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Abstract. Vortex tool is a new technique for the liquid unloading in gas wells. But it lacks a mathematical
model to describe and predict the effect of vortex tools. In the present work, according to the axial, radial
and circumferential momentum balance of the gas phase and liquid phase, the governing equations of vortex
ﬂow model have been established. Then thickness of liquid ﬁlm and gas and liquid vortex ﬂow intensity as well
as the pressure drop gradient can be calculated. The calculation results and the previous experiments indicate
that the pressure drop of the gas–liquid ﬂow can be reduced by 5% ~ 25% with the vortex tool, and the vortex
ﬂow model has an average relative difference of 6.01%. The model results show that there are two mechanisms
for reducing the pressure drop under the vortex ﬂow condition. In addition, the research results show that vortex tools with bigger helical angle will lead to higher vortex ﬂow intensity. The decay rate of vortex ﬂow intensity decreases along the pipe as liquid velocity increases and the vortex ﬂow working distance can be calculated
by the vortex intensity gradient and initial vortex ﬂow intensity.

1 Introduction
Liquid loading is one of the signiﬁcant issues needed to be
overcome in gas-well production. When liquid loading
occurs, gas production will be blocked from gas wells.
Therefore, U.S. and China adopt vortex tools in liquid-loading gas wells in succession. Mingaleeva (2002) found that
the minimum pressure loss can be obtained when the gas–
liquid ﬂuid moves upward in vortex ﬂow regime. Based
on this theory, the downhole vortex tool in gas well was
designed to decrease the pressure drop along the wellbore.
The vortex tool transforms the common gas–liquid ﬂow into
swirling annulus ﬂow with a certain stability. As a result,
gas well production is increased and liquid carrying capacity
is improved. Alekseenko et al. (1999) proposed a solution to
symmetrical vortex accounting for the helical shape of vortex, and he conducted experiments on helical vortex that
were carried out in a vertical hydrodynamical vortex pipe.
Ali et al. (2005) ﬁrst carried out an experimental study
on vortex tools. They pointed out that pressure drop and
critical gas velocity were reduced in vortex ﬂow. Facciolo
et al. (2007) used new measurements in a vortex pipe ﬂow
and came up with the axial average velocity distribution.
Hein (2007) introduced the ﬁeld test of vortex tools conducted by the U.S. Department of Energy from 2002 to
* Corresponding author: 20161312052@student.cup.edu.cn

2006. Milliken (2008) installed several Vortex Flow surface
tools of different sizes in liquid gathering systems, he found
that the Vortex Flow surface tool created two separated
ﬂows inside the stratiﬁed ﬂow. Surendra et al. (2009) carried out a numerical simulation study on gas–liquid two
phase ﬂow process with the vortex tool. Singh et al.
(2016) applied the vortex technology to gas lift with two
cases. Field experiments also conducted on liquid loading
wells simultaneously. The results indicated that the downhole vortex tool provided artiﬁcial lift optimization. Subsequently, a large number of ﬁeld tests of vortex tools were
gradually conducted in China (Du, 2015; Yang et al.,
2012; Zhang et al., 2012; Zhu et al., 2013). In addition,
experiments and theoretical researches on vortex tools were
also gradually carried out in China. Wu et al. (2016) analyzed forces of liquid droplets in swirling ﬂow based on
two-phase ﬂuid dynamics theories, and optimized the helical angle of vortex tools. Liu and Sun (2017) studied on
the vortex tool with numerical method and conducted laboratory test and downhole test on geometrical parameters
of the vortex tool. They found the preferred helical angles
are 50° and 55°. Zhou et al. (2018) established a critical liquid ﬁlm model of gas wells under vortex ﬂow conditions
based on experimental data. Shi et al. (2018) simulated
the gas–liquid ﬂow process through the vortex tool under
different ﬂow regimes with Fluent software. Zhang et al.
(2018) also used CFD method to simulate the ﬂow process
under different vortex tools, and analyzed the inﬂuence of
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number and distribution of vortex blades on liquid carrying
performance.
Like other downhole liquid-unloading tools, the vortex
tool cannot provide energy for gas–liquid two phase ﬂow,
but it can increase the efﬁciency of formation energy by
improving ﬂow conditions. However, extra energy losses
can be increased with downhole tools at times. The vortex
ﬂow has a certain effective working distance that can be
reﬂected by the stability of spiral rising liquid ring. The
working distance will decrease as the angular velocity drops.
Finally, the vortex ﬂow disappears and returns to the original ﬂow state.
Based on previous ﬁeld experiments, it is found that the
vortex tool has a certain application condition and an optimal operating condition. The unloading function of vortex
tools can be well developed through reasonable wells choosing and vortex tools designing. Until now, there are no theoretical models for the tool operating characteristics and
vortex ﬂow characteristics. Due to the insufﬁcient
researches on the unloading mechanism of vortex tools,
which limits the further applications of the vortex tools.
The present work mainly focused on building a theoretical
vortex ﬂow model which is based on the two-phase ﬂow theory and experiments were also conducted to validate the
vortex model.

two-phase ﬂow study (Li et al., 2017), just the same in
the vortex ﬂow model. Due to the existence of vortex ﬂow,
this model not only take into account the axial mechanical
balance, but also the circumferential and radial mechanical
balance. For the simplicity of the model, heat transfer
between liquid and gas has been ignored. Therefore, the
vortex model is for an isothermal ﬂow; the liquid and gas
in this model are assumed to be incompressible.
In r direction (radial direction), the radial velocities of
gas core and liquid ﬁlm are both zero. Due to the existence
of angular velocity, the centripetal acceleration of liquid
makes liquid ﬁlm pressure higher than the gas core pressure
in cross section. The Navier–Stokes (N–S) equation of
cylindrical coordinate system under the condition that
radial velocity ur = 0 is written as:
u 2/ 1 op
:
¼
q or
r

The angular velocities of gas phase and liquid phase are constant in the same cross section; pg and pL are the average
pressure of gas core and liquid ﬁlm respectively. The integration of equation (1) is:


Z D2d
Z D2
1
2
2
qx
rdr þ qL xL
rdr
pL  pg ¼
2 g g 0
D2d

2 Theoretical vortex ﬂow model
When the gas–liquid mixture ﬂows through the vortex
tools, liquid converges on the surface of vortex channel.
The liquid ring will appear as shown in Figure 1, it is formed
by the water which is from the liquid ring due to gravitation. Eventually, the gravitation of liquid ring will be equal
to the gas drag force. Flow patterns are the basics of

ð1Þ

¼


i
D2 h
qg x2g ð1  2dD Þ2 þ qL x2L 4 dD  d2D ;
16

ð2Þ

where xg and xL are the angular velocities of gas core
and liquid ﬁlm respectively, d is liquid ﬁlm thickness
(dD = d/D). In the same time, assuming that the liquid
ﬁlm thickness will not change in one vortex unit.
The vortex ﬂow can be seen as a special annular-mist
ﬂow with a gas–liquid interface ﬂuctuation in the axial
direction, so the momentum equations of the gas core and
liquid ﬁlm are written as (Barnea, 1986; Petalas and Aziz,
1998):
dpg
 qg gAg  szi S f ;
dz

ð3Þ

dpL
 qL gAL  szw S w þ szi S f :
dz

ð4Þ

0 ¼ Ag
0 ¼ AL

Considering the angular momentum balance in the circumferential direction, the loss of gas angular momentum is
used for overcoming the torque caused by the friction on
the gas–liquid interface. Similarly, the variation of liquid
momentum in the axial direction is used for overcoming
the torque caused by the interfacial friction and the torque
of liquid-wall friction. Therefore, the angular momentum
balance written as:
Fig. 1. The schematic diagram of force analysis for gas–liquid
ﬂow.

d
dz

Z
0

D2d



D
qg u zg 2prdr  r 2 xg ¼ s/i S f ð1  2dD Þ; ð5Þ
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d
dz

Z
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qL u zL 2prdr  r 2 xL

pressure, which is one of the mechanisms of the vortex
tools.

D2d

¼ s/w S w

D
D
þ s/i S f ð1  2dD Þ:
2
2

ð6Þ

The vortex intensity of gas phase and liquid phase
are deﬁned as dimensionless variable Wg and WL respectively, which are as same as the Liu and Bai (2015) proposed. Furthermore, the variable Cg and CL are deﬁned as
follow:

2.2 The interfacial relations
The axial shear stress and circumferential shear stress are
written as follows:
szw ¼ 0:5f zw qL u 2zL ;

ð15Þ

D ð1  2dD Þxg
;
2uzg

ð7Þ

s/w ¼ 0:5f /w qL ðW L u zL Þ ;

ð16Þ

DxL
;
2uzL

ð8Þ



2ðg  1Þh aD
szi ¼ sgf 1 þ
;
p

ð17Þ

s/i S f
;
Ag

ð9Þ


2
s/i ¼ 0:5f /i qg W g uzg :

ð18Þ

s/w S w  s/i S f ð1  2dD Þ
:
AL

ð10Þ

where szw, suw, szi and sui are the axial liquid-wall shear
stress, the circumferential liquid-wall shear stress, axial
liquid–gas interfacial shear stress and circumferential liquid–gas interfacial shear stress, respectively. sgf in
equation (17) is the liquid–gas interfacial shear stress in
the common annular ﬂow, which can be calculated by
equation (29). Because of the existence of vortex tool, liquid will converge into the vortex channel and form a liquid
ring that ﬂows upward along the pipeline. The protruding
liquid ring occupies some cross section of the gas core.
Therefore, the liquid–gas interfacial shear stress will produce a drag force on the liquid ring. In order to simplify
the model, it is assumed that the shear stress is equal to
the drag force. The result shows that g > 1 and
szi  sgf, which means under the effect of vortex tool,
the drag force on liquid increases, and the thickness of liquid ﬁlm decreases calculated by equation (13), which will
lead to the decrease of gravitational pressure drop.
The relations of friction factor f are shown as follows:

Wg ¼

WL ¼

Cg ¼

CL ¼

3

Combined with equations (7)–(10):
dW g 2Cg
¼
;
dz
qg u 2zg

ð11Þ

dW L
CL
1

:
¼
2
dz
qL u zL 1  2dD þ 2d2D

ð12Þ

2.1 Average liquid ﬁlm thickness d
Combine equations (2)–(4), eliminating pg and pL as
following:

2





szw S w
1
1
þ szi S f
þ
 qL  qg g  W ¼ 0: ð13Þ

Ag AL
AL
Equation (12) is used to calculate the average liquid
ﬁlm thickness d. W reﬂects the effect of centrifugal force
on d caused by vortex ﬂow. Experiment shows that the
vortex ﬂow will gradually disappear along the pipeline
which expresses as dW/dz < 0. If W = 0, equation (10)
will be same as the common annular-mist model (Ansari
et al., 1990; Taitel and Dukler, 1976). W is calculated
by equation (14):


2 dD  d2D
CL W L :
ð14Þ
W ¼ Cg W g 
1  2dD þ 2d2D
In this equation, W < 0 means the liquid ﬁlm thickness is
smaller than that of common annular-mist model. Therefore, vortex ﬂow will decrease the loss of gravitational

;
fzw ¼ 0:046Re0:2
L
"
fzi ¼

0:24f g Re0:305
L

r
Dqg u 2g ð1  2dD Þ

ð19Þ
#0:085
;

ð20Þ

f/w ¼ 0:0175f w W 0:294
;
L

ð21Þ

f/i ¼ 0:0175f g W g0:294 ;

ð22Þ

where axial liquid–gas interfacial friction factor fzi was
proposed by Wei et al. (2014), ug in equation (17) is
deﬁned as ug = uzg(1 + Wg2)0.5.
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2h a
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sgf þ
szi ¼ 1 
pDð1  2dD Þ
pD ð1  2dD Þ


2ðg  1Þh aD
¼ sgf 1 þ
;
p

Fig. 2. The equivalent force cross section of the liquid ring
dragged by gas in the vortex ﬂow.

where ha is the thickness of liquid ring, deﬁning haD as:
haD = ha/(D(1  2dD)). Ryu and Park (2011) proposed
a correlation to calculate the interface ﬂuctuation amplitude in two-phase annular ﬂow, which is introduced into
present work, empirical parameter haD is calculated as:
h aD ¼ aC w RebsL ;

2.3 Calculation of shear stresses
When gas core ﬂows through the protruding liquid ring,
there is a drag force on the liquid ring, which is calculated
as:
F drag ¼ 0:5C D qg u 2r Adrag :

ð23Þ

In the vortex ﬂow, the total cross-section area of protruding
liquid ring is shown in Figure 2 with red part, assuming the
drag force equals to the shear stress on liquid ring:

ð31Þ

ð32Þ

a and b are determined to 18 and 0.8 respectively; Cw is
a function of gas and liquid physical property which is
deﬁned as follow:
(

1
3C w

¼ 11:78N0:8
N l  151
l ;

1
3C w

¼ 1:35;

N l > 151

lL
N l ¼ rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ:
qL r g q rq
ð L gÞ

ð33Þ

ð34Þ

F drag
sr ¼
;
Ashear

ð24Þ

Adrag ¼ ph a ½Dð1  2dD Þ  h a ;

ð25Þ

2.4 Solution for the model

ð26Þ

According to the mass balance law, the mass ﬂow rate of
gas and the mass ﬂow rate of liquid are constant. Thus,
the axial average velocity of gas and liquid are calculated as:

Ashear

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
¼ 2h a pDð1  2dD Þ 1 þ 2 :
WL

In order to compare with the common two-phase annular
ﬂow, equation (24) can be rewritten as:

u zg ¼

At
usg ;
Ag

ð35Þ

sr ¼ gsgf ;

u zL ¼

At
u sL ;
AL

ð36Þ

C D ð1  h aD Þ
g¼
2f zi

ð27Þ

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
W 2L
:
1 þ W 2L

ð28Þ

In equation (27), sgf indicates the shear stress between gas
core and liquid ﬁlm without liquid ring, which is calculated as:

2
ð29Þ
s ¼ 0:5f zi qg u zg  u zL :
In equation (28), CD is drag coefﬁcient proposed by Morsi
and Alexander (1972):
C D ¼ a þ bRe

1

2

þ cRe ;

ð30Þ

where Reynold number is deﬁned as Re = qguzgha/lg.
The forces applied to the liquid phase include the drag
force on the liquid ring and shear stress on the liquid ﬁlm,
so the resultant force is written as:

where A is cross-section area; the subscripts t, r and f
denote the test pipeline, liquid ring and liquid ﬁlm,
respectively.
1
ð37Þ
At ¼ pD2 ;
4


ð38Þ
AL ¼ Af þ Ar ¼ pD2 dD  d2D þ ph 2a ;
1
Ag ¼ At  AL ¼ pD2 ð1  2dD Þ2  ph 2a ;
4

ð39Þ

S fi ¼ pDð1  2dD Þ;

ð40Þ

S f ¼ pD;

ð41Þ

where Sﬁ is the wetted perimeter between liquid ﬁlm and
pipe wall, Sf is the interfacial perimeter. The liquid holdup
of cross section is shown as:
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H L ¼ 4 dD  d2D þ h 2aD ð1  2dD Þ2 :

5

ð42Þ

When calculating the pressure proﬁle along the pipeline,
it is needed to segment the pipe into units, and choose the
appropriate method to calculate the pressure gradient of
each unit (Fu et al., 2015; Zhang and Li, 2011), then the
outlet pressure can be obtained. The pressure calculation
procedure is shown in Figure 3.

3 The two-phase ﬂow experiments with vortex
tools
3.1 The experiments arrangement
Air and water are regarded as gas phase ﬂow medium
and liquid phase ﬂow medium, respectively. The experimental ﬂow loop is shown in Figure 4. Water is injected through
the screw pump, and the ﬂow rate ranges from 0.1 m3/h to
6.3 m3/h. Air is supplied through the compressor whose
maximum rate is 5 m3/min, and maximum outlet pressure is 1.2 MPa. A vertical transparent test section is set
to observe the vortex ﬂow, and different vortex tools can
be changed at the bottom of the section. The length of test
section is 7.5 m, which is constituted of stainless-steel pipe
and transparent pipe. There are three vortex tools with different helical angles as shown in Figure 5 (angle between
liquid ﬁlm ring and horizontal plane), which are 30°, 45°
and 55° respectively, to simulate different vortex ﬂow
conditions.
3.2 Flow parameter measurement
Three Rosemount pressure gauges are installed below and
above the vortex tool, and at the outlet of test pipeline with
the range of 0–500 kPa, they are used to measure pressure
drop. Several ﬂowmeters are also installed on the pipeline,
including a turbine ﬂowmeter for the water volume ﬂow
rate with a range of 0.1–1.5 m3/h; a gas volume ﬂowmeter
with a range of 15–3000 L/min. Helical liquid ﬁlm can be
observed on the transparent section after the vortex tool.
Based on the helical angle of liquid ﬁlm ring, the vortex
intensity can be obtained. According to the experiments,
it is found that liquid velocity drops because of the friction
between the liquid ﬁlm and pipe wall, which can be reﬂected
by the increasement of helical angle.
Fig. 3. The ﬂow-process diagram of pressure calculation in a
unit.

3.3 Experiments procedure
Firstly, air is injected from compressor into the gas tank,
and input the gas to the pipe with a ﬁxed ﬂow rate. When
the gas ﬂow reached the stability in the whole pipeline,
injected water into the mixer under a low rate from the
water tank, gradually increased the water ﬂow rate until
it formed a liquid ring. The gas–water ﬂow must reach a
steady state for several minutes, and recorded the pressure
data, gas velocity and liquid velocity. Repeated the above
steps with different gas ﬂow rate, liquid ﬂow rate and different vortex tools.

4 Validate results and discussion
4.1 Results comparison between model and previous
experiments
Ali et al. (2005) studied the critical gas velocity with or
without the vortex tool, and he obtained the two-phase
pressure drop under critical condition. The present work
selects the annular ﬂow experimental results, as shown in
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Mixer

Fig. 4. The ﬂow loop of gas–liquid vertical vortex ﬂow experiments.

Fig. 6. Pressure drop of gas–liquid two-phase vortex ﬂow under
the critical liquid unloading condition (inlet pressure
170.27 kPa).
Fig. 5. The vortex tools used in the experiments.

Figure 6 (scattering points), it is found that the pressure
drops with vortex tool (solid points) is smaller than the
pressure drops without vortex tool (hollow points) under
same gas velocity. When the outlet pressures are
107.27 kPa, 239.22 kPa and 308.17 kPa, the average
decrease of pressure drop are 17.0%, 8.5% and 5.0%,
respectively. Comparing the vortex ﬂow model with three
of the most common models used in the multiphase ﬂow calculation in oil ﬁeld, which are Beggs–Brill (B & B) model,
Hagedorn–Brown (H & B) model and Ansari model, as
shown in Figures 6–8. Because Ali et al. (2005) did not give
the vortex intensity in their study, the vortex intensity used
to calculate the vortex ﬂow pressure drop in present
research is assumed as 0.88. In Figure 6, when the inlet

pressure is 170.27 kPa, it is found that B & B model and
H & B model have large differences with the experimental
results; the vortex ﬂow model and the Ansari model have
the same trend as the experiments, but Ansari model ﬁts
better to the non-vortex experimental results. When the
gas superﬁcial velocity is below 23 m/s, vortex ﬂow model
ﬁts well to vortex experimental results; when the gas superﬁcial velocity reaches 23 m/s, the vortex ﬂow model results
become larger than vortex experimental results. In Figure 7,
when the inlet pressure is 239.22 kPa, it can be obtained
that all models have rather good trends, as gas superﬁcial
velocity reaches 25 m/s, other models have large differences, but the vortex ﬂow model performs well all the time.
In Figure 8, when the inlet pressure is 308.17 kPa, B & B
model and H & B model are signiﬁcantly lower than the
experimental results, and Ansari model is higher than the
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Table 1. Experimental conditions of gas–liquid twophase swirl ﬂow.

Fig. 7. Pressure drop of gas–liquid two-phase vortex ﬂow under
the critical liquid unloading condition (inlet pressure
239.22 kPa)

Experimental conditions

Ali

Present work

Pipe diameter (mm)
Pipe length (m)
Liquid vortex ﬂow
intensity
Media

50.8
38.1
/

50
7.5
1.73, 1, 0.70

Air and
water
170~310
13.5~31.5

Air and
water
150~200
12.0~18.0

Inlet pressure (kPa)
Gas superﬁcial velocity
(m/s)
Liquid superﬁcial
0.05~0.60
0.05~0.20
velocity (m/s)
Flow condition
Critical unloading Unloading
state
state

but it lacked of experiments of condition that over critical
unloading velocity. For further validating the vortex ﬂow
model, there were some more advanced experiments conducted in the Key Laboratory of Petroleum Engineering
of China University. The experimental conditions are
shown in Table 1.
The helical angle of the liquid ring hs can be measured
on the transparent test sections, based on which the liquid
vortex ﬂow intensity is calculated as:
1
u /L DxL
¼
¼
¼ W L:
tan hs u zL
2uzL
Fig. 8. Pressure drop of gas–liquid two-phase vortex ﬂow under
the critical liquid unloading condition (inlet pressure
308.17 kPa).

vortex experimental results, only vortex ﬂow model ﬁts very
well. Generally, Ansari model and vortex ﬂow model have
better accuracies than other models; but under the conditions of three different outlet pressure, pressure drops of
vortex ﬂow model are 22.87%, 10.42% and 7.83% lower
than those of Ansari model, which indicates that the vortex
ﬂow model can better reﬂect the effect of vortex tool.
The maximum relative differences between vortex ﬂow
model and experiments are 30.06%, 8.10% and 1.76%,
respectively; the average relative differences between vortex
ﬂow model and experiments are 11.54%, 5.41% and 1.08%,
respectively. In addition, it can be found that this model
performs better when the inlet pressure is higher.
4.2 Results comparison between vortex ﬂow model
and pressure drop experiments
In the preceding section, Ali et al. (2005) only gave the common experimental results, they didn’t come up with the
parameters related to vortex ﬂow, which is of great importance for liquid unloading process. Their study mainly
focused on the promotion of liquid unloading capacity,

ð43Þ

Gas–water mixture ﬂows through the vortex tool channel, and the vortex ﬂow intensity is determined by the helical angle when the mixture ﬂowed out of tools. In present
experiments, the helical angles of vortex tool are 30°, 45°
and 55°, the corresponding vortex ﬂow intensity are 1.73,
1 and 0.70. The pressure drops against gas superﬁcial velocities under three kinds of liquid superﬁcial velocities with
vortex tool #1, #2 and #3 are plotted in Figures 9–11
respectively. In these graphics, scattering points are experimental data. As the gas superﬁcial velocity increases, the
cross-section liquid holdup and pressure drop decrease;
but when the gas superﬁcial velocity becomes higher, it will
lead to the higher friction that cause the pressure drop
increases. When liquid superﬁcial velocity is 0.05 m/s, it
is shown in Figure 9 that the pressure drop decreases from
18.21 kPa to 7.51 kPa, then rises to 10.51 kPa with the
increase of gas superﬁcial velocity. Under the condition of
high liquid superﬁcial velocity, the effect of decreasing liquid holdup is more obvious, so the pressure drop decreases
continuously, but under low liquid velocity condition, the
pressure drop inversion is not obvious. It can be found in
Figures 10 and 11 that the pressure drops trend of vortex
tool #2 and #3 are similar to tool #1. In Figures 9–11,
the data analysis of tool #1 shows that the maximum
and minimum relative differences between vortex model
and experiments data are 31.7% and 0.1%, respectively;
and the average difference between vortex model and
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Fig. 9. Experimental and theoretical results of pressure drop
and velocity of gas–liquid vortex ﬂow (vortex tool #1).

Fig. 10. Experimental and theoretical results of pressure drop
and velocity of gas–liquid vortex ﬂow (vortex tool #2).

experiments data is 9.6%. The analysis of tool #2 shows
that the maximum and minimum relative differences
between vortex model and experiments data are 29.3%
and 2.5%, respectively; and the average difference between
vortex model and experiments data is 10.7%. The analysis of tool #3 shows that the maximum and minimum
relative differences between vortex model and experiments
data are 15.6% and 0.2%, respectively; and the average
difference between vortex model and experiments data is
7.5%. Generally, this model is well ﬁtted to experimental
results.
Figure 12 shows the pressure drops against gas superﬁcial velocity with different vortex tools when the liquid superﬁcial velocity is 0.05 m/s. It can be found that
the helical angle of vortex tool has contradictory inﬂuences on the two-phase ﬂow under different gas superﬁcial
velocity conditions. When gas superﬁcial velocity is low
(12 m/s–14 m/s), the pressure drop increases as the helical
angle becomes bigger; when gas superﬁcial velocity is high
(16 m/s–18 m/s), the pressure drop decreases as the helical
angle becomes bigger. For example, the vortex tool #1 has
the smallest helical angle, according to equation (43), which
leads to the biggest vortex ﬂow intensity; and based on
equation (31), it has the biggest interfacial force, so liquid
holdup will decrease at low gas superﬁcial velocity, while

Fig. 11. Experimental and theoretical results of pressure drop
and velocity of gas–liquid vortex ﬂow (vortex tool #3).

Fig. 12. The results of different vortex tools of pressure drop
and velocity (at the liquid velocity of 0.05 m/s).

increase friction at high gas superﬁcial velocity. Figure 12
also shows that the minimum pressure drop is 15%–35%
lower than the maximum pressure drop with different vortex
tools, therefore when using vortex tools in a gas well, actual
ﬂow conditions should be considered.
4.3 Results comparison between vortex ﬂow model
and decay experiments of vortex ﬂow intensity
The angular velocities of gas and liquid will gradually
decrease caused by interfacial frictions. The average vortex
ﬂow intensity gradient dWL/dz in the test section is calculated based on the helical angle and the vortex ﬂow intensities at the inlet and outlet of vortex tool. Figures 13–15
show the theoretical and experimental liquid vortex ﬂow
intensities under different conditions. Both experimental
and calculated results show that vortex ﬂow intensity decay
rate decreases along the pipe as liquid velocity increases.
There also is a rising trend of dWL/dz as gas velocity
increases in Figures 13–15, which due to the liquid ﬁlm
thickness decreased caused by rising gas velocity. The rise
of vortex ﬂow intensity decay rate is based on equation
(13). In Figures 13–15, the differences between experimental data and calculation results are large under low liquid
superﬁcial velocity condition; then, the differences become
smaller under high liquid superﬁcial velocity, mainly
because the vortex ﬂow has fully developed.
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Fig. 13. The experimental and theoretical results of the liquid
vortex ﬂow intensity (The series of r and solid lines represent
the results of the tool #1. The series of N and dotted lines
represent the results of tool #3).

Fig. 14. The experimental and theoretical results of the liquid
vortex ﬂow intensity of tool #2.

It can be found from Figures 13–15 that vortex intensity
gradients have similar trend as gas superﬁcial velocity
increases; the dWL/dz drops rather obviously as the
helical angle becomes higher with different vortex tools.
In Figures 13–15, the maximum and minimum relative
differences between vortex model and experiments data of
tool #1 are 63.3% and 2.1%, respectively; and the average
difference is 25.3%. The maximum and minimum relative
differences between vortex model and experiments data of
tool #2 are 37.8% and 6.0%, respectively; and the average
difference is 13.9%. The maximum and minimum relative
differences between vortex model and experiments data of
tool #3 are 9.0% and 2.1%, respectively; and the average difference is 4.1%, the calculation results of vortex model is
acceptable. According to the green solid line and dotted line
in Figure 13, which represent dWL/dz of tool #1 and tool
#3 respectively. It can be found that the lower initial
velocity causes the smaller friction between liquid and pipe
wall, which will lead to the smaller vortex ﬂow intensity
gradient. Based on this conclusion, it can be inferred that
the vortex ﬂow intensity will decrease upward along the pipe
and the decrease rate will gradually become smaller.
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Fig. 15. The experimental and theoretical results of the liquid
vortex ﬂow intensity of tool #3.

The vortex ﬂow working distance can be calculated by
the vortex ﬂow intensity. For example, when the liquid
and gas superﬁcial velocities are 0.05 m/s and 16 m/s, the
vortex ﬂow intensity gradient is 0.10 m1 and the vortex
ﬂow intensity of tool #1 is 1.73. The theoretical working
distance is 17.3 m (1.73/0.10), but the actual working distance is a little larger than 17.3 m. It can be found that
the vortex intensity gradient is related to liquid velocity,
the relation is that the vortex intensity gradient becomes
lower as liquid velocity rises, which leads to the longer
working distance. Taking tool #1 as an example, when liquid velocity is 0.1 m/s and the vortex intensity gradient is
0.04 m1, the working distance is 40 m; when liquid velocity
is 0.2 m/s and the vortex intensity gradient is 0.02 m1, the
working distance is 86.5 m. However liquid velocity can’t
increase limitlessly. As the liquid velocity increases, the
pressure drop will become higher and the stability of gas–
liquid interface will decrease, which leads to collapse of
liquid ring and causes liquid loading. When the vortex ﬂow
intensity is near 0, the effect for lowing pressure drop is
inconspicuous. Therefore, the actual gas production
situations should be taken into account when design the
interval of vortex tools.

5 Conclusion
Under the vortex ﬂow condition, there is a pressure difference between gas core and liquid ﬁlm due to the centrifugal
force in two-phase annular ﬂow caused by circumferential
ﬂow. A drag force is added on the liquid phase due to the
structural characteristics of liquid ring. Both situations will
lead to the two-phase pressure drop decreasing under the
vortex ﬂow.
The present study proposes the gas and liquid momentum equations in axial, circumferential and radial directions,
which can calculate thickness of liquid ﬁlm, vortex ﬂow
intensity and pressure drop. Comparing the previous
experiments and models with vortex ﬂow model, it shows
that the vortex ﬂow model performs better than other
models, and its average relative differences are 11.54%,
5.41% and 1.08% when inlet pressure are 170.27 kPa,
239.22 kPa and 308.17 kPa, respectively. The analyses

10

S. Shi et al.: Oil & Gas Science and Technology - Rev. IFP Energies nouvelles 74, 82 (2019)

indicate that the vortex ﬂow model is well ﬁtted to experimental results.
Vortex tools with bigger helical angle will lead to higher
vortex ﬂow intensity. As the gas superﬁcial velocity
increases, on one side it will lead to the decrease of liquid
holdup and pressure drop; on the other side it will lead to
the high friction which causes the increasing of pressure
drop. Therefore, under high gas velocity condition, higher
vortex ﬂow intensity tends to the increase of ﬂow friction;
under low gas velocity condition, the trend is inverse.
The vortex ﬂow theoretical working distance can be calculated by the vortex intensity gradient and initial vortex
ﬂow intensity. Larger liquid superﬁcial velocity will lead
to the longer working distance, but liquid velocity can’t
increase limitlessly, it might lead to collapse of liquid ring
and cause liquid loading.
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