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Slug flow is one of the most common flow patterns in the petrochemical industry. It will affect the normal operation of oil well
surface pipelines and connected equipment, especially gas well multiphase flowmeters. The extant slug flow traps are complex
in structure and limited in application sites. To reduce the influence of slug flow on gas-liquid two-phase measurement, a slug
flow elimination device is designed based on the kinetic energy conversion method. The gas-liquid two-phase flow law inside
the device and its energy loss are investigated using a combination of indoor experiments and numerical simulations. This
study evaluates the device’s working performance, including the flow pattern, pressure fluctuation, velocity distribution, and
energy loss. The results show that the flow rate and pressure fluctuation of the gas-liquid two-phase flow are weakened after
the device. And the flow pattern changes from intermittent slug flow to gas-liquid continuous flow. The pressure drop
calculation method for the device is developed based on the share of different structures in the total pressure drop, with a
prediction error of 20%. The slug elimination device is designed to provide a flow pattern basis for metering equipment,

improve metering accuracy, and further promote the development of multiphase metering technology.

1. Introduction

The fluids produced from oil wells may be a gas-liquid two-
phase flow in many cases. Slug flow is a common gas-liquid
two-phase flow pattern. Slug flow will affect the stable oper-
ation of the oil well surface pipeline and the equipment con-
nected to the pipeline. In particular, slug flow will cause large
measurement errors in the real-time measurement of oil well
production [1]. A large number of studies have been con-
ducted to investigate the kinematic characteristics of slug
flow [2-5]. Based on the existing theories, the optimal
method to reduce or eliminate the slug flow is sought [6].
Meng et al. [7] and Zheng et al. [8] installed a cyclone

upstream of the gas-liquid measurement device to eliminate
the slug so that the flow through the measurement device is
annular. They concluded that the cyclone can force the
downstream flow pattern into an annular flow and obtained
a stable differential pressure, thus obtaining high measure-
ment accuracy. Passive section slug control can also be
achieved by using many devices or techniques, commonly
installing flow pattern adjusters [9, 10], multiple riser combi-
nations [11], gas lift method [12], bubble crushers [13], mix-
ing devices [14], and slug flow traps [15], etc. In general,
according to the site production needs, different types of slug
flow elimination devices can be chosen [16]. If the slug flow
can be effectively eliminated, it will not only provide a good
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FIGURE 1: Geometric model of the slug flow in the inner section of the slightly inclined pipe.

flow basis for gas-liquid measurement but also improve the
stability of equipment operation [17, 18].

To eliminate the measurement error caused by a sudden
change in the flow pattern, the experimental study of the
slug flow elimination method under different working con-
ditions is the most convincing. Experimental studies are lim-
ited to some extent due to the disadvantages such as the high
cost of experimental equipment and low reusability.
Researchers began to seek more accurate and predictive tools
for the study of gas-liquid two-phase flow laws [19]. Among
them, Computational Fluid Dynamics (CFD) methods are
coming into the researchers’ view, and they will be a valuable
addition to the toolbox [20].

The purpose of this study is to eliminate or weaken
the slug flow and provide a stable flow pattern for gas-
liquid two-phase measurements while increasing the stabil-
ity of the instrument operation. Based on the principle of
kinetic energy conversion and turbulent diffusion [21], a
new slug flow elimination method is put forward to
change the distribution pattern of gas and liquid phases
[22]. This method can effectively reduce the slug flow fre-
quency and achieve the purpose of weakening or eliminat-
ing the slug flow. The performance of the slug flow
elimination device is tested by experimental and numerical
simulation, and the pressure drop calculation model of the
device is also established.

2. Model Building and Methodology

2.1. Slug Flow Model. When the gas-liquid two-phase flow
flows through the horizontal- or upward-inclined pipeline,
the liquid moves forward under the action of a pressure gra-
dient to overcome gravity and friction. When the pressure
gradient or gas-carrying role is large enough, the liquid has
a large kinetic energy and can flow together with the gas.
On the contrary, the impact of gravity and friction will move
the liquid behind the gas, causing the liquid to accumulate in
the pipe, and then generating hydraulic slug flow. Therefore,
if the energy of the liquid is increased by certain means, the
slug flow can be eliminated.

As shown in Figure 1, the total length of a hydraulic slug
flow unit is Lg, which mainly consists of a liquid film zone
and a liquid slug zone. Assume that the length of the liquid
slug zone is L; and the length of the liquid film zone is L,
where the liquid film zone consists of Taylor bubbles and
liquid film. The hydraulic section slug flow is accompanied

by the accumulation of the liquid phase at the head of the
slug and the loss of the liquid phase at its tail during the
movement.

Taking the slug flow unit as the object of study, the con-
tinuity equation is established based on the conservation of
mass of the slug flow per unit of time.

e VP
Liquid : % = vyt Hyp, + vt eHyppy, (1)
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Gas : ge 9= gt (1= Hyg)p, + thf(l —H,f)pg, (2)

where vy and v, represent the superficial velocity of lig-
uid and gas, respectively, m/s. v; and v; represent the liquid

phase velocity in the liquid slug and liquid film zones,
respectively, m/s. H;; and Hy; represent the liquid holdup

in the liquid slug and liquid film zones, respectively, dimen-
sionless. e is the frequency of the slug flow, Hz. v, and v are

the bubble velocity and Taylor bubble velocity in the liquid
slug zone, respectively, m/s. p; and p, represent the density
of the liquid and gas, respectively, kg/m>. ¢, and t; represent
the time for the liquid slug and Taylor bubble to pass a
point, respectively, s.
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Substituting Equations (3) and (4) into Equations (1)
and (2), respectively, we get
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The Taylor bubble motion process causes the intercon-
version of the liquid slug and liquid film zones, and in the
steady state, the mass exchange is

Hyg(vy —vy) = Hyp (v = vyp). (7)
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(a) Schematic diagram of the main structure of the device

(b) Structural diagram of the ejector

(c) Structure diagram of the drainage pipe inlet

FIGURE 2: Schematic design of the main structure of the slug flow elimination device (the blue arrow is the flow direction).

A certain amount of liquid holdup is the basic condition
for the formation of slug flow. The liquid holdup in the lig-
uid slug zone is much larger than that in the liquid film zone
in the slug flow unit. The liquid holdup of the slug is calcu-
lated according to the relationship proposed by Gregory
[23], namely,

1

Ho=— .
5 1+ [v,,/8.66)

S

(8)

The velocity of the mixture (v,,) in the slug flow unit can
be expressed as
v ©)

m= sl+vsg'

2.2. Structure and Working Principle. The elimination device
designed and processed in this study mainly consists of an
impacting tee, an ejector, a liquid accumulation riser, a lig-
uid storage pipe, and a gas pipe, and the structure is shown
in Figure 2(a). Among them, the main function of the
impacting tee is to separate the liquid slug area and liquid
film area of the slug flow unit, so that the gas-liquid two
phases are reorganized at the Venturi throat. When the slug
flow passes through the inlet impacting tee, the kinetic
energy of the liquid along the axial direction disappears
and flows into the liquid storage pipe by its gravity. The
impacting tee has little effect on the gas superficial velocity,
and the gas in the Taylor bubble enters the horizontal gas
pipe. The role of the ejector is to convert part of the gas
energy into the liquid. The gas velocity increases and pres-

sure decrease as it flows through the nozzle. Low pressure
draws the liquid in the accumulation riser into the mix
chamber (Figure 2(b)), achieving gas-liquid kinetic energy
exchange so that the liquid velocity increases. By recombin-
ing the gas-liquid phases through the ejector, the energy dis-
tribution of each phase in the pipe and the liquid content
distribution in the cross-section are changed. When the lig-
uid content of the treated section does not meet the condi-
tions for the formation of slug flow [24], the slug disappears.

3. Experimental System

3.1. Experimental Procedure. Water and air are used as
media for the experiment. The experimental fluid is supplied
through a water pump and an air compressor. The high-
pressure gas in the storage tank is dried and processed into
the slug flow elimination device. The separated gas is directly
discharged into the air, and the water is recycled. The exper-
imental flow is as shown in Figure 3. In this experiment, an
“L” riser is set at the inlet to simulate the slug flow, so that
the flow pattern entering the separation device is a slug flow.
The experimental setup is shown in Figure 4(d).

3.2. Experimental Equipment. The liquid flow rate is given by
adjusting the pump inverter to change the liquid flow rate
into the mixer. The gas flowmeter used in this experiment
is a thermal gas mass flowmeter with a measurement range
of 5m’/h to 400 m*/h and an accuracy of +1.5%. The liquid
flow rate is measured by a Coriolis force mass flowmeter
with a range of 0 to 1.5kg/s and an accuracy of £0.1%. Pres-
sure sensors are installed at the inlet and outlet of the
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FIGURE 4: Physical model and grid structure (the blue dotted box is the “L” riser).

elimination device to record the pressure change before
and after entering the device, to judge the effect of slug
flow elimination. The pressure sensors at the inlet and
outlet have a range of 0~0.6MPa and an accuracy of
+0.1%. The output of the flowmeter and differential pres-
sure sensor is a 4-20mA current signal, and all parameters
are collected and stored using an NI PCI-6220 64-bit mul-
tifunctional data acquisition card with a 200Hz data
acquisition frequency.

3.3. Numerical Simulation. Slug flow is an intermittent flow
between gas-liquid phases and requires specific operating
conditions to be formed. Therefore, this simulation utilizes
the user-defined function (UDF) to customize the gas-
liquid flow at the inlet to ensure that the two phases can
form a slug flow before entering the device. According to

the experimental findings, the loading and unloading pro-
cesses of the compressor lead to a sinusoidal variation of
the gas flow [25]. So the inlet mass flow curve is defined as
a sinusoidal fluctuation law during the numerical simula-
tion. The numerical simulation results are verified by exper-
iments with the same structure.

3.4. Physical Model and Grid. When building the physical
model, the inlet and outlet pipe lengths were increased to
observe the slug flow elimination effect. The inner diameters
of both outlet and inlet pipes are 60 mm, the inner diameters
of both descending and inducing pipes are 25 mm, and the
throat diameter ratio of the ejector is 0.4. To improve the
mesh quality and enhance the calculation accuracy, the
structure is first divided into blocks, and the structured
meshing method is used for the regular structure. The
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ejector and the impacting tee use the tetrahedral meshing
method, and the mesh structures are shown as follows in
Figures 4(a)-4(c).

3.5. Multiphase Flow Model. The VOF model is chosen for
this simulation to simulate the gas-liquid distribution law
with the following control equation.

—1+vV Vo, = —1. (10)

By default, the source term at the right of Eq. (10) is zero,
except when a constant or a user-defined mass source is
specified for each phase. The volumetric ratio equation is
not solved for the main phase. The calculation of the volume
ratio for the main phase is based on the following constraint.

n

Yoa,=1 (11)

q=1

Solving for a single momentum equation over the entire
zone, the resulting velocity field is shared by all phases. As
shown below, the momentum equation depends on the vol-
ume ratio of all phases of p and p.

2 (0¥)+v- (077) =-pr9 - [u(W94v7 )] £ pg + F. (12)

In this simulation, the gas is used as the primary phase
and the liquid as the secondary phase, and the density in
each grid cell is calculated using the following equation.

P:Pg“q"'/)l(l_aq)’ (13)

where v is the velocity of the fluid, a, is the g-th phase
volume fraction, p, is the g-th density, p is the static pres-

sure, p is the fluid’s dynamic viscosity, and F is the surface
tension between the two phases.

3.6. Turbulence Model. The RNG k — ¢ model is capable of
simulating moderately complex flows such as jet impinge-
ment, separated flows, secondary flows, and cyclonic flows.
The model is derived from the transient N-S equation using
the mathematical method of the “renormalization group.”
The resolvability is converted from the standard k — € model,
and new functions or terms appear in the equations, whose
turbulent kinetic energy and dissipation rate equations are

Dk 0 ok
Por = ox {(“kﬂeff)g} +Ge+ G —pe=Yy,  (14)

o€ € &
|:(asnueff) aixlil + Cle E (Gk + C3€Gb) - CZSPI -R,

(15)

where G is the turbulent kinetic energy due to the veloc-
ity gradient; G,, is the turbulent kinetic energy due to buoy-

De 0
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ancy; Y,, is the fluctuation due to the diffusion of the
transition in compressible turbulence; C,,, C,,, and C;, are
constants; and ay and a, are the inverse of the effective tur-
bulent Prandtl number for the turbulent kinetic energy k
and the dissipation rate ¢, respectively.

3.7. Boundary Conditions. The inlet and outlet boundary
types are set as the mass flow inlet and pressure outlet,
respectively. The inlet pressure is 0.1 MPa, and the inlet mass
flow rate is assigned by UDF. The turbulence definition
method selects the turbulence intensity and hydraulic diam-
eter; the no-slip wall condition is used; i.e., the wall velocity
is 0. The gas-liquid surface tension is set to 0.0072 N/m. The
parameters such as phase content, pressure, and phase veloc-
ity in the flow direction are recorded during the simulation.

4. Results and Discussion

4.1. Flow Pattern. Flow pattern variation is the main cause
of pressure in the pipe [26]. As Figure 5(a) shows, the
inlet is a slug flow, and bubbles are found in the liquid
slug in the slug flow unit. The closer to the end of the lig-
uid slug, the larger the bubble is. This is caused by the
pressure between the liquid film and the liquid slug
becoming smaller. When the slug flow enters the device,
a large amount of liquid is initially separated into the
descending pipe under the small gas-liquid ratio condition,
and a small amount of liquid is carried to the horizontal
pipe by the gas. The preliminary separation of the gas
and liquid is obvious, in which a small amount of liquid
in the gas pipe flows into the liquid collection pipe
through the descending pipe. The gas imparts kinetic
energy to the liquid in the mix chamber of the ejector,
which improves the velocity of the liquid and reduces
the accumulation of liquid in the riser. After passing
through the elimination device, the liquid slug and Taylor
bubble are separated, and the flow pattern formed after
the second mixing is as Figure 5(b) shows. From
Figure 5(b), it can be seen that the flow pattern at the out-
let has changed from slug flow to transition flow and
gradually transformed to annular flow. Due to gravity,
the liquid phase at the outlet is deposited at the bottom
of the pipe, forming a small wave, and a fine liquid flow
is formed around the pipe wall, which temporarily fails
to form a complete liquid film.

The liquid holdup is one of the main variables describing
the slug flow. Therefore, the magnitude of the liquid holdup
not only affects the pressure fluctuation but will also determine
the slug flow elimination effect. According to the Gregory et al.
[27] study, the liquid holdup of the pipe cross-section capable of
slug flow is 48%. The experimental results show that when the
gas-liquid ratio is greater than 380 m*/m’, it is difficult to form
slug flow in the pipe. However, a large gas-liquid ratio still leads
to a liquid-phase impact on the impacting tee and a significant
wave pattern in the outlet pressure.

When the kinetic energy of the gas is small, it cannot
pump the liquid in the accumulation riser in time, causing
it to accumulate (Figure 6(a)). When the gas cannot contin-
uously transfer its kinetic energy to the liquid, the liquid
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FIGURE 6: Liquid state of the accumulation riser with a different gas-liquid ratio.

entering the priming chamber appears to oscillate at the inlet
of the drainage pipe (Figure 6(b)). Figure 7 shows the distri-
bution of the liquid phase at t=2.2s under different gas-
liquid ratio conditions. As the gas-liquid ratio gradually
increases, the initial separation effect of the impacting tee
on the two-phase gas-liquid decreases, and a vortex is gener-
ated at the elbow. More liquid enters the gas pipe. The liquid
phase entering the gas pipe makes the flow rate at the nozzle
fluctuate, and the energy conversion between the gas and lig-
uid phases is then affected. When the gas-liquid ratio is
greater than 120 m>/m?, a complete slug flow is not formed
at the inlet due to the reduced liquid content in the pipe. It
can be seen from the outlet pressure curve that the gradual
increase of the gas-liquid ratio increases the outlet pressure
amplitude. Due to the small liquid content rate, a full pipe
flow cannot be formed in the accumulation riser, and the
intermittent supply of liquid from the riser to the inlet pipe
results. Therefore, the pressure fluctuations generated at a

gas-liquid ratio greater than 120 m’/m> cannot be used to
define the applicability of the device.

4.2. Pressure Fluctuation. From the experimental phenom-
ena, it is clear that the slug flow pressure signal has the fol-
lowing characteristics.

(1) The pressure fluctuation time in the liquid film area
is long, the amplitude is small, and there are obvious
fluctuations in the pressure rise phase with a step-up
pattern

(2) The pressure amplitude in the liquid slug area is
large, has a short duration, and shows a vertical
wave, and the pressure reaches the highest point
when a precipitous drop occurs [25].

Combining Figures 5 and 8(a), it can be seen that the
pressure at the outlet depends on the various flow patterns.
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Under non-slug flow conditions, both mass flow and
pressure tend to stabilize, which can further improve
the accuracy of the gas-liquid two-phase measurement
device and its stability. From Figure 8(b), which shows
various patterns of the inlet pressure, it can be seen that
the various patterns of simulated and measured pressures
are almost the same at the same time nodes. The two
have a high degree of agreement. Due to the loading
and unloading of the air compressor during the experi-
ment, which leads to the unstable gas-liquid flow, it will

form as shown in Figure 8(b) (green dashed line). That
is, the measured pressure value occasionally shows large
fluctuations at the position of the trough, and the pres-
sure measurement is slightly higher than that of the sim-
ulated value. Comparing the variation laws of pressure,
flow pattern, and other parameters under experimental
and numerical simulation conditions, respectively, it is
verified that the numerical simulation method can accu-
rately describe the gas-liquid two-phase flow pattern and
its motion law.
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The relationship between the void fraction and pressure at
the cross-section 400 mm from the inlet before the liquid slug
enters the impacting tee (GLR = 60 m*/m?) was simulated in
this study, as shown in Figure 9. The graph shows that the pipe
pressure reaches its maximum value when the void fraction
reaches its minimum value, i.e., when the cross-sectional lig-
uid content is at its maximum. When the cross-sectional liquid
content increases, the pressure starts to build up in the Taylor
bubble at the moment when the liquid slug blocks the gas pas-
sage. When the pressure at the end of the slug is greater than
the pushing force required for the movement of the slug, the
slug is discharged. At this point, the Taylor bubble acts as a
“piston” and pushes the liquid slug to move. Combined with
Figure 9, it can be seen that the larger the gas-liquid ratio,
the larger the void ratio, and the smaller the average cross-
sectional liquid content, the smaller the pressure in the pipe
and the smaller the amplitude of pressure fluctuation.

Combined with the flow pattern variation at the inlet
and outlet, it shows that the magnitude of the pressure fluc-
tuation depends on the velocity of the slug flow, and the
length of the slug flow determines the duration of the pres-
sure peak. From the results of Figure 10, it can be seen that
the higher the liquid phase flow rate, the higher the pressure
and the greater the amplitude of its fluctuation under the
same gas flow rate. The smaller the gas-liquid ratio, the lon-
ger the duration of the pressure wave. The pressure fluctua-
tions at the inlet and outlet have obvious differences. Among
them, the high-frequency pressure signal at the inlet shows
obvious slug flow characteristics, but the inlet slug flow pres-
sure signal occasionally shows abnormal fluctuations at the
trough during the experiment due to the influence of com-
pressor loading (Figure 10(a) marked by a red solid line).
During the experiment, it was found that when the liquid
slug reached the top of the riser, the pressure reached a peak
at that time. When the slug is discharged momentarily, the
pressure suddenly decreases. As the gas-liquid ratio gradu-

ally decreases, the liquid slug stagnates at the riser and a
small amount of liquid then flows back, causing the pressure
signal at the inlet to fluctuate at the crest, as shown in
Figures 10(b) and 10(c) marked by the red solid line. Com-
bined with Figure 8(a), which shows the mass flow rate var-
iation law, it can be seen that the stability of the outlet
pressure depends on whether its mass flow rate is stable.

4.3. Velocity Distribution. From the internal streamline dia-
gram of the ejector (Figure 11), it can be seen that the veloc-
ity is smaller near the pipe wall and is larger in the center
where the liquid content is small. The velocity before enter-
ing the ejector is about 1.15m/s and reaches 13.41 m/s inside
the mix chamber (GLR = 40 m?/m?). The sudden increase in
velocity caused a sharp drop in pressure in the mix chamber
due to the reduced-flow cross-section of the nozzle. To
maintain the local pressure balance, the pressure in the
induced chamber also decreases simultaneously. The liquid
in the accumulation riser is pumped into the mix chamber
by negative pressure and then enters the expansion pipe
after being accelerated by high-speed gas, forming a non-
slug flow downstream. As the gas-liquid ratio increases, the
flow rate in the mix chamber gradually increases, and the
suction force continues to increase.

Due to the existence of friction between the liquid and
the pipe wall, the flow rate gradually decreases from the cen-
ter to the wall. Among them is the location of the thin layer
near the inner wall, which is a thin layer of resistance; this
thin layer is called the boundary layer. In the flow through
the throat, the fluid increases the velocity and decreases the
pressure, maintaining the original surface layer. Down-
stream of the throat, the flow area increases, the kinetic
energy of the fluid is converted into pressure energy, and
the boundary layer is subject to the force of the opposite
direction of the mainstream, resulting in fluid backflow.
Beyond the boundary layer of the fluid to maintain the
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original direction of advance, the formation of the vortex
phenomenon as shown in Figure 8 results in the separation
of the boundary layer.

4.4. Pressure Drop Model. Through experiments and simula-
tions, it can be seen that the pressure loss generated by this
device mainly comes from the ejector, the inlet of the drain-
age pipe, the impacting tee, and the heavy pressure drop.
The total pressure drop of the slug flow elimination device is

AP= AP, + AP, + AP, + AP,

(16)

where AP, is the pressure drop generated by the impact-
ing tee, kPa. AP, is the pressure drop generated at the inlet

of the drainage pipe, kPa. AP, is the pressure drop generated
by the ejector, kPa. AP, is the repositioning pressure differ-
ence from the height difference, kPa.

Under the same conditions of the gas flow rate, the total
pressure drop increases gradually as the liquid flow rate
increases. As Figure 12(a) shows, the liquid-phase flow rate
is related to the total pressure drop. According to the study,
it is known that the frictional pressure drops upstream and
downstream of the Venturi throat are equal under the con-
dition of symmetry between the constriction and expansion
sections [28]. In this study, due to the complex structure of
the ejector, the differential pressure generated in the conver-
gent section is significantly larger than that in the divergent
section (as Figure 12(b)). From Figure 12(b), it can be seen
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FIGURE 12: (a) Pressure drop variation at different liquid phase flow conditions; (b) differential pressure variation curves at different cross-
sections (AP, sudden contraction structure, AP, Venturi-tapering section, AP; Venturi-expansion section).

that an increase in the gas-liquid ratio leads to a significant
increase in the total pressure drop at constant pressure con-
ditions. The differential pressure of the gas-liquid mixture
passing through the Venturi nozzle is related to the magni-
tude of the flow rate and increases with increase of the gas-
liquid ratio [29, 30].

4.5. Model Building

4.5.1. Venturi Differential Pressure. Based on the experimen-
tal and numerical simulation results, the pressure drop cal-

culation model of this device is established. The pressure
drop generated by the Venturi nozzle mainly includes an
accelerated pressure drop and friction pressure drop [31].
Among them, the acceleration pressure drop accounts for
the largest proportion and increases with the increase of
the liquid content. The next is the frictional pressure drop,
which is mainly generated at the nozzle. The frictional pres-
sure drop is mainly generated at the nozzle. The frictional
pressure drop increases due to the reduction of the flow
channel. The experimental and simulation results show that
the frictional pressure drop accounts for a small percentage
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of the total pressure drop. Based on the installation location
of the ejector and the focus of the study, the frictional pres-
sure drop and the repositioning pressure drop are neglected
in this calculation.

The accelerated pressure drop in the axial position of the
Venturi [32] can be calculated by the following equation.

v

G,V
AP, = ’2—;’”‘ = AP, + AP, (17)

where the gas velocity in the Venturi throat can be
expressed as the following equation.

0.806
Vg = 0.135X  Fr, "7 (g) : (18)
9

where G,, represents the mass flow rate of the mixture,
kg/s; vy, is the Venturi throat gas velocity, m/s; A represents
the cross-sectional area, m?; ¢ represents the cross-sectional
gas content, dimensionless; and X, and Fr, represent the
Lockhart-Martinelli number and gas Froude number,
respectively, dimensionless.

4.5.2. Differential Pressure of Drainage Pipe Inlet. The pres-
sure drop at the inlet of the drainage pipe is mainly caused
by the sudden shrinkage of the pipe diameter, as shown in
the structure in Figure 2(c). Therefore, in this study, the
pressure drop between section 1 and section 2 is investigated
using the pressure drop calculation method of the abruptly
shrunken pipe. Due to the small experimental pressure, it
is assumed that there is no significant change in the density
of the gas-liquid phase and no mass exchange.

The continuity equations for the gas and liquid phases
on cross-section 1 and cross-section 2 are obtained from
the conservation of mass.

Ggs = pgAngs = pgAs(Ps’ (19)

Gls = plAlVls = nglsAs(l - (Ps)’ (20)

where G, and G; represent the mass flow rate of the gas and
liquid, respectively, kg/s; A, and A; represent the cross-section

of the gas and liquid, respectively, m* ¢, represents the gas con-
tent of a section, dimensionless; v, and v, represent the flow

rate of the gas and liquid of a section, respectively, m/s; and s
represents any section of section 1 and section 2.

Since the section is very short and friction is neglected,
the sum of the external forces on the two gas-liquid phases
along the axial direction is A,(P; — P,); then, the momen-
tum equation is

1
P -P=

n (Ggavgs + Gpviy = Gyyv
2

g1Vg1 ~ G11V11)~ (21)

The subscript 1 represents the inlet section of the pro-
truding joint and 2 represents the outlet section of the pro-
truding joint.
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From the analysis of simulation results, it is found that
the streamline of the gas-liquid mixture is bent downstream
of the sudden contraction pipe (Figure 2(c), section t).
Therefore, the resistance loss of the sudden contraction pipe
is mainly generated from section t to section 2 [33]. Based on
the specificity of the structure, it is assumed that the gas con-
tent of the drainage pipe is equal to that of section 2; i.e.,
¢, =@, =¢. From the momentum equation, the pressure
drop of the sudden contraction pipe can be calculated as

©0.235G,,
PiA

AP,

_a)? 2
(L=a)” & p) (22)
-9 ¢p,

where « is the dryness fraction, dimensionless. G,, is the
gas-liquid two-phase mass flow rate, kg/s.

4.5.3. Impacting Tee Differential Pressure. The pressure loss
from the impacting tee is calculated according to the follow-
ing Eq. (23) calculation [34].

2
ap, =2 3 [1+x<& —1)} (23)
247p, Pi

Where the local resistance factor A is calculated using the
following equation.

A=cA (24)

0

The correction factor ¢ is obtained using the empirical
equation:

X(L=x) |1+ plp,| /1= p,lpi
c=1+0.75 [ 5} 0 @2s)

1 +x(p,/pg - 1)

4.5.4. Heavy Pressure Drop. According to the operating prin-
ciple of the device, the repositioning pressure drop is mainly
generated in the rising pipe section of the drainage pipe and
the impacting tee. The calculation equation is

AP, =2p, gAh. (26)

Since the diameter of the drainage pipe is much smaller
than the accumulation riser when the gas-liquid mixture
enters the drainage pipe, the flow rate of the liquid phase
suddenly increases, and when the superficial velocity of the
gas-liquid two phases are equal, the slip ratio is 1. Therefore,
referring to Eq. (12), the following equation is used to calcu-
late the mixing density.

Pn=PgP+ P (1= 9). (27)

4.6. Accuracy Verification. As per Figure 13(a), it can be seen
that under atmospheric conditions, the Venturi nozzle pres-
sure drop has the largest proportion in the total pressure drop,
while the heavy pressure drop has the smallest proportion. In
small-volume conditions, the pressure drop caused by sudden



12

proportion )

‘age p 125 5
3, 15 0.19
n %)
w: Venturi
Drainage pipe

i Hedging tee
== Elevation

(a) Proportion of local pressure drop

Geofluids

Relative error (%)

0 #—

021 042 0.63 084 1.05 126 147 1.68

Liquid flow rate (m/h)
1 Q=21m%h 1 Q=42m’h
Q,=83m’h 1 Q =125m’h
[ Q=150 m*h

(b) Comparison of pressure drop calculation error

FiGuRre 13: Comparative analysis of the error of pressure drop calculation under different gas-liquid ratio conditions.

50

Relative error (%)

40 H

Calculated pressure drop (kPa)

E a— 0 i s 1 1

16.40
12.40
8.40
4.40

0.40
-3.60
-7.60

| -11.60
| -15.60

RTINS AR e

0 100 200

GLR (m*/m?)

300 400

500 600 700 1960

FIGURE 14: Relative error distribution of pressure drop calculation after correction.

changes in the diameter of the drainage pipe is the largest. The
pressure drop of the Venturi nozzle increases with the liquid
flow rate, and its average proportion is 52.82% of the total
pressure drop. In the large liquid volume and small air volume
conditions, the pressure drop at the inlet of the drainage pipe
produced a maximum percentage of 95.83%.

According to the calculation results, it can be seen that
the pressure drop calculation method obtained from this
experiment can truly reflect the motion of the fluid. The
error of the pressure drop calculation increases gradually
with the decrease in the gas flow rate, as shown in
Figure 13(b). The relative error is the smallest when the lig-
uid flow rate is 1.67m’/h. As the gas flow rate decreases
gradually, the relative error increases gradually. The gas-
liquid rate is small, and the liquid phase is mostly deposited
at the bottom of the accumulation riser due to gravity. As

shown in Figure 7(c), the liquid level is higher than the inlet
of the drainage pipe. The height difference of the liquid level
provides energy for the liquid movement, and the gravita-
tional potential energy is ignored in the calculation. This is
the main reason for the large calculation results and the large
error in the total pressure drop. When the gas flow rate
increases, the Venturi produces a larger proportion of the
pressure drop. The calculation accuracy of the total pressure
drop depends on the Venturi nozzle. Under a large gas flow
rate, the flow rate at the Venturi nozzle changes little, the
measured results match the calculated results to a high coin-
cidence, and the calculation error is small.

4.7. Model Correction. To further improve the calculation
accuracy of the pressure drop under different gas-liquid
ratios, the total pressure drop calculation method of the slug
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flow elimination device is optimized based on the pressure
drop ratio of different structures. The modified pressure
drop calculation method is obtained as follows.

AP =0.804 +0.957(AP, + AP, + AP,) + 0.421AP,'>. (28)

As Figure 14 shows, the pressure drop gradually
decreases as the gas-liquid ratio increases. The accuracy of
the modified pressure drop calculation method is signifi-
cantly improved, and the error with the measured pressure
drop is kept within 20%, among which 69.31% of the data
points are within 10%.

5. Conclusion

According to the motion law of slug flow, the elimination
device designed based on the kinetic energy conversion
method can better solve the problem of large pressure fluctu-
ations caused by slug flow. In this study, the flow field of the
slug flow through the elimination device is analyzed. The
energy losses generated during the operation of the device
are evaluated. A pressure drop calculation method for this
device is developed based on the share of different structures
in the total pressure drop. The relative error of the pressure
drop model is controlled within 20%, which meets the pro-
cess production requirements. The optimal and most eco-
nomical operating range of the device is to maintain the
gas-liquid ratio within 120 m*/m’ (under operating condi-
tions). The device can provide stable flow patterns and pres-
sure conditions for gas-liquid two-phase flow measurements
for the oil well.
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