribution, the separation performance of the separator was discussed in terms of the separation efficiency, the
entrainment ratio, and the critical split ratio. Results showed that the swirling intensity was sensitive to the
separator geometry and operating parameters. The separation efficiency increased with the split ratio under
fixed entrance conditions. Once the split ratio was larger than the critical split ratio, the gas phase collected
becomes maximal with a larger liquid phase collected in the branch exit if the split ratio increased continuously.
Subsequently, based on the definition of split flow face, the gas–liquid separation mechanism was revealed by
discussing the relative location of the gas–liquid interface and the split flow face. Finally, the relationships
among the operating parameters including the exit pressure difference, the split ratio, and the liquid phase flow
rate were analyzed based on the proposed separation mechanism model. This study provides a better under-
standing of the vane-type gas–liquid separation procedure and optimization.

1. Introduction

In petroleum extraction, associated petroleum gas (APG) is a side-
product of oil extraction and comprises primarily of methane and
heavier hydrocarbons [12]. APG is traditionally burned in flares as
waste. However, the emission of unburned fuel and the byproducts
from combustion (such as CO and NO) cause environmental and health
problems, and activities have been implemented to solve them [9].
Despite its burning flare, APG can be collected and applied for energy
needs in remote fields and offshore platforms. In recent years, APG
application technology has been applied, including the oxycracking of
energy fuel for electricity generation [1] and gas-to-liquid conversion to
yield synthetic fuel [17]. Hence, for environmental and economic
purposes, development of separation mechanism and technology of
APG from produced fluids have become more important.

Separating APG from the produced fluids is a gas–liquid separation
procedure. Gas–liquid separation technology has been reformed con-
siderably from gravity to centrifugal separation. Researchers have ex-
tensively investigated passive cyclone separation using various research
methods. In terms of theoretical deduction, an initial swirl number

[26,27] has been proposed for the design of vane curves or cyclone
structures. Laser Doppler velocimetry has been applied experimentally
for cyclone velocity distribution measurement [7], whereas wire mesh
sensors [11] and electrical resistance tomography [5] have been ap-
plied to measure section phase holdup. Furthermore, the Malvern
droplet size analyzer has been applied for droplet size distribution
measurement [5]. When conducting gas–liquid two-phase numerical
simulations, both Eulerian–Eulerian [6] and Eulerian–Lagrange ap-
proaches [5] have been applied.

For tangential-induced cyclones, the gas–liquid cylindrical cyclone
(GLCC) separator is a representative apparatus that has garnered con-
siderable attention from both academia and industry [27]. Heriz et al.
[7] applied laser Doppler velocimetry to measure the velocity dis-
tribution in GLCC separators and elucidate the origin of double-axial
flow reversal in swirling flows. Kanshio et al. [11] tested water hold up
in various locations of a GLCC separator using a wire mesh sensor to
reconstruct the water-phase distribution. Yue et al. [27] conducted a
systematic study on the flow type of upper swirling liquid films and
gained a comprehensive understanding of their flow regimes, influence
factors, and flow mechanisms.
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Another type of passive cyclone is the axial-induced cyclone. It
exhibits excellent performances in terms of space demand, pressure
drop, and structural complexity [3]. Furthermore, it is particularly
suitable to satisfy compact space demands, such as offshore platforms.
Axial gas–liquid separators can be classified based on the feeding gas
volume fraction. Separator designs and separation mechanisms depend
on the feeding gas volume fraction conditions. For conditions where the
gas phase is the primary phase and the liquid phase exists in the form of
droplets, the separation mechanism focuses on the collection of droplets
or film, also known as wet–gas separation. Under this condition, Huang
et al. [8] proposed a liquid reservoir to collect the minor liquid phase,
whereas Wei et al. [23] proposed narrow tangential conduits to collect
droplets and films. Additionally, centrifugal device varies from planar
vanes [23] to swirling vanes [13]. Researchers have developed a bubble
separator to be applied in a thorium molten salt reactor [21] when the
gas phase is minor (volume fraction smaller than 4%) and exists in the
form of bubbles at the separator entrance. The bubble separator con-
tains a recovery vane and gas is collected through a hole in the recovery
vane hub or the entrance vane hole under different modes. The vane-
type separation schemes above may not include all gas–liquid ratio
conditions. For conditions where the APG volume fraction is larger than
the bubble separator while the liquid is still the primary phase (5–30%),
the separator should be changed according to the separation me-
chanism. However, although records pertaining to the effect of gas core
on liquid–solid separation [20] exist, the detailed mechanism of vane-
type gas–liquid separation still requires further investigation.

Hence, based on APG separation from produced fluids, a study
pertaining to the separation mechanism and influential factor will be
conducted based on our previous study [15,19]. Experimental research
and CFD (Computational Fluid Dynamics) investigations were con-
ducted in this study, and a separation mechanism model was proposed
to detect gas–liquid swirling flow characteristics and swirling intensity
variations. In particularly, a flow experiment involving the use of a
pressure difference gauge and electrical resistance tomography (ERT) to
investigate separation performances and gas phase distributions was
conducted. In the numerical simulation conducted, the Reynolds stress
model (RSM) coupled with the Eulerian multiphase model were used to
reveal gas–liquid flow domain characteristics in the separator. Subse-
quently, using a separation mechanism model, the relationship between
operating parameters was discussed. The methods above contribute
significantly to the comprehension and further optimization of vane-
type degassing separators applied for APG separation.

2. Experimental description

2.1. Separator configuration

The configuration of the gas–liquid separator is shown in Fig. 1, in
which the separator comprised four parts: vane, developing, necking,
and separation zones. To avoid discrepancies induced by the geometry
scale, such as flow pattern variances, a separator model with scale si-
milar to the equipment used on site was applied in this study. The vane

zone was designed to induce a vortex. Its key component included
blades and a hub. The blades were mounted centrosymmetrically on the
hub. The blade configuration was designed in reference to Cai’s [3]
optimization work. As shown in Fig. 1 and Table 1, the angle φ which
referred to angle between tangential exit and entrance of a blade was
45°, whereas the rotation angle γ was 60°. The thicknesses of the blades
were 5 mm each, whereas the diameter of hub was 50 mm.

The developing zone, which contained two pipes, was designed for
the gas-phase forming core and stabilization. The longer pipe measured
0.7 m, whereas the shorter measured 0.3 m, which can be replaced by
ERT electrodes in the test. The necking zone was designed to accelerate
the mixture fluids. The pipe diameter necked downstream from 100 to
80 mm at an axial distance of 150 mm. At 270 mm downstream of the
necking zone, a 240-mm-long phase collection pipe along the axial
direction was mounted at the center of the pipe. The phase collection
pipe was connected with the branch exit by a 90° elbow and packaged
using an 80-mm diameter casing annulus. The other outlet of the se-
parator was the run exit. It was an extension of the annulus casing
outside the phase collection pipe and necked to 65 mm as parts of in-
coming fluids were extracted by the branch exit.

2.2. Working fluids

In the experiment research, the tap water and the air were applied
as the liquid and the gas phase. At the experimental temperature of
20 °C, the density of water was 998.1 kg/m3 and that of air was
1.29 kg/m3. The viscosities of water and air were 1 and 0.00179 mPa.s,
respectively. Therefore, the liquid–gas density ratio ξρ was 774,
whereas the liquid–gas viscosity ratio ξν was 559.

Vane zone Developing zone Necking zone Separation zone

Branch

Run
Phases collection pipe

D1 D2

d

D3

H1 H2 H3 H4 H5

L1

L2

H0
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Fig. 1. The separator configuration.

Table 1
The parameters of separator configuration.

Part Parameter Units Value

Blades and hub h1 mm 80
b mm 110
h2 mm 60
dh mm 50
φ ° 45°
γ ° 60°

Separator H0 mm 390
H1 mm 1000
H2 mm 150
H3 mm 270
H4 mm 240
H5 mm 160
L1 mm 210
L2 mm 400
D1 mm 100
D2 mm 80
D3 mm 65
d mm 25
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2.3. Measuring technique and systematic error

A Coriolis mass flowmeter (CMF, MicroMotion F050, Emerson) was
used to measure the mixture density and mass flow rate. According to
literature, the maximum and minimum errors were 16.83% and
−13.42%, respectively, whereas the average error was 0.82% [4].

ERT was applied for the void fraction distribution measurement in
this study. Its testing components included two planes with 16 round-
mounted electrodes around the pipe wall [10]. According to Wang [22],
a reference error of 1% may result in up to a 10% conductivity error.
Hence, the ERT should be calibrated by pure water without a gas phase
prior to the experiment.

2.4. Experimental flow loop

A flow experiment was performed based on a self-circulation flow
system, as shown in Fig. 2. A pressure gage for pressure measurement
and an SV-5 static mixer for bubble creation were placed upstream of
the separator entrance. At 0.7 m downstream of the vane zone, two
groups of ERT electrodes were mounted for phase distribution mea-
surement. Next, a pressure differential gauge was connected to the
branch and run exits. Subsequently, a CMF was connected to the run
exits to measure the mixture density and flow rate. In the flow loop,
water from the water tank and air from the gas compressor were fully
mixed, forming a bubbly dispersion flow in the static mixer; subse-
quently, the water flowed through the vane to induce a vortex. After the
flow domain was stabilized, the gas core and water nearby entered the
phase collection pipe and flowed out through the branch exits, whereas
the other fluids flowed through the run pipe to enter the CMF. Finally,
the two branches were discharged to a water tank. A photograph of the
testing setup is shown in Fig. 2.

2.5. Operational conditions

As APG separation can be conducted on the ground, the test was
conducted under atmospheric conditions. The operational conditions
varied based on the inlet water flow rate, inlet air flow rate, and valve
opening degree, which determined the split ratio. During the experi-
ment, the entrance air flow rates were 1.2, 2.5, 4.0, and 6.0 m3/h,
whereas the entrance water flow rate increased from 12 to 23 m3/h. In
addition, several split ratios were used for the fixed entrance flow rate
by the adjusting valve. Here, the split ratio β can be defined by Eq. (1).

= −

−

β Q
Q

m branch

m inlet (1)

In which Qm-branch refers to the mixture flow rate at branch exit,
while Qm-inlet refers to the mixture entrance flow rate. Hence, the liquid
Reynolds number ranged from 42,000 to 82,000; the entrance gas vo-
lume fraction ranged from 5% to 30%; the liquid Euler number ranged
from 33 to 37; whereas the split ratio ranged from 15% to 31%.

3. Numerical simulation settings

3.1. Modeling selection

The numerical simulation in this study was conducted using CFD
code Fluent. The flow domain exhibited a gas–liquid two-phase swirling
flow. Hence, prior to grid generation, appropriate multiphase and tur-
bulent models should be selected.

Based on the experimental observation, a gas phase appeared in the
form of bubbles at the separator entrance and then transformed into a
gas core. On the basis of the studies regarding gas–liquid multiphase
flows in a swirling flow field [2,23], the Eulerian multiphase model is
ideal for simulating gas–liquid two phase flows. For a certain phase i,
the continuity and momentum equations are as shown in Eq. (2) and
Eq. (3).

Fig. 2. The experiment flow loop and the test section photograph.
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Here, i represents the ith phase; α is the volume fraction; ρ is the
density; ui is the velocity; Kij represents the phase exchange coefficient,
which characterizes the drag force;

→
Fi is the body force;

→
Flift i, is the lift

force;
→
Fvm i, is the virtual mass force.

As with the turbulent model of continuous phase, owing to its ability
in predicting anisotropic turbulence and capturing all the fluctuations
of highly swirling flows bounded by curved surfaces [18], the RSM
turbulent model has been applied in the simulation of swirling flow
fields where the liquid phase is the continuous phase. Hence, the RSM
model was applied in this study as turbulent model of continuous phase.
Eq. (4) provides the equation of the RSM model.

∂

∂
′ ′ +

∂

∂
′ ′ = + + + +

t
ρu u

x
ρu u u P D ϕ G ε F( ) ( ) -i j

k
k i j ij ij ij ij ij ij (4)

Here, Pij represents the stress production term, Dij represents the
diffusion term, φij represents the pressure strain term, Gij represents the
buoyancy production term, εij represents the dissipation term, and Fij
represents the production by the system rotation term.

3.2. Geometric model and grid generation

The modeling procedure was performed on the design modeler of
ANSYS. A three-dimensional geometry model of the separator is shown
in Fig. 3. At the vane zone, the flow domain was sliced by the space
surface corresponding to the shape of the swirling blades. The location
corresponding to the hub was hollow. Downstream of the gas-phase
collection pipe, the flow domain was separated by the branch pipe wall.

A grid generation procedure was conducted using the ICEM CFD
software platform. Considering the intricate geometrical characteristics
of the fluid domain, the geometry model was separated into several
parts to create a structural cell scheme with an interface as a connection
between parts. For each part, the O-blocking method was used to create
structural blocks. Fig. 3b shows the general cell configuration and the
local details of all the cells. The cell sizes were not uniformly

distributed. To consider wall friction, roughness, and possible effect of
the boundary layer near the wall zone, the cells were refined with a
ratio of 1.5 between adjacent cells.

3.3. Solution setting and boundary conditions

In terms of solution settings, the Eulerian multiphase model coupled
with the RSM turbulent model was used in the simulation. Considering
the experimental operating conditions, the primary phase in the flow
domain was set as water, whereas the secondary phase in the flow
domain was set as gas. The entrance bubble mean diameter from the
prediction model proposed in our previous study [15] was applied as
well. As the separator was mounted horizontally, gravity was set along
the branch direction.

A transient simulation was reasonable considering the character-
istics of gas–liquid flows. The time step size was 5 ms, and the total
simulation time was 10 s. During the simulation, phase-coupled SIMPLE
was applied for pressure–velocity coupling, and a second-order upwind
scheme was applied for spatial discretization despite gradient being
applied using the least-squares cell-based scheme. For residual settings,
10-6 was used to achieve a better accuracy.

In terms of boundary conditions, the velocity inlet was set for the
entrance section. The water and gas phases have their own entrance
velocities and phase concentrations. For the run and branch exits,
outflow was selected as the boundary type. The run and branch ratios
were determined from experimental measurements. For other faces in
the flow domain, a stationary wall was adapted with the roughness
height set according to plexiglass properties. Furthermore, a scalable
wall function was applied.

3.4. Grid-independent study and effect of grid resolution on cyclone
separation

Prior to any numerical simulation, a grid-independent study should
first be conducted to confirm the appropriate grid scheme exhibiting
sufficient accuracy with the least number of cells. Fig. 4 shows the
entrance section of three grid schemes, i.e., the coarse, medium, and
fine schemes with 372,064, 1,038,896, and 1,995,998 cells. To de-
termine the simulation accuracy of each scheme, a 0.87 m/s entrance
velocity and a 0.24 gas exit split ratio were used for each grid scheme.
Fig. 5 presents a comparison of the radial pressure and the tangential

Fig. 3. Geometry model of fluid domain and mesh scheme.
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velocity distribution 0.3 m downstream of the vane zone. It was clear
that for both the pressure and tangential velocity distributions, the
discrepancies between the medium and fine schemes were smaller than
those between the coarse and medium schemes. The curves of the
medium and fine schemes nearly coincided with each other. Hence, the
medium scheme was sufficient for the simulation of the continuous
phase.

Regarding the effect of grid resolution on cyclone separation, Fig. 6
shows the separation comparison of different grid schemes under fixed
cases. The operating parameters were 23.1 m3/h liquid entrance flow
rate, 4.0 m3/h gas entrance flow rate, and 29% split ratio. Fig. 6a shows
the local void fraction 0.7 m downstream of the vane zone. It was clear
that for all the grid schemes, the local maximal void fraction was 1.0
near the pipe center but remained 0 near the wall. This implied that the
gas core was in the center. However, the difference in grid resolution
affected the size of the void fraction curve. The divergence of the curve
amplitude size between the coarse and medium schemes was sig-
nificantly larger than that of the medium and fine schemes. Moreover,
in terms of the separation efficiency, those of the medium and fine
schemes were closer to each other than that of the coarse scheme, and
the efficiencies of the medium and fine schemes were closer to the
measured results. Hence, the medium grid scheme was sufficient for the
gas–liquid simulation considering its accuracy and computational cost.

4. Results and discussion

4.1. Validation of numerical simulation

To validate the numerical simulation, the gas core by photographs,
local void fraction by ERT and CFD, and pressure difference between
the run and branch exits were compared in fixed cases. The pressure
difference is the branch exit pressure minus the run exit pressure. Fig. 7

presents three cases of gas-phase distribution via numerical simulation,
photographs, and ERT test result. For each case, the numerical simu-
lation, experimental observation, and ERT test indicated the existence
of a gas core in the separator. After flowing through the vane zone, the
bubble dispersion formed a gas core rapidly. Subsequently, the gas core
flowed into the phase collection pipe. Owing to the pressure difference
between the branch and run pipes, a gas core with possible liquids
nearby flowed out of the branch exit. For each case, the gas phase
distribution from the numerical simulation corresponded well with the
experimental observation in terms of both tendency and gas core width.
Discrepancy primarily occurred at the gas–liquid interface, as measured
by ERT, it was wider than those from the photographs and simulation
results. This was owing to the resolution of the ERT pixel. As described
in Section 2.3, 16 electrodes were mounted around the pipe wall, and
the concentration reconstruction matrix contained 20 pixels evenly
distributed at a radial length of 100 mm. Moreover, as the mixture
conductivity changed abruptly from minimal to maximal at the ga-
s–liquid interface, the gradient measured might be smaller than it really
was owing to the pixel resolution. More than 1 pixel was required for
the conductivity transition, thereby inducing a size discrepancy at the
gas–liquid interface [24,15]. However, the total measurement was not
affected significantly as the measured gas core region size was similar
to the photograph and simulation results. The void fraction in the gas
core zone was 100%.

To further validate the numerical simulation, Table 2 provides a
comparison of pressure difference between the branch and run exits.
The absolute pressure at the entrance, the branch, and the run exit were
reported as well. In all cases, the simulation results were similar with
the measurements from the pressure gauge. Moreover, it was clear that
the simulated pressure difference was slightly smaller than that of
measured. This may be caused by the simplification during the mod-
eling, in which the blades were regarded as a surface without thickness.

Fig. 4. Different grid schemes.

Fig. 5. The radial pressure and the tangential velocity distribution 0.3 m downstream the vane zone.
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Cai [3] discovered similar trends between the CFD and measured re-
sults.

4.2. Phase distribution in separator

As shown in Fig. 7, the gas core size is sensitive to the entrance flow
rate. Comparing the numerical validation of Cases 1 and 2, it was clear
that as the gas entrance flow rate increased, the gas core widened.
Comparing the numerical validation of Cases 1 and 3, it was clear that
as water entrance flow rate decreased, the gas core size increased as

well. This can be attributed to the section void fraction and pressure
distribution, which will be discussed in the next subsection. As the gas
entrance flow rate increased, the section water volume fraction de-
creased, resulting in a lower pressure drop from the wall to the pipe
center, as shown in Fig. 8a, owing to the density variance in the liquid
and gas. Consequently, the section void fraction increased more sig-
nificantly and the gas core size increased. When the entrance gas flow
rate was fixed and the entrance liquid flow rate decreased, the section
void fraction increased and the pressure drop was less owing to the
smaller liquid phase, causing the gas core to widen.

Fig. 6. Influence of the grid resolution on the separation performance.

Fig. 7. Comparison between the numerical simulation and the experiment measurement under various operating conditions.
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Table 2
Operating condition parameter for numerical validation cases.

Case No. Case parameter Branch- run pressure difference (kPa)

Liquid entrance flowrate (m3/h) Gas entrance flowrate (m3/h) Split ratio, % Pressure (kPa)

Inlet Branch Run Experiment result Simulation result

1 23.3 1.2 20.9 89.25 64.71 76.48 −13.06 −11.77
2 23.1 4.0 29.0 123.05 91.84 107.40 −16.35 −15.56
3 16.3 1.2 15.4 53.63 40.90 44.63 −4.68 −3.73

Fig. 8. The radial pressure and the velocity distribution 0.3 m downstream vane zone.
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The split ratio effect is apparent when fixing the entrance flow rate.
Fig. 9 shows the gas core size variance as the split ratio increased from
19.06% to 32.28% under experimental observations. It was clear that
the gas core became narrower as the split ratio increased. This trend is
more apparent in the numerical simulation results shown in Fig. 10a,
where the local void fraction curve narrowed down as the split ratio
increased at 1.2 m downstream of the vane zone. The phenomenon can
be explained in terms of sectional pressure distribution changes. As
shown in Fig. 8a, for a 1.2-m3/h gas entrance flow rate, when the split
ratio increased, less fluid remained in the run pipe, and the velocity in
the run exit decreased. This resulted in a larger pressure drop near the
wall in the swirling flow field, rendering a larger slope of the pressure
curve in Fig. 8a. The gas core was sensitive to the operating parameters
including the entrance flow rate and split ratio.

4.3. Velocity distribution in the separator

Fig. 11 shows the pathlines inside the separator under different gas
entrance flow rates when the liquid entrance flow rate was approxi-
mately 23 m3/h and the split ratio was approximately 24%. For a fixed
gas entrance flow rate, the liquid pathlines and gas pathlines are pre-
sented separately. For the liquid phase, the pathlines twisted and ro-
tated inside the separator downstream of the vane zone. When the li-
quid phase coincided with the branch annulus, the situation was similar
with a flow in a tee, where parts of the liquid phase filled the annulus in
the branch, and a small part flowed through the branch exits with the
gas phase. The remaining liquid flowed from the separator through the
run exit. When the gas entrance flow rate increased from 1.2 to 4.0 m3/
h, the trend of the pathline wrapping degree was more apparent for the
developing section downstream the vane zone and upstream of the
separation zone. As with the gas phase, the pathlines were not straight
but slightly inclined upside compared with that of the water phase
upstream the vane zone. This can be attributed to the phase density
variance and gravity. The gas phase density was almost 0.1% of the
liquid phase. As the gravity acceleration was along the branch exits, the
gas transferred in the opposite direction by buoyancy effects in short

distances.
For analysis convenience, the gas velocity and liquid velocity are

summarized in an entire curve under fixed gas entrance flow rate
conditions, as shown in Figs. 8 and 10, respectively. Several trends are
shown in the two figures. The first trend relates to the symmetry of the
velocity curve. To include the effect of gravity on the horizontally
mounted separator, the velocity curve was sampled in a horizontal line
crossing the pipe center. The rotation direction was clockwise, as shown
in Fig. 8b. At a section 0.3 m downstream of the vane zone, the tan-
gential velocity of the gas phase exhibited asymmetry near the interface
with the liquid. At 1.2 m downstream of the vane zone, the asymmetry
was slight. After vortex was fully developed in the swirling flow field,
the effect of gravity was slight. The second trend was pertaining to the
gas–liquid interface. In the tangential motion, velocity slip existed in
the gas–liquid interface. This is attributed to the discontinuity of the
phases. The third trend was pertaining to the gas–liquid volume frac-
tion. As the gas entrance flow rate increased, the gas core widened. As
shown in Fig. 8c, in the developing section, the liquid phase moved
away from the pipe center, whereas the radial tangential velocity
maximal location moved toward the wall. The same phenomenon was
observed in the separation section, as shown in Fig. 10c.

4.4. Swirling intensity distribution in the separator

Based on the phase and velocity distributions above, the swirling
intensity is analyzed in this subsection. The gas–liquid two phase
swirling number is proposed based on our previous study. Eq. (5) ex-
presses the gas–liquid two phase swirling intensity, which is the ratio of
the axial flux of the tangential momentum to the axial flux of the axial
momentum [14].

∫

∫
=

+

+r

α ρ r u u α ρ r u u dr

α ρ ru α ρ ru dr
Ω 1 r

r
l l lt lx g g gt gx

r
r

l l lx g g gx2

2 2

2 2
1

2

1
2

(5)

In which, ρ is the density; subscript l refers to the liquid-phase
parameter; g refers to the gas-phase parameter; ut refers to tangential

Fig. 9. The gas core distributions under various split ratios when Ql = 23 m3/h, Qg = 4.0 m3/s.
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velocity; whereas ux refers to the axial velocity.
As shown in Fig. 12a, the entrance flow rate was 1.2 m3/h, and the

split ratio increased from 15.39% to 23.96%. Downstream of the vane
zone, the swirling number increased in a short distance and subse-
quently suffered from a small valley. This was because the hub down-
stream of the vane zone affected the overcurrent area. As the gas core
was narrow, when the overcurrent area increased, the centroid of the

liquid phase approached the pipe center, which reduced the tangential
momentum, thereby promoting the appearance of small valleys
downstream the vane zone. Subsequently, under the effect of inertia,
the swirling intensity continued to increase and then began attenuating
until necking occurred in the influential section. In the necking influ-
ential section, the axial momentum decreased faster than the section
tangential momentum owing to the acceleration of the necking

Fig. 10. Radial phase and velocity distribution 1.2 m downstream vane zone.
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downstream, which resulted in an increase in the swirling number.
When entering the first necking, the axial velocity increased, whereas
the liquid centroid moved toward the pipe center, causing an abrupt
decrease in the swirling intensity. After entering into separation zone,
the swirling number decreased abruptly again when the entrance of the
phase collection pipe appeared. In this section, owing to the flow in the
phase collection pipe increasing the total axial section velocity and
decreasing the total section tangential velocity, the swirling number
decreased. However, owing to the abrupt necking, the swirling number
increased again in the second necking influential section. As the split
ratio increased, the flow rate in the run branch decreased, and the
pressure near the pipe wall increased in the axial section, causing the
gas core size to decrease. Consequently, the liquid centroid in the sec-
tion moved toward the pipe center, thereby decreasing the tangential
momentum. Meanwhile, the axial momentum decreased faster than the
tangential momentum as more axial momentum components “dis-
appeared” from the elbow to the branch exits. In other words, the li-
quid-phase outside collection pipe was the main component providing
tangential momentum, whereas the liquid in the phase-collection pipe
provided an equivalent or a more significant axial momentum compo-
nent. Hence, the swirling intensity will increase with the split ratio
owing to the decrease in axial momentum in the swirling flow field
center.

Fig. 12b shows the swirling intensity curves with different split ra-
tios along the separator when the gas entrance flow rate was 4.0 m3/h.
The general trend was similar with that of 1.2–m3/h inlet gas flow rate
conditions. A difference was observed in the developing section im-
mediately downstream of the vane zone. As the gas entrance flow rate
increased, the swirling number increased to beyond 1.6 instead of ex-
hibiting a minor valley. This is reasonable based on the analysis of the
gas–phase distribution shown in Fig. 7. Under a 4.0–m3/h gas entrance
flow rate condition, the gas phase occupied a considerable volume of
the pipe center in the developing section, pushing the liquid phase to-
ward the pipe wall. The liquid phase tangential velocity was large and
produced more tangential momentum as the liquid centroid was closer

to the pipe wall. Meanwhile, owing to density difference, a larger gas
phase appeared and resulted in less axial momentum. Hence, the
swirling number increased continuously compared with that of the
1.2–m3/h gas entrance flow rate condition.

By understanding the variation regulars of the swirling number, it
becomes possible to illustrate the method to optimize the separator. The
degassing procedure can be regarded as collecting the gas phase at an
appropriate Ω range. Consequently, it’s possible to adjust the geometry
parameters to control the Ω curve so as to optimize the separator.
Appropriate adjustment of the Ω curve pertains to initial value and z/D
range accordingly. In Fig. 12 the initial value of the swirling numbers
were nearly the same for all the cases. According to Yin et al. [26],
initial swirl intensity S was sensitive to the blade geometry parameters
φ and dh in regardless of the fluid velocity. Increasing these parameters
resulted in a larger S accompanied with a larger pressure drop [3].
Therefore, the balance between the initial swirl intensity and the
pressure drop should be attempt first for separator optimization. Fur-
thermore, axial range of the Ω curve could be determined by the dis-
tance between the vane zone and the phase collection pipe. An ex-
tremely small distance where the Ω is too large may interrupt the stable
operation of the gas core. Meanwhile, an extremely large distance
where the Ω is too small may induce gas core disruption. In addition,
necking can enhance the Ω in upstream section. Consequently, ad-
justing the location of the phase collection pipe and the necking upon
the swirling intensity variance by the simulation or experiment could
assist the optimization of the separator.

4.5. Separation performance study

Fig. 13 shows the variation of the separation efficiency with the split
ratio under various phase entrance flow rates. At a fixed phase entrance
flow rate, the separation efficiency increased with the split ratio. When
the split ratio exceeded a certain value, the separation efficiency re-
mained at approximately 100% without decreasing, which was rea-
sonable. The separation efficiency was sensitive to the relative locations

Fig. 11. The pathlines under various gas entrance flow rates when the liquid entrance flow rate is fixed around 23 m3/h and the split ratio is fixed around 24%.
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of the gas–liquid interface and split flow face, which will be discussed in
the next subsection. Under fixed phase entrance flow rates, the gas core
size decreased when the split ratio increased. A critical split ratio ex-
isted for which the gas–liquid interface was nearly coincident with the
split flow face. As the split ratio was larger than the critical split ratio,
the gas core that was fully located in the volume was surrounded by the
split flow face. Hence, the separation efficiency remained at

approximately 100%.
As the entrance phase flow rate changed, the split ratio required to

achieve a separation efficiency of approximately 100% differed. As
shown in Fig. 13, as Qg = 2.5 m3/h, the split ratio required to achieve a
separation efficiency of approximately 100% decreased when Ql was
larger. The same was observed for Qg = 6.0 m3/h. To analyze this
phenomenon systematically, we defined a critical split ratio βc, which

Fig. 12. The gas–liquid swirling number variation along the pipe axis under various operating conditions.

Fig. 13. Influence of the split ratio on the separation efficiency under fixed entrance flow rate.
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implies that for a fixed entrance phase flow rate condition, the se-
paration efficiency is 99.5%. Fig. 14 summarizes the βc of different
phase entrance flow rate conditions. As shown, for a fixed gas entrance
flow rate, βc decreased when the liquid entrance flow rate increased,
which was reasonable. As the liquid entrance flow rate increased, the
pressure drop in the separator increased, resulting in a higher pressure
away from the pipe center in the axial section. This pushed the ga-
s–liquid interface moving to the pipe center and resulted in a thinner
gas core. A smaller split ratio was required such that the gas–liquid
interface was nearly coincident with the split flow face. Hence, βc de-
creased. As the liquid entrance flow rate was fixed and the gas entrance
flow rate increased, the opposite mechanism applied. A larger split ratio
was required to push the gas–liquid interface to coincide with the split
flow face. Hence, βc increased.

In general, the separation efficiency was affected by the gas core
size. The operating parameters, including the split ratio and phase en-
trance flow rate affected the gas core. Hence, these parameters affected
the separation efficiency. Appropriate adjustments of the valve opening
degree at the run exit or the phase entrance flow rate can enhance the
separation efficiency. When the split ratio exceeded the critical split
ratio and continued to increase, although almost all the gas phases can
be collected by the branch exit, a larger amount of the water phase was
involved, thereby affecting the separation performances. Hence, a di-
mensionless parameter should be introduced to evaluate the water in
the phase collection pipe. Yin et al. [26] introduced the entrainment
ratio λ to characterize the liquid phase. It can be expressed as shown in
Eq. (6), which implies that the liquid phase in the branch exit should be
small in terms of economic optimization.

=
− −λ Q Q

Q
l l run

l (6)

As shown in Fig. 15, under fixed entrance gas and liquid flow rates,
the water entrainment ratio increased as more mixture bypassed the
branch exit, and the curves were approximately a sloped line. Hence,
once the split ratio exceeded the critical split ratio, the gas separation
achieved a limit, whereas a larger amount of liquid phase would be
collected if the split ratio continued to increase. Hence, the critical split
ratio can be regarded as the optimal split ratio. As shown in the figure,
at a fixed split ratio, the water entrainment ratio increased with the
liquid entrance flow rate. This is because, as the liquid flow rate in-
creased, the gas core size decreased, and more liquid phase moved into
zones surrounded by the split flow face. Meanwhile, when the gas en-
trance flow rate increased, a smaller liquid phase existed in the zones
surrounded by the split flow face, which would flow pass the branch
exit.

4.6. Separation mechanism and variation with operating parameters

Based on the discussion above, the separation mechanism is pro-
posed in this subsection. The sections shown in Fig. 16 are axial sec-
tions. The separation behavior is discussed based on the relative loca-
tions of two faces, namely the gas–liquid interface and the split flow
face. In the swirling flow field, gas gathers in a continuous phase. The
gas core diameter is determined by the dynamic equilibrium of the
pressure and the centrifugal force in radial direction. As both the an-
nulus flow and gas core have their own pressures, the latter counteract
and yield a net pressure at the interface, which can be called the
pressure difference as well. When the equilibrium of relative pressure
and centrifugal force are disturbed, a new equilibrium will be achieved
and hence the location of phase interface will shift. Meanwhile, the split
flow face is an interface inside which fluids will bypass a separator
through the branch exit. Whereas the fluid outside the split flow face
will bypass the separator through the run exit. The distribution of the
split flow face is determined by the split flow rate. Subsequently, when
the gas–liquid interface is inside the split flow face, the gas phase can be
collected by the phase collection pipe. On the contrary, when the ga-
s–liquid interface is outside the spilt flow face, only a part of the gas can
be collected through the branch exit with the remaining gas phase
bypassing the run exit.

Theoretically, when the gas–liquid interface is coincident with the
split flow phase, 100% of the gas will be separated with little water
phase collected in the branch exit. However, the gas–liquid flow in-
stantaneous disturbance, thickness of phase collection pipe, and tan-
gential phase slippage cause disturbance and minor discrepancies to the
mechanical model. Nonetheless, the model can provide an ideal ex-
planation of the separation mechanism under various operating con-
ditions as the separation procedure is only sensitive to the entrance gas

Fig. 14. The critical split ratios under various entrance flow rates.

Fig. 15. Influence of the split ratio on the entrainment ratio under fixed entrance flow rate.

S. Liu, et al. Separation and Purification Technology 250 (2020) 117274

12



volume fraction and the pressure difference of exits. The material var-
iation and the higher pressures may bring a different liquid–gas density
ratio ξρ and liquid–gas viscosity ratio ξν. Moreover, in much higher
pressures, part of the dissolved gas may desorb [25] to increase the gas
void fraction. Nevertheless, once the fluid inside the separator is the
swirling annulus flow [16], the mechanism model is still applicable. A
critical split ratio still exists to achieve a separation efficiency of ap-
proximately 100%.

The separation mechanism is closely sensitive to the split ratio. As
shown in Fig. 17a, when the split ratio was smaller than 0.25, both the
separation efficiency and entrainment ratio increased with the split
ratio. This corresponds with Fig. 16b, in which the gas–liquid interface
was outside the split flow face. As the spilt ratio increased, the split flow
face enlarged consequently. At the same time, the pressure inside split
flow face decreased as more fluids flowed by. This breaks the former
pressure difference-centrifugal force equilibrium, rendering the cen-
trifugal force stronger than the pressure difference at the interface.
Therefore, the gas core radius will decrease to slash the centrifugal
force and rebuild the force balance. Consequently, more gas arrived at
the branch exits when the split ratio increased. The entrainment ratio of
water originated from the disturbance arising from phase slippage and
other factors discussed in the last paragraph. When the split ratio was
larger than 0.25, the separation efficiency stopped increasing, whereas
the entrainment ratio continued to increase with the split ratio. This

condition corresponds with Fig. 16a, in which the gas core was fully
located inside the volume enclosed by the split flow face. Under this
condition, the gas was fully collected by the phase collection pipe.
When the split ratio continued to increase, the gas core size reduced,
and more water phase moved into the zone enclosed by the split flow
face. This resulted in a larger water entrainment ratio which is not
beneficial for degassing liquids.

Fig. 17a and b together show how the entrance operating para-
meters affect the separation mechanism. Although βc was the threshold
of the two separation mechanism models, it changed by the varying
entrance condition. Based on the discussion of swirling intensity in
Section 4.4 and the separation mechanism model, the gas core size
significantly affected the separation. The gas core size was affected by
the entrance gas volume fraction, which was determined by the phase
entrance flow rates. Therefore, changes in the phase entrance flow rates
yielded various critical spilt ratios. A larger entrance gas volume frac-
tion required a higher βc to enable a split flow face package gas–liquid
interface and achieve a separation efficiency approximate to 100%.

4.7. Relationships among operational parameters

After investigating the separation efficiency, the relationships
among the operational conditions should be investigated for use in
further industrial applications. In this study, the operational parameters

Fig. 16. The gas–liquid separation mechanism.

Fig. 17. The separation mechanism transition with variation of the operating parameters.
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were the liquid flow rate at the overflow, pressure difference between
the branch and run exits, and the split ratio.

Fig. 18a shows the relationship between the dimensionless run exit
liquid flow rate and the split ratio, where Rel-run and Rel-inlet are the
liquid phase Re of the entrance and run exits, as defined in Eq. (7) and
Eq. (8) as follows:

=−Re
ρ Q
πμ D

4
l inlet

l l run

l e

-

(7)

− =
−Re

ρ Q
πμ D

4
,l run

l l run

l r (8)

where ρl and μl are the density and viscosity of water, respectively.
Subsequently, Rel-run/Rel-inlet is proportional to Ql-run/Ql-inlet. As the gas
phase is a minority at the run exit, the liquid phase can be regarded as
the main component of the residual mixture flow rate despite being
collected by the branch. Hence, the approximate linear relationship
between Rel-run/Rel-inlet and the split ratio as well as the slope were
negative, signifying that a larger split ratio results in less liquid-phase
flow bypassing the run exit. The regression variation originated from
the effect of the gas phase. As the split ratio was significantly lower than
the critical value, the gas phase might appear in the run exit, causing
discrepancies in the plot. As the entrance gas phase concentration in-
creased, although the split ratio increased, a discrepancy was observed
in the line curve because the split ratio was defined by the mixture flow
rate, whereas Rel-run/Rel-inlet was pertaining to the liquid phase only.

Regarding the relationship between the liquid flow rate at the
branch exit and the pressure exit difference, the dimensionless data are
plotted in Fig. 18b. As shown in logarithmic coordinate system, as the
run exit pressure became gradually lower than that of the branch exit,
the liquid flow rate at the branch exit decreased, which was reasonable.
When the pressure difference between the branch and run exits in-
creased, the run exit pressure decreased, and the branch exit pressure
increased. The pressure drop between the entrance and run exit in-
creased. In the axial section, the pressure away from the pipe center was
closely related to the run exit, whereas the pressure near the pipe center
was closely related to the branch exit pressure as the pipe center fluid
domain was connected to the branch exits. When the pressure differ-
ence increased, the gas-side pressure increased and liquid-side pressure
decreased at the gas–liquid interface. The interface moved toward the
wall side and the gas core widened. A smaller percentage of entrance
liquid phase flowed pass the branch exit through the split flow face.

Another noteworthy relationship is that between the pressure dif-
ference and split ratio, which directly affects the operation and hence
the downstream separation performance. In each case of Fig. 19, a
linear relationship can be regressed. The branch exit pressure became
much lower than that of the run exit as the split ratio increased. Based

on the separation mechanism above, as more fluid mixture flowed into
zone packaged by the split flow face, the pressure in this zone will
decrease accordingly. Whereas the pressure difference out and in of the
split flow face will increase. As the zone outside the split flow face was
connected to the run exit and the zone inside was connected to the
branch exit. As such, pressure can be transmitted. Hence, the pressure
difference decreased with the split ratio increase.

5. Conclusion

Based on APG separation from produced fluids, a thorough in-
vestigation including the separation performance, the separation me-
chanism, the influential operating parameters, and their relationships
on a vane-type degassing separator was conducted in this study. An ERT
and a CMF were used in the flow experiment for phase distribution and
mixture density measurements, respectively. The Eulerian multiphase
model coupled with the RSM turbulent model was applied to simulate
the fluid domain inside the separator. The conclusions are as follows:

Through application of two-phase swirling number, the swirling
intensity variation in the whole separator was discussed. The me-
chanism of the operating parameter and the separator configuration
affect the swirling intensity was analyzed. Then the optimization
method was proposed on the basis of the swirling number variation
inside the separator. Subsequently, the separation performance and its
influential factors were investigated. Results showed that as the split
ratio was smaller than critical value βc, the separation efficiency in-
creased with the split ratio. As the split ratio was larger than βc and
increased continuously, the separation efficiency achieved approxi-
mately 100% with a larger liquid phase in the branch exit. βc can be
regarded as the optimal split ratio. It increased with the entrance gas
flow rate and decreased as the entrance liquid flow rate increased.

A gas–liquid separation mechanism model was proposed with de-
finition of the split flow face. The relative location of the gas–liquid
interface and the split flow face determined the efficiency that the gas
phase was separated. The entrance gas volume fraction and the pressure
difference between the exits affect the separation performance by the
change in the relative locations of the gas–liquid interface and the split
flow face. Finally, the relationships among the operating parameters
were studied. Rel-run/Rel-inlet exhibited a linear correlation with the split
ratio as did the dimensionless pressure difference between the branch
and run exits. A linear relationship in the logarithmic coordinate was
exhibited between the liquid flow rates at the branch exit and the split
ratio.

The data in this work can provide reference to the system sharing
the similar phase density ratio and phase viscosity ratio. The me-
chanism model proposed is applicable for annulus swirling flow under
various pressures. All these are beneficial to further design and

Fig. 18. Relationships for the operating parameters (a. Rel-inlet/Rel-branch vs. Split ratio, b Ql-branch/Ql-inlet vs. pressure difference.)
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optimization of the vane-type separator under various entrance condi-
tions.
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