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Abstract: Liquid loading in gas wells may slash production rates, shorten production life, or even
stop production. In order to reveal the mechanism of liquid loading in gas wells and predict its
critical flowrates, theoretical research and laboratory experiments were conducted in this work. A
new model of liquid-film reversal was established based on Newton’s law of internal friction and
gas-liquid two-phase force balance, with the critical reverse point obtained using the minimum
gas-liquid interface shear force method. In this model, the influences of the pipe angle on the liquid
film thickness were considered, and the friction coefficient of the gas-liquid interface was refined
based on the experimental data. The results showed that the interfacial shear force increases by
increasing the liquid superficial velocity, which leads first to an increase of the critical liquid-carrying
gas velocity and then to a decrease, and the critical production also decreases. With 0° as the vertical
position of the pipeline and an increase of the inclination angle, the critical liquid-carrying velocity
first increases and then decreases, and the maximum liquid-carrying velocity appears in the range
of 30—-40°. In addition, the critical liquid-carrying gas velocity is positively correlated with the pipe
diameter. Compared with the previous model, the model in this work performed better considering
its prediction discrepancy with experiment data was less than 10%, which shows that the model
can be used to calculate the critical liquid-carrying flow rate of gas wells. The outcome of this work
provides better understanding of the liquid-loading mechanism. Furthermore, the prediction model
proposed can provide guidance in field design to prevent liquid loading.

Keywords: liquid loading; liquid-film reversal; critical liquid-carrying velocity; predictive model

1. Introduction

Due to the intrusion of formation water or the precipitation of condensate, gas wells
often appear as gas and water co-production. In the early stage of production, the gas
reservoir has sufficient energy and the gas can carry liquid to the surface at a higher speed.
However, as the gas reservoir depletes, the gas velocity decreases [1], the formation pressure
attenuates, and the temperature decreases, so that the gas cannot carry the formation liquid
out of the wellbore. This phenomenon is called liquid loading of gas wells [2-4]. Geng
et al. also pointed out that the discontinuity of gas is the fundamental cause of gas-well
effusion [5], so it is easy to form effusion in the middle and late stage of gas-well production.

Liquid loading in the wellbore has many drawbacks—it creates a back pressure
against the formation pressure and increases the instability of production, resulting in a
significant reduction in output, or even shutdown ahead of time [6—14]. Therefore, some
mitigation measures need to be taken to drain the wellbore. At present, the commonly used
drainage methods include foam dewatering in gas wells, gas lift drainage, and downhole
nebulizers [12]. In order to make better use of drainage measures, it is necessary to know
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when to carry out drainage gas production, that is, to predict when liquid loading will
occur in gas wells. Accurate prediction of liquid loading in gas wells requires in-depth
study of the mechanism, analysis of the causes of the liquid loading, and establishment of
a reasonable prediction model.

The minimum gas flow rate that can prevent liquid accumulation in the gas well
is called the critical liquid-carrying flow rate. The corresponding flow rate is called the
critical liquid-carrying flow rate of the gas well. The calculation of critical liquid-carrying
gas velocity and critical production is an important method for predicting liquid loading,
which is of great significance for ensuring the normal production of gas wells. The theory
of liquid-droplet reversal and liquid-film reversal are two main viewpoints to explain the
mechanism of liquid loading in gas wells. The droplet-reversal theory holds that when
the gas velocity in the wellbore decreases, the droplets flow downward and reverse under
the action of gravity, which leads to the phenomenon of liquid loading. The most popular
model is an equation developed by Turner et al. [15]. Many researchers have modified
Turner’s equation, and applied it to different flow patterns, pipe conditions, and field
data [16-21]. Pressure drive plays an important role in the accumulation of liquid in gas
wells, but the variation of pressure drop is rarely discussed in the existing research; the
liquid-film reversal theory holds that the liquid mainly exists in the pipe wall in the form
of liquid film. When the gas velocity is higher, the gas carries the liquid film upward.
But as the gas velocity decreases, the shear force between the gas and liquid phases is
not enough to carry the liquid film flow, and the liquid film begins to reverse under the
action of gravity, resulting in liquid loading. Wallis investigated the liquid entrainment
in the gas core and proposed a liquid-film model to predict the critical gas velocity [22].
On the basis of the theory of liquid-film reversal, Barnea [23] modified the existing model
to explore the influence of liquid-film stability on the flow pattern of two-phase flow.
Some researchers have established the flow equation by comprehensively considering
the pipeline conditions and other factors, and theoretically predicted the critical liquid-
carrying parameters [24-27]. Compared with the field data, the model can give an effective
prediction, but the analysis of the influence factors of the critical liquid loading model
still lack intuitive experimental verification. In addition, because the liquid loading is a
transient behavior of production decline, some scholars have also explained and analyzed
the phenomenon from the perspective of wellbore-reservoir coupling in recent years.
However, this is only in the theoretical research stage, and there is no calculation model
that can be popularized and applied.

In the field operation, the liquid-loading prediction model based on the droplet
inversion theory has been widely used, but there has been a lack of systematic theoretical
prediction and experimental proof. In recent years, through laboratory experiments, some
scholars found that the liquid-film reversal is more likely the cause of liquid loading at low
gas velocity, especially in inclined wells. Previous studies have shown that the accuracy of
the liquid-film reversal model is higher, and it can better reflect the behavior of gas-liquid
two-phase flow [19]. At present, the most widely used model of liquid-film reversal is
the theory proposed by Barnea [23]. Although the liquid film inversion model is more
complex, it is more consistent with the experimental phenomenon of gas-liquid two-phase
annular flow.

Therefore, this work studies the mechanism of liquid accumulation, establishes a theo-
retical model, calculates the critical liquid-carrying flow rate, and realizes the theoretical
prediction of liquid loading in gas wells. In order to further verify the effectiveness of the
prediction model, the two-phase flow at low gas velocity in the wellbore was simulated by
indoor experiments, and a large amount of field data was used to verify the universality of
the model.
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2. Governing Equations
2.1. Analysis of Liquid-Film Reversal

There are two ways to judge the prediction point of liquid-film reversal: criterions
of minimum gas-liquid interface shear force and zero wall shear force. The two kinds of
criteria are, respectively, obtained from the analysis of liquid film flow stability and the
laminar flow velocity assumption. However, there are some differences in the critical gas
velocity obtained by the two kinds of methods. Therefore, it is necessary to analyze the
judgment criteria of liquid-film reversal before building the theoretical model.

2.1.1. Stability Analysis

The essence of the liquid-film reversal model proposed by Barnea [23] is the transition
from annular flow to stirring flow. According to the relationship between dimensionless
liquid film thickness and gas-liquid interfacial shear force shown as Equation (1), the
stability of liquid film can be analyzed as follows:

7 = g(pL — pc)Dsin B3 —3°) (1 — 23) + B%CLPL (5) v {(1_25)2] 1)

According to the gas equilibrium equation, the relationship between the interfacial
shear stress and the gas flow rate is as follows [23]:

— @)

where 7; is interface shear force, Pa; V is the velocity, m/s; and Vs and Vg are the
dimensionless superficial liquid velocity and gas velocity, respectively, m/s. In multiphase
flow, the superficial velocity is expressed as the velocity of a single fluid flowing through
the area; ¢ is the dimensionless liquid film thickness; f; is the interfacial friction coefficient;
D is the pipe diameter, m; f is the angle of inclination from the horizontal; p; is the liquid
phase density, kg/ m3; C L is the constant related to the friction coefficient, and g is the
gravitational acceleration m/s?.

As shown in Figure 1, in the curve of the relationship between the liquid film thickness
and the interfacial shear force, when the gas phase curve intersects to the right of the lowest
point of the liquid phase curve (as shown in point B in the figure), the liquid film thickness
increases, the interfacial shear force required by the liquid film increases, and the interfacial
shear force of gas phase also increases. The interaction between gas and liquid leads
to the divergence of the liquid film thickness and interfacial shear force. This physical
phenomenon is characterized by the instability of the liquid film and the flow state of liquid
film cannot maintain the same as that at point B. When the gas phase curve intersects on
the left side of the lowest point of the liquid phase curve (as shown in point A in Figure 1),
if the liquid film thickness increases, the interfacial shear force required by the liquid phase
decreases, and the interfacial shear force of the gas phase increases. The interaction between
the gas and liquid phases causes the liquid film thickness and interfacial shear force to
return to the same as at point A, so point A is the stable flow point of the liquid film.

According to the analysis, it can be concluded that the minimum value of liquid phase
curve is the critical point of liquid film stable flow, and the gas velocity corresponding to
this point is the critical velocity of liquid-film reversal.
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Figure 1. Relationship between dimensionless interfacial shear force and liquid film thickness.

2.1.2. Criteria for Judging Liquid-Film Reversal

Some researchers believe that the flow state of the liquid film in the annular flow is
laminar flow. When the gas velocity is not enough to carry the liquid film continuously
upward, the liquid film velocity near the wall will decrease to zero, and the corresponding
wall shear force will also be close to zero. This method can be derived from N-S equation
or Hagen—Poiseuille equation.

In this work, Newton’s law of internal friction and force balance are used to analyze
the liquid film. Assuming that the thickness of the liquid film attached to the pipe wall is
small enough in annular flow, the relationship between the shear force and the velocity
gradient of the liquid film can be obtained according to Newton’s law of internal friction
and the balance of forces:

T=h?}jzn—<£+ﬁg>(5—y) ®)

where 7; is the interfacial shear force, Pa; i is the liquid dynamic viscosity, Pa-s; y is the
radial distance from the wall, m; P is the pressure, Pa; z is the axial distance, m; and J is the
liquid film thickness, m.

By integrating the above formula, the expression of velocity is obtained:

1 dP y?
V= M{Tiy— (dz +PL8> (5]/—2>] 4)

The equation of superficial liquid velocity can be obtained by integrating the expres-
sion of velocity on the thickness of liquid film:

41, 1(dp ;
Vis = ) [szfs 3 (dz ‘|‘PLg)5 ] ®)

The mechanical equilibrium of the gas phase is analyzed, and the relationship is

as follows: ip .
- D_2 Pc8 (6)

Equation (6) is introduced into Equation (5), and the relationship between the interfa-

cial shear force and the superficial velocity of liquid phase and the thickness of liquid film

can be obtained: v D 2
T = L=+ 2oL —p)gd 7)



Processes 2021, 9, 923

50f19

The dimensionless relationship is:
=543 ®)

where T; is the dimensionless interfacial shear force; V| 5 is the dimensionless superficial
liquid velocity; ¢ is the dimensionless liquid film thickness, and the expression of each
dimensionless number is as follows:

7= m ©)
o= % (10)

Vis = mws (11)
Vgs = (;)L—p#g[)‘/cs (12)

1. Deriving from the relationship between the interface shear force and the liquid film
thickness (Equation (8)), the formula of the critical liquid film thickness corresponding
to the minimum interfacial shear force criterion is obtained:

_ 3__
6=1{/ EVLS (13)

2. If the wall shear force is equal to zero, the Equation (3) can be rewritten as:

dP

By introducing Equations (6) and (7) into Equation (14), the critical liquid film thickness
formula under the zero wall shear criterion can be obtained:

- 3_ 1426
5= 232V - 15
JZ LS<1_105> (15)

According to Equations (13) and (15), the curves of critical liquid film thickness under
different liquid velocities are shown in Figure 2. At the same liquid velocity, the critical
liquid film thickness obtained by the zero wall-shear criterion is greater than that obtained
by the minimum interface shear criterion, indicating that with the decrease of gas velocity
the liquid film first reaches the unstable point, and then reaches the zero wall-shear point.
Considering that it is difficult for the liquid film to maintain its shape after reaching the
instability point, and the zero wall-shear point may not appear under physical conditions,
this study considers that the minimum interfacial shear criterion determines the critical
condition of liquid-film reversal.
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Figure 2. Comparison of dimensionless liquid film thickness calculated by two criteria.

2.2. Establishment of Liquid-Film Reversal Model

Based on the minimum interfacial shear criterion, the critical thickness and the critical
interfacial shear force of liquid film inversion can be obtained. Combined with the flow
model of the gas phase, the critical superficial gas velocity of liquid-film reversal can
be derived.

The dimensionless expression of critical superficial gas velocity can be obtained by
dimensionless transformation transformation of Equation (2).

Ves = (1- 23)2\/ 2le (16)

This is the basic formula for calculating the critical liquid-carrying velocity. The
critical gas-liquid interfacial shear force and critical liquid film thickness obtained from
Equations (8) and (15) are brought into the above formula to obtain the critical liquid-
carrying gas velocity. It should be noted that accurate prediction of the critical velocity also
requires reasonable consideration of the effect of the tilt angle on the film thickness and
the interfacial friction coefficient. In this model, the empirical relationship proposed by
Belforid [19] is used to introduce the influence of tilt angle on the critical liquid-carrying
velocity, which is expressed by parameter K.

(sin 1.7,[%)0‘38

K=""07

(17)
Differently from previous studies, a new interface friction coefficient is proposed
based on the experimental data fitting. Considering that the calculation of liquid film flow
in this model still keeps Wallis friction coefficient form [22], the modified friction coefficient

expression is:
fi = 0.005(1 + 3600) (18)

Based on the above formulas, the expression of critical superficial gas velocity can
be obtained:
2 2T1’

(sin1.78)%®
0.005(1 4 3608)

Veo = 1-25 1
Vas o7a (129 (19)
Differently from the conditions in laboratory, the fluid medium in the wellbore is
generally natural gas and water under the condition of high temperature and high pressure,
in which natural gas belongs to compressible gas, so it is necessary to obtain the physical

parameters of natural gas in the actual wellbore according to the non-ideal gas equation, and



Processes 2021, 9, 923

7 of 19

then calculate the critical liquid-carrying flow rate. According to the working conditions of
a natural gas well, the expression of critical production is as follows:

ZT

g=25x10 (20)
where g is wellhead production, m®/d; A is cross-sectional area of tubing, m?; P is gas
pressure, Pa; is the gas velocity, m/s; Z is natural gas compression factor, and T is ambient
temperature, K. In order to facilitate the engineering calculation, the temperature of 25 °C
and the pressure of 0.1 MPa are taken as the ambient temperature and atmospheric pressure
environmental parameters.

3. Results and Analysis
3.1. The Effect of Interfacial Shear Force on the Critical Liquid-Carrying Gas Velocity

In the vertical pipeline, the shear force at the gas-liquid interface provided by the
gas movement is closely related to the gas velocity. The relationship between the critical
liquid-carrying gas velocity and the shear force at the gas-liquid interface is shown in
Figure 3. When the superficial liquid velocity increases from 0.014 m/s to 0.071 m/s, the
corresponding interfacial shear force also increases. It shows that the critical liquid-carrying
gas velocity increases with the increase of interfacial shear force. When the interfacial shear
force is around 8 Pa, the superficial liquid-carrying gas velocity increases to the maximum.
At that time, the critical gas velocity is the gas velocity corresponding to the formation of
stable liquid film in the pipeline. However, with the further increase of interfacial shear
force, the increase of critical gas velocity is not obvious, or is even slightly decreased. The
reason is that increase the interfacial shear force by increasing the superficial velocity of
liquid will cause the liquid film to thicken, then the interphase friction will be increased,
and the energy loss will be slightly increased, which shows that the superficial gas velocity
of liquid-carrying will be reduced.

19.0

—_
=)
W
T

%0
o
T

critical gas velocity, Vg (m/s)
= .
T

Sy
o
T

./.—_——.\. pipe diameter

16.5 |- —=—45mm
—&— 50 mm
—A&— 55 mm
160 1 1 1 1
4 5 6 7 8 9 10

critical interficial shear force, 7; (Pa)
Figure 3. The relationship between critical gas velocity and critical interface shear.

3.2. Relationship between Critical Liquid-Carrying Gas Velocity and Pipe Conditions

According to the prediction model of critical gas velocity proposed in this work,
the change of critical gas velocity with pipe inclination angle can be obtained by further
analysis. It can be seen from Figure 4 that the vertical position of the pipeline is set at an
inclination angle of 0° and the critical liquid-carrying superficial gas velocity increases
first and then decreases with the decrease of the inclination angle of the pipeline. It shows
that the gas velocity reaches the maximum value when the pipe angle is 30° to 40° from
horizontal position, and then the critical gas velocity gradually decreases when the pipeline
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continues to tilt. This law exists under different liquid velocities and is consistent with the
results of literatures research [28,29], which also verifies the effectiveness of the new model
proposed in this work.

25

553
w
T

S}
iy
T

o
T

—e— 1,3-0.014m/s
1 vertical pipe flow —o— 1/, =0.028m/s

—o— /,-0.042m/s

—— V/,4-0.071m/s

—o— 1/,¢-0.100m/s
15 L 1 L | L 1 L 1 L 1

Y

critical gas velocity, Vg (m/s)

= -
T

0 10 20 30 40 50 60

pipe angle, /5 (°)
Figure 4. The relationship between gas velocity and pipe inclination angle.

Figure 5 shows the variation of critical liquid-carrying gas velocity with pipe size
under different superficial liquid velocities in the vertical pipeline. The result shows that at
the same superficial liquid velocity, the critical liquid-carrying gas velocity is positively
correlated with the pipe diameter. According to Wallis’s formula of gas-liquid shear
force [22], it can be seen that as the pipe diameter increases, the internal friction decreases,
and the drag force of the gas on the liquid film decreases. Conversely, the smaller the
pipe diameter, the greater the drag force provided, and the liquid film is more likely to be
carried upward and not easily reversed. Therefore, the required liquid-carrying critical gas
velocity is relatively small.

20
2 18+
E
8
~ 16
Z
Q
o
)
e 1k —=— 7, ~0.014m/s
S —o— V/,~0.028m/s
§ —A— 1/, =0.042m/s
£, —v—V,=0.071m/s
© —— ¥, ~0.100m/s
10 L Il L Il L 1 s 1 L 1 L
10 20 30 40 50 60 70

pipe diameter, D (mm)
Figure 5. The relationship between critical liquid-carrying gas velocity and pipe diameter.

3.3. Prediction of Critical Production under Different Values of Liquid-to-Gas Ratio

According to the prediction model, the change of superficial liquid velocity will di-
rectly affect the wellhead production, as shown in Figure 6. With the increase of superficial
liquid velocity, the critical production decreases. When the liquid velocity increases to
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0.015 m/s, the wellhead production begins to drop drastically. This rule is especially ob-
vious when the value of the liquid-to-gas ratio is relatively large, where the liquid-to-gas
ratio can be defined as the ratio of superficial liquid velocity and superficial gas velocity,
V1s/Vgs. Further analysis shows that under the condition of lower liquid velocity, the
wellhead production decreases significantly as thereciprocal of gas-liquid ratio increases.

S

38,000

37,000 |

36,000

35,000 |

T

34,000

33,000 reciprocal of gas-liquid ratio
—=— 191 x 10°
32,000 —e—241x 107
—A—2.64 x 107

critical liquid-carrying production, ¢ (m*/d)

31,000 1 1 1 1 I
0.005 0.010 0.015 0.020 0.025 0.030 0.035

superficial liquid velocity, ¥ (m/s)

Figure 6. The relationship between superficial liquid velocity and critical liquid-carrying production.

4. Verification and Evaluation of the Theoretical Prediction Model
4.1. Laboratory Test Verification

In this work, 24 groups of indoor experiment were carried out to simulate the gas—
liquid two-phase flow phenomenon in the pipeline and reproduce the liquid reversal
behavior. Through experimental observation and parameter measurement, the mechanism
of gas-well effusion was studied, and the effectiveness of the theoretical prediction model
proposed in this paper was verified.

The experimental work was carried out on the multiphase flow experimental platform
of the Institute of Mechanics, Chinese Academy of Sciences. The platform can realize
the experimental simulation of gas-liquid and liquid-liquid two-phase pipe flow. The
experiment process is shown in Figure 7. The test pipeline is a transparent plexiglass
pipe with a height of 3.2 m and a diameter of 50 mm. The liquid is injected through the
liquid inlet at the lower part of the pipe, and the gas enters through the bottom of the pipe.
When the gas velocity is large enough, the gas carries the liquid upward. The experimental
parameters were observed and measured in the fully developed section of the pipeline, at
a height of 2.5 m. The droplet size in the gas core could be measured after stripping the
liquid film.
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Figure 7. Experimental flowchart.

The experimental superficial liquid velocity was set to 0.014, 0.028, 0.042, and 0.071 m/s,
the superficial gas velocity was 22.64, 19.81, 16.98, 14.15, 11.32, and 8.49 m/s, and the
gas-liquid ratio range of the experimental conditions was 1600 to 120. Measurement
parameters included camera recording of flow pattern, droplet size, pressure drop, and
liquid-film velocity.

4.1.1. Liquid-Film Reversal Mechanism

The experiment conducted online measurements of the droplet size under five differ-
ent gas-liquid ratio conditions shown as Table 1. The measurement results show that the
droplet size decreased with the decrease of the gas-liquid ratio, but the range fluctuation
was not large. The largest droplet size distribution occurred when the gas-liquid ratio was
1463. Under this working condition, the droplet size with a cumulative volume fraction of
90% was 1863.87 pm. Figure 8 shows that when the gas-liquid ratio was 1463, the droplet
size of 2500 pm increased sharply to 22%. This may have been due to the coalescence
behavior of the droplets in the sampling tube under larger gas conditions. The droplet size
after coalescence was 2500 um. Considering that the droplet coalescence may occur in this
test, the actual droplet size will be smaller and the maximum droplet size will not exceed
2500 pm. The droplet size with a cumulative volume fraction of 50% ranged from 50 um
to 192 um, and the droplet size with a cumulative volume fraction of 10% ranged from
7.56 um to 30.50 um. These results indicate that most of the droplets were smaller in size.
Therefore, the following conclusion can be drawn—under the liquid reversal condition, the
droplet size does not exceed 2500 pm at most.
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Table 1. Droplet size distribution under five different gas-liquid ratios.

Gas-Liquid Ratio

Droplet Size (um)

Cumulative Volume Cumulative Volume

Cumulative Volume

Fraction Is 10% Fraction Is 50% Fraction Is 90%
1463 7.56 28.51 1863.87
512 30.50 192.41 360.20
375 17.55 49.88 161.65
300 17.16 45.46 138.43
233 12.30 32.74 144.63
100 40.00
a
g 30.00
(0] >
5 g
(] =)
< 50 2000 §
2 I
5 10.00 S
0 0.00
0.10 1.00 10.00 100.00 1000.002500.00
Particle Diameter (um)
100 40.00
b
g 30.00
Q
£ 3
(=] =
= 50 {2000 §
2 fr
8 10.00 2
0 0.00
0.10 1.00 10.00 100.00 1000.002500.00

Figure 8. Droplet size distribution: (a) gas-liquid ratio is 1463 and (b) gas-liquid ratio is 300.

Particle Diameter (um)

The maximum droplet size calculated using the droplet reversal model [16] ranged
from 3201 pm to 9024 um, which is much larger than the droplet size measured in this work
(2500 um). This shows that droplet reversal is not the dominant factor in the formation of
liquid accumulation in gas wells. It can be seen that the liquid-film reversal mechanism
selected in this study is reasonable, which is supported by experimental data.

4.1.2. Correlation between Pressure Drop and Liquid-Film Reversal

Figure 9 shows the relationship between the experimental value of pressure drop and
the superficial gas velocity. The change trend of the pressure-drop curve under different
liquid velocities was consistent—the measured value of pressure drop decreased with
the decrease of gas velocity. When it decreased to a minimum value, the pressure drop
increased with the decrease of gas velocity.
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Figure 9. Variation of total pressure gradient with gas velocity.

In most cases, the acceleration pressure drop is very small and can be ignored, so
the gravity pressure drop and friction pressure drop determine the total pressure drop.
With the decrease of gas velocity, the friction pressure drop will decrease, and the gravity
pressure drop will increase with the increase of liquid film thickness. If the gas velocity
is further reduced, the flow pattern may transition to slug flow, and the pressure drop at
this time may further increase. Combined with the critical gas velocity of the liquid-film
reversal, it was found that the liquid-film reversal flow point was close to the minimum
pressure drop point, which indicates that the flow pattern may change after the liquid-film
reversal, and the pressure drop may have a complicated fluctuating trend.

4.1.3. Verification of the Prediction Model of Critical Liquid-Carrying Gas Velocity

A high-speed camera was used to record the liquid film flow under different working
conditions, as well as the gas velocity range and the liquid film falls were determined
through image analysis. The experimental video record is shown in Figure 10. The results
show that when the gas velocity was 22.64 m/s, the liquid film under all liquid velocities
was in a continuous upward flow state, and there were fewer ripples on the liquid film.
As the gas flow rate decreased, the liquid film became thicker, the interface wave became
significant, and the bubbles entrained in the liquid film increased. When the gas flow rate
decreased to 16.98 m/s, the interface wave became significant, and the video recording
shows that the liquid film started to oscillate up and down, indicating that the liquid film
had a tendency to fall. Although the liquid appears to fall back, the liquid film moved
down a certain distance, but soon continued to flow upward, so the liquid film was in a
state of repeated rising-reversal flow. Further reducing the gas velocity to 11.32 m/s and
8.49 m/s, the thickness of the liquid film increased significantly. Even under the condition
of large liquid volume (superficial liquid velocity reached 0.071 m/s), the liquid film could
not be maintained, and the liquid moved repeatedly up and down in the pipeline in the
form of blocks. This showed that the flow pattern gradually transitioned to slug flow.
When the gas velocity dropped below 8.49 m/s, slug flow appeared.

The above analysis can limit the liquid-film reversal range to the gas velocity of
16.98 m/s to 14.15 m/s. According to the analysis of the liquid film flow trajectory and the
high-speed imaging, the critical gas velocity when liquid-film reverses can be determined.

The comparison between the prediction values by the new model proposed and the
indoor simulation experiment results in this work is shown in Figure 11. The maximum
relative error is 8.73%, the minimum is 6.38%, and the errors are not more than 10%,
indicating that the new model has high accuracy.
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Figure 10. Image recording (the superficial liquid velocity is 0.028 m/s).
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The liquid-film reversal model is compared with 110 sets of laboratory experimental
data in published literature [29-37]. The experiment data covers the pipe size range from
30 mm to 152 mm, with an inclination of 1 degree to 90 degrees. The fluid medium includes
air-water and air-oil. In order to intuitively show the prediction ability of different models,
the prediction results of the model were compared with the published experimental data
under the same working condition. Comparing the average error of each model under
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110 working conditions, the overall error of different models can be obtained. As shown in
Figure 12, compared with the previous model, the new model has the best agreement with
the 110 groups of published experimental results, and the relative error is only 11.62%.
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Figure 12. The relative error of different models.

In addition, the Shekhar and Liu models also have relatively small errors (Figure 12),
of 11.81% and 15.16%, respectively. The detailed comparison of the three models is shown
in Figure 13. When the inclination angle is 90 degrees (vertical pipe) to 10 degrees from
horizontal position, the error of the new model is smaller than that of Shekhar model and
Liu model, which shows that the accuracy of the new model is higher in the prediction of
vertical and inclined wells. When the inclination angle is less than 10 degrees, the relative
errors of the three models are significantly larger. The accuracy of the current liquid film
inversion model for predicting the critical gas velocity of the horizontal pipe needs to
be improved. Previous experimental studies have shown that the maximum critical gas
velocity occurs at an angle of inclination of about 60 degrees. Therefore, the current new
model meets the engineering application of general gas wells and can be used to predict
the critical flow rate of liquid carrying in gas wells.
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Figure 13. The relative error of different models under different pipe angles.

4.2. Application of Field Data

The model proposed in this work was validated and calculated using gas well data
published in the literature. A total of 191 sets of gas-well data in Turner [15], Coleman [16],
and Veeken [14] were collected, including from 136 wells with fluid accumulation and
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55 wells without fluid accumulation. Because the Barnea model is widely used in effusion
prediction, and the Shekhar model is more accurate in analysis, the new model is compared
with the Barnea model and the Shekhar model. The abscissa of Figures 14—17 is the actual
wellhead production, and the ordinate is the predicted wellhead production. The red solid
line in the figure divides the figure into upper and lower areas, which are the loaded area
and unloaded area. For the unloaded wells, the prediction data are more in the unloaded
area below the graph, which means that the prediction effect of the model is better (as
shown in Figure 14). For the effusion wells, the prediction data are mostly located in the
loaded area, which indicates that the prediction effect is good (see Figures 15-17). The
results show that the accuracy of the liquid-film reversal model proposed in this work is
better than the Shekhar model, and much better than Barnea model. Among 191 gas wells,
the new model correctly predicted 161, the Shekhar model correctly predicted 158, and
the Barnea model correctly predicted 150. Compared with the field data, the new model
can effectively predict 84.3% of the wellhead effusion, and the prediction effect is better
than other models. Therefore, the model established in this study has higher accuracy and
is suitable for the prediction of the critical liquid-carrying flow rate in vertical wells and
inclined gas wells, which is helpful for gas well construction design and in preventing the
damage of liquid loading in gas well.
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5. Conclusions

In this work, the maximum droplet size obtained from the experimental measurement
results proves that liquid-film reversal is the dominant factor of gas well fluid accumulation,
and it is reasonable to predict the liquid loading in gas wells by establishing a liquid film-
reversal model. Further experimental analysis of the liquid film flow was carried out,
and the behavior characteristics of the liquid film flow and reversal and the pressure
fluctuation law were obtained. Based on experimental phenomena, the critical gas velocity
was determined, and the results show that liquid-film reverses when the gas flow rate is
lower than 17 m/s. This work found that the thickness of the liquid film increases and the
interfacial wave oscillation intensifies at low gas velocity. As the gas velocity decreases,
the flow gradually becomes unstable, the pressure drop appears to be a minimum, and the
flow pattern gradually transitions to slug flow.

Through analysis of the liquid film modeling, the results show that it is more rea-
sonable to use the minimum interface shear force criterion to determine the liquid film
inversion critical point, and then obtain the liquid film inversion critical thickness and inter-
face shear force. Based on the Newton's law of inner friction and mechanical equilibrium,
a new critical liquid-carrying model is established. This model considers the influence of
the tilt angle on the thickness of the liquid film, and the new interface friction coefficient is
corrected. Comparing the prediction model with experimental and field data, the results
show that the prediction accuracy of this new model is high, and it can be used to predict
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the critical production of gas wells. The proposed modified model can help field operators
to design the gas well construction, predict the risk of liquid accumulation in gas wells
in advance, formulate reasonable drainage gas recovery measures, and achieve the goal
of reducing costs and increasing efficiency in natural gas recovery. This work has a good
effect on predicting liquid loading in conventional wellbore, but the law of gas-liquid flow
in unconventional wells and complex environmental conditions needs further research
and discussion.
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Nomenclature

A Cross-sectional area, m?

C Constant related to the friction coefficient
d Day

D Pipe diameter, m

14 Velocity, m/s

P Pressure, Pa

f Friction factor

K Parameter

g Acceleration of gravity, m/s?

q Wellhead production, m3/d

y Radial distance from the wall, m
z Axial distance, m

V4 Natural gas compression factor
T Temperature, K

Greek letters

0 Density

Vs Viscosity

T Shear stress

B Pipe inclination angle, rad

o Liquid film thickness, m
Subscripts

G Gas

GS Superficial gas

L Liquid

LS Superficial liquid

i Interface
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