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The potential risks of liquid-loading can be significantly decreased by precisely
calculating the minimum gas flowrate required for continuous liquid removal in
gas wells and using suitable deliquification technology beforehand. Due to lack of
comparative studieswith liquid-loading characteristics, existing predictionmodels
are not very adaptable in the course of the application. So as to investigate the
flowing behavior of liquid film under different conditions, visual experiment was
conducted. The findings indicate that as the inclined angle increases, the liquid-
film-reversal gas velocity increases initially before decreasing. The maximum
velocity of liquid-film-reversal is around 55°. The liquid-film-reversing gas
velocity increases linearly along with the rise in superficial liquid velocities. The
liquid-film-reversal gas velocity likewise increases linearly as the superficial liquid
velocities. The analysis findings also indicate that several dynamic liquid-loading
symptoms of the gas well are inconsistent with the liquid-film-reversal criterion,
meaning that the gas well does not instantly follow the liquid-film-reversal. On the
basis of our experimental findings, a new liquid-loading commencement criteria
was then developed. As a result, this research suggests a novel model for
evaluating liquid-loading in gas wells. The model’s accuracy was found to be
as high as 85.7% by looking at 14 gas wells and perform better than othermodels in
the Coleman dataset, which can theoretically enable the prediction of liquid-
loading in gas wells.
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1 Introduction

Oil and natural gas are the most important sources of energy and play a vital role in
economic development (Chai, M. et al., 2022; Chai, M. et al., 2023). The majority of China
conventional gas reservoirs are now in the middle and late stages of utilization as a result of
the decline in reservoir pressure. The drag force of natural gas does not remove liquid
continuously, causing the liquid to accumulate in the wellbore, dramatically increasing the
wellbore pressure gradient and reducing gas production (Luo et al., 2022; Luo et al., 2023; Lea
et al., 2008). Therefore, it is crucial to correctly forecast the lowest gas flowrate required for
the beginning of liquid-loading, and to implement the necessary technological solutions to
provide steady gas well production at low gas production stage (Zhang et al., 2021).

Turner et al. (1696) first suggested a model for forecasting the minimum gas flowrate of
liquid removal based on droplet reversal, which is based on the force balance analysis of the
droplet and determined the lowest flow rate necessary to push the droplet upwards. The force
of droplet in gas core is proportional to the area of the droplet and the drag of the gas on the
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droplet. For this model, the safety value of 1.2 and the drag
coefficient of 0.44 were chosen. Coleman et al. (1991) obtained
higher calculation accuracy by remove the safety coefficient in the
field application of Turner model by comparison with filed data.
Guo et al. (2006) believe that when the force is in equilibrium, only
the droplet can be kept from falling. Considering that the gas flow
rate can carry the droplet, the coefficient of 1.2 should be multiplied
again. In terms of droplet shape, Li et al. (2002) believed that
ellipsoidal droplet under pressure difference was more
reasonable. Based on mechanical results, Wang et al. (2016a)
derived a ball-cap model of critical gas flow rate. In the context
of liquid-droplet reversal models, while they are widely accepted for
their straightforward predictions of liquid-loading onset, the
absence of empirical evidence from experiments and gas wells
hinders the verification of the relationship between droplet
reversal and liquid loading. In a study conducted by Van’t
Wenstende et al. (2007), annular/churn air-water upward flow
experiments were conducted in a 50-mm pipe. The findings
revealed that the measured droplet diameter significantly differed
from the assumptions made in Turner’s model, and no instances of
droplets flowing counter-currently with the gas flow were observed.
Moreover, the empirical findings of Sawant et al. (2008) and Alamu
(2012) provide evidence that the entrainment rate of droplets is
significantly lower compared to that of the film during the transition
of annular/churn flow. This discrepancy is particularly pronounced
in inclined pipes, where droplets are unable to be conveyed over long
distances (Wang et al., 2016b). Consequently, the concept of liquid-
film reversal appears to offer a more plausible explanation for
elucidating the onset of liquid-loading mechanism.

Therefore, many experimental and theoretical studies in recent
years have identified liquid-film-reversal, the liquid in the wellbore
flows upward in the form of the thin film, which is close to the pipe wall,
and the direction of the liquid film flow is opposite to the direction of
the gas flow, as the mechanism of liquid-loading onset. Through the
multiphase flow experiments, Guner et al. (2015), Alsaadi et al. (2013),
and Liu et al. (2022) observed the liquid-film-reversal and examined the
impact of several factors under the critical gas flowrate, including
inclination, liquid flow rate, pipe size, and others. To increase the
model’s accuracy, Wang et al. (2021), Pagou et al. (2020) and Luo et al.
(2020) used parameter optimization dependent on the Barnea, (1986).
In recent years, based on the reversal of a non-uniform liquid film,
Vieira et al. (2021) introduces a newmodel for predicting liquid loading
onset. By using the principle of minimum energy. Wujie et al. (2021)
developed a new model for calculating the gas-liquid distribution at
critical conditions. Liu et al. (2018) established the elliptical distribution
model of the liquid film of the inclined pipe, and the cross-sectional
velocity distribution model is coupled to solve the cross-sectional flow
rate integrally. Wang et al. (2022) presented a simplified model and a
unified model to predict the critical gas velocities of film reversal based
on the conservative momentum principle. Ejim. (2023) developed a
methodology to estimate the superficial critical gas velocities for liquid
loading, which is concentrated on the principle of momentum
conservation for a deviated tubing.

As a whole, there are various methods for forecasting the lowest
gas flowrate of continuous liquid removal in gas wells (Zhang et al.,
2019). The conventional criterion of liquid-film reversal are all
focused on the gas wells’ production timelines to assess if liquid
accumulation is occurring. When the liquid film occurs, we assume

that the liquid will be loaded at the wellbore. No mechanism and
analysis are provided to prove liquid-film-reversal point will lead to
liquid loaded immediately and no comparative studies of liquid-film
reversal result with liquid-loading symptoms is presented in the
previous studies. However, some studies (Wang et al., 2015; Pan
et al., 2019) indicate the liquid-film reversal model is too
conservative to forecast liquid loading in China. If we use this
criterion to predict liquid loading, deliquification methods will be
implemented too early. Actually, according to the observation in the
experiment, the flow behavior of liquid film is still stable relatively
when liquid film is just reversing. Therefore, this paper combines
experimental wellbore observation with the features of wellbore
flow, defines the new criterion of liquid loading in gas wells, and
establishes a new model of critical gas flow rate of continuous liquid
removal by conducting physical experiments.

2 Experimental setup

The experimental setup uses a visual plexiglass pipe to obverse
the wellbore flow phenomenon. The pipeline measures 50 mm in
diameter and 8 m in length. As seen in Figure 1, it may be swapped
simultaneously at any angle between 0° and 90°. The entire
experimental set-up may be broken down into a data collecting
system, a liquid supply system, and a gas supply system. The liquid is
supplied by the water pump, while the gas is supplied by the air
compressor, kept in the gas tank, and safely transferred to the
experimental tube section. In order to enhance comprehension of
two-phase flow, the installation of two pressure sensors was
undertaken. One sensor was positioned at the entrance of the
pipe downstream, while the other was placed at the exit. Liquid
holdup was determined by measuring the liquid volume with the aid
of two quick-closing valves. Furthermore, the direction of liquid-
film flow was documented using an high-speed camera. The
measuring device transmits all of the test and measurement data
to the paperless recorder, which is subsequently loaded into the
computer for data sorting and analysis, and specification summary
of measurement and control system components in Table 1. In
addition, At the exit of the experimental device, a gas-liquid
separator is also installed. The liquid is collected at the bottom of
the separator for recycling, while the gas is vented into the air from
the top of the separator.

3 Analysis of criterion for continuous
liquid removal

The accurate estimation of liquid-loading is the key to the
stability analysis of gas wells (Luo et al., 2020). Liquid-loading
models are mainly developed based on liquid-film-reversal.
Therefore, this paper experimentally analyzes the effect of some
key parameters on liquid-film-reversal.

3.1 Liquid-film-reversal in the pipe

The accurate measurement of the liquid-film-reversal gas flow
rate in the experiment serves as the foundation for an accurate
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investigation of the factors affecting liquid-film-reversal. Therefore,
dyeing agent is injected into the middle section of the experimental
pipe to facilitate the observation of the experimental phenomenon of
liquid-film-reversal, as can be seen in Figure 2. The gas velocity may
be reliably estimated by comparing the gas-liquid flow behavior of
liquid carrying and the color distribution near the injection site.
When the test gas flow rate is greater than the liquid-film-reversal
gas flow rate, the dyeing agent only appears downstream of the
injection hole, as shown in the yellow dotted box in the Figure 2A.
With the decrease of the test gas flow rate, when the dyeing agent
appears upstream of the liquid injection hole, the corresponding

maximum superficial gas flow rate is the liquid-film-reversal gas
flow rate.

Figure 3A depicts the connection among the liquid-film-reversal
gas flow rate and the liquid flow rate in a vertical pipe with varying
pipe diameters. As the liquid velocity increases, the width the liquid
adhering to the wall of the tube grows, which results in an increase in
gas velocity to maintain the liquid upward flow without reversing. It
is also possible to deduce that the liquid-film-reversal velocity is
roughly linear with the superficial liquid velocity.

Similarly, Figure 3B shows that larger the pipe size, the higher
the liquid-film-reversal velocity. Pipe diameter is inversely
proportional to interfacial shear stress, based on Wallis’s
interfacial shear stress equation (Wallis., 1969). The greater the
pipe diameter, the less the interfacial shear stress act on the liquid
layer. Under the same thickness, the wider the pipe diameter, the
greater the liquid-film-reversal velocity.

Figure 4 depicts the measured gas flow rate varies with inclined
angle and liquid flow rate. As the inclined angle increases, the
measured gas flow rate increases first and then decreases, and the
liquid carrying critical gas flow rate reaches maximum when the
inclined angle is around 55°, which is in line with the direction in

FIGURE 1
Two-phase flow experimental setup. 1-Air compressor; 2-Gas storage tank; 3-Gas flow meter; 4-gas-liquid mixer; 5-centrifugal pump; 6-turbine
liquid flowmeter; 7-High-speed cameras; 8-Experimental observation section; 9-gas-liquid separator; 10-Water tank; 11-Paperless recorder; 12-
Computer; 13-Sliding support frame.

TABLE 1 Specification summary of measurement and control system
components.

Gas flow
meter

Turbine liquid
flowmeter

Pressure
sensor

Accuracy, % 1.5 0.5 0.5

Measuring
range

0~200 m3/h 0~0.8 m3/h 0~1000 KPa
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which the Belfroid-proposed angle adjustment item has changed
(Belfroid et al., 2008). Based on the critical gas velocity found on the
vertical pipe, the liquid-film-reversal gas velocity at various angles
was calculated using the Belfroid angle adjustment item, and the
comparison with the experimental result is displayed in Figure 4. It
can be concluded that the Belfroid angle correction term may be
utilized to compute the critical velocity in various angles when the
critical gas flow rate in vertical pipe is an input parameter.

3.2 Comparison of liquid-film-reversal and
liquid-loading symptoms

Although liquid-film-reversal is designated as liquid-loading
onset, we will compare the features of liquid-film-reversal with
the liquid-loading symptoms. When liquid-loading occurs in gas
wells, some symptoms can be observed, such as pressure gradient

inflection point in the wellbore, unstable gas well production and
rapid decrease in tubinghead pressure, appearance of liquid slug at
the wellhead, and fluctuations of pressure.

The liquid will gather up in the wellbore while liquid loading
takes place, when the liquid affixed to the pipeline inwall is inverted,
the liquid will not accumulate. As the vSG is 12.8 m/s and the vSL is
0.01 m/s, Figure 5 demonstrates that the liquid affixed to the pipeline
inwall has reversed. The liquid adhered to pipe sidewall is now
plainly observed to be falling downhill at this condition. However,
the liquid attached to the pipe wall does not always fall back to the
bottom of the wellbore, but is constantly subjected to the upward
“resistance” of the gas core during the falling down process and
gradually becomes thicker, which will cause the gas core area to
gradually be less. When the liquid accumulates enough, the gas will
accumulate a lot of energy to push through the liquid, thus carrying
the liquid upward in a large liquid wave. When the liquid wave flows
rapidly upward, the part close to the tube wall gradually falls

FIGURE 2
Comparison of liquid film before and after reversal. (A) liquid film flowing upwards (B) liquid film flowing partially reversal.

FIGURE 3
Film-reversal velocity variation with superficial liquid velocity and pipe inner diameter (θ=90°). (A) Superficial liquid velocity (B) Pipe diameter.
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downward, so repeated cycle, resulting in a certain wave feature,
which is also the main form of carrying liquid upward. However, this
localized accumulation of liquid is mainly reflected in a slight
thickening of the liquid film, which does not result in the
formation of a liquid plug to block the wellbore, and the gas
remains in a continuous phase, and then this does not result in
liquid collection at the bottom. As a result, the pressure gradient is
mainly due to gravity gradient and friction gradient (ignoring
acceleration gradient), the experimental results of pressure
gradient inflection point was not shown when the liquid attached
to the pipe wall was reversed.

Another crucial aspect of liquid-loading is that gas production
varies, the amount of gas produced decline rate increases noticeably,
and the tube pressure rapidly declines. During the experiment, it is
found that the wellbore pressure remains steadily when the liquid
affixed to the pipeline inwall is reversed, and the gas production and
tubing pressure will not be greatly changed even if the gas volume is
greatly changed due to the low liquid holdup. Therefore, when
liquid-loading arises, the liquid-film-reversal criteria is inconsistent

with the features of gas well unstable, rising decline rate, and falling
tubing pressure.

Figure 6 depicts the change curve of liquid holdup when vSG is
0.01 m/s and pipe diameter is 50 mm.When the liquid affixed to the
pipeline inwall is reversed, the wellbore liquid holdup is in a very low
region (5%), and the change rate with the change of superficial gas
velocity is quite minor. From another perspective, the liquid holdup
slightly changed in the continuous upward region of the liquid
attached to the pipeline inwall; even if the gas flow rate changes
dramatically, it is difficult to create a significant change in liquid
holdup. In the case of fast changes in liquid holdup, a little change in
gas flow rate has a large influence on the wellbore liquid
holdup. Coupled with the volatility of wellbore flow after liquid-
film-reversal, the gas well becomes relatively unstable.

Slug flow is another sign of liquid-loading since it occurs in the
wellbore. When it happens, it can cause large transient pressure
fluctuations in the wellbore. Figure 7 shows the influence of flow
pattern on transient tubinghead pressure. According to the
description of Lea et al. (3) and based on the transient pressure
recording, it is evident that when the flow pattern is slug flow, there
will be obvious pressure fluctuation. This is so that the orifice plate’s
pressure does not peak when the liquid flows through it as a liquid
plug, which would otherwise happen owing to the liquid phase’s
high density.

Figure 7 intuitively shows the flow state and characteristics of gas
and liquid before and after a gas well, there is still problem with this
theory: assuming that liquid-film-reversal is the beginning of liquid
deposition, liquid accumulation will follow liquid-film-reversal in
the wellbore and will be followed by liquid slug and orifice pressure
variation in the gas well. It is clear from the widely used Taitel flow
pattern map that there exists a transition boundary between churn
flow and plug flow, and that the flow pattern corresponding to the
liquid plug is plug flow. Slug flow has a corresponding gas velocity
that is substantially lower than that of churn flow, and the liquid-
film-reversal is typically utilized for the border between annular flow
and churn flow, between the two boundary lines is the churn flow.
Therefore, the churn flow between fog flow and slug flow has a broad

FIGURE 4
Film-reversal gas velocity variation with inclined angle.

FIGURE 5
Snapshot when liquid-film-reversal.
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spectrum of gas velocity, and is widely found in low-producing gas
wells, there is no clear basis to use these two flow patterns as the
characteristics of liquid accumulation.

To sum up, the liquid-film-reversal criterion is incompatible to
some changing features of liquid-loading: when the liquid-film-
reversal occurs, the gas liquid flow in the wellbore is comparatively
stable, and it is very different from the pressure and production
fluctuation shown when gas well fluid accumulation occurs. It is no
question that liquid-film-reversal causes a rise in wellbore holdup
and an increase in the instability of the flow. The assessment of gas
well accumulation and the use of drainage and gas production
procedures, however, lack direction because liquid-film-reversal is
too conservative to foresee the beginning of liquid-loading in gas
wells.

3.3 A new criterion for continuous liquid
removal

Since liquid-film-reversal is too conservative, it is necessary to
find a more reasonable criterion to judge whether it can remove
liquid continuously. Therefore, we conducted more experimental
tests at different gas velocities.

Figure 8 depicts gas liquid two-phase flow snapshot when vSL is
0.03 m/s and vSG is 16\12\8\6 m/s respectively. As the rate of slip of
the liquid affixed to the pipeline inwall accelerates from the
experimental phenomena of wellbore flow, the liquid holdup
grows, and the oscillation becomes more visible. When the vSG is
16 m/s, annular flow occurs in the pipe, and the liquid affixed to the
pipeline inwall is equally spread along the pipe wall. In general, the
flow is particularly steady, the liquid affixed to the pipeline inwall
primarily flows upward in the form of laminar flow. Despite the
liquid-film-reversed when vSG dropped to 12 m/s, it was found that
the liquid attached to the pipe wall flow was still mostly regular with
very minor oscillations and that the liquid holdup remained at a low
level and only little varied. Therefore, the conclusion may be drawn
even if there is a significant variation in the gas flow rate before and
after the liquid-film-reversal. Approximately half of the liquid-film-
reversal occurs when the vSG falls to 8 m/s. When the vSG decreases
to 8 m/s, which is approximately half of the liquid-film-reversal, the
huge waves appears fluctuates up and down, the liquid film close to
the wall of the tube slips severely, and during the slipping process,
the local liquid holdup increases under the influence of gas drag
force. The obvious liquid slug can bridge the pipe and there is no
continuous gas core. Further decrease in superficial gas velocity will
make oscillation larger. At the moment when the liquid sslug is
formed, it hinders the normal flow of gas, and when the pressure
rises, the gas breaks through the liquid slug and flows to the
wellhead. More turbulent vortices are formed between the gas
and liquid, and the wellbore flow becomes more unstable.

Wellbore pressure fluctuations are closely related to stable gas
well production. Figure 9 shows pressure fluctuations at different

FIGURE 6
Liquid holdup curve (ID=50mm; vSL=0.01 m/s).

FIGURE 7
The effect of flow pattern on tubinghead pressure.
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superficial gas velocities, the standard deviation was chosen to
characterize the fluctuations in wellbore pressure drop. As the
superficial gas flow rate is 16 m/s, the wellbore pressure changes
smoothly with time and fluctuates very little, with a standard
deviation of 0.028. When the superficial gas flow rate decreases
to 12 m/s, the pressure begins to fluctuate up and down slightly and
the standard deviation increases to 0.043. In particular, Figure 10
shows schematic diagram of liquid film flowing at low superficial gas

velocity, the wellbore pressure fluctuations increase rapidly when the
apparent gas flow rate is reduced to 8 m/s, with a standard deviation
of 0.12. It was verified that when bridging of fluids occurs, the
pressure rises and subsequently the fluid plug is carried by the gas
and the wellbore pressure drops. Under these conditions, the gas
drag force is difficult to fully carry the liquid plug completely
upward, and some of the continued liquid slips. Longer bridging
fluid plugs form at a superficial gas flow rate of vSG=6 m/s, resulting

FIGURE 8
Snapshot at different superficial gas velocities (vSL=0.03 m/s). (A) vSG = 16 m/s (B) vSG = 12 m/s (C) vSG = 8 m/s (D) vSG = 6 m/s.

FIGURE 9
Pressure fluctuations at different superficial gas velocitiesAt this time, it means that the liquid carrying ability of the gas phase correlates to the liquid
falling capacity, and that further lowering the gas flow rate will result in a stronger liquid attached to the pipe wall falling capacity. This will make the
wellbore fluctuation and liquid holdup more susceptible to the influence of the gas flow rate, causing wellbore accumulation. It is obvious that the gas
flow rate linked with the reversal of half the liquid layer may better describe the characteristics of liquid-loading. Therefore, we define it as the
minimal gas velocity need for continuous liquid removal. Liquid-film-reversal is a reliable signal even if it anticipates liquid-loading in gas wells before it
really happens. We refer to the liquid-film-reversal as a liquid-loading warning sign.
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in a greater increase in wellbore pressure with a standard deviation
of 0.41. Further, it can be shown that after liquid film reversal, the
wellbore pressure fluctuation is little so that the gas well can still be
produced stably.

4 New model for continuous liquid
removal

The essential theories in liquid flooding and liquid convection
are applied for modeling in order to build an accessible and complete
empirical model to forecast the flow rate of liquid-film-reversal gas.
Countercurrent points are used to demonstrate the shift from co-
current flow to counter-current flow in vertical pipes. When this
happens, a portion of the liquid begins to flow downhill, enhancing
the ripple. The transition between annular and churn flow is
commonly considered as the gas flow rate accompanying liquid-
film-reversal. Wallis provided a straightforward empirical model in
1969, which is written as follows:

vSG
*( )1/2 +m vSL

*( )1/2� C (1)
Where m and C are constants, dimensionless; vSG* and vSL* are

densimetric Froude number of gas and liquid respectively, which are
defined as:

vSG
* � vSG

ρG
gD ρL − ρG( )[ ]

1
2

vSL
* � vSL

ρL
gD ρL − ρG( )[ ]

1
2

Where vSG is the superficial gas velocity, m/s; vSL is the
superficial liquid velocity, m/s; g is the gravitational acceleration,
m/s2; ρL is the liquid density, kg/m3; D is the pipe diameter, m; ρG is

the gas density, kg/m3; Normally, the influence of liquid flow rate on
liquid-film-reversal is typically neglected. Therefore, Eq. 1 can be
adapted:

vSG � C
gD ρL − ρg( )

ρg
⎡⎢⎣ ⎤⎥⎦ 1

2

(2)

The findings of the preceding experimental tests reveal that the
liquid-film-reversal gas flow rate is essentially linear with the
superficial liquid flow velocity. The liquid term can be added to
Eq. 2 to increase the influence of the liquid flow rate on liquid-
loading:

vSG � C
gD ρL − ρg( )

ρg
⎡⎢⎣ ⎤⎥⎦ 1

2

1 + avSL( ) (3)

According to the vertical section, the gas velocity at different
angles may be calculated using the Belfroid angle correction item, so
the calculation model of liquid-film-reversal gas velocity of
horizontal wells can be presented as:

vSG � C
gD ρL − ρg( )

ρg
⎡⎢⎣ ⎤⎥⎦ 1

2

1 + avSL( ) sin 1.7θ( )[ ]0.38
0.74

(4)

where θ is the inclined angle from the horizontal, °

Combined with the experimental data, we can fit the parameters
in Eq. 4, and the warning criterion of liquid-loading in horizontal gas
wells is obtained as follows:

vSG� 0.84
gD ρL − ρg( )

ρg
⎡⎢⎣ ⎤⎥⎦ 1

2

1 + 1.4vSL( ) sin 1.7θ( )[ ]0.38
0.74

(5)

The minimum gas velocity for continuous liquid removal,
i.e., the critical gas velocity is obtained as follows:

vSG� 0.42
gD ρL − ρg( )

ρg
⎡⎢⎣ ⎤⎥⎦ 1

2

1 + 1.4vSL( ) sin 1.7θ( )[ ]0.38
0.74

(6)

5 Model evaluation

In order to evaluate the performance of the new model, we
validate our new model against some field production data from
14 gas wells and the Coleman et al. (1991) dataset.

We collected field production data from 14 gas wells, which the
production dynamics of a typical well is shown in Figure 11, the
corresponding pressure fluctuations are shown in Figure 12. As the
early stage of gas well production, the production rate of the X gas
well can peak at 3.5 × 104 m3/d, which corresponds to the high
wellhead pressure at the same time. With continued production, the
production of gas and wellhead pressure declined fast. The
differential between the wellhead pressure and the casing
pressure was steadily raised, and liquid output dropped
precipitously, down to 0 m3/d. Subsequently, the deliquification
technologies was adopted to increase the liquid production and
alleviate the liquid accumulation situation. Therefore, the critical
production of the gas well is 2.2 × 104 m3/d, which corresponds to
wellhead pressure of 1.8 MPa.

FIGURE 10
Schematic diagram of liquid film flowing at low superficial gas
velocity.
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As shown in Figure 13, the new model was used to calculate
the critical gas flowrate. With the increase of depth, it can be seen
that the critical gas flowrate will increase and reaches maximum

at the vertical depth of 2400 m and then decrease dramatically.
This is because inclined angle is about 55 at 2400 m and the
inclined angle decreases rapidly. According to Eq. 6, we can
expect the critical gas flowrate will decrease quickly. Since we
don’t have intensive data of well bore configuration, leading to
the existence of a turning point. Due to the borehole track
characteristics of the gas well can be categorized as a
directional well, the inclined section of the critical gas
production is larger than the vertical section. It was found
that the actual gas production from the well was only 2.2 ×
104 m3/d, which was less than the critical production, causing
production to take place with liquid-loading.

Furthermore, 14 gas wells were utilized to calculate liquid-
loading based on the change in the differential between wellhead
pressure and casing pressure as well as the condition of wellbore
pressure measurement data. Table 2 shows the accuracy of the new
model employed for fluid accumulation prediction. The model
calculation results demonstrate that the calculated value of wells
X4 and X13 is small, while the other wells are successfully
anticipated. The new model has a prediction accuracy of 85.7%,

FIGURE 11
The production curve of X well.

FIGURE 12
X well pressure variation curve.

FIGURE 13
Calculated the critical gas production of the wellbore.
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which is significantly greater than Turner’s model’s accuracy
of 42.9%.

Another dataset provided by Coleman et al. (1991) comprises
34 gas wells, all of which are liquid-loaded. The study examines two
liquid-loading criteria for identifying the onset of liquid-loading.
Initially, some wells were conducted to ascertain the critical flow
rate by gradually reducing the wellhead pressure. Additionally, the
critical flow rates in the remaining wells were determined through
analysis of historical production data. Consequently, the recorded gas
flow rate for these wells is expected to closely approximate the critical
gas flow rate. Figure 14 presents a comparison between the predicted
outcomes of the proposed model at the bottomhole conditions. We can
see liquid film reversal is too conservative as we analyzed. Notably, the

proposed model exhibits the lowest prediction and is in closest
proximity to the 45° line. Hence, it can be inferred that the
proposed model attains the most favorable performance.

Although our new model achieves higher accuracy than other
models, deviation still exist. Some reasons can account for it. Firstly,
in the experimental observation, although the gas flow rate linked
with the reversal of half the liquid layer may better describe the
characteristics of liquid-loading, we can’t measure directly.
Furthermore, the new model is an empirical model, which is
modified from experimental results based on liquid-film reversal
criterion. Its stability still need more verify and validation.

Therefore, a more comprehensive mechanistic model is still
required to be developed to capture the characteristics of liquid-
loading. Furthermore, it is worth noting that in some gas reservoirs
characterized by high PI, liquid-loading symptoms are still evident in
gas wells at or slightly below the gas flow rate associated with liquid-film
reversal. This occurrence can be attributed to the reservoir’s inability to
effectively transport both gas and liquid to the surface. Consequently,
the implementation of a nodal analysis system is employed in these gas
wells to forecast the instabilities of gas wells.

6 Conclusion

(1) The results of comparative analysis show that it is difficult to
observe the phenomenon consistent with the characteristics of
the commonly used method of judging gas well liquid
accumulation in the liquid-film-reversal experiment, and the
existing limits are difficult to explain gas well fluid accumulation
completely and reasonably.

(2) The wellbore flow remains stable when the liquid attached to the
pipe wall is reversed, but there is a corresponding relationship

TABLE 2 Prediction results of liquid-loading gas wells.

Number Wellhead
pressure
(MPa)

Gas flowrate
(104 m3/d)

Liquid
flowrate
(m3/d)

Observed liquid-
loading status

Turner
(104 m3/d)

Accuracy New model
(104 m3/d)

Accuracy

X1 1.98 3.72 56.6 N 4.79 F 2.60 T

X2 1.95 2.32 37.9 Y 4.78 T 2.68 T

X3 1.99 3.57 62.67 N 3.33 T 1.50 T

X4 3.36 2.08 22.1 Y 3.70 T 1.87 F

X5 1.98 2.39 39.28 N 3.33 F 1.58 T

X6 3.2 3.43 61.2 N 3.66 F 1.65 T

X7 2.3 3.69 42.39 N 4.92 F 2.74 T

X8 2.4 4.92 83.55 N 4.96 F 2.58 T

X9 2.52 2.67 25.38 Y 5.01 T 2.90 T

X10 2.67 5.41 93 N 5.06 T 2.60 T

X11 2.56 1.49 23.1 Y 3.49 T 1.75 T

X12 2.44 4.1 72 N 4.97 F 2.63 T

X13 2.9 2 37.8 Y 3.58 T 1.71 F

X14 3.12 6.02 92.85 N 5.24 T 2.70 T

FIGURE 14
Model validation against the Coleman et al. dataset.
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between the critical liquid-carrying gas flow rate and the liquid-
film-reversal gas flow rate, which is about 0.5 times of the liquid-
film-reversal gas flow rate.

(3) A new model for prediction of critical liquid-carrying gas flow
rate is established from experimental results based on liquid-
film reversal criterion. The model’s accuracy was found to be as
high as 85.7% by looking at 14 gas wells and perform better than
other models in the Coleman dataset, which can theoretically
enable the prediction of liquid-loading in gas wells.

(4) It is suggested to conduct more visual experiments of gas-liquid
two-phase flow with liquid flow rate in the future, and fit
empirical models based on a large number of experimental
data to improve the corresponding relationship between liquid-
film-reversal and gas flow rate of gas well accumulation. A more
comprehensive mechanistic model is also expected to be
developed to capture the characteristics of liquid-loading.
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