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On the Development of a Model for the Prediction of Liquid
Loading in Gas Wells with an Inclined Section
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Abstract: The ability to predict liquid loading in horizontal gas wells is of great
importance for determining the time of drainage and optimizing the related production
technology. In the present work, we describe the outcomes of experiments conducted
using air-water mixtures in a horizontal well. The results show that the configuration with
an inclined section is the most susceptible to liquid loading. Laboratory experiments in an
inclined pipe were also conducted to analyze the variation of the critical gas flow rate
under different angles, pressure and liquid volume (taking the equal liquid volume at inlet
and outlet as the criterion for judging on the critical state). According to these results, the
related angle of the inclined section ranges from 45° to 60°. Finally, a modified approach
based on the Belfroid model has been used to predict the critical gas flow rate for the
inclined section. After comparison with field data, this modified model shows an
accuracy of 96%, indicating that it has better performances with respect to other models
used in the past to predict liquid loading.

Keywords: Horizontal gas well, inclined section, liquid loading, critical gas flow rate,
air-water flow.

1 Introduction

During the development of gas reservoir, liquid loading is usually one of the most serious
production problems. In the early stages of production, high gas flow rate is capable of
carrying the produced liquid to the surface. With the reservoir energy gradually depleting,
the rapid reduction of gas flow rate results in liquid accumulation at the bottom of the
wellbore. As a consequence of liquid loading, an increase in the back pressure in the well
causes the available transport energy to decrease until eventually liquid accumulates
completely ceasing production. Therefore, an accurate prediction of critical liquid
carrying gas flow rate is of great significance for extending the production life of the gas
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well [Liu, Luo, Zhang et al. (2018); Yang, Wang, Chen et al. (2009); Chen, Yao, Han et
al. (2016); Li, Li, Teng et al. (2014); Xiao, Li and Yu (2010)].

Many researchers have done a lot of work to predict the onset of liquid loading, but its
mechanism still remains controversial. Turner et al. [Turner, Hubbard and Dukler (1969)]
initially proposed a liquid-film model and an entrained-droplet model, and eventually
adopted the spherical droplet model to predict the critical gas velocity for vertical wells.
Coleman et al. [Coleman, Clay, McCurdy et al. (1991)] suggested that the critical flow
rate, required to keep low-pressure gas wells (wellhead pressure less than 3.45 MPa)
unloaded can be predicted adequately with the Turner et al. (1969) model without the
20% upward adjustment. Later, Nossier et al. [Nosseir, Darwich, Sayyouh et al. (2000);
Li, Li and Sun (2001); Guo, Ghalambor and Xu (2006); Wang and Liu (2007); Zhou and
Yuan (2010); Wang, Bai, Zhu et al. (2015)] have put forward modified models on the
basis of Turner et al. (1969) droplet model. Meanwhile, other researchers Barnea et al.
[Barnea (1986); van 't Westende, Kemp, Belt et al. (2007); Belfroid, Schiferli, Alberts et
al. (2008); Veeken, Hu and Schiferli (2010) propose that liquid loading is controlled by
the film reversal.

Currently, only a few studies have been conducted that deal with liquid loading for
horizontal gas wells. Luo et al. [Luo, Kelkar, Pereyra et al. (2014)] developed a
comprehensive model that is based on the Barnea (1986) model. The new model took
into account the non-uniform film thickness of the pipe and thus it improved the
prediction of liquid loading in deviated wells. Shi et al. [Shi, Sun and Li (2016)] proposed
a half-hamburger droplet model to calculate the critical liquid loading flow rate for multi-
fractured horizontal gas wells based on experiments in a gas flow wellbore with different
inclined angles. Shekhar et al. [Shekhar, Kelkar, Hearn et al. (2017)] assumed that liquid
loading initiates when the liquid film starts falling backward and proposed a new method
to predict the onset of liquid loading for inclination angles. Wang et al. [Wang, Guo, Zhu
et al. (2018)] developed a film model from force balance of the bottom film of the
inclined tubing accounting for bottom-film thickness and gas/liquid interfacial friction
factor to reveal the liquid loading mechanism.

Most studies on liquid loading were conducted for vertical wells. The calculation models
for the critical flow rate of gas-liquid two-phase flow in horizontal wells were also based
on vertical wells [Wang and Li (2012); Alsaadi, Pereyra and Torres (2015); Li, Zhang,
Yang et al. (2012); Jiang, Zou, Zhou et al. (2012); Zhang, Luo, Liu et al. (2019)] . In fact,
the study of liquid loading for horizontal wells is more complicated than that of vertical
wells, considering the effects of flow pattern transition and inclination [Wang, Li, Wang
et al. (2014)]. With the increasing number of horizontal wells, it is urgent to study the
liquid loading in horizontal gas wells. In this paper, experimental investigation has been
systematically conducted to determine the position of the easiest to liquid loading and to
analyze the effect of inclined angle, pressure and liquid volume flow rate on the critical
gas flow rate of horizontal gas wells. The experimental phenomenon and test data are
used to analyze the variation law of critical gas velocity. We optimized the Belfroid et al.
(2008) model by modifying its angle-correction term, ultimately developed a modified
mathematical model for predicting critical gas flow rate of inclined section in horizontal
gas wells, providing an experimental basis for the understanding of liquid loading.
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2 The easiest to liquid loading section in horizontal gas wells
2.1 Theoretical basis

Compared with the vertical section, the energy loss of fluid flowing through the inclined
section is different from that of the vertical section under the conditions of unit vertical
height. When gas-liquid two-phase mixtures flow through the inclined section, it is
necessary to overcome the shear stress and gravity work of the pipe wall, which is similar
to the vertical section. However, due to change in trajectory in the inclined section, the
flow direction of the gas-liquid flow changes when it passes through the inclined section,
and the fluid will strike the pipe wall to generate additional energy loss; Compared with a
vertical well with same depth, if the inclined section is longer, the friction loss that needs
to be overcome is greater, resulting in greater additional energy loss. Therefore, it is more
difficult to carry liquid in inclined pipe than in vertical pipe under the same pipe diameter,
pressure and temperature. Generally speaking, liquid carrying in the horizontal section is
the result of pressure difference. For gas-liquid two-phase under certain conditions of
producing liquid and gas, liquid-carrying in horizontal section is basically possible, and
the required gas velocity only needs to overcome the shear stress of gas-liquid interface
and pipe wall. Through analysis and comparison, it is found that the gas velocity required
for liquid-carrying in the horizontal section is lower than that of the vertical section, and
it is the most difficult to carry liquid in inclined section under certain conditions.

2.2 Experiment

In order to study the continuous liquid carrying and liquid loading in horizontal wells, a
gas-liquid flow experiment was conducted using the wellbore of a horizontal well.

The experiment was carried out at the Laboratory of Multiphase Pipe Flow of Gas Lift
Innovation Center at Yangtze University, China. The horizontal wellbore gas-liquid two-
phase flow simulation experimental facility was designed and fabricated. The
experimental flow chart is shown in Fig. 1. The experimental facility consists of
simulation wellbore, gas-liquid steady flow regulation system, metering system and
separation system. The experimental test pipe consists of a visual Perspex pipe with an
inner diameter of 30 mm, a length of vertical pipe of 12.47 m, inclined pipe of 4 m, and
horizontal pipe of 12.47 m. The experimental media were air and water.

During the experiment, air was supplied by the air compressor and measured by the air
flow meter with a range of 0-2100 m3/h and an accuracy of +1%. Water was supplied by
a liquid pump and measured by a liquid flowmeter with a range of 0-20 m*h and an
accuracy of +0.5%. After the air and water were fully mixed in a blender, the air-water
mixture flowed into the test pipe. At the entrance of the test pipe, a pressure sensor with a
range of 0-3.5 MPa and an accuracy of £0.1% and a temperature sensor with a range of
0-90°C and an accuracy of +0.5%, which can meet a variety of different temperature and
pressure conditions, were installed. Meanwhile, the measured data was transmitted to the
computer. In addition, the flow pattern transition and liquid-carrying state were visually
observed and recorded using a high speed camera with a frame rate of 2000 fps and a
resolution of 1920*1080.
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1-Liquid metering tank; 2-Gas-liquid separator; 3-Liquid pump; 4-Regulating valve; 5-
Liquid flowmeter; 6-Blender; 7-Air storage tank; 8-Air compressor; 9-Tube; 10-Pressure
sensor; 11-Casing

Figure 1: Flowchart of gas-liquid flow in the whole wellbore of horizontal wells

This experiment simulated the air-water flow of the whole wellbore in horizontal well
within a temperature range of 28-31°C. The liquid volume flow rate was adjusted by the
power of the pump and the regulating valve to 0.1 m*h, 0.2 m*h and 0.4 m’h
respectively. The gas volume flow rate was controlled by the regulating valve and
computer with a range of 4-55 m*/h.

In this experiment, the flow pattern transition and the liquid carrying state of gas-liquid
two-phase in the vertical pipe, inclined pipe and horizontal pipe were observed by
adjusting the regulating valve to control injected gas volume flow rate. During the
experiment, firstly, the liquid volume flow rate was adjusted to the experimental value;
meanwhile, the gas volume flow rate was adjusted to the maximum value in the
experiment (55 m>/h). The flow phenomena were observed and recorded when the flow
process was stable; simultaneously, the data such as pressure, temperature and pressure
difference were measured. After that, reduced the gas flow rate and repeated the above
experimental procedure. The relevant flow parameters were tested and the flow
phenomena were observed. After completing a set of experiment, changed the liquid
volume and repeated the above experiment.
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According to the experimental results, the position of the easiest to liquid loading in
horizontal wells is identified from liquid-carrying conditions, flow patterns and pressure
gradient in different sections during air-water flow, as follows.

2.2.1 Liquid-carrying conditions in different sections of horizontal well

From the experimental data, the liquid carrying phenomenon of gas flow in different
sections is summarized. The detailed results are shown in Fig. 2 and Tab. 1.

(c) 35 m*/h of gas volume
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(d) 45 m*/h of gas volume
Figure 2: Liquid-carrying phenomenon in different sections (0.2 m*/h of liquid volume)

It can be seen (Fig. 2) that the liquid phase backflows severely in vertical and inclined
pipes while it starts to be carried in horizontal pipe when liquid volume is 0.2 m/h and
gas volume is 5 m’/h; the liquid backflows slightly in vertical pipe while it is partial
carried in inclined pipe and carried continuously in horizontal pipe when gas volume is
20 m?/h; the liquid is carried continuously in vertical pipe while it is still partial carried in
inclined pipe and carried at a high speed in horizontal pipe when gas volume is 35 m3/h;
the liquid is carried at a high speed in vertical , inclined and horizontal pipe when gas
volume is 45 m*/h.

Table 1: Liquid-carrying phenomenon in different sections (0.2 m*/h of liquid volume)

. Gas volume (m3/h)
Section

<16 16-22 22-35 >35

Vertical  severe backflow  slight backflow Continuous liquid- high speed

carrying liquid-carrying

. e . high speed
Inclined  severe backflow partial liquid-carrying liquid-carrying

. onset of liquid- Continuous effective liquid- high speed

Horizontal . L . . Lo .
carrying liquid-carrying carrying liquid-carrying

When the gas volume is large enough, the gas well can carry liquid stably and effectively.
Meantime, the flow pattern of each well section is different. The vertical section mainly
presents annular flow; the inclined section presents slug flow; the horizontal section
presents obvious wavy flow. When the gas well can carry liquid continuously, the liquid
discharge volume at the wellhead is basically the same as the liquid production in the
horizontal section. There is no liquid accumulation or huge slug reflux in the wellbore.

It can be found that it is more difficult to carry liquid in inclined section than in vertical
section, and the horizontal section can basically carry liquid in horizontal wells.
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2.2.2 Flow patterns in different sections of horizontal well

Through simulating experiment of gas-liquid flow in horizontal wells, the flow patterns
in different sections are summarized, as shown in Fig. 3 and Tab. 2.

(c) horizontal pipe

Figure 3: Flow pattern transition during gas flow rate decline (0.2 m*/h of liquid volume)

Table 2: Flow pattern transition during gas flow rate decline

section flow pattern transition
vertical mist flow, annular mist flow, annular flow, churn flow, slug flow
inclined slug-annular, churn flow, slug flow

horizontal annular flow, wavy flow, laminar flow

It can be seen (Fig. 3) that with the increase of gas flow rate, annular mist flow carrying
liquid at high speed appears first in the vertical pipe under 0.2 m*h of liquid volume;
unlike the vertical pipe, slug flow always appears in the inclined pipe, and is
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accompanied with backflow until flow rate high enough. When the gas flow rate is low,
the liquid accumulates on the pipe wall and slides downward due to the gravity of the
liquid. The falling liquid film collides with the fluid followed by the airflow, causing
disturbance and forming a slug flow (gas and liquid intermittently flow, mainly a gas slug
and a liquid slug alternately appearing); Provided a sufficient amount of liquid, slug flow
will be formed even if the gas flow rate is not too high. The reflux of the inclined section
has an effect on the flow pattern of the horizontal section. In the horizontal section, the
frictional energy of the air-water interface can push the liquid from toe to root with a little
pressure difference and air flow rate. The air-water two-phase flow is characterized by a
relatively stratified flow, and the fluctuation of the air-water interface is not obvious.
When there is liquid reflux in the inclined section, most of the liquid accumulates in the
root of the horizontal section, where slug flow is easy to form. Furthermore, the liquid
loading weakens the liquid carrying capacity of the horizontal section since the liquid
reflux consuming part of the energy (the acceleration of liquid phase changed).

The analysis of flow pattern in horizontal wells shows that slug flow is the main flow
pattern in the inclined pipe, and it is difficult to carry liquid in the whole process. When
continuous liquid carrying occurs in vertical pipe and horizontal pipe, there is still a slight
backflow in inclined pipe. Combining the indoor simulation experiment phenomenon and
the fluid carrying process, it is found that it is the most difficult to carry liquid in the
inclined section.

2.2.3 Pressure gradient in different sections of horizontal well

Through the simulation experiments of gas-water flow in a single pipe of horizontal well,
the pressure gradient of gas-water flow in vertical pipe, inclined pipe and horizontal pipe
is analyzed, as shown in Fig. 4.
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Figure 4: Pressure gradient of gas-water flow in horizontal well

Variation of the pressure gradient with gas flow rate (Fig. 4) shows that the largest
pressure gradient values are obtained in the inclined pipe during the gas-water flow,
which further indicates that the inclined pipe is the most easily accumulated section of
horizontal wells.
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In conclusion, the horizontal and vertical pipes have little effect on the continuous liquid-
carrying of the horizontal gas wells, and the liquid loading in the inclined pipe is the main
factor to cause liquid loading in the horizontal gas wells. Therefore, it is necessary to
focus on the analysis of liquid carrying in the inclined pipe when studying the problem of
continuous liquid carrying in horizontal gas wells.

3 Critical liquid carrying experiment in the inclined pipe
3.1 Experimental facility

108 tests for gas-liquid flow and liquid carrying were conducted in the inclined pipe to
determine the position of the most prone to liquid loading in the inclined pipe and the
critical gas flow rate at different angles. The experiment is conducted at the Laboratory of
Multiphase Pipe Flow of Gas Lift Innovation Center, CNPC. The experimental test pipe
consists of a 7 m perspex pipe with an inner diameter of 60 mm. The experimental flow
chart is shown in Fig. 5.

1-Air compressor; 2-Air dryer; 3-Aerovalve; 4-Blender; 5-Temperature sensor; 6-Fast
valve; 7-High speed camera; 8-Pressure sensor; 9-Gas-liquid separator; 10-Metering tank;
11-Water tank; 12-Liquid pump; 13-Buffer tank; 14-Flowmeter; 15-Computer

Figure 5: Flowchart of gas-liquid flow liquid-carrying experiment

In the experiment, the pressure of the test pipe was set to 0.2 MPa and 0.5 MPa and the
inclined angles were 6°, 10°, 15°, 30°, 45°, 60° and 74° from the horizontal. The liquid
volume flow rate was 0.1 m*h, 0.2 m*h, and 0.4 m*h while the gas flow rate was
controlled with a range of 100-700 m?/h (standard condition). The experimental media
were air and water.

Under the selected pressure conditions of 0.2 MPa or 0.5 MPa, the injected liquid flow
rate was kept constant. By changing the injected gas volume, the state of liquid phase in
the experimental pipe under different inclined angles was observed. When a stable
critical liquid-carrying state in the experimental pipe section was reached, the
experimental data including the injected gas flow rate, the injected water flow rate,
pressure, pressure difference, and temperature were recorded by computer. Meanwhile,
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the flow patterns were recorded by a high speed camera. After completing a set of
experiments, the pressure was changed and the above experiment was repeated to obtain
critical liquid-carrying gas flow rate under different pressure.

During the experiment, the criterion of airflow reaching a stable critical liquid-carrying
state under various working conditions was the same liquid volume at the outlet and the
inlet. According to the experimental test data, the graph of the liquid holdup changing
with gas flow rate under certain inclined angle and different liquid flow rate is plotted,
and the critical liquid-carrying gas flow rate determined by the experiment is marked, as
shown in Fig. 6.
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Figure 6: Liquid holdup curves at 0.2 MPa

It is found that the liquid holdup in wellbore increases as the gas flow rate decreases. By
comparing the change of liquid holdup before and after the critical gas flow rate, it can be
found that when the gas flow rate is greater than the critical liquid-carrying flow rate, the
liquid holdup changes more gently with the gas flow rate; while the gas flow rate is less
than the critical liquid-carrying flow rate, the liquid holdup increases obviously with the
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decrease of the gas flow rate. This proves that the criterion for determining the critical
liquid-carrying gas flow in the experiment is correct.

It can be inferred from Fig. 6 that the liquid holdup increases first and then decreases with
the inclined angle increasing. This can be attributed to the redistribution on the fluid. When
the inclined angle changes, the gravity and viscous resistance have a huge impact on the
liquid phase, and ultimately lead to the change of slip velocity and liquid holdup. Under a
certain amount of gas and liquid volume, the gravity on the liquid reduces the liquid
velocity with the inclined angle increasing, which corresponds to an increase in the slippage
and liquid holdup. With a further increase of inclination, the liquid is overlapped in the pipe,
which will reduce the slippage between the gas and liquid, thus the liquid holdup decreases.
When the inclined angle is about 50°, the liquid holdup reaches the maximum.

3.2 Liquid loading in the inclined pipe

The critical gas flow rate measured under different pressure and inclined angles in the
experiment were plotted as shown in Fig. 7. It can be found that with the angle increasing,
the critical gas velocity increases first and then decreases. The critical gas velocity
reaches its maximum when the inclined angle at the range of 45-60°.
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This is because of the force balance on the film attached to bottom of the inclined pipe. To
take the liquid film as the force analysis object, as shown in Fig. 8. When the force is
balanced, the gas drag force to the liquid film is equal to the component of the gravity along
the gas flow direction. Meanwhile, there is no friction between the film and the pipe.

Figure 8: Schematic of the force balance on the liquid film at the bottom of an inclined
pipe

The force balance per unit length on the film along the gas flow direction can be given as
F,=Gsiné (1)

where £y is the gas drag force, G is the gravity per height of the bottom film, and @ is the
angle from the horizontal.

With the inclined angle increasing, the circumferential distribution of the liquid film
becomes more uniform and the liquid film thickness decreases, which leads to the gravity of
the liquid film is decreased. Namely, a larger inclination means a larger sinf and a smaller G
in Eq. (1). At low inclination, the rate of increase in sinf is larger than the rate of decrease in
G when the inclination increases, which results in a larger F, to drag the film for prevention
reflux. However, a further increase will lead to an opposite change of F, when the
inclination reaches a certain point, which corresponds to a decrease in gas velocity.

It can be seen from Fig. 7 that the critical gas flow rate increases with the pressure of gas
well increasing. When the pressure is increasing, partial kinetic energy transforms into
internal energy due to gas molecules squeezing. At the same time, the friction between
the gas molecules and the pipe wall increases and the energy loss is significant, which
ultimately causes the decrease of gas flow rate and drag force of the gas carrying liquid in
the wellbore.

4 Optimization of prediction model

Through the dynamic simulation of gas-liquid two-phase flow and critical liquid-carrying
flow under different inclined angles, pressure and flow rate in inclined pipe, the
experimental results are compared with the calculation results of several commonly used
prediction models. The results are shown in Fig. 9.
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Figure 9: Comparison of experimental results with calculated values of the models

It can be seen that the errors of the Turner et al. (1969) model, Coleman et al. (1991)
model and Li et al. (2002) model are large, mainly because these models are derived
based on the droplet theory. But the theory and experiment have proved that liquid phase
exists and is carried mainly in the form of liquid film. Furthermore, these models are
based on the condition of vertical pipe, while the force state of liquid phase in inclined
pipe is quite different from that in vertical pipe. The Belfroid et al. (2008) model over-
predicts the experimental data. This is because the model is based on the derivation of
directional well. The model considers that the droplets move upward along the central
line of the wellbore, which is inconsistent with the actual liquid carrying situation. Only
the trend of Belfroid et al. (2008) model is more in line with the experimental results,
although the numerical values still have a great deviation.

Using the experimental results, the Belfroid et al. (2008) model (Eq. (2)) is optimized and
fitted with the experimental data. A modified model (Eq. (3)) for predicting critical gas
velocity in inclined pipe is obtained.
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where v, is the critical gas velocity, p; is the density of liquid, p, is the density of gas, o is
the surface tension, and @ is the inclined angle.

The formula of critical gas flow rate can be written as:
Apv,
=2.5x10% e 4)
qSC ZT

where qs is the critical gas flow rate, 4 is the tube area, p is the pressure, 7 is the
temperature, and Z is the compression factor.
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Figure 10: Comparison of calculated gas velocity by models and test data

A total of 56 experimental data can be used to evaluate the models. The comparison of
the predicted and measured critical gas velocity is shown in Fig. 10. Error statistics are
defined as follows:

Error of critical gas velocity:

e, = ( predicted — measured ) / measured %)

Average percent error of critical gas velocity:
1

E =— Zeﬁ (6)
n

Average absolute percentage error of critical gas velocity:

1
]E‘:2 :;z

(7

eri
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Standard deviation of critical gas velocity:

B, = 2% —E) ®

n—1

Table 3: Error statistics of critical gas velocity

Model E1/% Ez/% E3/%
Belfroid model 17.83 18.08 23.92
Modified model 2.85 8.3 9.76

Comparison with the modified model, the Belfroid et al. (2008) model overestimates the
critical gas velocity. The average absolute errors of the predicted by the modified model
and the Belfroid et al. (2008) model from the measured critical velocity are 8.39% and
18.08%, respectively. Therefore, the modified model has better performance and smaller
deviation for prediction of liquid loading than the Belfroid model.

5 Field data validation

In order to verify the reliability of the new model, the field data of 25 horizontal gas wells
are used to validate the new model and the widely used prediction models. Among these
wells, there are 6 gas wells suffering from liquid loading and 19 gas wells with unloading.
In Eq. (3), it is obvious that when the inclined angle is 53°, the critical gas velocity
reaches the maximum. Therefore, 53° is selected as the most difficult to liquid-carrying
point to calculate the critical gas flow rate.
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Figure 11: Comparison of calculated gas flow rate by models and field data
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Table 4: Results of model prediction

Model Liquid-loading gas wells Unloading gas wells Total
wells accuracy wells accuracy wells accuracy
Turner 1/6 16.67% 19/19 100% 20/25 80%
Li 1/6 16.67% 19/19 100% 20/25 80%
Belfroid 5/6 83.33% 18/19 94.74% 23/25 92%
New 5/6 83.33% 19/19 100% 24/25 96%

Fig. 11 presents the comparison of the calculated gas flow rate by the three models and
the field data. The diagonal line represents that whether a gas well is suffering from
liquid loading. If a data point of a liquid-loading gas well in the figure is above the
diagonal line, a data point of an unloading gas well is under the diagonal line, namely, the
result of model prediction is correct. Otherwise, the result of model prediction is wrong.
It can be seen from Fig. 11 that the Li model is too conservative in prediction of liquid
loading. The values of calculated gas flow rate of Turner model are larger than that of Li
model, but the two models misjudge 5 gas wells suffering from liquid loading, similarly.
The Belfroid model misjudges 1 gas well suffering from liquid loading and 1 gas well
with unloading. The new model has more accurate prediction in loading and unloading
gas wells with 1 misjudgment of liquid loading gas well (see Tab. 4). From the validation
against the field data, it can be concluded that the new model can provide an accurate
approach to predicting liquid loading of a horizontal gas well.

6 Conclusion

The gas-liquid two phase flow experiment in the whole wellbore of a horizontal well and
critical liquid carrying experiment in inclined pipe section were conducted on the
multiphase flow experimental platform. A modified Belfroid et al. (2008) model is
proposed to predict critical gas flow rate in horizontal gas wells. The following
conclusions can be drawn from the study:

(1) By observing the experimental phenomenon of gas-water flow in a horizontal well
and comparing the pressure gradient of each section, it is shown that the inclined section
is the position of the most easily to liquid loading in horizontal gas wells.

(2) With the increase of inclined angle, the critical gas velocity increases first and then
decreases, and angle of the most easily to liquid loading ranges from 45° to 60°.

(3) The trend of the critical gas velocity calculated by the Belfroid et al. (2008) model is
consistent with the experimental results, but the calculated value is larger than the
experimental value. A modified model for predicting critical gas velocity of inclined
section in horizontal gas wells is proposed by fitting with experimental data and
correcting the angle term of the Belfroid et al. (2008) formula.

(4) The modified model is validated with field data. It shows that the new model is more
accurately for prediction of liquid loading compared with other models, verifying the
reliability of the new model.
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