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 To identify the accurate gas volume to carry liquid in horizontal gas well, this paper simulates 
the gas-liquid two-phase flow in a single pipe on the platform of multiphase pipe flow. Through 
indoor experiments on gas-liquid two-phase flow, it is confirmed that the inclined section 
(inclined angle: 45°~ 60°) is mostly likely to suffer from liquid loading in horizontal gas well. 
Then, a new critical liquid-carrying model was built after fitting the liquid holdup calculation 
formula at different inclined angles, considering the actual liquid-carrying phenomenon. The 
proposed model was proved accurate enough for engineering application through verification 
by indoor experiments. 
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1. INTRODUCTION 
 

During the development of gas reservoir, the carrying 
ability of the gas flow diminishes with the gradual decline of 
reservoir pressure. If this trend continues, the reservoir liquid 
cannot be drained but accumulates in the well. In severe 
conditions, liquid loading may kill the well. Thus, it is 
meaningful to determine the dynamics of liquid-carrying gas 
flow for the rational development of the gas well. 

The most common method for loading situation 
determination is to compare the critical liquid-carrying gas 
flow with the actual gas volume. However, the majority of 
critical models of droplet or liquid film are built for vertical 
well through force analysis, rather than horizontal well with a 
complex structure. The vertical well consists of a straight 
section, an inclined section and a horizontal section. These 
sections differ greatly in liquid-carrying mechanics. If applied 
directly to horizontal well, the conventional critical models 
cannot accurately compute the critical liquid-carrying gas flow 
rate. 

In light of the above, this paper conducts indoor 
experiments on actual horizontal gas wells, and establishes a 
model for the critical liquid-carrying gas flow in the inclined 
section. The research findings illustrate the dynamics of 
liquid-carrying gas flow and shed new light on liquid drainage 
in this type of well. 
 
 
2. PREPARATIONS 
 
2.1 Test device 
 

To compare the liquid-carrying gas volume of different 
sections in horizontal gas well, a multi-phase pipe flow test 
device was designed for experiments on liquid-carrying gas at 
different inclined angles. The device consists of an air 
compressor, a liquid pump, an oil-gas multi-phase flow 

simulation test tube, a console, etc. It is capable of simulating 
the oil-gas-water three-phase flow in 0~90° pipe and 
recreating flow patterns ranging from bubble flow to mist flow 
(Figure 1). With this test device, numerous parameters of 
multi-phase liquid in the pipe can be measured through 
experiments, including but not limited to flux, pressure, 
pressure drop and phase fraction. 

During the experiments, the device was used together with 
an E+H type gas flowmeter (accuracy: ±1%), an E+H type 
liquid flowmeter (accuracy: ±3%), and a Ross Monte 
differential pressure sensor (accuracy: 0.25%). The 
experiments were carried out on air and water media at the 
normal temperature. The test tube is 8m in length and 30mm 
in diameter. The pipe angle was adjusted from 15° to 90°. The 
data were recorded when the pressure reached a relative 
equilibrium. For repeatability, each set of test data were 
measured through at least five tests. 
 

 
 

Figure 1. Experimental device 
 
2.2 Loading section analysis 
 

Horizontal gas well is more likely to suffer from liquid 
loading than vertical well, due to its special well structure. 
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During gas production, the liquid from the production layer 
has to pass through a horizontal section, an inclined section 
and a vertical section to reach the wellhead of horizontal gas 
well. Below is an analysis to identify the section most prone to 
liquid loading in horizontal well. 

The horizontal section and the inclined section differ in the 
energy loss per unit height of the upward migration of the 
liquid. In the inclined section, the liquid-carrying gas flow 
needs to overcome the shear stress and gravity, similar to the 
situation in the vertical section. However, additional energy is 
lost as the gas flow is forced to hit the wall due to the obvious 
change of the passage in the inclined section. The resulting 
gas-liquid turbulence and interaction will cause further energy 
loss. Therefore, under the same flow conditions, the gas flow 
in the inclined section has weaker liquid-carrying ability than 
that in the vertical section. In the horizontal section, the 
laminar flow appears when the liquid and gas volumes reach a 
certain threshold. In this case, the gas flow can carry liquid as 
long as its rate is sufficiently fast to overcome the shear stress 
from the gas-liquid interface on the pipe wall. 

Through the above analysis, it is concluded that the gas 
volume required to carry liquid is smaller in the horizontal 
section than in the vertical section, while the gas flow in the 
inclined section has the weakest liquid-carrying ability.  

Next, the author carried out several experiments on gas-
water two-phase flow in a pipe at different inclined angles and 
liquid flow rates, and recorded the phenomena and data of 
liquid carrying under these conditions. The minimum gas 
volumes required to carry liquid at different liquid flow rates 
are presented in Figure 2 below. 
 

 
 

Figure 2. Minimum gas flow required for liquid carrying 
under different degrees and liquid flow 

 
It can be seen from Figure 2 that the gas flow volume 

required to carry liquid without falling back varied with pipe 
inclined angles and liquid flow rates. When the inclined angle 
fell between 45° and 60°, the required volume of gas flow 
reached the maximum level, indicating that this range is the 
most likely part for liquid loading in the inclined section. This 
also explains why the gas flow in the inclined section has the 
weakest liquid-carrying ability. 

Hence, it is certain that the inclined section is the most 
difficult section of horizontal gas well to carry liquid, while 
the other two sections follow the same liquid-carrying 
principle as vertical well. Thus, the critical liquid-carrying 
model of this section should suffice for the study on the liquid-
carrying mechanism of the entire horizontal gas well. 

3. CRITICAL LIQUID-CARRYING MODEL FOR 
HORIZONTAL GAS WELL 
 
3.1 Existing models 
 

The liquid loading analysis is the precondition of liquid 
drainage of gas wells. The existing mathematical models on 
liquid loading fall into two categories: droplet model and 
liquid film model [1]. 

(1) Droplet model 
The droplet model considers droplet as the main form of 

liquid in well pipe, and assumes that the minimum gas volume 
for unloading is the volume to carry the largest droplet in the 
pipe continuously. The typical droplet models include Turner 
model [2], Coleman model [3], Nosseir model [4] and Li Min 
model [5]. 

(2) Liquid film model 
The liquid film model attributes liquid loading to the 

presence of liquid films. It is assumed that the upward 
movement of the liquid film has to overcome the gravity and 
the shear stress from the gas-liquid interface on the pipe wall. 
The typical examples of liquid film model include 
Kutateladze-Richter model [6], Wallis model [7], Kelvin-
Helmholtz model [8, 9] and Wang Qi model [10]. 

To sum up, most critical liquid-carrying models only apply 
to vertical well or the vertical section of horizontal well. The 
angle terms must be modified before implementing these 
models for the inclined section. Owing to the lack of mature 
theories on liquid-carrying mechanism in the inclined section, 
even the modified models cannot reflect the exact critical 
liquid-carrying flux, failing to guide the gas production of 
horizontal well. 

 
3.2 Critical liquid-carrying model for inclined section 
 

As mentioned before, the gas flow in the inclined section 
has the weakest liquid-carrying ability. In this section, the gas-
liquid two-phase flow changes periodically from slug flow to 
fracture flow and to slug flow again. Through single-pipe 
indoor experiments, it is learned that the inclined section could 
continuously discharge liquid, and the two-phase flow obeyed 
the periodic slug flow pattern (Figure 3). Therefore, it is 
practical to set up a critical liquid-carrying model for inclined 
section based on periodic slug flow. 
 

 
 

Figure 3. Flow pattern in critical state of liquid carrying at 
60 degree in inclined section 

 
(1) Modelling 
(a) Critical liquid-carrying model for inclined section 
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The liquid-carrying model of the inclined section (Figure 4) 
was established based on the periodic slug flow. The drop of 
the liquid plug (𝐿𝐿𝑆𝑆 ) is the main cause of the effusion. The 
upward movement of the liquid slug is the combined outcome 
of the pressure drop, air cavity impetus (𝐿𝐿𝐹𝐹), fractional force 
of gas and liquid film, gravity and fractional force of pipe. 

 

 
 

Figure 4. Slug flow model of inclined section 
 

Inspired by Gomez et al. [11-12], a slug in the inclined 
section was taken as a unit. In this case, the mass equilibrium 
equations of gas and liquid per unit can be expressed as: 

 
𝑣𝑣𝑆𝑆𝑆𝑆 = 𝑣𝑣𝑆𝑆𝑆𝑆𝑆𝑆𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆

𝑆𝑆𝑆𝑆
𝑆𝑆𝑈𝑈

+ 𝑣𝑣𝑆𝑆𝐿𝐿𝐿𝐿𝐻𝐻𝑆𝑆𝐿𝐿𝐿𝐿
𝑆𝑆𝐹𝐹
𝑆𝑆𝑈𝑈

                                        (1) 
 

𝑣𝑣𝑆𝑆𝑆𝑆 = 𝑣𝑣𝑆𝑆𝑆𝑆𝑆𝑆(1 − 𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆) 𝑆𝑆𝑆𝑆
𝑆𝑆𝑈𝑈

+ 𝑣𝑣𝑆𝑆𝐿𝐿𝐿𝐿(1 − 𝐻𝐻𝑆𝑆𝐿𝐿𝐿𝐿) 𝑆𝑆𝐹𝐹
𝑆𝑆𝑈𝑈

                  (2) 
 

where 𝑣𝑣𝑆𝑆𝑆𝑆and 𝑣𝑣𝑆𝑆𝑆𝑆  are the superficial velocity of liquid and gas, 
respectively (m/s); 𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆 is the liquid holdup per unit; 𝐻𝐻𝑆𝑆𝐿𝐿𝐿𝐿 is 
the liquid holdup in the cavity per unit; 𝑣𝑣𝑆𝑆𝑆𝑆𝑆𝑆, 𝑣𝑣𝑆𝑆𝐿𝐿𝐿𝐿, 𝑣𝑣𝑆𝑆𝑆𝑆𝑆𝑆 and 
𝑣𝑣𝑆𝑆𝐿𝐿𝐿𝐿 are the actual velocity of liquid slug, liquid film in gas 
cavity, gas in liquid slug and gas cavity, respectively, (m/s); 
𝐿𝐿𝑈𝑈, 𝐿𝐿𝑆𝑆 and 𝐿𝐿𝐹𝐹 are the length per unit, a liquid plug and a gas 
cavity per unit, respectively (m). 

Similarly, the mass exchange on the interface between 
liquid plug and gas cavity can be expressed as: 

 
(𝑣𝑣𝐿𝐿𝐿𝐿 − 𝑣𝑣𝑆𝑆𝑆𝑆𝑆𝑆)𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆 = (𝑣𝑣𝐿𝐿𝐿𝐿 − 𝑣𝑣𝑆𝑆𝐿𝐿𝐿𝐿)𝐻𝐻𝑆𝑆𝐿𝐿𝐿𝐿                               (3) 

 
where 𝑣𝑣𝐿𝐿𝐿𝐿  is the velocity of slug unit along the production 
direction (m/s). According to Bendiksen et al. [13], the vTB for 
the slug flow in the inclined section can be calculated as: 

 
𝑣𝑣𝐿𝐿𝐿𝐿 = 𝐶𝐶0𝑣𝑣𝑀𝑀 + (0.542cos𝜃𝜃 +

0.351sin𝜃𝜃)�g �ρL −ρg�D/ρL                                      (4) 

where C0 is dependent on the inclined angle. According to 
Alves et al. [14], the values of C0 at different inclined angles 
are as follows: 1.05 (10° ~ 50°), 1.15 (50° ~ 60°) and 1.25 (60° 
~ 90°). 

 
As suggested by Brotz et al. [15], the relationship between 

𝑣𝑣𝑆𝑆𝐿𝐿𝐿𝐿 and 𝐻𝐻𝑆𝑆𝐿𝐿𝐿𝐿 can be established as: 
 

𝑣𝑣𝑆𝑆𝐿𝐿𝐿𝐿 = −9.916�g𝐷𝐷(1 − �𝐻𝐻𝑆𝑆𝐿𝐿𝐿𝐿)                                       (5) 

 
Besides, 𝑣𝑣𝑆𝑆𝑆𝑆𝑆𝑆 can be estimated by: 

 
𝑣𝑣𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐶𝐶0𝑣𝑣𝑀𝑀 + 𝐶𝐶𝑠𝑠[g(𝜌𝜌𝐿𝐿−𝜌𝜌g)σ

𝜌𝜌𝐿𝐿
2 ]0.25√𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃                               (6) 

 
The value of Cs can be set as 1.41 according to Chokshi et 

al. [16]. 
As recommended by Kaya et al. [17], the value of HLLS can 

be calculated as: 
 

𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆 = 1 − 𝑣𝑣𝑆𝑆𝑆𝑆

1.208𝑣𝑣𝑀𝑀+1.41[
g(𝜌𝜌𝐿𝐿−𝜌𝜌g)σ

𝜌𝜌𝐿𝐿
2 ]0.25√𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

                           (7) 

 
The continuity equation of gas and liquid at the cross-

section can be obtained as: 
 

𝑣𝑣𝑀𝑀 = 𝑣𝑣𝑆𝑆𝑆𝑆 + 𝑣𝑣𝑆𝑆𝑆𝑆 = 𝑣𝑣𝑆𝑆𝑆𝑆𝑆𝑆𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑣𝑣𝑆𝑆𝑆𝑆𝑆𝑆(1 −𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆)                  (8) 
 
The per unit liquid holdup can be established as follows 

based on the physical model of Gomez et al. [11]: 
 

𝐻𝐻𝑆𝑆𝑈𝑈 = 𝐻𝐻𝐿𝐿𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆+𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿𝑆𝑆𝐹𝐹
𝑆𝑆𝑈𝑈

                                                            (9) 
 
The per unit liquid holdup equation can be derived from 

Equations (2)~(8) as: 
 

𝐻𝐻𝑆𝑆𝑈𝑈 = 𝑣𝑣𝐿𝐿𝐿𝐿𝐻𝐻𝐿𝐿𝐿𝐿𝑆𝑆+𝑣𝑣𝑆𝑆𝐿𝐿𝑆𝑆(1−𝐻𝐻𝐿𝐿𝐿𝐿𝑆𝑆)−𝑣𝑣𝑆𝑆𝑆𝑆
𝑣𝑣𝐿𝐿𝐿𝐿

                                        (10) 
 
(b) Experimental fitting of liquid holdup in inclined section 
(1) Liquid holdup fitting in lab conditions 
Six popular multi-phase flow computing methods, namely, 

BeggsBrill method, Mukherjee Beggs method, Aziz method, 
Hasan method, JPI method and Orkiszewski method, were 
experimentally validated (Table 1) for the prediction of liquid 
holdup and pressure drop of multi-phase pipe flow. Beggs-
Brill method and the Mukherjee-Brill, were verified for liquid 
holdup prediction (Table 2). 

 
Table 1. Six methods of pressure gradient prediction average error statistics 

 
Angles/(°) Beggs-Brill Mukherjee Aziz Hasan JPI Orkiszewski 

0 0.53 0.69 39.91 1.66 1.84 0.78 
0 0.63 0.74 24.21 2.45 2.08 0.69 
0 0.66 0.77 22.08 2.05 1.81 0.66 
30 0.44 0.66 0.99 0.50 0.51 0.86 
30 0.44 0.65 0.47 0.48 0.55 0.89 
30 0.46 0.61 0.63 0.49 0.50 0.87 
60 0.37 0.64 0.34 0.47 0.55 0.89 
60 0.38 0.61 0.32 0.44 0.51 0.87 
90 0.37 0.56 0.27 0.39 0.42 0.85 
90 0.36 0.55 0.24 0.39 0.41 0.83 
90 0.42 0.60 0.32 0.43 0.48 0.86 

1306



Table 2. Two methods of liquid holdup prediction average error statistics 
 

Angles/(°) Beggs-Brill Mukherjee Angles/(°) Beggs-Brill Mukherjee 
0 0.62 0.74 0 0.56 0.63 
0 0.66 0.72 0 0.58 0.66 
30 0.42 0.59 30 0.39 0.57 
30 0.38 0.57 30 0.40 0.52 
60 0.39 0.61 60 0.35 0.61 
60 0.34 0.61 60 0.40 0.55 
90 0.25 0.49 90 0.44 0.62 
90 0.43 0.61 90 0.44 0.61 

 
The pressure drop was predicted under four different 

combinations. As shown in Tables 3 and 4, combination A 
refers to the prediction of liquid holdup, flow pattern and 
pressure drop; combination B stands for the prediction of flow 
pattern and pressure drop under known liquid holdup; 

combination C means the prediction of liquid holdup and 
pressure drop under known liquid holdup; D involves the 
prediction of pressure drop under known liquid holdup and 
flow pattern. 

 
Table 3. Average error statistics of pressure drop prediction under different combination conditions of Beggs-Brill method 

 
Angles/(°) A B C D Angles/(°) A B C D 

0 0.535 0.599 0.552 0.599 0 0.656 0.698 0.665 0.698 
30 0.445 0.214 0.577 0.214 30 0.457 0.207 0.607 0.207 
60 0.408 0.153 0.493 0.153 60 0.381 0.145 0.550 0.145 
90 0.248 0.224 0.380 0.224 90 0.371 0.210 0.507 0.210 
0 0.630 0.668 0.644 0.668 0 0.629 0.673 0.640 0.673 

30 0.444 0.236 0.625 0.236 30 0.432 0.220 0.600 0.220 
60 0.374 0.135 0.635 0.135 60 0.401 0.132 0.544 0.132 
90 0.357 0.195 0.490 0.195 90 0.424 0.178 0.543 0.178 

 
Table 4. Average error statistics of pressure drop prediction under different combination conditions of Mukherjee-Brill method 

 
Angles/(°) A B C D Angles/(°) A B C D 

0 0.688 0.610 0.690 0.694 0 0.769 0.571 0.770 0.770 
30 0.657 0.225 0.656 0.225 30 0.607 0.215 0.607 0.215 
60 0.630 0.163 0.630 0.163 60 0.611 0.150 0.611 0.150 
90 0.455 0.259 0.455 0.260 90 0.563 0.207 0.563 0.207 
0 0.745 0.740 0.745 0.740 0 0.747 0.748 0.748 0.748 
30 0.646 0.244 0.646 0.244 30 0.612 0.227 0.611 0.227 
60 0.636 0.142 0.635 0.142 60 0.590 0.137 0.590 0.137 
90 0.552 0.195 0.552 0.195 90 0.601 0.180 0.601 0.180 

 
The liquid holdup was predicted under combinations A and 

C using Beggs-Brill method and Mukherjee-Brill method. The 
prediction results are displayed in Tables 5 and 6. 
 
Table 5. Average error statistics of liquid holdup prediction 

under different combination conditions of Beggs-Brill 
method 

 
Angles/(°) A C Angles/(°) A C 

0 0.617 0.557 0 0.560 0.511 
15 0.407 0.510 15 0.412 0.495 
30 0.417 0.490 30 0.395 0.580 
45 0.449 0.419 45 0.413 0.431 
60 0.387 0.459 60 0.350 0.545 
90 0.254 0.459 90 0.444 0.570 
0 0.660 0.607 0 0.577 0.515 
30 0.381 0.542 30 0.397 0.512 
60 0.342 0.605 60 0.401 0.496 
90 0.426 0.551 90 0.442 0.550 

 
As shown in Tables 5 and 6, the Beggs-Brill method led to 

a large error in the prediction of the inclined section under 
combinations A and C. When the flow pattern is known, the 
relative error of the Beggs-Brill method in liquid holdup 
prediction fluctuated greatly, while that of the Mukherjee-Brill 
method (the bold data in Table 6) remained basically the same. 

Table 6. Average error statistics of liquid holdup prediction 
under different combination conditions of Mukherjee-Brill 

method 
 

Angles/(°) A C Angles/(°) A C 
0 0.738 0.738 0 0.630 0.630 
30 0.588 0.588 30 0.574 0.574 
60 0.611 0.611 60 0.607 0.607 
90 0.493 0.493 90 0.621 0.621 

 
It can be seen from Tables 1 and 2 that all these methods 

had a poor accuracy in the prediction of liquid holdup and 
pressure drop, with the minimum error of 49%. Moreover, the 
prediction was relatively accurate in situation B, indicating 
that the prediction effect of pressure drop in the inclined pipe 
hinges on the accuracy of the liquid holdup forecast. 

It can also be seen from Table 6 that the predicted result of 
the horizontal section differed greatly from that of the inclined 
section. Hence, the Mukherjee-Brill method was refitted under 
the critical condition for the airflow in the inclined section to 
carry liquid, using the data of the conventional air-water two-
phase pipe flow experiments at different inclined angles and 
water contents (pipe diameters: 40mm, 60mm and 75mm). In 
this way, the author obtained a new calculation model for 
liquid holdup. 
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The fitting results of the liquid holdup in inclined section 
are listed in Table 7 below. 
 

Table 7. The fitting results in inclined section 
 

Source Inclined (include vertical)* 
Sum of squares df Mean square 

Regression 24.899 10 2.490 
Residual .491 761 .001 

Uncorrected statistics 25.390 771 -- 
Corrected statistics 6.052 770 -- 

*Dependent variable Hl, a.R square=0.840. 
 
After fitting, the liquid holdup calculation formula for the 

inclined section can be expressed as: 
 

𝐻𝐻l = exp [(−0.472 + 0.111sin𝜃𝜃 − 0.076sin2𝜃𝜃 +

8.353Nl
2) Nvg

0.369

Nvl
0.044]                                                                 (11) 

 
where N𝑙𝑙 = 𝜇𝜇𝑆𝑆[g/(𝜌𝜌𝑆𝑆𝜎𝜎3)]0.25; 

N𝑣𝑣𝑣𝑣 = 𝑣𝑣𝑣𝑣𝑣𝑣[𝜌𝜌g/(g𝜎𝜎)]0.25;  N𝑣𝑣𝑙𝑙 = 𝑣𝑣𝑣𝑣𝑙𝑙[𝜌𝜌𝑆𝑆/(g𝜎𝜎)]0.25. 
(2) Error analysis of fitting calculation formula 
The new model, fitted against the experimental data, should 

be tested to see if it conforms to the experimental data. Here, 
the correctness of the fitting process is verified and then the 
new model was validated against field measured data. The 
mean error of the predicted liquid holdup and pressure drop 
are compared with the experimental data in Table 8. 

 
Table 8. New model prediction results and experimental data 

average error statistics 
 

Angles/(°) Liquid holdup 
predicting value 

Liquid holdup 
experimental value 

average 
error 

30 0.078 0.086 0.093 
60 0.134 0.120 0.117 
90 0.240 0.218 0.101 

 
Compared with Tables 1, 2, 4 and 6, Table 8 shows a 

marked improvement of the prediction accuracy for liquid 
holdup and pressure drop. The bold data in Table 8 reveal that 
the prediction accuracy increased greatly in the sections other 
than the horizontal section. In the inclined and vertical sections, 
the new model achieved the prediction accuracy required for 
engineering purposes.  

Table 8 also demonstrates that the prediction accuracy of 
pressure drops only increased slightly after the fitting, as the 
pressure drop of the horizontal section is dominated by the 
frictional term, and that the new model could calculate the 
liquid holdup of the inclined section when the inclined angle 
fell between 0° and 90°. 

(2) Experimental verification 
Based on the relationship between the liquid holdup of the 

inclined section obtained in equation (1) and fitted in equation 
(2), the critical liquid-carrying model for certain gas flow in 
the inclined section can be expressed as: 

 
𝑣𝑣𝐿𝐿𝐿𝐿𝐻𝐻𝐿𝐿𝐿𝐿𝑆𝑆+𝑣𝑣𝑆𝑆𝐿𝐿𝑆𝑆(1−𝐻𝐻𝐿𝐿𝐿𝐿𝑆𝑆)−𝑣𝑣𝑆𝑆𝑆𝑆

𝑣𝑣𝐿𝐿𝐿𝐿
= exp [(−0.472 + 0.111sin𝜃𝜃 −

0.076sin2𝜃𝜃 + 8.353Nl
2)

𝑁𝑁𝑣𝑣g
𝑐𝑐5

𝑁𝑁𝑣𝑣𝐿𝐿
𝑐𝑐6]                                             (12) 

 
The parameters of the above equation were calculated by 

the trial method. With this equation, the critical gas flow rate 

was finally determined. The established mathematical model 
was tested and perfected by the indoor experiment, and its 
results were compared with the measured values. The relative 
error is illustrated in Figure 5 below. 
 

 
 

Figure 5. Calculation and comparison of critical model for 
inclined sections 

 
As shown in Figure 5, the mean error was merely 3.99%, an 

evidence of the good agreement between the values of the 
proposed model and the experimental data. Hence, the model 
satisfies the accuracy required for engineering projects. 

 
 

4. CONCLUSIONS 
 
(1) Through single pipe indoor experiments on gas-water 

two-phase flow, it is confirmed that the inclined section 
(inclined angle: 45°~ 60°) is mostly likely to suffer from liquid 
loading in horizontal gas well. 

(2) The liquid-carrying phenomenon differs greatly between 
the different sections of horizontal gas well. In the inclined 
section, the slug flow dominates the liquid-carrying mode. 

(3) The author set up a critical liquid-carrying rate model 
for the inclined section according to the mass conservation 
principle and the fitted liquid holdup calculation model. The 
experimental results show that the proposed model can 
accurately predict the critical status of liquid-carrying 
phenomenon in horizontal gas well, as the prediction error is 
merely 3.99%. 
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