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Abstract: Horizontal gas wells are one of the key technologies for the production of shale gas
reservoirs. Compared with conventional gas reservoirs, horizontal shale gas wells have ultra-long
and complex lateral sections. Overall, toe-up, toe-down, and horizontal trajectories will be exhibited
in the lateral section. The statistical results of field production data indicate that the lateral trajectory
has a significant impact on the estimated ultimate recovery. However, the mechanism has not yet been
fully revealed owing to the complicated two-phase flow in lateral pipes. Therefore, taking horizontal
shale gas wells’ lateral section as the research object, we designed our experimental parameter ranges
based on horizontal shale gas wells in the Changning shale gas field. Simulation experimental tests
were conducted on the pipe with an inclined angle from −15◦ to 15◦ to analyze the effects of different
gas velocities, liquid velocities, and pipe inclinations on flow patterns and liquid holdup. Based on
our observations and measurements, we evaluated the flow pattern prediction methods and drew a
new flow pattern map for pipes with an inclined angle from −15◦ to 15◦. Based on the momentum
conservations between the gas and liquid phases and measured liquid holdup data, a new liquid
holdup model was established in the pipes with inclined angle from −15◦ to 15◦. Experimental and
field-measured data were collected to verify the new method’s accuracy.
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1. Introduction

Shale gas development and the utilization of beneficial methods to alleviate the short-
age of oil and gas resources are important supplements to conventional fossil fuels [1–3].
Horizontal well technology is commonly applied to drill shale gas reservoirs [4]. Compared
with horizontal wells in conventional gas reservoirs, horizontal shale gas wells have an
ultra-long horizontal section of 1000–3000 m and are affected by the vertical distribution of
shale reservoirs, with typical toe-up and toe-down geometries exhibited in the lateral sec-
tion. Meanwhile, the daily gas production of shale gas exhibits a hyperbolic decline, which
is characterized by high initial gas production, rapid production decline, and a long low
production cycle. As a shale gas well enters the late stage, the bottomhole flowing pressure
significantly decreases, the production pressure difference decreases, and the gas-carrying
capacity gradually decreases [5]. The gas well will produce with low gas production for a
long time. Therefore, more and more studies focused on the two-phase flow in the wellbore
throughout the horizontal gas wells’ lifecycle [6,7]. On-site measured data on wellbore
pressure show that ~75% of the loaded liquid is below the tubing shoes, indicating that,
because of various factors such as the complex structure of the horizontal section, low gas
production, and low pressure, some gas wells experience liquid being loaded in the lateral
section [8]. Accurately predicting the flow behavior of the lateral section in horizontal gas
wells has guiding significance for the implementation of deliquification technologies [9].
Regarding the liquid loading in horizontal wells, existing studies mostly focus on the
vertical and inclined sections, while there is less research on the complex lateral trajectory
effect on air–liquid two-phase flow behavior [10,11].
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For horizontal or near-horizontal pipes, the model by Lockhart and Martinelli [12]
initially introduced a distinct model for determining the frictional pressure gradient. Sub-
sequently, Taitel and Dukler [13,14] devised one of the widely employed models for calcu-
lating pressure gradients and liquid holdup in horizontal and near-horizontal pipes. Their
model assumes a stratified state with a flat interface, where the phases are segregated. To
enhance the accuracy of these models, Hart et al. [15], Grolman and Fortuin [16], and Chen
et al. [17] made modifications to the geometric distribution of the phases within the cross-
sectional area. Al Safran [18] studied the slug flow characteristics in hilly-terrain pipelines
within different superficial gas and liquid velocities, and inclination angles. He divided
the slug flow state into five specific situations. According to Langsholt and Holm [19], the
liquid holdup exhibited an abrupt increase with decreasing gas superficial velocities in
pipe segments with slight inclinations (0.5◦ to 5◦). In addition to comparing the effects of
pipe inclination, water fraction, and system pressure, they also compared their results with
those of the OLGAS 2000 commercial software. Fan et al. [20] employed two facilities in
their experimental study with internal diameters of 0.05 m and 0.155 m. These facilities
were inclined at angles ranging from ±2◦ from the horizontal angle, and both air and
water were used as flowing mediums. The researchers utilized a double-circle geometry
and introduced a model for calculating the wetted wall fraction. Zhang and Sarica [21]
extended Fan’s model to unify the wetted wall fraction predictions and the transition to
annular flow.

At lower gas flow rates in slightly inclined pipes, the flow behavior of low-liquid
loading flows exhibits intermittent characteristics. The studies conducted by Alsaadi
et al. [22], Fan et al. [23], and Fan et al. [24] investigated the initiation of liquid accumulation
under inclinations ranging from 2◦ to 30◦ from the horizontal angle in a pipe with an
inner diameter of 0.0762 m, using air and water as the flowing fluids. The experimental
investigation by Arabi et al. [25] focused on the transition from a stratified to an intermittent
air–water two-phase flow in a pipe with an inner diameter of 30 mm. Their study indicates
that the onset of intermittent flow is primarily influenced by the liquid superficial velocity
and the diameter of the pipe.

In recent years, some large-diameter and high-pressure experimental studies were
conducted. Karami et al. [26] conducted a study on three-phase flow under low liquid
loading in horizontal conditions using a low-pressure facility with an inner diameter of
0.155 m. Vuong et al. [27] investigated the effects of pressure on two-phase low liquid
loading flow under high pressure ranging from 200 to 400 psig. The observed flow patterns
were stratified wavy and annular flow, and various flow characteristics were measured,
including liquid holdup, pressure gradients, wave characteristics, and wetted wall fractions.
Rodrigues [28] conducted a study on pipes with slight inclinations, examining conditions
similar to those investigated by Vuong with a 2◦ upward inclination. He proposed a novel
model for estimating the gas–wall friction factor under stratified flow with a thin film
present along the pipe, particularly at higher Froude numbers. Soedarmo [29] conducted
an upward-inclined flow experiment in a high-pressure environment to analyze the effect of
pressure on pattern transitions. Their experimental data demonstrated that the flow pattern
boundaries move to the left under high-pressure conditions, compared with atmosphere-
pressure conditions. As the pressure increased, the pseudo slug–slug transition gradually
decreased. Farokhpoor et al. [30] have scaled experiments with a diameter of 194 mm to a
44 mm diameter lateral pipe based on the principle of fluid density ratio. They found that,
small-diameter pipelines exhibit a large-amplitude wave flow pattern compared to that
with large-diameter pipelines at large liquid velocities.

To better understand the complex flow behavior in horizontal gas wells, we conducted
gas–liquid pipe flow experiments to analyze the lateral geometry effect on flow behavior
under different parameters. Based on the analysis of gas–liquid momentum conservation
and experimental testing data, a prediction model for a near-horizontal section’s liquid
holdup was established, and a flow pattern map of a near-horizontal pipe was developed.
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2. Experimental Facility
2.1. Flow Loop

The experimental tests were conducted in a new flow loop. The experimental facility
adopts a visual plexiglass pipe to conduct experiments and obverse the two-phase flow
phenomenon. The pipe length is 8.6 m with a diameter of 114 mm, which is sufficient to
fully develop the flow pattern when the fluid flows laterally along the pipeline. The pipe
can be switched at any angle from −90◦ to 90◦, as shown in Figure 1.
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Figure 1. Experimental facility.

The whole experimental facility has three parts: a gas supply system, liquid supply
system, and data acquisition system. The experimental fluids used are compressed air
and tap water. Air is provided via a compressor and is stored in a gas tank and stably
transported to the experimental tube section, while water is provided via a pump. All the
measurement and test data are transmitted to the paperless recorder via the measuring
instrument and then imported into the computer for data sorting and analysis. In addition,
a gas–liquid separator is installed at the exit of the experimental device, and the gas is
discharged into the air from the top of the separator, while the liquid is accumulated
at the bottom of the separator for recycling. We measured liquid holdup by using two
quick-closing ball valves under different experimental conditions to study gas–liquid flow
characteristics. Flow behavior can be captured with a high-speed camera, and real-time
pressure changes can be monitored with pressure sensors installed at the pipe ends; the
specification of the experimental apparatus capabilities is in Table 1.

Table 1. Specification summary of the experimental apparatus capabilities.

Experimental Setup Components Pressure Sensors Orifice Meter Turbine Meter

Accuracy, % 1.5 1.5 0.5

2.2. Test Matrix

Our experimental objective is to explore the lateral trajectory effect on the air–liquid
flow pattern and liquid holdup, and thus provide some scientific knowledge and conclu-
sions for production problems in horizontal shale gas wells. Therefore, this experimental
campaign requires the establishment of experimental ranges suitable for horizontal shale
gas wells. Consequently, we collected data from 88 typical horizontal shale gas wells from
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the Changning shale gas field to determine our experimental ranges, which are listed in
Table 2.

Table 2. Collected parameters from the horizontal wells of Changning shale gas field.

Data Number Gas Flowrate
×104 m3/d

Liquid Flowrate
m3/d

Casing Pressure
MPa

Tubing Pressure
MPa

Inclined Angle in
Lateral Section

90 0.65–6.9 0.36–13 2.2–8.65 1.5–5.52 −13◦–15◦

Between experimental studies under low-pressure conditions and gas wells under
high-pressure conditions, flow pressure is one of the most important differences, as it could
affect flow behavior entirely. Dimensionless numbers are often applied to characterize
flow similarity in different situations when modeling flow behavior, which means different
flow situations can be simulated similarly if proper dimensionless numbers are selected.
Some scholars [31–33] have proposed new dimensionless numbers based on the modified
Froude number in stratified and annular flows, and achieved high accuracy. The gas/liquid
dimensionless numbers can be given as follows:

Frg =

√
ρg

ρl − ρg

vsg√
Dg cos θ

(1)

Frl =

√
ρl

ρl − ρg

vsl√
Dg cos θ

(2)

where Frg is the gas modified Froude number (dimensionless), Frl is the liquid modified
Froude number (dimensionless), vsg is the gas superficial velocity (in m/s), vsl is the liquid
superficial velocity (in m/s), D is the pipe diameter (in meters), θ is the pipeline inclined
angle (in degrees), and g is the gravitational acceleration (in m/s2).

We calculated the average flow pressures in the lateral section of this dataset and then
converted these to those under our experimental conditions (20 ◦C, 0.101 MPa) based on
the dimensionless numbers. Figure 2 presents the experimental ranges. It can be seen that
vsg and vsl are 0.5–10 m/s and 0.0005–0.02 m/s, respectively. Therefore, our experimental
ranges can be given based on these parameters, which are presented in Table 3.
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Table 3. Designed experimental parameters.

Pipe Diameter
mm

Superficial Gas Velocity
m/s

Superficial Liquid Velocity
m/s Inclined Angle

114 0.5, 1.5, 3, 4.5,6, 8, 10 0.004, 0.008, 0.012,0.016, 0.02 −15◦, −10◦, −5◦, 0◦, 1◦, 5◦, 10◦, 15◦



Processes 2023, 11, 2844 5 of 20

3. Experimental Results and Analysis
3.1. Horizontal Pipe
3.1.1. Effect of Superficial Gas Velocity

Figure 3 presents the observed flow behavior in a two-phase flow in a horizontal
pipe (θ = 0◦) at different vsg values when vsl is 0.02 m/s. We can see that stratified flow
is observed at different vsg values, and as vsg increases, the liquid film becomes thinner.
When vsg is 0.5 m/s, it is stratified smooth flow, and the liquid phase close to the lower pipe
wall flows slowly and appears to be in a “stationary” state, with an obvious and smooth
layering of the interface. When the gas superficial velocity increases to 4.5 m/s, small
waves appear on the gas–liquid interface, and the flow becomes wavier. As vsg further
increases to 8 m/s, interfacial shear stress further increases, resulting in greater fluctuation
and a thinner liquid film layer, which is consistent with the description of Chen et al. [17].
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3.1.2. Effect of Superficial Liquid Velocity

Figure 4 presents the observed flow behavior in a horizontal pipe at different vsl values
when vsg is 4.5 m/s. We can infer that, with the increase in vsl, the liquid film becomes
thicker and wavier. The flow pattern transitions from stratified smooth flow to stratified
wavy flow.
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(a) vsl = 0.012 m/s; (b) vsl = 0.02 m/s.

3.2. Upward-Inclined Pipe
3.2.1. Effect of Superficial Gas Velocity

Figure 5 presents the observed flow behavior in an upward-inclined pipe at different
vsg values when vsl is 0.012 m/s and θ is 5◦. We can see the liquid will flow back and cause
large liquid waves at a low vsl value in an upward-inclined pipe, which is totally different
from the flow behavior in a horizontal pipe. When vsg is 0.5 m/s, it can be observed
that liquid bridges the pipe, indicating the appearance of liquid slugs, which is consistent
with the observation of Nair [34] and Arabi et al. [35] and this is the reason for pressure
fluctuations and severe slugging. With the increase in vsg, the liquid slug will gradually
disappear and stable stratified flow will be reached at vsg = 10 m/s.
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3.2.2. Effect of Superficial Liquid Velocity

Figure 6 presents the observed flow behavior in an upward-inclined pipe at different
vsl values when the vsg is 3 m/s and θ is 5◦. With the increase in vsl, higher interfacial stress
will be required to drag the liquid upward. Therefore, at the same vsg value, the flow with
a higher vsl value will flow back more easily and thus larger liquid slugs and fluctuations
will form. When vsl reaches 0.02 m/s, we can see liquid bridge the pipe totally, which is
very different from the phenomenon at vsl = 0.004 m/s. The flow pattern changes from
stratified flow at vsl = 0.004 m/s to slug flow at vsl = 0.02 m/s.
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3.2.3. Effect of the Inclined Angle

Figure 7 presents the observed flow behavior in an upward-inclined pipe at different
inclined angles when vsg is 3 m/s and vsl is 0.012 m/s. With the increase in the inclined
angle, it is obvious that the liquid film can more easily flow back as a result of the influence
of gravity and that oscillation increases in amplitude. When the inclined angle is 15◦, it can
be seen that liquid slugs will pass through the pipe periodically.



Processes 2023, 11, 2844 8 of 20Processes 2023, 11, x FOR PEER REVIEW 8 of 21 
 

 

Figure 7. Snapshot of two-phase flow in an upward-inclined pipe at different inclined angles (vsg = 
3 m/s, vsl = 0.012 m/s). (a) θ = 1°; (b) θ = 10°; (c) θ = 15°. 

3.3. Downward-Inclined Pipe 
For downward flow, the flow behavior is much simpler. We can see that the flow 

pattern will exhibit stratified flow under different conditions, as shown in Figure 8. With 
the increase in the inclined angle, the liquid film thickness decreases. This is because liquid 
film is mainly affected by gravity and the shear stress force at the gas–liquid interface, and 
the gravity force as the driving force increases with the increase in θ. Therefore, the liquid 
film velocity on the pipe wall increases with the increase in θ. 

Figure 7. Snapshot of two-phase flow in an upward-inclined pipe at different inclined angles
(vsg = 3 m/s, vsl = 0.012 m/s). (a) θ = 1◦; (b) θ = 10◦; (c) θ = 15◦.

3.3. Downward-Inclined Pipe

For downward flow, the flow behavior is much simpler. We can see that the flow
pattern will exhibit stratified flow under different conditions, as shown in Figure 8. With
the increase in the inclined angle, the liquid film thickness decreases. This is because liquid
film is mainly affected by gravity and the shear stress force at the gas–liquid interface, and
the gravity force as the driving force increases with the increase in θ. Therefore, the liquid
film velocity on the pipe wall increases with the increase in θ.
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4. Flow Pattern Evaluation and Establishment

Our experimental observation suggest that the inclined angle has a significant impact
on flow patterns. Therefore, flow pattern maps in near-horizontal pipes must take the
inclined angle into account. In horizontal pipes, according to their authors, the Mandhane
map is commonly applied to deal with the flow pattern, and it remains applicable to the
case with a pipe diameter of >100 mm [36]. Because the flow pattern is greatly affected by
the inclined angle, there is no unique flow pattern at a certain inclined angle, and predicting
existing flow maps is difficult for all inclined angles. Therefore, we use the mechanistic
approach established by Zhang et al. [37] to deal with the pattern in upward-/downward-
inclined pipes.

Figure 9 shows the prediction using the Mandhane flow pattern map. We observed
stratified smooth and wavy flows at vsl from 0.004 to 0.2 m/s in a horizontal pipe. However,
the lowest vsl in the Mandhane flow pattern map is 0.01 m/s, which means that this flow
pattern cannot be used to deal with the flow pattern in some horizontal wells with a low vsl
value. Furthermore, we can see that the Mandhane map cannot accurately predict pattern
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transitions. This might be caused by the different pipe sizes between our experiment and
those used to construct the Mandhane flow pattern map.
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Figure 9. Evaluation results from the horizontal pipe against those with the Mandhane map.

The evaluation results in the upward-inclined pipe against those under the Zhang et al.
model are presented in Figure 10. We can see that the flow pattern is greatly affected by the
inclined angle. With the increase in the inclined angle, non-annular flow will occur more
easily. As can be seen, the Zhang model recognizes more annular flows as non-annular
flows, especially when the inclined angle is 10◦ and 15◦.

In a downward-inclined pipe, flow behavior is relatively steady and it presents as
stratified flow at different inclinations. As presented in Figure 11, the inclined angle has a
minor effect at low superficial liquid velocities according to the Zhang et al. model. In our
experimental ranges, we can see that the Zhang et al. model predicts an accurate stratified
flow at all of the points.

In summary, we can infer that the existing flow pattern maps and mechanistic models
are not accurate in predicting the flow patterns at different angles. Therefore, according to
our observation, we established a new flow pattern map considering the inclination, which
is more suitable for horizontal gas well production ranges. The new map takes vsg and vsl
as the coordinates, respectively, as is as shown in Figure 12. In this map, non-annular flow
and annular flow are recognized. Note that annular flow will be present under different
conditions when the inclined angle is lower than 1◦. We can also see from this figure that, as
the inclination increases, the transition boundary moves significantly to the right, indicating
that the stratified flow area gradually decreases. The required vsg for the transition from
non-annular to annular flow increases with the increase in inclination and vsl. Note that
only stratified flow will be present for horizontal and downward-inclined pipes.



Processes 2023, 11, 2844 11 of 20

Processes 2023, 11, x FOR PEER REVIEW 10 of 21 
 

 

 
Figure 9. Evaluation results from the horizontal pipe against those with the Mandhane map. 

The evaluation results in the upward-inclined pipe against those under the Zhang et 
al. model are presented in Figure 10. We can see that the flow pattern is greatly affected 
by the inclined angle. With the increase in the inclined angle, non-annular flow will occur 
more easily. As can be seen, the Zhang model recognizes more annular flows as non-an-
nular flows, especially when the inclined angle is 10° and 15°. 

  
(a) (b) 

Processes 2023, 11, x FOR PEER REVIEW 11 of 21 
 

 

  
(c) (d) 

Figure 10. Evaluation results for the upward-inclined pipe against those under the Zhang et al. 
model. (a) 1°; (b) 5°; (c) 10°; (d) 15°. 

In a downward-inclined pipe, flow behavior is relatively steady and it presents as 
stratified flow at different inclinations. As presented in Figure 11, the inclined angle has a 
minor effect at low superficial liquid velocities according to the Zhang et al. model. In our 
experimental ranges, we can see that the Zhang et al. model predicts an accurate stratified 
flow at all of the points. 

 
Figure 11. Evaluation results for the downward-inclined pipe against those under the Zhang et al. 
model. 

In summary, we can infer that the existing flow pattern maps and mechanistic models 
are not accurate in predicting the flow patterns at different angles. Therefore, according 
to our observation, we established a new flow pattern map considering the inclination, 
which is more suitable for horizontal gas well production ranges. The new map takes vsg 
and vsl as the coordinates, respectively, as is as shown in Figure 12. In this map, non-

Figure 10. Evaluation results for the upward-inclined pipe against those under the Zhang et al.
model. (a) 1◦; (b) 5◦; (c) 10◦; (d) 15◦.

Processes 2023, 11, x FOR PEER REVIEW 11 of 21 
 

 

  
(c) (d) 

Figure 10. Evaluation results for the upward-inclined pipe against those under the Zhang et al. 
model. (a) 1°; (b) 5°; (c) 10°; (d) 15°. 

In a downward-inclined pipe, flow behavior is relatively steady and it presents as 
stratified flow at different inclinations. As presented in Figure 11, the inclined angle has a 
minor effect at low superficial liquid velocities according to the Zhang et al. model. In our 
experimental ranges, we can see that the Zhang et al. model predicts an accurate stratified 
flow at all of the points. 

 
Figure 11. Evaluation results for the downward-inclined pipe against those under the Zhang et al. 
model. 

In summary, we can infer that the existing flow pattern maps and mechanistic models 
are not accurate in predicting the flow patterns at different angles. Therefore, according 
to our observation, we established a new flow pattern map considering the inclination, 
which is more suitable for horizontal gas well production ranges. The new map takes vsg 
and vsl as the coordinates, respectively, as is as shown in Figure 12. In this map, non-

Figure 11. Evaluation results for the downward-inclined pipe against those under the
Zhang et al. model.



Processes 2023, 11, 2844 12 of 20

Processes 2023, 11, x FOR PEER REVIEW 12 of 21 
 

 

annular flow and annular flow are recognized. Note that annular flow will be present 
under different conditions when the inclined angle is lower than 1°. We can also see from 
this figure that, as the inclination increases, the transition boundary moves significantly 
to the right, indicating that the stratified flow area gradually decreases. The required vsg 
for the transition from non-annular to annular flow increases with the increase in inclina-
tion and vsl. Note that only stratified flow will be present for horizontal and downward-
inclined pipes. 

 
Figure 12. New flow pattern map with inclined angle from −15° to 15°. 

5. Liquid Holdup Model Establishment 
5.1. Liquid Holdup Analysis 

Figure 13 shows the liquid holdup variation with vsg at different lateral trajectories 
when vsl is 0.016 m/s. The liquid holdup in a downward-inclined pipe is lowest among the 
three trajectories, which is much more obvious at a low vsg. This is consistent with our 
observation. In a downward-inclined flow, liquid can flow downward spontaneously due 
to the force of gravity without a drag force from the gas. Consequently, there will be much 
less slippage between the gas and liquid. For an upward-inclined flow, the curve is steeper 
when vsg is <5 m/s. This is because, with a decrease in vsg, the liquid phase gradually turns 
from being in a discontinuous phase to being in a continuous one. When the liquid phase 
is continuous and the gas phase is discontinuous, the liquid is more likely to load in the 
wellbore and a slight decrease in gas velocity will cause a rapid increase in liquid holdup. 

 
Figure 13. Variation in liquid holdup with vsg at different lateral trajectories (vsl = 0.016 m/s). 

Figure 12. New flow pattern map with inclined angle from −15◦ to 15◦.

5. Liquid Holdup Model Establishment
5.1. Liquid Holdup Analysis

Figure 13 shows the liquid holdup variation with vsg at different lateral trajectories
when vsl is 0.016 m/s. The liquid holdup in a downward-inclined pipe is lowest among
the three trajectories, which is much more obvious at a low vsg. This is consistent with our
observation. In a downward-inclined flow, liquid can flow downward spontaneously due
to the force of gravity without a drag force from the gas. Consequently, there will be much
less slippage between the gas and liquid. For an upward-inclined flow, the curve is steeper
when vsg is <5 m/s. This is because, with a decrease in vsg, the liquid phase gradually turns
from being in a discontinuous phase to being in a continuous one. When the liquid phase
is continuous and the gas phase is discontinuous, the liquid is more likely to load in the
wellbore and a slight decrease in gas velocity will cause a rapid increase in liquid holdup.
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Figure 14 presents the liquid holdup variation with vsl at different lateral trajectories
when vsg is 3 m/s. As vsl increases, liquid holdup increases at different lateral trajectories,
and the increase is greatest in an upward-inclined pipe. This is because more liquid will
flow in the pipe and occupy a greater area. We can also infer that liquid holdup has a linear
relationship with the superficial liquid velocity.
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5.2. Model Establishment 
Based on our observations and measurements above, we can infer that it is difficult 

to model liquid holdup based on the momentum conservation of a liquid/gas in upward-

Figure 14. Variation in liquid holdup with superficial liquid velocity at different lateral trajectories
(vsg = 3 m/s).

Figure 15 presents the liquid holdup variation with the inclined angle at different vsg
values when vsl is 0.012 m/s. As the inclined angle gradually increases, the pipe trajectory
changes from being downward-inclined to upward-inclined and the liquid holdup has a
totally different trend. We can see that the liquid holdup increases slowly in a downward-
inclined pipe and then increases rapidly in an upward-inclined pipe. This is because when
the pipe is inclined upwards, liquid will easily flow back due to gravity. Especially at a
low superficial gas velocity, much liquid accumulates and causes large liquid waves, thus
increasing liquid holdup rapidly.
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5.2. Model Establishment

Based on our observations and measurements above, we can infer that it is difficult
to model liquid holdup based on the momentum conservation of a liquid/gas in upward-
inclined pipes because the interface changes rapidly with the inclined angle. For a better
prediction of the liquid holdup under an inclined angle from 15◦− to 15◦, we propose a new
method to model liquid holdup variation with gas and liquid velocities and inclinations.
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For horizontal pipes, we established a liquid holdup model based on force balance; we
then correlated the liquid holdup at different inclined angles with the experimental results.

A force analysis diagram for gas and liquid is presented in Figure 16. The momentum
conservation equation for a two-phase flow can be given and follows Taitel and Dukler [14]:

−Ag
dp
dx

− τwgSg − τiSi = 0 (3)

−Al
dp
dx

− τwlSl + τiSi = 0 (4)

where Ag is the cross-sectional area covered by the gas (in m2), Al is the cross-sectional
area covered by the liquid (in m2), τwg is the shear force between the gas phase and the
pipe wall (in pascals), τwl is the shear force between the liquid phase and the pipe wall (in
pascals), τi is the interfacial shear stress (in pascals), p is the pressure (in pascals), x is the
pipe length (in meters), Sg is the gas phase’s wet circumference (in meters), Sl is the liquid
phase’s wet circumference (in meters), and Si is the length of the gas–liquid interface at the
cross-section of the pipeline (in meters).

Processes 2023, 11, x FOR PEER REVIEW 14 of 21 
 

 

inclined pipes because the interface changes rapidly with the inclined angle. For a better 
prediction of the liquid holdup under an inclined angle from 15°− to 15°, we propose a 
new method to model liquid holdup variation with gas and liquid velocities and inclina-
tions. For horizontal pipes, we established a liquid holdup model based on force balance; 
we then correlated the liquid holdup at different inclined angles with the experimental 
results. 

A force analysis diagram for gas and liquid is presented in Figure 16. The momentum 
conservation equation for a two-phase flow can be given and follows Taitel and Dukler 
[14]: 

g wg g i i 0dpA S S
dx

τ τ− − − =  (3)

l wl l i i 0dpA S S
dx

τ τ− − + =  (4)

where Ag is the cross-sectional area covered by the gas (in m2), Al is the cross-sectional area 
covered by the liquid (in m2), τwg is the shear force between the gas phase and the pipe 
wall (in pascals), τwl is the shear force between the liquid phase and the pipe wall (in pas-
cals), τi is the interfacial shear stress (in pascals), p is the pressure (in pascals), x is the pipe 
length (in meters), Sg is the gas phase’s wet circumference (in meters), Sl is the liquid 
phase’s wet circumference (in meters), and Si is the length of the gas–liquid interface at 
the cross-section of the pipeline (in meters). 

 
Figure 16. Schematic of stratified flow in a horizontal pipe. 

Note that the pressure gradient terms in the two-phase momentum conservation 
equations are equal. Therefore, the combined equation can be obtained by eliminating the 
pressure gradient terms in Equations (3) and (4), and we can obtain 

gl i i i
wl wg

l g wg g l

0
SS S S

A A A A
ττ τ

τ
  

− + + =      
 (5)

In the above equation, τwg, τwl, and τi can be expressed as follows: 
2

g g
wg wg=

2
v

f
ρ

τ  (6)

2
l l

wl wl=
2
vf ρτ  (7)

( )2

g g l
i i=

2
v v

f
ρ

τ
−

 (8)

where fwg is the gas friction factor (dimensionless), fwl is the liquid friction factor (dimen-
sionless), and fi is the interfacial friction factor (dimensionless). 

Figure 16. Schematic of stratified flow in a horizontal pipe.

Note that the pressure gradient terms in the two-phase momentum conservation
equations are equal. Therefore, the combined equation can be obtained by eliminating the
pressure gradient terms in Equations (3) and (4), and we can obtain

τwl
Sl
Al

− τwg

[
Sg

Ag
+

τi

τwg

(
Si

Ag
+

Si

Al

)]
= 0 (5)

In the above equation, τwg, τwl, and τi can be expressed as follows:

τwg = fwg
ρgv2

g

2
(6)

τwl = fwl
ρlv2

l
2

(7)

τi = fi
ρg
(
vg − vl

)2

2
(8)

where f wg is the gas friction factor (dimensionless), f wl is the liquid friction factor (dimen-
sionless), and f i is the interfacial friction factor (dimensionless).

f wg and f wl can be calculated from the Blasius equation:

fwg = 0.079Re−0.25
g (9)

fwl = 0.079Re−0.25
l (10)

where the Reynolds numbers of gas and liquid in Equations (9) and (10) are calculated as
follows:

Reg = ρgDvg/µg (11)
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Rel = ρlDvl/µl (12)

For pipe diameters of <127 mm and considering the flow pattern transition in horizon-
tal pipes, Andritsos and Hanratty [38] suggested using the critical superficial gas velocity,
vsgt, from a laminar to a wavy flow as the criterion for determining the interfacial friction
factor, f i. The f i/f wg relationship is then obtained as follows:

fi

fwg
= 1, vsg ≤ vsgt (13)

fi

fwg
= 1 + 15

√
hL

D

(
vsg

vsgt
− 1
)

, vsg > vsgt (14)

The critical superficial gas velocity can be obtained from

vsgt = 5

√
101325

p
(15)

and the geometric parameters are given as follows:

Dg =
4Ag

Sg + Si
(16)

Dl =
4Al
Sl

(17)

Sg = cos−1(2
hL

D
− 1) (18)

Sl = π − cos−1(2
hL

D
− 1) (19)

Si =

√
1 − (2

hL

D
− 1)

2
(20)

Ag = 0.25
[

Sg − Si

(
2hL

D
− 1
)]

(21)

Al = 0.25
(
π − 4Ag

)
(22)

The above geometric parameters are all related to hL/D, so Equation (5) can be ex-
pressed as hL/D as follows:

F
(

hL

D

)
= 0 (23)

Based on the geometric relationship, the liquid holdup, HL(0), of the horizontal pipe
can be calculated as follows:

HL(0) =
α − sin α

2π
(24)

α = cos−1
(

1 − 2
hL
D

)
(25)

The liquid holdup prediction model above is only applicable to horizontal pipes. For
inclined pipes, the change in angle complicates the flow pattern transitions and liquid
holdup, and it is difficult to define the flow pattern transformation point and predict liquid
holdup. Beggs and Brill [39] established an empirical relationship between the inclination
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correction coefficient and the angle based on liquid holdup data from a horizontal section
measured experimentally, thereby characterizing the effect of the inclined angle on liquid
holdup. Mukherjee et al. [40] and Lou et al. [41] directly consider the inclined angle as a
polynomial of the sine function. Luo et al. [42] and Liu et al. [43] established a power–law
curve to predict the liquid holdup in a vertical pipe and a corresponding angle correlation
term. In conclusion, the liquid holdup of an inclined pipe can be predicted by using
the liquid holdup in a horizontal pipe according to the relationship between the liquid
holdups of inclined and horizontal pipes at different angles under the same conditions. The
regression of the existing models is based on a wide fluid flow range, and the predictability
is poor for the low-production fluid flow of horizontal shale gas wells. Therefore, based
on the angle correction term, in this study, we proposed a liquid holdup model for near-
horizontal pipes. The model was developed based on the liquid holdup in horizontal pipes
and is given as follows:

HL(θ) = HL(0)

(
1 + a sin3 θ + b sin2 θ + c sin θ

)
(26)

where HL(θ) is the liquid holdup of an inclined pipe (in percent) and a, b, and c are the
fitting coefficients.

Based on the experimental testing of liquid holdup data in this study, parameter fitting
was performed for Equation (26), and the fitting model for inclined pipe liquid holdup was
obtained as follows:

HL(θ) = HL(0)

(
1 − 32.56 sin3 θ + 7.04 sin2 θ + 10.08 sin θ

)
(27)

Figure 17 shows the comparison between the predicted liquid holdup and the mea-
sured liquid holdup of the new model at different superficial gas and liquid velocities, from
which it can be seen that the new model has good performance in predicting the liquid
holdup under different flow conditions, with an average percentage error of −1.09% and
an average absolute error of 7.61%.

Processes 2023, 11, x FOR PEER REVIEW 17 of 21 
 

 

  
(a) (b) 

Figure 17. Comparison of measured and predicted results. (a) vsl = 0.012 m/s; (b) vsg = 3 m/s. 

5.3. Model Validation 
To better evaluate the new model’s performance, we validated it with our experi-

mental tests and some experimental data from the literature. For comparison, some 
widely used models, namely the Beggs–Brill model, the Eaton model [44], and the Xiao 
model [45], were also evaluated. 

Model performance was evaluated based on the average percentage relative error, 
average percentage absolute error, and standard percentage error. The average percentage 
relative error, E1, represents the overall deviation of the model’s prediction results, and 
the calculation formula is as follows: 

ci ti
1

1 ti

1 100%
n

i

p pE
n p=

−= ×  (28)

The average percentage absolute error, E2, indicates the size of the average error in 
the model prediction results, which is given as 

ci ti
2

1 ti

1 100%
n

i

p pE
n p=

−= ×  (29)

The standard percentage error, E3, represents the degree of dispersion of the model’s 
calculation results as follows: 

2ci ti
3 1

1 ti

1 ( ) 100%
1

n

i

p pE E
n p=

−= − ×
−   (30)

In total, 84 sets of experimental test liquid holdup data were collected in our experi-
ment. Figure 18 shows the models’ accuracy. It can be inferred that the new model has the 
best performance among all four models, having E1, E2, and E3 values of −2.15%, 7.46%, 
and 8.86%, respectively. 

Figure 17. Comparison of measured and predicted results. (a) vsl = 0.012 m/s; (b) vsg = 3 m/s.

5.3. Model Validation

To better evaluate the new model’s performance, we validated it with our experimental
tests and some experimental data from the literature. For comparison, some widely used
models, namely the Beggs–Brill model, the Eaton model [44], and the Xiao model [45], were
also evaluated.

Model performance was evaluated based on the average percentage relative error,
average percentage absolute error, and standard percentage error. The average percentage
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relative error, E1, represents the overall deviation of the model’s prediction results, and the
calculation formula is as follows:

E1 =
1
n

n

∑
i=1

pci − pti

pti
× 100% (28)

The average percentage absolute error, E2, indicates the size of the average error in the
model prediction results, which is given as

E2 =
1
n

n

∑
i=1

∣∣∣∣ pci − pti

pti

∣∣∣∣× 100% (29)

The standard percentage error, E3, represents the degree of dispersion of the model’s
calculation results as follows:

E3 =

√
1

n − 1

n

∑
i=1

(
pci − pti

pti
− E1)2 × 100% (30)

In total, 84 sets of experimental test liquid holdup data were collected in our experi-
ment. Figure 18 shows the models’ accuracy. It can be inferred that the new model has the
best performance among all four models, having E1, E2, and E3 values of −2.15%, 7.46%,
and 8.86%, respectively.
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Because our new model for inclined pipes was retrieved from experimental data, it
might increase accuracy when validated with our dataset. Therefore, we collected another
dataset from Alsaadi [22], which has 46 data points. These experimental data were obtained
from a 76.2 mm diameter pipe with a length of 17.7 m and superficial liquid velocities
ranging from 0.01 to 0.05 m/s.

Figure 19 shows the measured liquid holdup variation with the predicted liquid
holdup obtained using these four models. We can see that almost all data points fall within
the 10% error line in the new model and that these points are more evenly distributed
compared to those of other models The Beggs–Brill and Eaton models underestimated the
prediction of liquid holdup, resulting in severe deviations and exceeding the error range of
most data point distributions, while the Xiao model predicted a more dispersed distribution
of points. Overall, the new model has an E1 of 4.19%, E2 of 8.68%, and E3 of 4.10%, as
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shown in Figure 20. These results indicate that the prediction accuracy of the new model is
significantly better than that of other models involved in the comparative evaluation.
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Figure 19. Comparison of the model-predicted liquid holdup and the measured liquid holdup.
(a) new model; (b) Beggs–Brill model; (c) Eaton model; (d) Xiao model.
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6. Conclusions

(1) The widely used flow pattern prediction methods have low accuracy in predicting
flow patterns in near-horizontal pipes based on our experimental observation. We
developed a new flow pattern map considering the effect of an inclined angle that is
more suitable for predicting flow patterns in horizontal shale gas wells.

(2) The liquid holdup of downward-inclined pipes is less affected by changes in flow pa-
rameters, while the liquid holdup of horizontal and upward-inclined pipes decreases
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rapidly, then slows down with an increase in the superficial gas velocity and increases
linearly with an increase in superficial liquid velocity. With an increase in the inclined
angle, liquid holdup slowly increases at first and then increases rapidly.

(3) A near-horizontal liquid holdup prediction model was established based on the force
analysis between gas and liquid phases and the experimental results. Experimental
data and literature data were used to evaluate the prediction accuracy of the model.
The average percentage relative errors were −2.15% and 4.19%, respectively. The new
model’s prediction accuracy was higher than that of other models involved in the
comparative evaluation, indicating the reliability of the model.
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