
Citation: Wang, X.; Ma, W.; Luo, W.;

Liao, R. Drainage Research of

Different Tubing Depth in the

Horizontal Gas Well Based on

Laboratory Experimental

Investigation and a New

Liquid-Carrying Model. Energies

2023, 16, 2165. https://doi.org/

10.3390/en16052165

Academic Editors: Mohamed

Mahmoud and Zeeshan Tariq

Received: 28 December 2022

Revised: 14 February 2023

Accepted: 19 February 2023

Published: 23 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Drainage Research of Different Tubing Depth in the Horizontal
Gas Well Based on Laboratory Experimental Investigation and a
New Liquid-Carrying Model
Xiuwu Wang 1,*, Wenmin Ma 1, Wei Luo 2 and Ruiquan Liao 2

1 Faculty of Chemical Engineering, Kunming University of Science and Technology, Kunming 650500, China
2 School of Petroleum Engineering, Yangtze University, Wuhan 430100, China
* Correspondence: 20180032@kust.edu.cn

Abstract: Since the structure of horizontal gas wells is more intricate than that of vertical wells,
there is a lack of consistency in the form of liquid-carrying in different portions. Applying the
commonly utilized liquid-carrying hypothesis of vertical gas wells into horizontal gas wells is
therefore challenging. The maximum liquid volume that the gas flow could raise, the gas flow rate,
and the maximum amount of energy that could be produced from a specific amount of gas flow
should all be considered when determining the liquid volume that the gas flow could lift. This study
is the first to integrate theoretical analysis with laboratory testing to analyze the gas–liquid flow law
of drainage stability at varied tubing depths. The impact of gas drainage stability is then verified
through the laboratory experiments. The novel model of various tubing depths, which is based on
the energy of inflow and outflow from the horizontal well, is cleverly built. According to the study,
the fluctuation is typically less when the tubing reaches the heel of the horizontal section than it is
in the other sections, and the relative error of the new model, which is validated using laboratory
tests, is typically less than 10%. The research showed that for horizontal gas wells with a normal
structure, the gas flow and liquid discharge are most stable when the tubing reaches the heel of the
horizontal section. Instead of depending exclusively on crucial liquid-carrying gas flow rates, the new
model uses the combination of gas and liquid flow rates to make decisions concerning liquid loading
and to quantify the liquid removal in real time, which is more realistic. The research illustrates how
the study could provide a factual basis for assessing the capacity of horizontal gas wells to raise
the liquid.

Keywords: horizontal gas well; tubing depth; liquid-carrying model; gas drainage; fluid energy

1. Introduction

The issue of liquid loading is typical for natural gas wells. The reservoir pressure falls
as a natural gas well ages, which causes the gas velocity to drop. It lessens the capacity
of gas flow to lift the liquid to the surface. If the liquid is not regularly withdrawn, the
back pressure will build up in the wellbore, ultimately killing the well. The liquid would
start to appear in the middle to later stages of the gas field development. The emergence
of liquid would hasten the rate at which horizontal gas production would decline [1,2].
To stabilize production of gas wells with liquid production, gas drainage technologies
are commonly adopted. Compared with the vertical gas well, the liquid-carrying theory
is much more complicated for horizontal gas wells which have complex structures [3,4].
Presently, the critical liquid-carrying theory of vertical gas wells cannot be applied to
the different sections of horizontal gas wells [5]. The loading judgment is the premise to
take the drainage measures, while there are many related mathematical models for the
analysis [6].

To maintain production, there must be an accurate prediction of the onset of liquid
loading. However, it is still uncertain how liquid loading will behave and how to anticipate
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the critical gas rate. Based on field and experimental data, numerous techniques, correla-
tions, and equations have been put forth in recent years to estimate the critical gas velocity
in gas wells and the start of liquid loading. The results of these tests largely support the
following ideas for liquid removal in gas wells:

(1) The first type of theory—liquid droplet model:
The liquid droplet model assumes that the liquid is conveyed as droplets entrained in

the fast-flowing gas core and that falling droplets are the primary source of liquid loading.
Turner et al., (1969) proposed a model based on the force balance of a droplet. Due to its
simplicity, the model has been widely used in the oil and gas industry [7]. Turner’s model
for critical superficial gas velocity (m/s) is:

vsg, critical = 5.463

[(
ρl − ρg

)
σ

ρ2
g

]0.25

(1)

During model validation, it recommended a 20% upward adjustment of the original
coefficient to match the field data. As a result, the coefficient, which was 5.463, became
6.560. Several adjustments and refinements were made to better match various sets of data
and circumstances, such as Coleman et al., (1991), Nosseir et al., (1997), Li et al., (2002),
Guo et al., (2006), Belfroid et al., (2008), and Veeken et al., (2010) [8–14]. Belfroid et al.,
(2008) proposed an improved droplet model that accounts for well inclination [15]. The
equation for critical gas velocity (m/s) is:

vsg, critical = 5.463

[(
ρl − ρg

)
σ

ρ2
g

]0.25
(sin1.7θ)0.38

0.74
(2)

The droplet model has been thoroughly studied by many academics, especially in
connection to the shape of the droplet or other variables that determine the original co-
efficient recently. The angle-correction term from Belfroid et al., (2008) was modified
by Zhang et al., (2021) to consider the impacts of pipe diameter and liquid velocity [16].
The unique empirical model for calculating liquid loading was established similarly by
Zhao et al., (2022), Zhang et al., (2022), and Wang et al., (2022), considering the impacts
of oil cut and inclination angle [17–19]. Duke–Walke et al., (2023) and Shan et al., (2023)
carried out investigations to study the concurrent droplet size occurrences and concluded
that the fracturing of microscopic droplets might be dominated by the Rayleigh–Taylor
process [20,21]. In the end, their research mainly amounts to a coefficient adjustment to the
liquid droplet model.

(2) The second type of theory—liquid film model:
The liquid film model assumes that liquid is conveyed to the surface as a film that

moves along the pipe wall. Zabaras et al., (1986) conducted an experimental study and con-
cluded that at low gas flow rates the film motion was controlled by a switching mechanism
designated as churn flow [22]. Barnea (1986) proposed models to predict flow patterns
transition in two-phase gas–liquid flow in pipes for the complete range of inclination
angles [23]. The model is widely used for the onset of liquid loading in deviated pipes.
Luo et al., (2014) developed a correlation that considered the non-uniform film thickness
(Equation (3)) and used Barnea (1986) methodology to predict the onset of liquid load-
ing [24]. Different from the Barnea model, they used Fore et al., (2000) interfacial friction
factor correlation instead of Wallis (1969) [25,26]. The model was validated with field and
experimental data, showing an improvement compared to the Barnea model and liquid
droplet models:

δ(ϕ, θ) = (1 − αθcosϕ)δc

α =

{
0.0287, 0 ≤ θ ≤ 30
0.55θ−0.868, 30 ≤ θ ≤ 90

(3)

Shekhar et al., (2017) proposed a new set of empirical correlations, keeping the same
concept of film thickness variation with the deviation angle (θ) of the pipe (Equation (4)) [1].
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In addition, they modified Wallis (1969) interfacial friction faction ( fi) and proposed a
correlation that is dependent on the inclination angle (Equation (5)).

δ(ϕ, θ) =

[
1 −

(
1 − e−0.088θ

1 + e−0.088θ

)
cosϕ

]
δL (4)

fi = 0.05
{

1 +
[
340(1 + cosθ)

(
δ̃L

)]}
(5)

Building on these, liquid film models have advanced significantly in recent years.
In order to determine the critical film thickness, Pagou et al., (2020) established a model
that relied on fluid film reversal to take the change in flow pattern into account as the
cause of liquid film backflow [27]. Accounting for the effect of pipe angle on liquid film
thickness, Ke et al., (2021) and Wang et al., (2021) constructed a liquid film inversion
model [28,29]. Similar to the fluid film reversal, Li et al., (2022), Liu et al., (2022), and
other researchers’ work was incorporated into the development of the liquid film backflow
method by Dou et al., (2022) [30–32]. Based on the zero-shear stress of the liquid film,
Ma et al., (2023) developed a model for the beginning of liquid loading, using various pipe
diameters and inclinations [33]. Overall, the fundamental assumptions behind the liquid
film model are based on the morphology and thickness of the liquid film close to the pipe
wall, which is complicated by the multiplicity of influencing elements and the coupling
effects between them.

Over many years, both the conventional droplet model and the liquid film model
have seen significant progress. The accuracy and effectiveness of the various models’
practical applications have been reviewed and analyzed by numerous academics, and
many significant elements that affect the models’ correctness have also been taken into
consideration. The fluid velocity and the fluid reversal point on the pipe sections with
different degrees of inclination were explored by Vieira et al., (2019), Bissor et al., (2020),
and Pan et al., (2020) in order to investigate the applicability of the liquid drop models and
the liquid film models. They discovered that each model had different application domains.
The critical gas velocity was influenced by the oil’s viscosity, the flow pattern, the operating
pressure, the liquid density, and the gas composition [34–36]. After that, Cai et al., (2022)
and Han et al., (2023) still suggested a coefficient to compute the critical gas flow rate based
on the force at the gas–liquid interface and the wall resistance, similar to the traditional
models above [37,38]. The primary methods used nowadays are model corrections applied
to actual horizontal gas wells.

(3) Latest innovations:
Some novel methods for assessing liquid loading have emerged during the past two

to three years, and these methods have recently changed as a result of data from gas wells.
The producing performance curve was used to alter the liquid-carrying model in studies by
Yao et al., (2021), Alsanea et al., (2022), Wright et al., (2022), Zhang et al., (2022), Huang et al.,
(2023), and Wang et al., (2023) to diagnose the state of liquid loading [39–44]. In order to
predict the potential of liquid loading in gas wells, data-driven technology was also used by
Ehinmowo et al., (2021), Chen et al., (2022), Hong et al., (2022), Ehsan et al., (2022), Jia et al.,
(2022), Sinchuk et al., (2022), and Abhulimen et al., (2023) [45–51]. In contrast to previous
physical-model-based methods that contain assumptions about the cause of liquid loading,
the forecast results were merely based on historical data.

According to the aforementioned models, the force balance of the droplet or liquid
film is the only consideration, even if the coefficient correction is carried out [52]. Despite
accounting for a wide range of production-related influencing factors, the well-developed
models’ impacts are not the same because of the complex interactions and coupling effects.
Meanwhile, the recently created data-driven methods hold great promise, but trustworthy
data and reliable sources are crucial, which are challenging to obtain in time.

From a system perspective, this paper focuses on the energy of inflow and outflow
of the horizontal well. The influence of the gas drainage stability is examined and proven
through laboratory experiments in this work for the first time. The research emphasizes the
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tubing position first in which the gas flow and liquid discharge are most stable to inventively
construct a model that effectively avoids the intricate implications of internal elements
based on the impact of tubing depths. Then, the model is created, which integrates gas and
liquid flow rates in order to make decisions regarding liquid loading and to measure the
liquid removal in real time as opposed to solely relying on essential liquid-carrying gas
flow rates. Through laboratory testing and verification, it aims to provide a scientific basis
for the analysis and liquid-carrying evaluation of horizontal gas wells before putting the
research into practice.

2. Methodology
2.1. Base of Experimental Design

In contrast to vertical wells, horizontal wells have a complicated well structure. A
laboratory simulation offers the following two perspectives:

(1) The production rate and stability of gas drainage would be impacted by different
tubing depths.

(2) As the tubing reaches different positions, the pressure loss would differ in the hori-
zontal section, inclined section, and vertical section.

Figure 1 depicts the typical layout of horizontal gas wells, which can be seen in
the investigation of the Qinghai, Xinjiang, Changqing, and Sichuan gas fields, among
others. The upper section of the inclined segment is reached by the conventional well’s
regular tubing.
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It clearly shows that different tubing depths have a significant impact on the tubing
diameter distribution of the horizontal gas well and the flowing frictional loss of the gas–
liquid two phases, among other things. Furthermore, the inclined and horizontal sections
of horizontal gas wells, which are entirely different from vertical gas wells, are used. As
a result, the different tubing depths affect the gas–liquid phase flow rhythm and liquid-
carrying theory of horizontal gas wells, which also have an impact on the later gas drainage
technology implementation.

As the well structure is now the primary distinction between horizontal gas wells
and vertical gas wells, research on the liquid-carrying capabilities of horizontal gas wells
should start with the optimization of well structure, particularly with regard to the tubing
depth. Based on the similarity principle, to choose tubing with a smaller diameter and
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improve its capacity to convey liquid, earlier researchers focused on accelerating gas
movement. Although there is currently no relevant research, the study of various tubing
depths would significantly influence the liquid-carrying capacity of horizontal gas wells,
which also fall under the drainage research area. Therefore, it is crucial to design an
adaptive mechanism for horizontal gas wells and to analyze how tubing depths affect the
flow of the gas–liquid phase.

2.2. Experimental Medium

The experimental liquid was simulated according to the on-site liquid ingredients. In
order to imitate the actual generating process of the horizontal gas well, the constituents
of the liquid were based on the compatible experiment. The experimental medium is
displayed in Table 1.

Table 1. Practical salinity and simulated reservoir liquid.

MgCl2
(mg/L)

CaCl2
(mg/L)

Na2SO4
(mg/L)

NaHCO3
(mg/L)

KCl
(mg/L)

NaCl
(mg/L)

Simulated
Salinity

Practical
Salinity

9970 4850 5660 280 500 99,800 121,060 121,060

Setting up the fundamental parameters needed for impact analysis and any compu-
tations that follow, Table 2 displays the key characteristics of the simulated liquid under
typical circumstances.

Table 2. Properties of simulated reservoir liquid.

Water Type Density (mg/L) Viscosity (mPa·s) Surface Tension
(mN)

CaCl2 1.08 1.74 53.37

2.3. Experimental Setup

In order to compare and analyze the liquid-carrying capacity of gas flow in various
sections of the horizontal gas well, as well as to study the gas–liquid phase flow law of
the horizontal gas well under various tubing depths, the multiphase flow experimental
equipment that was already in place was redesigned and upgraded. The horizontal gas well
simulation device had the precise discharge metering equipment, gas injection equipment,
foam addition facilities, etc. Figure 2 displays the schematic representation.
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The experimental apparatus is shown in Figure 2 for a horizontal gas well, a circulating
water supply system, a gas supply system, and a data monitoring and acquisition system.
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The high-speed camera, temperature sensor, data acquisition component, computer, and
a set of 11 pressure monitoring points, 2 temperature monitoring points, and 4 flow
monitoring points make up the acquisition and monitoring system. The casing inner
diameter is 60 mm, and the tubing has an inner diameter of 30 mm. The length of vertical
section is 12.5 m, the inclined section has a complete curvature 3.21 m long. The length of
the horizontal section is 12.5 m, of which the simulating type is the shot hole completion
when it contacts the reservoir.

The experimental apparatus can continuously record and monitor pressure, differential
pressure data, temperature, gas flow, and liquid flow fluctuation law in the pipe of each
well section. The wellhead liquid-carrying capacity is used as the experiment’s reference
standard, and the pressure monitoring data of different sections are transformed into the
pressure gradient using the pipeline’s length at the measuring site. As a steady processing
section, the wellhead liquid discharge is compared at 20 s and measured at 0.01 s. The setup
offered the opportunity to visually study the dynamic phenomenon of the flowing liquid
and drainage process. It could also gather a variety of data for post-analysis, including
pressure, temperature, and the rate of liquid-carrying or drainage.

3. Data Analysis
3.1. Drainage Stability

The producing stability of horizontal gas wells has received little attention, although
it is crucial to efficient production. Matkivskyi et al., (2021) studied its impact on the
ultimate gas recovery and improved the ultimate oil and gas recovery under specific
oilfield conditions [53]. Through the use of ordinary pipe, Ma et al., (2022) developed the
precision direction by using a full hole method for horizontal gas wells [54]. Bondan et al.,
(2023) modelled both the downhole and wellhead compressors to see the impact on flow
stabilization and wells productivity. They reveal that the downhole compression shows
better gain for production rates compared to wellhead compression [55].

The tubing depth defines the diameter distribution of a horizontal gas well and has
an impact on the frictional flow resistance. It then has an impact on the liquid-carrying
effect. The drainage stability of various tubing depths and the pressure loss of various well
sections were first investigated in this article.

Even if the inclined section experiences periodic slug flow due to a progressive de-
crease in gas flow rate, the liquid can still be continually drained away if the gas flow rate
is moderate.

Different tubing depths affect the drainage stability for a specific amount of liquid
production rate. Figure 3 illustrates how the drainage volume fluctuates depending on the
condition of various tubing depths throughout the flowing process. Figure 3 shows a liquid
flow of 0.4 m3/h as an example.
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Figure 3 illustrates that the gas well does not load and the generating system can
be considered to be in a largely stable state when the gas flow rate is able to remove the
liquid. However, the drainage stability varies depending on the tubing depth. As can be
seen in Table 3, the fluctuation is typically less when the tubing reaches the heel of the
horizontal section than it is in the other sections. It suggests that the wellhead drainage
remains more stable with this kind of well structure, which is advantageous to the stability
of the systematic production.

Table 3. Standard deviation between liquid flow rate and production in different tubing depths.

Tubing Depth
Liquid Production

0.2 m3/h 0.4 m3/h 0.6 m3/h 0.8 m3/h 1.0 m3/h 1.2 m3/h 1.4 m3/h

Upper of Inclined Section 0.09190 0.10327 0.11269 0.13098 0.13624 0.21369 -
Heel of Horizontal Section 0.07991 0.08391 0.08285 0.08407 0.08450 0.08646 0.10624
1/3 of Horizontal Section 0.12320 0.23057 0.16282 0.24958 0.29043 0.21640 0.23225
2/3 of Horizontal Section 0.12997 0.19288 0.24197 0.11533 0.11751 0.35977 0.18563
Toe of Horizontal Section 0.12664 0.18202 0.13269 0.14876 0.20972 - 0.21648

The sensitivity analysis of the tubing depth and liquid production rate is displayed in
Table 3.

Table 3 demonstrates that the heel of the horizontal section is significantly more
advantageous for a stable and continuously producing system. It is suitable for horizontal
gas wells with a liquid production range from 5 m3/d to 32 m3/d if the generating liquid
can be removed from the wellbore.

3.2. Pressure Loss

The pressure gradient of each section under various liquid flow rates is illustrated
in Figure 4, which is based on the two-phase flow laboratory simulation of various
tubing depths.

Energies 2023, 16, x FOR PEER REVIEW  8  of  20 
 

 

   

(a)  (b) 

   

(c)  (d) 

Figure 4. Pressure gradient of different sections with different liquid production rate: (a) top of de‐

viated section; (b) heel of horizontal section; (c) 1/3 of horizontal section; (d) 2/3 of horizontal section. 

According  to Figure 4, each section’s pressure  loss  is somewhat  influenced by  the 

various tubing depths. The pressure loss of the inclined part is almost three times more 

than that of other sections. By the time the tubing reaches its uppermost point, the hori‐

zontal gas well construction resembles the conventional well structure. The flowing direc‐

tion changes as the fluid moves through the inclined portion as the unique well structure 

of  the  inclined  section. Gas–liquid  two‐phase  turbulence  is  created when  the  fluid  is 

forced to collide with the tubing, severely reducing the gas–liquid two‐phase energy. The 

well tubing starter would also obstruct the fluid’s ability to flow freely through the upper 

portion of the  inclined section. As a result of the drastic shift  in flow direction and the 

increased two‐phase slippage, there is an additional energy loss that makes it difficult to 

remove the liquid from the horizontal gas well. The liquid phase loses more energy than 

the gas phase. 

The pressure loss of the inclined portion is depicted in Figure 5 in accordance with 

the  laboratory simulation, which demonstrates the  impact of various  tubing depths on 

this segment’s pressure loss. 

Figure 4. Pressure gradient of different sections with different liquid production rate: (a) top of devi-
ated section; (b) heel of horizontal section; (c) 1/3 of horizontal section; (d) 2/3 of horizontal section.



Energies 2023, 16, 2165 8 of 19

According to Figure 4, each section’s pressure loss is somewhat influenced by the
various tubing depths. The pressure loss of the inclined part is almost three times more than
that of other sections. By the time the tubing reaches its uppermost point, the horizontal
gas well construction resembles the conventional well structure. The flowing direction
changes as the fluid moves through the inclined portion as the unique well structure of the
inclined section. Gas–liquid two-phase turbulence is created when the fluid is forced to
collide with the tubing, severely reducing the gas–liquid two-phase energy. The well tubing
starter would also obstruct the fluid’s ability to flow freely through the upper portion of
the inclined section. As a result of the drastic shift in flow direction and the increased
two-phase slippage, there is an additional energy loss that makes it difficult to remove the
liquid from the horizontal gas well. The liquid phase loses more energy than the gas phase.

The pressure loss of the inclined portion is depicted in Figure 5 in accordance with
the laboratory simulation, which demonstrates the impact of various tubing depths on this
segment’s pressure loss.
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At a particular level of liquid output, Figure 5 demonstrates how the pressure in the
inclined section gradually drops along with the falling gas flow rate. When the tubing
reaches the upper section of the inclined section, the pressure is greater than it is in
the previous sections for a given volume of gas and liquid production. Combining the
laboratory simulating phenomenon, this might be explained by the fact that the fluid will
be seriously impacted by the well tubing starter. When the tubing reaches the upper part of
the inclined portion, it would result in significant extra pressure loss in this circumstance.

3.3. Liquid-Carrying of Gas Flow Rate

The impact of various tubing depths on the liquid–gas flow rate is depicted in Figure 6.
The continuous gas flow rate of the liquid-carrying system is plotted in accordance with
varying tubing depths and liquid flow rates.

Figure 6 indicates that if the tubing reaches the heel of the horizontal portion or
deeper regions, the gas flow needed for liquid transporting can be relatively little when
the produced liquid rate is relatively low. At this point, the sloping segment is the most
challenging area for transporting fluids. The tubing diameter of the fluid flow can be
effectively lowered when it reaches the heel of the horizontal portion or deeper regions.
The gas flow rate in the small-diameter circulation channel is significantly higher under the
same gas–liquid flow condition, and the liquid-carrying capacity is improved. As a result,
the inclined section is easier for the gas flow to convey the liquid than the other sections.
The tubing depth at the heel of the horizontal section can further minimize the gas flow
rate necessary for transferring liquid, as shown in Figure 6, given that the produced liquid
rate is modest. As a result, the annular gas chamber in the vertical section may have helped
the preceding section’s gas drainage during the low liquid rate.
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The laboratory simulation results show that tubing depth has a significant impact on
the gas drainage and liquid-carrying effect for a conventional well structure. To achieve gas
drainage, it reduces the cross-section area of the flow channel, increases the gas velocity,
and finally boosts the liquid-carrying capacity. At the same time, it the pipe string discharge
technology requires a certain gas flow rate from the gas well. However, taking into account
the gas discharge capacity limitation, this method may be appropriate for the low liquid
rate of horizontal gas wells.

3.4. Experimental Results

For an accurate estimate of liquid loading, understanding critical gas velocity is
important. Theoretically, analytical methods for estimating critical gas velocities can be
based on either film or droplet revolution theories, with droplet models being more user-
friendly. Although inconsistent across different datasets, droplet model accuracy is not
constant. According to prior studies, wellhead pressure and the production ratio affect
how accurate droplet models are. Bopbekov et al., (2021) studied the performance of all
models against well data in all WHP-GWR categories, as shown in Figure 7 [56].
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Liquid loading behavior and critical gas rate prediction are still uncertain. (The new
model, as depicted in Figure 7, has a minimum absolute error rate of 16% and is still based
on the parameter revised from Bopbekov et al., (2021) [56]). Based on field and experimental
data, numerous approaches, correlations, and equations have been put forth to calculate
the critical gas velocity and analyze the liquid loading. Nearly all of these analyses suggest
the presence of two models (the liquid film model and the droplet model) for the removal
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of liquid from gas wells. They ignore the energy limit for a specific gas flow rate and rely
solely on the force balance of a droplet or a liquid film. The well structure of the horizontal
gas well greatly impacts the gas–liquid two-phase flow (shown in Figures 3 and 6), which
in turn affects the efficiency of conveying liquid. This causes a large number of research
studies on the parameter correction.

Generally speaking, tubing depth has a significant impact on the gas–liquid two-phase
flow. The liquid-carrying hypothesis is inappropriate for use in horizontal gas wells, for
it ignores the inflow energy of the liquid and gas. This is due to the complexity of the
horizontal well structure, the difficulty of effectively accounting for the variables that affect
the liquid-carrying capacity, and the complexity of the energy exchange between the gas
and liquid phases. As the parameters that affected the liquid-carrying ability are difficult
to precisely consider, this paper suggests a novel solution to this issue, arising from the
fundamental property of gas–liquid two-phase flow.

4. Model Creation and Laboratory Evaluation
4.1. Model Description and Limitations

Since the structure of horizontal gas wells is more intricate than that of vertical wells,
the shape of the liquid-carrying in various sections does not agree well: horizontal gas wells
are more difficult to operate. Applying the commonly utilized liquid-carrying hypothesis of
vertical gas wells into horizontal gas wells is therefore challenging. The standard theories
cannot specify how much liquid can be removed, and they only consider the crucial gas
flow rate. In addition, they disregard the fact that the producing liquid has a specific
amount of flowing energy, and the gas flow’s capacity to carry liquid is also constrained.

The liquid-carrying capacity of the horizontal gas well is somewhat impacted by the
various tubing depths. The inner interaction of the gas–liquid phase may be avoided for the
convenience of the analysis. In order to accurately describe the liquid-carrying and quantify
the liquid that can be evacuated, the energy of the gas flow and liquid flow should be taken
into account. It is necessary to develop a calculating model that accounts for various tubing
depths. Only in this way is it possible to accurately quantify the rate of withdrawn liquid
and adjust the new theory to account for the actual structure of horizontal gas wells with
various tubing depths.

The drainage model of different tubing depths is built in accordance with the labora-
tory simulation experiment of gas–liquid flow in the horizontal gas well, considering as an
example the tubing depth at the top of the inclined section and the heel of the horizontal
section. In Figure 8a,b, the physical models are displayed.
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Establishing the drainage model and the presumptions used are as follows:

(1) The volume of liquid withdrawn at the output can be used to roughly calculate the
velocity of the discharged liquid at Reference Surface 2.

(2) The production rates of liquid and gas are constant and continuous at the bottom
hole of Reference Surface 1, and the rate should fall within the range of the typical
horizontal gas well (as shown in Figure 2 and Table 3).

(3) During the flowing process, the fluid is only subject to gravity and wall shear stress.
No other force is present. The basic characteristics of the producing liquid should be
close to the numerical value indicated in Table 2 so that the liquid qualities have little
impact on the pipe flow.

(4) The energy loss produced by the tubing inner wall might be roughly approximated
by the local resistance formula.

(5) The laboratory device’s horizontal section should be straight horizontally or have a
tilt angle within ±1 degree.

(6) As seen in Figures 1 and 2, the horizontal portion of the gas well should be a type of
segmented shot hole. It is a tangible representation of the well’s stratigraphic production.

4.2. Model Establishment

The produced liquid enters the horizontal portion, and it appears in the jet condition
vertically due to the high liquid density. It can be considered that when fluid enters the
horizontal segment, it impacts the tubing vertically.

The liquid is mostly removed from the pipe by the kinetic energy and pressure energy
of the gas flow and the liquid flow as a result of output in the horizontal gas wells. After
overcoming the effects of gravity, the surface friction of the tubing inner wall, the loss
of thermal energy, and the local resistance of the inclined section, the liquid is hoisted
to the wellhead. This paper creates a drainage model of various tubing depths using
the conservation of energy equation, considering the two reference surfaces presented in
Figure 8 for the horizontal gas well as a starting point.

(1) According to the research by Jisheng Y. and Tan X.H. [57,58], the sum of the kinetic
energy and the pressure energy of the gas flow can be expressed in per unit time. It can be
shown as Equation (6).

EG =
3
4

fgρG Aout1v3
G + PBgQG (6)

(2) Similarly, the sum of the kinetic energy and pressure energy of the liquid flow can
be expressed in per unit time. It can be shown as Equation (7) [57,58].

EL =
1
2

ρLgQLv2
L + PQL (7)

(3) The gravitational potential energy for a specific amount rate of liquid flow and
gas flow necessary to raise the liquid can be stated as Equation (8), which is under the
circumstances of a laboratory simulation [59].

EZ = (ρGgQG + ρLgQL)h (8)

(4) At various tubing depths, the surface shear stress of the tubing inner wall is active.
The produced gas is subjected to the shear stress of the tubing inner wall when the

fluid is hoisted to the wellhead, which depletes the fluid’s kinetic energy.
When the tubing does not reach the end of the horizontal section, namely, 0 < Y �

(Sv + Sinc)/S, the fluid flows from the heel of the horizontal section to the wellhead. The
energy to overcome the shear stress can be shown as Equation (9).

EF1 = τWG1SYHgin1 Ain1 + τWG3(1 − Y)S Hgin2 Ain2 (9)
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While the depth of the tubing is deeper than the toe of the horizontal section, namely,
(Sv + Sinc)/S < Y < 1, the fluid flows from the heel of the horizontal section to the
wellhead. The energy to overcome the shear stress can be shown as Equation (10).

EF1 = τWG1SYHgin1 Ain1 + τWG2(Y − (Sv + Sinc)/S)SHgout1 Aout1 + τWG3(1 − Y)S Hgin2 Ain2 (10)

Similarly, when the fluid is lifted to the wellhead, the shear stress of the inner tubing
wall acts on the produced fluid, and the fluid kinetic energy is consumed.

When the depth of the tubing does not exceed the heel of the horizontal section,
namely, 0 < Y � (Sv + Sinc)/S, the liquid flows from the heel of the horizontal section
to the wellhead and the inner casing wall works on the liquid produced by the reservoir,
which can be expressed as Equation (11).

EF2 = τWL1SYHlin1 Ain1 + τWL3(1 − Y)S Hlin2 Ain2 (11)

While the depth of the tubing is deeper than the end of the horizontal section, namely
(Sv + Sinc)/S < Y < 1, the liquid flows from the end of the horizontal section to the
wellhead, and the inner wall of the casing works on the liquid produced by the reservoir. It
can be expressed as Equation (12).

EF2 = τWL1SYHlin1 Ain1 + τWL2(Y − (Sv + Sinc)/S)SHlout1 Aout1 + τWL3(1 − Y)S Hlin2 Ain2 (12)

For the various depths of the tubing, the tubing and casing would work together on
the fluid in the wellbore. It can be expressed as Equation (13).

EF = EF1 + EF2 (13)

According to the study by Fore et al., (2000) [25], the calculation of the shear stress of
the wall and the gas can be expressed as Equation (14).

τWG = fG
ρGv2

G
2

, τWL = fL
ρLv2

L
2

(14)

In this equation, the gas–liquid friction coefficient can be calculated by the Berrasius
equation or the Poisson equation [59], shown as Equation (15).

fL = CLRe−n
L , fG = CGRe−m

G (15)

For different flow patterns, turbulent flow (ReL > 2000, ReG > 2000), CL = CG = 0.046,
n = m = 0.2. For laminar flow, CL = CG = 16, n = m = 1. The Reynolds number can be
expressed as Equation (16).

Reg =
ρgvgDg

µg
, ReG =

ρLvLDL

µL
(16)

It can be roughly determined that in the steady state of continuous liquid-carrying,
the vertical section exhibits cyclonic flow, the inclined section displays the flow pattern
of slug and turbulence, and the horizontal section is essentially in the wavy flow pattern,
even though the flow patterns of each section are different. This conclusion is supported by
the above laboratory simulation experiment and phenomena. Since the values of the gas
and liquid’s friction coefficients vary in various excellent sections, segmenting the data is
necessary for calculating the gas–liquid shear stress of the pipe wall.

(5) The fluid temperature will fluctuate to some extent throughout the passage of gas
and water in horizontal gas wells. It changes from the horizontal part to the wellhead of the
vertical section, leading to a certain energy loss [57]. The specific equation can be expressed
as Equations (17) and (18):
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The equation for calculating the heat loss of gas is:

EQG = CGmG(t2 − t1) = CGmG∆t (17)

The equation for calculating the heat loss of liquid is:

EQL = CLmL(t2 − t1) = CLmL∆t (18)

(6) In contrast to vertical wells, horizontal gas wells have a unique well structure that
includes inclined well sections. The existence of the inclined well section produces an
abrupt change in the fluid flow route that damages the liquid flow’s internal structure.
Once the vortex and local resistance are created, the liquid flow then needs to reorganize
its general structure to account for the new circumstances [57], generating additional local
resistance or energy loss. This energy loss can be calculated by referring to the local
resistance, which is commonly used on the tubing [60,61]. The specific equation can be
expressed as Equations (19) and (20):

∆P = ξ
G2

2A2
out1ρL

{
1 +

(
ρL
ρG

− 1
)[

2
ξ

X(1 − X)∆
(

1
S

)
+ X

]}
(19)

ES = ξ
v2

L
g

ρLQL1 + ξ
v2

G
g

ρGQG1 (20)

For sliding increments, reference can be made to the laboratory research conclusions
of Chisholm et al. [61,62], which can be calculated using empirical Equation (21).

∆
(

1
S

)
=

3.7
2.5 + R

D
(21)

Since the value of R/D in different cases is different from that of Chisholm et al., it
is necessary to correct the ξ in combination with the laboratory simulation experiment.
According to the pressure recording condition of the inclined horizontal section, combined
with the calculation method of the shear stress of the fluid on the pipe wall, the local
resistance coefficient ξ can be solved under the condition of a certain production liquid
gas. The local resistance loss ES occurs when the gas–liquid two phases pass through the
inclined well section [1,26].

(7) When the fluid flows into the horizontal section, there is also local resistance.
However, due to the convective state when the fluid flows into the horizontal section [62],
the local energy loss can be expressed as Equation (22):

EP = 1.3
v2

L
g

ρLQL1 + 1.3
v2

G
g

ρGQG1 (22)

(8) During gas–liquid flow, there exists the slippage, pressure drop loss, and gas
expansion effort.

Gas volume changes with pressure; the gas expands and functions. The shear stress
also affects the gas phase and the liquid phase in the case of the gas–liquid two-phase flow
in the wellbore. Overall, however, the task completed in these two circumstances falls
within the category of internal work. Energy is transformed into internal energy, potential
energy, and kinetic energy of the two phases. Therefore, based on the conservation of
energy, the equilibrium equation of the two-phase fluid is established. In the middle, the
work performed by these two internal functions cannot be considered.

According to Equations (6)–(22), the fluid velocity is stable at Reference Surface 1 and
2 when the gas–liquid flow is in a state of stability at various tubing depths. The kinetic
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energy of the horizontal gas and liquid serves as the sole energy source during the fluid
flowing process, allowing for the generation of the following statement.

EG1 + EL1 − EQG − EQL − EZ − EF − ES − EP = EG2 + EL2 (23)

When the tubing does not exceed the end of the horizontal section, the calculation
formula is expressed as Equation (24):

1
2 ρLgQL2v2

L2 + PwhQL2

= 3
4 Aout1

(
fg1ρG1v3

G1 − fg2ρG2v3
G2
)
+
(

Pw f Bgw f QG1 − PwhBgwhQG2

)
+ 1

2 ρLgQL1v2
L1 + Pw f QL1

−(CGmG + CLmL)∆t −
((

τWG1Hgin1 + τWL1Hlin1

)
, S, Y, Ain1,+,

(
τWG3Hgin2 + τWL3Hlin2

)
, (1 − Y), S, , Ain2

)
−(ρG2gQG2 + ρLgQL2)h

(24)

Similarly, the calculation formula can be obtained when the tubing is deeper than the
end of the horizontal section. It is necessary to change the EF, which is accomplished by
the pipe wall friction of the gas–liquid two phases.

The research can reveal that the various depths of the tubing have an impact on each
well’s flow pattern and shear stress for the gas wells with specific gas and liquid production.
It is possible to determine the work performed by the pipe wall shear stress under various
tubing depths using the aforementioned Equation (13). During the production process of
horizontal gas wells, the gas entering the wellbore at the horizontal portion is consistent
with the gas produced under the conditions of the laboratory simulation, QG1 = QG2.
Based on the results of the real test, EQG, EQL, can be determined. In real-world situations,
the geothermal gradient can be used to calculate the temperature difference to determine ∆t
during the production of the entire wellbore. Since the wellhead discharge volume forms
the basis for both ends of the theoretical formula, a trial procedure can be used to calculate
the volume of liquid discharged at various tubing depths under specific production fluids.

4.3. Laboratory Validation

The established drainage model of various tubing depths was checked and modified
based on the laboratory simulation experiment. Theoretical calculation was used to confirm
the theoretically predicted depth of the tubing under specific gas output. Figure 9 depicts
the model’s predicted outputs.

Figure 9 and statistical examination of mistakes show that the model’s relative error is
minimal. According to the statistics, it is 8.41%, 9.02%, 7.76%, 8.6%, and 9.44%, respectively.
It satisfies the engineering accuracy standards. There is some viability to the deep drainage
type underneath the tubing. A horizontal gas well with a certain gas production can use
the model to calculate the liquid discharge at the wellhead. It can also be used as one of the
approaches to assess the accumulation of horizontal gas wells.
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5. Conclusions and Recommendations

In order to integrate theoretical analysis with laboratory testing to examine the gas–
liquid flow law of drainage stability at different tubing depths, we confirmed the impact of
gas drainage stability through the lab experiments. This is the foundation upon which a
smartly constructed and tested innovative model of varied tubing depths is created. The
new model may measure and estimate the amount of liquid pulled from the pipe.

The following conclusions were reached during this study:

(1) At various tubing depths, the inclined section experiences the greatest pressure loss.
When the tubing is positioned closer to the upper part of an inclined section, the
liquid collides with the port as it passes through the producing channel, adding to the
pressure loss.

(2) When the tubing depth reaches the end of the horizontal section, the annular gas
chamber is frequently compressed and expanded due to the liquid plug sealing effect.
It can help with the gas flow discharge. The effect of the sleeve pressure is cyclical
when the tubing is lowered to different depths. However, this auxiliary drainage
will not take place for the wellhead pressure of the annulus, and will not fluctuate
periodically. When it reaches the heel of the horizontal segment, the production
system is the most stable.

(3) The established new model of various tubing depths is proven using experimental
data. The verification outcomes demonstrate the model’s high precision and its
applicability as a fresh approach for evaluating the effusion of various tubing depths.

Although the authors performed a thorough examination of pipe flow and developed
a useful model for various tubing depths in the horizontal gas well, only laboratory tests
were used to validate it. Some elements, such as fluid characteristics, pipe materials,
coupling analysis of the influencing factors, and practical application effects, would need
to be thoroughly examined in the near future in order to be applied in practice.
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Nomenclature

vsg superficial gas velocity, m/s
vgc critical gas velocity, m/s
vsl superficial liquid velocity, m/s
ρl liquid density, kg/m3

ρg gas density, kg/m3

δl liquid film thickness, mm
θ pipe angle of inclination, degrees
σ surface tension, N/m
ϕ circumferential position in the pipe
P pressure at the certain section, Pa
Bg gas volume coefficient at certain pressure
QG gas flow rate, m3/s
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fg gas holdup at the cross section
Aout1 tubing external cross-sectional area, m2

vG velocity of gas flow, m/s
QL liquid flow rate, m3/s
vL apparent velocity of liquid flow, m/s
h height of which the liquid and gas are lifted, m
τWG1 frictional resistance of the inner wall of the tubing to gas, N/m
τWL1 frictional resistance of the inner wall of the tubing to liquid, N/m
τWG2 frictional resistance of the outer wall of the tubing to gas, N/m
τWL2 frictional resistance of the outer wall of the tubing to liquid, N/m
τWG3 frictional resistance of the inner wall of the casing to gas, N/m
τWL3 frictional resistance of the inner wall of the casing to liquid, N/m
Sv, Sinc, S length of the straight section, the length of the inclined section, and the total length

of the casing, m
Y ratio of tubing penetration depth to total length of casing
Hgin1, Hlin1 gas holdup and liquid holdup
Hgin2, Hlin2 gas holdup and liquid holdup in well tubing starter to the toe section of the

horizontal section
Hgout1, Hlout1 gas holdup and liquid holdup in the horizontal section
Ain1, Ain2 cross-sectional area of the tubing and casing, m2

Aout1 outer section of tubing, m2

CG, CL specific heat capacity of gas and liquid, J/(kg·◦C)
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