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Introduction: With the global energy demand on the rise, natural gas plays a 
crucial role as a clean and efficient energy source. However, wellbore liquid 
loading has become a key constraint on the stable production of gas fields 
in their mid-to-late stages—specifically, it affects approximately 40% of the 
gas wells in the Liaohe Oilfield, leading to productivity declines or even well 
shut-ins. Foam Assisted Lift (FAL) is a mainstream technical solution to mitigate 
wellbore liquid loading due to its low cost and strong adaptability. Nevertheless, 
FAL is plagued by crude design of dosing parameters in practical applications, 
which either causes unnecessary chemical waste (from overdosing) or results 
in operational failure (from underdosing), limiting its efficiency and economic 
viability.
Methods: This study focused on three typical gas wells (Well Y-1, Y-2, and Y-
3) with distinct liquid loading and FAL application statuses: Well Y-1 did not 
adopt foam drainage technology; Well Y-2 achieved good liquid production 
after FAL application but suffered from excessive foam drainage agent injection; 
Well Y-3 used FAL but failed to meet the expected foam drainage target. 
To address the limitations of traditional FAL parameter design, this research 
innovatively treated foam as a special type of liquid to align with existing wellbore 
pressure (e.g., Beggs-Brill method) and temperature distribution models. On this 
basis, three core technical components were developed: 1) a segmented liquid 
loading calculation model based on the casing-tubing pressure difference; 2) a 
comprehensive dosing parameter optimization system covering initial dosage, 
daily replenishment amount, and injection cycle; and 3) validation of critical 
liquid-carrying velocity models (including the Turner model, Li Min model, and 
Wang Yizhong model) to screen the most applicable one for foam systems.
Results: The optimized FAL scheme yielded significant performance 
improvements and cost reductions. In terms of liquid-carrying capacity: Well 
Y-1 (previously without FAL) saw a 26.89% enhancement, and Well Y-3 (with 
underperforming FAL) saw a 22.64% enhancement. In terms of cost control: 
the daily dosing amount for Well Y-2 was reduced to 32.3% of the original 
dosage, and the FAL operation cycle for Well Y-3 was extended from 6 days 
to 17 days, reducing both chemical consumption and operational frequency. 
Additional key findings include: 1) the Wang Yizhong model was confirmed to 
have high engineering applicability for predicting foam liquid-carrying capacity, 
outperforming the Turner and Li Min models; 2) the SP-7 foaming agent
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exhibited better foaming and liquid-carrying performance under low-salinity 
conditions; and 3) concentration of the foaming agent, gas flow rate, and 
wellbore temperature were identified as key factors significantly influencing the 
efficacy of SP-7.
Discussion: This research addresses the core problem of crude dosing 
parameter design in traditional FAL technology by integrating a segmented 
liquid loading calculation model and a targeted parameter optimization system. 
The confirmation of the Wang Yizhong model’s applicability provides a reliable 
theoretical tool for foam liquid-carrying prediction, while the insights into SP-
7’s performance under different conditions offer practical guidance for foaming 
agent selection in field operations. Overall, this study establishes a technical 
foundation for efficient, cost-effective foam drainage in liquid-loading gas 
wells, particularly those in mid-to-late-stage gas fields like the Liaohe Oilfield, 
and provides a reference for solving similar liquid loading challenges in other 
gas-producing regions.

KEYWORDS

foam assisted lift, wellbore liquid loading, foaming agent, critical liquid-
carryingvelocity, production optimization design 

1 Introduction

Amid the continuously rising global energy demand, natural gas 
has become an increasingly prominent clean and efficient energy 
source. In China, gas field development has progressively entered 
the middle and late stages. With the depletion of reservoir energy, 
liquid loading in the wellbore has become a key factor constraining 
stable production in gas wells. Statistics indicate that approximately 
40% of gas wells in the Liaohe Oilfield currently experience varying 
degrees of liquid loading, leading to productivity declines or even 
well shut-ins. Foam Assisted Lift (FAL) technology, leveraging its 
advantages of low cost and strong adaptability, has become one 
of the mainstream methods for mitigating wellbore liquid loading. 
However, a prevalent issue in current field applications is the crude 
design of foam drainage agent injection parameters, resulting in 
either resource waste due to overdosing or liquid-carrying failure 
due to underdosing.

At present, wellbore liquid loading has become the core issue 
restricting gas well productivity (Zhang et al., 2019). In essence, 
it is caused by the insufficient liquid-carrying capacity of gas 
wells, leading to liquids remaining in the wellbore in the form of 
droplets or liquid films (Tugan, 2020). Studies have shown that the 
liquid loading mechanism is not caused by a single liquid factor 
but results from the coupled interaction between the formation 
and wellbore. Transient disturbances in gas wells (such as well 
opening/closing and production fluctuations) can disrupt gas-liquid 
equilibrium, promoting the formation of dynamic liquid levels, 
which is related to the basic laws of gas-liquid two-phase pipe flow 
(Pagou A. L. H. et al., 2020; Pagou A. L. et al., 2020; Liu et al., 2011). 
For both conventional low-permeability gas reservoirs (permeability 
0.01–0.1 mD) and unconventional shale gas wells, productivity 
decline, wellbore blockage, and reservoir damage caused by liquid 
loading are widespread (Albiter et al., 2025; Elyasa et al., 2024).

Taking development blocks such as China’s Liaohe Oilfield 
and Sulige Gas Field as examples, the liquid loading phenomenon 
is particularly pronounced. Statistics show that approximately 

40% of gas wells in the Liaohe Oilfield suffer from productivity 
decline due to wellbore liquid loading, and some wells are even 
forced to shut in due to excessive liquid column backpressure 
(Minyan et al., 2010). In shale gas horizontal wells, the complex 
wellbore trajectory leads to the attenuation of liquid carrying 
energy, with liquid loading in the horizontal section accounting 
for up to 60% (Brito et al., 2017). Additionally, if liquid is not 
timely discharged after fracturing tight gas wells, it may trigger 
deterioration of reservoir physical properties, causing irreversible 
productivity loss (Bahrami et al., 2012).

In low-production gas wells, low gas flow velocity and weak 
liquid carrying capacity can easily form a liquid column at the 
bottomhole, which can kill the well in severe cases (Fadili and 
Shah, 2016). In deviated and horizontal wells, the well deviation 
angle alters gas-liquid distribution. The critical flow velocity for 
liquid carrying is maximum in the build-up section (30°–60°), 
and the critical flow rate in the horizontal section is significantly 
lower than in the vertical section, making it a high-incidence area 
for liquid loading (Abhulimen et al., 2023). For high-pressure gas 
wells, the maximum critical flow rate tends to appear near the 
wellhead, while for low-pressure gas wells, it concentrates at the 
bottomhole. Furthermore, even if the gas well production exceeds 
the minimum critical liquid carrying flow rate, there still exists a 
maximum critical liquid carrying capacity, which increases with the 
decrease of wellhead pressure and decreases with the increase of pipe 
diameter. This means that gas wells with higher production may still 
experience liquid loading due to excessive liquid carrying volume, 
exacerbating the difficulty of liquid loading prediction and control 
(Eromoses et al., 2022; Sankar and Karthi, 2019; Peng et al., 2024).

To tackle this challenge, Foam Assisted Lift (FAL) technology 
has become the mainstream process due to its high efficiency and 
economic viability. Research on this technology began overseas in 
the 1950s, with gas fields in Oklahoma, United States, achieving 
an application success rate of over 90%. In China, the first 
experiment was conducted in the Yumen Oilfield in 1965 (Fadili 
and Shah, 2016). In the field of low-permeability gas reservoirs, 
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the Sulige Gas Field initially focused on laboratory screening of 
foam drainage agents and the calculation of critical liquid carrying 
flow rates for low-pressure and low-yield gas wells with liquid 
loading issues. However, neglecting key factors such as the injection 
mode and timing led to limited process success rates (El, 2023; 
Veeken et al., 2017; Amani and Firouzi, 2023). An optimized 
injection mode of “small amounts multiple times, fixed casing-
tubing pressure difference” was established via in-depth analysis of 
the matching relationship between process parameters and gas well 
production characteristics. This mode reduced the foam drainage 
agent dosage per well by 38% and the number of construction 
operations by 23%, effectively improving the stable production 
effect (Tayyab et al., 2014; Tavakkoli et al., 2021; Bonafé et al., 
2020; Nasab et al., 2024). For the Longfengshan Condensate Gas 
Reservoir, which suffered from foam drainage agent defoaming 
when encountering oil, an oil-resistant system combining “F-C bond 
+ nanoparticles” was adopted. This system solved the issues of crude 
oil emulsification and residual foam pollution. Field application 
in 98 wells yielded an accumulated additional gas production of 
30.637 × 106 m3 and an input-output ratio of 1:4.7 (Wang et al., 
2018). In the development of shale gas horizontal wells, the Fuling 
Shale Gas Field established a comprehensive evaluation system, 
including key indicators such as drainage capacity and production 
increase capacity. Combined with a rapid evaluation procedure, 
dynamic optimization of foam drainage effects was achieved. The 
field application compliance rate for 182 well operations reached 
92%, and the program optimization success rate was 96% (Xusen 
and Chun, 2024). However, the Zhongjiang Gas Field, with high 
condensate oil content, still faces the problem of bottom-hole 
emulsification. By optimizing oil-resistant foam drainage agents and 
emulsifying re-foaming agents, and establishing a liquid loading 
prediction and parameter calculation method, a targeted process 
technology was formed (Xin, 2021). For the challenge of restoring 
high-sulfur flooded wells in the Yuanba Gas Field, the “Nitrogen 
Injection with Water Accompaniment + foam drainage” process 
was developed, accompanied by the research and development 
of high-temperature sulfur-resistant foam drainage agents. This 
was successfully applied to field wells such as YB29-1, achieving 
the emptying of wellbore liquid loading (Huang et al., 2023). 
The Chuanxi Gas Field constructed an economic and technical 
evaluation system using the entropy weight method, identifying 
that indicators such as gas production and financial internal 
rate of return significantly impact process effects, and proposing 
countermeasures for optimizing production plans and technological 
innovation (Guo et al., 2024). For low-pressure and low-yield 
wells, the middle-shallow gas reservoir in Chuanxi divided the 
intervention timing of conventional foam drainage and low-surface 
tension foam drainage, formulating a classified maintenance system 
for intermittent and continuous water production. This increased 
the foam drainage efficiency from 81.7% to 93.7% (Jiang et al., 2021). 
In cluster well development, the automated foam drainage process 
has achieved technical breakthroughs in continuous foam drainage 
and sufficient defoaming through optimized dosing parameters 
(Nobakht et al., 2012; Oyindamola et al., 2022; Kruglyakov et al., 
2008; Al-Ahmadi et al., 2010; Lidan et al., 2023).

In terms of new foam drainage agents, researchers used Gemini 
foaming agents as the main component, added grafted nanoparticles 
as foam stabilizers, and combined them with characteristic additives. T

A
B

LE
 1
  D

et
er

m
in

at
io

n
 o

f 
d

ra
in

ag
e 

m
o

d
es

 f
o

r e
ac

h
 w

el
l.

W
e

ll 
n

u
m

b
e

r
G

as
 p

ro
d

u
ct

io
n

 
(1

0
4
 m

3
/d

)
Li

q
u

id
 

p
ro

d
u

ct
io

n
 

(m
3
/d

)

Tu
b

in
g

 
p

re
ss

u
re

 (
M

P
a)

C
as

in
g

 
p

re
ss

u
re

 (
M

P
a)

G
as

-l
iq

u
id

 r
at

io
 

(1
0

4
 m

3
/m

3
)

Tu
b

in
g

-c
as

in
g

 
p

re
ss

u
re

 
d

iff
e

re
n

ce
 

(M
P

a)

O
ri

g
in

al
 

p
ro

d
u

ct
io

n
 

m
e

th
o

d

P
ro

d
u

ct
io

n
 

m
e

th
o

d
 

ju
d

g
m

e
n

t

Y-
1

0.
68

1
2.

93
6

2.
74

1
3.

10
7

0.
23

2
0.

36
6

G
as

 L
ift

Fo
am

 D
ra

in
ag

e

Y-
2

1.
06

2
1.

20
6

2.
55

2.
76

1
0.

88
1

0.
21

1
Fo

am
 D

ra
in

ag
e

Fo
am

 D
ra

in
ag

e

Y-
3

0.
62

3
0.

10
6

3.
18

5
4.

35
7

5.
86

2
1.

17
2

Fo
am

 D
ra

in
ag

e
Fo

am
 D

ra
in

ag
e

Frontiers in Earth Science 03 frontiersin.org

https://doi.org/10.3389/feart.2025.1671644
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Liu et al. 10.3389/feart.2025.1671644

This successfully led to the development of two types and six 
subtypes of nanoparticle foaming agents suitable for major gas fields 
in China. These new foaming agents exhibit excellent performance. 
Their CO2 resistance reaches 100%, and their condensate resistance 
is 40%. Compared with traditional foaming agents, the average 
gas flow rate of each gas well increases by 62.48%, the pressure 
difference decreases by 18.9%, and the cost is reduced by 45%, 
significantly achieving cost reduction and efficiency improvement. 
Currently, the process is shifting from “experience-driven” to 
“data-driven” (Singh and Mohanty, 2017; Xiong et al., 2019). 
Despite these advancements, process bottlenecks in complex well 
conditions remain prominent. For example, in parts of the Sulige 
Gas Field with high liquid-gas ratios, the foam drainage efficiency 
is relatively low, requiring integration with processes such as 
plunger gas lift to narrow the application scope (Schmid and 
Geiger, 2013). In the later stages of deep coalbed methane wells 
in Yanchuannan, the problems of low liquid production and coal 
powder interference have been encountered. The feasibility of cost 
reduction was verified by combining optimized string selection 
with foam drainage technology (Darabi et al., 2012). In theoretical 
research, there are still deviations in the liquid loading prediction 
models for gas wells, necessitating the integration of formation-
wellbore coupling experiments to reveal the multi-factor control 
mechanism (Fu et al., 2015; Q. Y. et al., 2023). The calculation of 
critical liquid carrying values for deviated and horizontal wells needs 
to consider the influence of liquid droplet deformation and well 
deviation angle, with the build-up section (30°–60°) becoming the 
focus of liquid loading judgment (Kanta et al., 2025). Currently, 
the foam drainage process system is transitioning from “experience-
driven” to “data-driven.” Through refined parameter design, the 
development of functional foam drainage agents with oil and sulfur 
resistance, and multi-process collaboration, the applicability to 
complex gas reservoirs is continuously improving. However, further 
breakthroughs are still needed in process integration and long-
term effectiveness for gas wells with high sulfur content, ultra-high 
temperatures, and strong heterogeneity.

The theoretical research on the critical liquid carrying flow rate 
of gas wells began in the 1960s. In 1969, Turner established the 
classic liquid droplet model, deriving the critical velocity formula 
by assuming liquid droplets as rigid spheres, which became the core 
engineering tool in the early stage. However, it overestimates the 
critical value in low-pressure gas wells. In 2001, the Li Min team 
proposed the MinLI model, where the critical velocity is 20%–30% 
lower than the Turner formula, and field cases in the Sichuan 
Gas Field verified an error of less than 8% (Min et al., 2001). In 
2007, Wang Yizhong et al. proposed the spherical-cap liquid droplet 
model, reducing the prediction error in the Daqing Oilfield from 
12% to 7% (Yi-zhong and Qing-wen, 2007). In the same year, 
Westende et al. revealed the regulation mechanism of liquid droplets 
on liquid film instability through experiments, laying the foundation 
for multiphase flow modeling (van ’t Westende et al., 2007). In 2010, 
the Xiao Gaomian team proposed a piecewise calculation method, 
improving the prediction accuracy by 15% in the Fuling Shale Gas 
Field (Gao-mian et al., 2010). Since 2012, a number of deviated 
well experiments have quantified the effect of well deviation angle, 
but the prediction deviation in high-deviation wells reaches 40% 
(Sarica et al., 2023; Guner et al., 2015). In 2012, Wang Zhibin 
constructed the Ck-Wecrit model, controlling the theoretical error 

within 6% in the Daniudi Gas Field (Wang, 2012). In 2018, Skopich 
et al. experimentally revealed the limitations of Turner-type models 
in high Reynolds number flow regimes (Darabi et al., 2012; He et al., 
2021; Skopich et al., 2015). In recent years, Wang Yuejie et al. 
proposed a deviated well model with an accuracy rate increased 
to 94.6% (Wang and Zhang, 2022). In 2024, Huang Quanhua et al. 
determined that a pipe deviation angle of 46° is the extreme point 
of liquid carrying resistance (Zhijian et al., 2024; Huang et al., 
2024). However, existing models have not clarified the critical liquid 
carrying characteristics of foam (Teng et al., 2025; Wang et al., 2025; 
Zhengzheng et al., 2025; Du et al., 2024).

Currently, the foam drainage agent injection process faces 
two common challenges. Firstly, the inability to acquire real-time 
downhole liquid loading information before foam drainage agent 
injection makes it difficult to determine the optimal dosing timing; 
secondly, since the agent is injected from the wellhead, it tends 
to float on the liquid surface or fail to reach the designated 
location, thus preventing adequate mixing with the bottomhole 
liquid loading. These issues lead to the following consequences. 1) If 
the bottom-hole liquid loading increases rapidly and foam drainage 
agent injection is not timely, it may cause the gas well to be flooded 
quickly; 2) If the bottom-hole liquid loading is low, excessive foam 
drainage agent injection not only causes waste of foam drainage 
agents, but the excess foam drainage agents also become part of 
the liquid loading, increasing the drainage burden; 3) The foam 
drainage agent concentration at the bottom of the liquid loading is 
too low, resulting in insufficient foam generation and the inability 
to drain liquid fully. Therefore, timely foam drainage agent injection 
and shutdown, based on downhole liquid loading information, while 
ensuring sufficient mixing of the foam drainage agent with the liquid 
loading, are the keys to the success of foam drainage.

This study takes three typical gas wells, Y-1, Y-2, and Y-3, as 
research objects, systematically analyzing their wellbore structure 
parameters and production dynamic data. Innovatively, foam is 
regarded as a special liquid phase, and the distribution of gas and 
foam is transformed into the gas-liquid distribution characteristics 
of gas and special liquid phase, meeting the application conditions 
of wellbore pressure (Beggs-Brill method) and temperature 
distribution (Ramey wellbore heat transfer model) calculation 
models. By establishing a segmented calculation model of wellbore 
liquid loading based on casing-tubing pressure difference, and 
combining the physico-foam drainage agent parameters of foam 
fluid determined in the laboratory, a three-dimensional parameter 
optimization system including initial dosage of foam drainage agent, 
daily replenishment amount, and foam drainage agent injection 
cycle is constructed. Parameters such as the density and viscosity of 
natural gas and mixed liquid in the wellbore fluid, the compression 
factor of natural gas, the volume flow rate of natural gas, and the 
volume flow rate of liquid are calculated. The temperature and 
pressure distribution in the foam drainage gas well are calculated to 
clarify the bottom-hole flowing pressure, and finally, the foam flow 
pattern in the wellbore under different foam drainage agent injection 
systems is determined. The study focuses on discussing the influence 
laws of key factors such as foaming volume and surface tension on 
the critical liquid carrying velocity. By comparing the prediction 
results of classic models such as Turner and Li Min, the engineering 
applicability of the Wang Yizhong model in foam liquid carrying 
prediction is verified.
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TABLE 2  Well structure parameter design.

Well number Oil layer casing size (mm) Current downhole string 
structure

Tubing size (mm) String setting depth (m)

Y-1 139.7 ∅60.3 mm Heavy Weight 60.3 2334.09

Y-2 139.7 ∅50.8 mm Heavy Weight 50.8 2205.0

Y-3 139.7 ∅73 mm 73.0 2534.31

FIGURE 1
Application of production technology in well Y-1.

2 Methodology

2.1 Calculation of gas-liquid parameters 
for foam drainage wells

Foam is regarded as a special liquid phase, whose density 
is determined by the gas contained within the foam and the 
foam drainage liquid. The proportions of the total gas volume 
and liquid volume in the foam can be determined by the 
foaming volume measured in the laboratory. According to the 
Class III foaming volume standard specified in SY/T 7494-2020 
Experimental Evaluation Method for Foaming Agents Used in Oil 
and Gas Fields and Q/SY 17815-2021 Technical Specification for 
Foaming Agents Used in Drainage Gas Recovery, the foaming 
volume of 200 mL of a foaming liquid with a 0.5% concentration 
shall be ≥750 mL. The proportion of the total gas volume in the foam 
is given by Equations 1, 2.

xg =
Vp −Vlp

Vp
xg =

Vp −Vlp

Vp
(1)

ρl = ρlp(1− xg) + ρgxg (2)

The gas-liquid surface tension σ is determined through 
experiments and is approximately regarded as a constant. Generally, 

the measured value of the standard foaming liquid is slightly lower 
than 30 mN/m.

The density and viscosity of the foaming liquid are determined 
in the laboratory and are approximately regarded as constants. 
Therefore, the liquid viscosity is given by Equation 3.

μl = μlp(1− xg) + μgxg (3)

Where,
xg—Proportion of the total gas volume in the foam, decimal;
ρg—Gas density, kg/m3;
ρl—Liquid density, kg/m3; here it is the foam density (foam is 

regarded as a special liquid phase), which is different from the liquid 
loading density;

ρlp—Density of foaming liquid, kg/m3;
Vp—Foaming volume, m3;
V lp—Foaming liquid volume, m3;
μl—Liquid viscosity, Pa·s;
μg—Gas viscosity, Pa·s;
μlp—Viscosity of foaming liquid, Pa·s. 

1. During the process of foam being transported from the bottom 
of the well to the wellhead, the foam volume remains in a state 
of dynamic equilibrium, where the volume of gas released by 
foam breaking is equal to the volume of free gas consumed in 
generating new foam.
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FIGURE 2
Application scenarios of production technology for well Y-2.

2. As a stable gas-liquid mixture in the wellbore, foam is regarded 
as a special liquid phase and thus forms a special gas-liquid 
two-phase flow with free gas.

Given the temperature and pressure, the empirical formula for 
calculating the gas compressibility factor is given by Equations 4–11.

Z = (0.0702e−2.5Tr)p2
r − (5.524e−2.5Tr)pr + (0.044T2

r − 0.164Tr + 1.15) (4)

pr = p/pc (5)

Tr = T/Tc (6)

The gas density can be expressed as,

ρg =
pM
ZRT

(7)

The gas viscosity can be expressed as,

μg = 10−7kv exp(xρy
g10−3y) (8)

kv =
2.6832× 10−2(470+ 1000M)T1.5

116.1111+ 10555.6M+T
(9)

x = 0.01(344.8+ 54777.7/T+ 1000M) (10)

y = 2.447− 0.2224x (11)

 

2.2 Calculation of initial dosage of foam 
drainage agent

The product of the initial bottom-hole liquid loading and the 
foam drainage agent concentration is the initial dosage of the foam 

drainage agent. By determining the bottom-hole liquid loading, the 
initial dosage of the foam drainage agent can be calculated.

The target liquid loading is obtained by first calculating the 
relevant wellbore liquid loading depth and then multiplying this 
depth by the pipe cross-sectional area. Bottom-hole liquid loading 
can be calculated in three sections from top to bottom, the section 
from the tubing liquid level to the casing-tubing annulus liquid level, 
the section from the casing-tubing annulus liquid level to the bottom 
of the tubing, and the section from the bottom of the tubing to the 
middle depth of the gas layer.

If the annulus liquid level depth is unknown, the target liquid 
loading can be estimated using the casing-tubing pressure difference. 
Using this pressure difference, the length of the section from the 
tubing liquid level to the casing-tubing annulus liquid level can 
be calculated; multiplying this length by the tubing cross-sectional 
area yields the liquid volume of this section. Further multiplying 
this volume by an appropriate conversion coefficient gives the total 
liquid volume, which includes both the section from the tubing 
liquid level to the casing-tubing annulus liquid level and the section 
from the casing-tubing annulus liquid level to the bottom of the 
tubing. The liquid volume of the section from the bottom of the 
tubing to the middle depth of the gas layer can be directly calculated 
from wellbore structure parameters (tubing bottom depth, gas layer 
middle depth, and casing diameter).

If the annulus liquid level depth has been measured, the length 
from the annulus liquid level to the bottom of the tubing can be 
determined; multiplying this length by the annulus cross-sectional 
area gives the liquid volume of the section from the casing-tubing 
annulus liquid level to the bottom of the tubing. By combining this 
volume with the liquid volume of the section from the tubing liquid 
level to the casing-tubing annulus liquid level and that of the section 
from the bottom of the tubing to the middle depth of the gas layer, 
the total liquid volume is obtained.

The section from the annulus liquid level depth to the 
tubing shoe liquid level is selectively ignored; instead, only 
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FIGURE 3
Application scenarios of production technology for well Y-3.

TABLE 3  Performance evaluation results of SP-7 foaming agent.

Item Class Ⅲ 
indicators

80 g/L
+0.5%SP-7

Class Ⅴ 
indicators

250 g/L
+0.5%SP-7

pH - 6.7 - 6.8

Surface Tension, mN/m - 28.3 - 29.6

Foaming Volume, mL ≥750 662 ≥500 42.3

Foam Drainage Half-Life, s ≥320 327 ≥150 108

Foam Decay Rate, % - 14.88 - 19.35

Foam Liquid Carrying Rate, % ≥80 75 ≥70 61

Temperature Resistance 
(100 °C, 24 h)

Foaming Volume, mL ≥750 617 ≥500 42.3

Drainage Half-Life, s ≥320 322 ≥150 107

the tubing liquid column above the annulus liquid level and 
the liquid column below the tubing shoe are calculated, so a 
conversion value η is added to the tubing liquid column. The 
formula for estimating wellbore liquid loading based on the 
casing-tubing pressure difference is as follows. See Equation 12
for details.

Vl = ηπd2
t (pc − pt)/(4ρlg) + πd2

c(he − ht)/4 (12)

If the annulus liquid level depth ha has been measured, the 
wellbore liquid loading formula is as follows. See Equation 13 
for details.

Vl = πd2
t (pc − pt)/(4ρlg) + πd2

c(he − ht)/4+ π(d2
t + (d

2
c − d2

t−out))(ht − ha)/4
(13)

Therefore, the dosage of foam drainage agent 
is given by Equation 14.

Ma = ρlVlRs (14)

Where,
Vl—Wellbore Liquid Loading Volume,m3;
Ma—Dosage of foam drainage agent,kg;
η—Conversion coefficient, dimensionless, reference value 1.2;
dc—Casing inner diameter, m;
dt—Tubing inner diameter, m;
dt−out—Tubing outer diameter, m;
he—Middle depth of gas layer, m;
ht—Tubing shoe depth, m;
ha—Annulus liquid level depth, m;
pc—Tubing pressure, Pa;
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pt—Casing pressure, Pa;
ρl—Liquid loading density, kg/m3; here the liquid loading 

density is different from the foam density;
Rs—Concentration, %, generally 0.5%.
Based on field data, the conversion factor η = 1.2 was determined 

via calibration against multiple typical gas wells with known liquid 
loading volumes in the study area. For vertical wells with an inner 
tubing diameter of 50.8–73 mm and an inner casing diameter 
of 139.7 mm, measured liquid loading volumes were compared 
with values calculated using Equation 4. Following optimization to 
minimize errors, η = 1.2 was derived; under this condition, the 
average error between the calculated and measured liquid loading 
volumes was constrained to within 5%.

It should be noted that for directional wells, the pay zone mid-
depth, tubing shoe depth, annulus liquid level depth, as well as
he、 ht and ha in the calculation formulas should all be replaced with 
well depth (i.e., measured depth) rather than vertical depth (i.e., true 
vertical depth). 

2.3 Calculation of daily dosage of foam 
drainage agent and foam drainage agent 
injection cycle for foam drainage wells

Based on the total liquid volume, liquid production rate, and 
initial foam drainage agent concentration, the concentration of 
the foam drainage agent in the liquid loading on the nth day 
can be calculated. When this concentration is less than 0.3%, it 
is determined that replenishment of the foam drainage agent is 
required. Using the concentration of the foam drainage agent in the 
liquid loading on the nth day, the difference from the initial foam 
drainage agent content in the liquid loading can be derived, allowing 
calculation of the supplementary dosage of the foam drainage agent.

Following injection of the foam drainage agent, if gas and 
liquid production remain stable, this indicates that the daily liquid 
volume produced from the well bottom (including foaming liquid) 
is equal to the liquid volume replenished from the reservoir 
to the well bottom (excluding foaming liquid). From day 1 to 
day n, the liquid loading concentrations at the well bottom are 
0.5%(Vl−ql)

Vl
, 0.5%(Vl−ql)

2

V2
l

0.5%(Vl−ql)
n

Vn
l

.
Therefore, the liquid loading concentration in the wellbore 

following n days of production is given by Equation 15.

Rs−n =
0.5%(Vl − ql)

n

Vn
l

(15)

If the concentration on the nth day is less than 0.3%, 
it is recommended to conduct the next foam drainage agent 
supplementation. The cycle interval is defined as n-1 day. Following 
the re-supplementation of foam drainage agent, the bottom-hole 
liquid loading concentration returns to 0.5%, and the required 
dosage of foam drainage agent is given by Equation 16.

Ma = 0.5%ρlVl − ρlVlRs−n (16)

1) Initial dosage. It refers to a one-time injection volume 
calculated from the initial bottom-hole liquid loading, aimed 
at rapidly increasing the foam drainage agent concentration to 
0.5%, Ma = 0.5%ρlVl.

2) Injection cycle. It refers to the number of days between two 
supplementary injections, which is determined by the time 
required for the foam drainage agent concentration to decrease 
to 0.3%. This cycle exhibits a positive correlation with the gas 
well’s daily liquid production, a higher daily liquid production 
results in a shorter cycle.

3) Daily supplementary dosage. Calculated as the ratio of the total 
supplementary volume within a cycle to the number of days 
in the cycle, its value is jointly determined by the injection 
cycle length and the foam drainage agent’s concentration decay
rate.

On-site well examples were illustrated as follows.
For high liquid production wells (e.g., Well Y-1, with a daily 

liquid production of 2.936 m3/d). Owing to the high liquid discharge 
rate, the foam drainage agent concentration droped to below 0.3% 
within 1 day. Thus, the injection cycle was set to 1 day, and the daily 
supplementary dosage must reach 14.68 kg to maintain the effective 
concentration.

For low liquid production wells (e.g., Well Y-3, with a 
daily liquid production of 0.106 m3/d). The foam drainage 
agent concentration decreased slowly, so the injection cycle 
was extended to 17 days. By allocating the total supplementary 
volume across the cycle, only 7.12 kg of the agent was required
daily.

Where
n—Foam drainage agent injection cycle, days;
Ma—Dosage, kg;
Rs−n—Concentration, %;
Vl—Wellbore liquid loading, m3;
Vl—Daily liquid production, m3;
ql—Daily liquid production,m3;
ρl—Liquid loading density, kg/m3. 

2.4 Calculation of critical liquid carrying 
velocity for foam drainage wells

As a special liquid phase, foam exhibits prominent deformation 
characteristics under the action of pressure differences. By 
selecting an appropriate critical liquid-carrying velocity model, the 
corresponding critical liquid-carrying velocity can be calculated 
using gas-liquid interfacial tension, foam density, and gas 
phase density.

The Wang Yizhong model (van ’t Westende et al., 2007), Turner 
model, and Li Min model (Min et al., 2002) are given respectively as 
follows, with details shown in Equations 17–19.

vc = 2.25
σ

1
4 (ρl − ρg)

1
4

ρ
1
2
g

(17)

vc = 6.6
σ

1
4 (ρl − ρg)

1
4

ρ
1
2
g

(18)

vc = 2.5
σ

1
4 (ρl − ρg)

1
4

ρ
1
2
g

(19)
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Substituting 1-2 into the equations gives, with details shown in 
Equations 20–22.

vc = 2.25
[σ(ρlp − ρg)(1− xg)]

1
4

ρ
1
2
g

(20)

vc = 6.6
[σ(ρlp − ρg)(1− xg)]

1
4

ρ
1
2
g

(21)

vc = 2.5
[σ(ρlp − ρg)(1− xg)]

1
4

ρ
1
2
g

(22)

Where,
vc—Critical liquid carrying velocity, m/s.
ρg—Gas density, kg/m3;
ρl—Liquid density, kg/m3;
σ—Gas-liquid interface tension, N/m.
xg—Proportion of the total gas volume in the foam, decimal.
The Turner model assumes that liquid droplets are rigid 

spheres and ignores the deformability of liquid droplets in foam 
systems. However, as a special gas-liquid mixed dispersed system, 
foam has thin liquid films that are prone to deformation under 
the shear force of gas flow, and the actual liquid droplets are 
closer to a “spherical cap shape” (flat shape) (Wang et al., 2015). 
Although the Li Min model modifies the rigidity assumption 
of the Turner model, it still fails to fully consider the surface 
tension gradient of foam droplets and the gas core encapsulation 
effect. The Wang Yizhong model considers the liquid droplet as 
a spherical cap, and the degree of liquid droplet deformation 
is higher than that in the Turner model and Li Min model. 
In recent years, many scholars continue to cite this model, 
which fully proves its sustained influence and value in the 
academic community (Sun et al., 2023; Gowida et al., 2024). 
These citations not only indicate that the Wang Yizhong model 
remains an important foundation for research in this field to 
this day. Therefore, it is recommended to use the Wang Yizhong
model.

It should be noted that ρl is the foam density. The larger 
the foaming volume, the lower the foam density; the better the 
performance of the foaming agent, the lower the interfacial tension 
σ value. The larger the foaming volume and the lower the interfacial 
tension σ value, the lower the corresponding critical liquid-carrying
velocity.

2.5 Calculation of bottom-hole flowing 
pressure and acquisition of foam flow 
pattern for foam drainage wells

To facilitate the output of parameters at each wellbore position, 
the wellbore is divided into N sections from the wellhead to the well 
bottom, and coordinates are assigned. Starting from the first section, 
the unknown end pressure of each section is solved using the known 
end pressure, and this process is repeated until the last section is 
calculated.

The specific process of solving for the temperature and pressure 
of each section is as follows. T
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Assume the unknown end pressure, then obtain the temperature 
of this section via the temperature distribution calculation module. 
Using the known end pressure and unknown end pressure, obtain 
the average pressure of this section, then calculate the physical 
property parameters via the gas-liquid parameter calculation 
module. Via the pressure distribution calculation module, obtain 
the calculated value of the unknown end pressure and compare it 
with the assumed value. If the error exceeds the allowable value, 
use the calculated value of the unknown end pressure as the new 
assumed pressure value, and repeat the above calculation until the 
error meets the requirements. The unknown end pressure is then
obtained. 

1. Calculate the total number of segments

Segmentation is performed according to the total length of the 
wellbore flow channel and the depth calculation step size with details 
shown in Equations 23–32.

When the total length of the wellbore flow channel is exactly 
divisible by the depth calculation step size (the step size can be 
10–50 m).

N = int(lt/Δl) (23)

 
When the total length of the pipeline cannot be divisible by the 

depth calculation step.

N = int(lt/Δl) + 1 (24)

 
Assign length coordinates to each pipeline section.
Use the following formula to assign coordinates to each section 

in the pipeline.

l(i) = i · Δl (25)

 
Where i = 1, 2, 3.N-1. 

2. Assign coordinates to the last section

l(N) = lt (26)

 
The pressure distribution from the first section to the last section 

is calculated iteratively. 

3. The average pressure of each section of the wellbore flow 
channel is calculated. 
① The lower end pressure is assumed to be,

pdown = pup +Δpini (27)

② The average pressure of this section is calculated
as,

p = (pup + pdown)/2 (28)

4. The average temperature of each section of the wellbore flow 
channel is calculated 
① The fluid temperature Tdown at the current lower end 

depth of the wellbore flow channel is calculated using 
the Ramey wellbore heat transfer model, based on 
the upper end temperature Tup of the wellbore flow
channel.
② The average temperature of this section is calculated as,

T = (Tup +Tdown)/2 (29)

5. The physical property parameters under the current pressure 
and temperature are calculated

The gas density ρg, liquid density ρl, gas viscosity μg, gas 
compressibility factor Z, liquid viscosity μl, and liquid surface σ
tension of the fluid at the given pressure P and temperature T are 
calculated using the calculation module in Section 2.1. 

6. According to the Beggs-Brill method, the pressure 
gradient is solved.

7. The pressure drop in the pipeline is calculated based on the pipe 
section length and pressure gradient.

The pressure drop of the current pipe section is,

DP = DPt · Δl (30)

8. The lower end pressure of this pipe section is calculated.

The calculated value of the lower end pressure for this pipe 
section is,

pdownNew = pup +DP (31)

9. The calculated value of the lower end pressure is checked

If abs(PdownNew − Pdown)/Pdown ≤ ε, generally ε is 0.01, then,

pdown = (pdownNew + pdown)/2 (32)

 
Otherwise, let pdown = pdownNew and repeat the calculation 

process from 1) to 9). 

10. The upper end pressure of the first section is the wellhead 
tubing pressure pc. The upper end pressure of the next section 
is set equal to the lower end pressure of the current section, 
pup = pdown; repeat the calculation process from 1) to 10) until 
the last section is calculated. The lower end pressure of the last 
section is the bottom-hole flowing pressure pwf .

The segmented liquid loading calculation model based on casing 
pressure difference established in this study has certain limitations 
in terms of applicability, especially for low-yield gas wells with a 
liquid production of <0.1 m3/d. In such wells, due to the extremely 
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FIGURE 4
Concentration change diagram of foaming fluid in foam drainage 
wells after foam drainage agent dosing.

low liquid production rate, the casing pressure difference is usually 
very small (even close to zero), which greatly reduces the accuracy 
of liquid loading estimation using this model. In low-yield wells, 
minor measurement errors or transient fluctuations in gas flow 
rate may be amplified, leading to deviations in the estimated liquid 
loading depth and segmented volume. This further affects the 
rationality of key parameters designed based on the model, such 
as the initial dosage and supplementary cycle of foam drainage 
agents. Therefore, when applying this model to gas wells with a 
liquid production of <0.1 m3/d, adjustments can be made to the 
conversion coefficient η in Formula 4 according to on-site actual 
conditions (e.g., appropriately reducing η to avoid overestimation); 
meanwhile, on-site calibration of the model results can be conducted 
using actual liquid drainage data to ensure the reliability of foam 
drainage parameter design.

At this point, the temperature and pressure distribution in the 
entire wellbore can be obtained, and the foam flow pattern at 
different wellbore positions can then be determined based on the 
Beggs-Brill method.

3 Results and discussion

3.1 Case study

To determine the appropriate drainage mode and extract key 
string structure parameters for Y-1, Y-2, and Y-3 wells based on 
their recent gas production, liquid production, and casing-tubing 
pressure difference, a systematic approach integrating empirical 
models, field data calibration, and advanced multiphase flow 
analysis is proposed. Below is the optimized methodology. 

3.1.1 Basic conditions
3.1.1.1 Basic production well information

According to Tables 1, 2 Well Y-1 originally adopted gas lift 
for production, characterized by high operational costs and a gas 
injection rate of less than 3,000 m3/d. This well is determined 

to have a low degree of liquid loading and high production, 
indicating sufficient reservoir energy and favorable gas-liquid supply 
capacity—these conditions provide a solid basis for switching to 
a foaming process (via injecting low-cost foaming agent into the 
wellbore).

Well Y-2 is a foam drainage well, with a daily foam drainage 
agent injection rate of 30 L (approximately 30 kg), leading to high 
operational costs. It is determined that this well also has a low degree 
of liquid loading and high production, alongside good gas supply 
and liquid drainage capabilities, making it suitable for the foam 
drainage production mode. However, the high cost of foam drainage 
necessitates further optimization of the design.

Well Y-3 is another foam drainage well, with a foam drainage 
agent injection cycle of 6 days and a single foam drainage rod 
used per injection. This well is determined to have a moderate 
degree of liquid loading, stable production, low liquid output, and 
good drainage capacity, thus being suitable for the foam drainage 
production mode. Nevertheless, its low liquid production means 
the drainage capacity has not been fully utilized, requiring further 
optimization.

As shown in Figures 1–3 under gas lift conditions, the gas 
production and liquid production of Well Y-1 fluctuate drastically, 
with the liquid production ranging from a minimum of 0 to a 
maximum of 7.81 m3/d. This is not conducive to stable production, 
production enhancement, or production control. Under foam 
drainage conditions, the liquid production of Well Y-2 is relatively 
stable, reflecting a good foam drainage effect; however, due to the 
daily injection of a high dose of foam drainage agent, the foam 
drainage cost is high. For Well Y-3 under foam drainage conditions, 
its gas production is relatively stable, but its liquid production 
fluctuates significantly, and the overall liquid production is low, 
failing to fully utilize the well’s foam drainage capacity. 

3.1.1.2 Basic conditions of foam drainage agents
To construct the foam drainage model, it is necessary to clarify 

the performance characteristics of the foam drainage agent used. 
Referencing SY/T 7494-2020 Experimental Evaluation Method for 
Foaming Agents Used in Oil and Gas Fields and Q/SY 17815-
2021 Technical Specifications for Foaming Agents Used in Drainage 
Gas Recovery, 0.5% SP-7 foaming liquid was prepared using 80 g/L 
and 250 g/L standard simulated water samples. Tests on foaming 
performance, temperature resistance, liquid-carrying performance, 
and physical properties of the foam drainage agent were conducted 
to evaluate the compatibility and comprehensive foaming capacity 
of the agent.

As shown in Table 3, the test results of the 80 g/L and 250 g/L 
salinity standard SP-7 foaming liquids were evaluated separately. 
Comparison shows that the performance of SP-7 foaming liquids 
under 80 g/L and 250 g/L salinity conditions does not meet the 
standard requirements, but the liquid-carrying rate is close to the 
standard value, indicating a certain liquid-carrying capacity. The 
salinity of the on-site water sample is 62.3 g/L, which is lower than 
80 g/L and much lower than that of the 250 g/L standard solution.

When the foam in the measuring cylinder has been left to stand 
for 30 min (or the user-specified time), gently lower a float along the 
inner wall of the measuring cylinder onto the foam-liquid interface 
using a glass rod. Separately read the total volume V1 indicated by 
the lower edge of the float and the volume V2 of the separated liquid. 

Frontiers in Earth Science 11 frontiersin.org

https://doi.org/10.3389/feart.2025.1671644
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Liu et al. 10.3389/feart.2025.1671644

FIGURE 5
Variation diagrams of temperature and pressure with wellbore depth in well y-1 after foam drainage agent dosing. (a) Temperature variation with 
wellbore depth. (b) Pressure variation with wellbore depth.

FIGURE 6
Variation diagrams of temperature and pressure with wellbore depth in well y-2 after foam drainage agent dosing. (a) Temperature variation with 
wellbore depth. (b) Pressure variation with wellbore depth.

Calculate the foam decay rate Rt  according to the following formula.

Rt =
(V1 −V2)

V0
· 100% (33)

Rt—The foam decay rate at a specific time is expressed as a 
percentage.

V1 — The total volume of the system (in the measuring cylinder) 
after standing for a certain period and adding the float has a unit of 
milliliters (mL).

V2 — The volume of liquid separated from the foam 
after standing for a certain period has a unit of milliliters
(mL).
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FIGURE 7
Variation diagrams of temperature and pressure with wellbore depth in well y-3 after foam drainage agent dosing. (a) Temperature variation with 
wellbore depth. (b) Pressure variation with wellbore depth.

FIGURE 8
Comparison of relationships between critical liquid carrying velocity 
and foam gas volume fraction for different models.

V0 — The unit of foaming volume is milliliters (mL).
Based on the water sample test results of Wells Y-1 

to Y-3, the chloride ion concentration is 39.160 g/L, which 
suggests that the total salinity of the on-site water sample 
is close to that of the Class III standard water sample
(80 g/L).

Based on the test results, the following suggestions can be 
provided for foam drainage in gas wells. 

1. The SP-7 foaming liquid exhibits a certain degree 
of salinity sensitivity and is recommended to be 
applied to foam drainage under low-salinity water
conditions;

FIGURE 9
Comparison of the influence of gas-liquid surface tension on critical 
liquid carrying velocity for different models.

2. The SP-7 foaming liquid exhibits poor thermal stability and is 
recommended for application in wellbore drainage in a timely 
manner after preparation.;

3. The foam drainage half-life of the SP-7 foaming liquid complies 
with the Class III standard, thus exhibiting good foam 
stability. The selection of high-performance defoaming agents 
is recommended.

To clarify the influence of foaming liquid concentration, 
gas flow rate, temperature, and other factors on the foaming 
and liquid-carrying capacities of SP-7, foaming and liquid-
carrying experiments under different concentrations and 
liquid-carrying experiments under different flow rates were 
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FIGURE 10
Relationship diagram of casing-tubing pressure difference with 
foaming fluid mass and concentration in foam drainage technology.

FIGURE 11
Relationship diagram of daily liquid production vs. foaming agent 
concentration in foam drainage technology.

FIGURE 12
Relationship diagram of foaming liquid surface tension with foaming 
volume and critical liquid carrying velocity.

conducted, totaling 9 groups. The simulation results show
that. 

① The higher the concentration of the SP-7 foaming liquid, the 
stronger its foaming and liquid-carrying capacities; however, 
the magnitude of this increase decreases as the concentration 
rises. When the concentration of the SP-7 foaming liquid 
increases to 0.5% and 0.9% respectively, the growth rates 
of the foaming volume and liquid-carrying rate slow down. 
It is recommended to use the SP-7 foaming liquid with a 
concentration of 0.9% in field applications.
② As the gas flow rate increases, the liquid-carrying rate increases 

significantly, and the liquid-carrying capacity is significantly 
enhanced. After the gas flow rate increases to 400 mL/min, the 
growth rate tends to slow down.
③ As the temperature increases, the foaming volume and liquid-

carrying rate increase, and the foaming and liquid-carrying 
capacities are enhanced; however, the enhancement amplitude 
is limited.

3.1.2 Foam drainage agent injection effect
As shown in Table 4 and Figure 4, through simulation 

calculations, the liquid loading of Well Y-1 is 3.153 m3, and the initial 
dosage of the foam drainage agent is relatively large at 15.763 kg. 
Due to its high liquid production, the concentration of the foam 
drainage liquid decreases rapidly, falling below 0.3% in only 1 day, 
which requires daily injection of the foam drainage agent. According 
to this foam drainage design scheme, the liquid-carrying capacity in 
the wellbore is increased by 26.89%, which improves the drainage 
and gas production capacity of Well Y-1. The liquid loading of Well 
Y-2 is 3.098 m3, and the initial dosage of the foam drainage agent is 
relatively large at 15.486 kg. The concentration of the foam drainage 
liquid drops below 0.3% on the 2nd day, requiring daily injection 
of 9.71 kg of the foam drainage agent. According to this foam 
drainage design scheme, the dosage of the foam drainage agent in 
the wellbore is only about 32.3% of the original dosage, reducing the 
foam drainage cost by approximately 68%. The liquid loading of Well 
Y-3 is 3.448 m3, and the initial dosage of the foam drainage agent is 
relatively large at 17.442 kg. The concentration of the foam drainage 
liquid falls below 0.3% on the 18th day, requiring daily injection of 
7.12 kg of the foam drainage agent. According to this foam drainage 
design scheme, the injection cycle of the foam drainage agent in 
the wellbore is extended from 6 days to 17 days, which reduces the 
injection cost of the foam drainage agent; meanwhile, the liquid-
carrying capacity in the wellbore is increased by 22.64%, improving 
the drainage and gas production capacity of Well Y-3.

As shown in Figures 4–7, according to the foam drainage 
design scheme for Well Y-1, the liquid-carrying capacity in the 
wellbore is increased by 26.89%. Under foam drainage conditions, 
the liquid production of Well Y-2 is relatively stable, reflecting 
a good foam drainage effect; however, due to the daily injection 
of a high dose of foam drainage agent, the foam drainage cost 
is high. According to the foam drainage design scheme for 
Well Y-3, the injection cycle of the foam drainage agent in 
the wellbore is extended from 6 days to 17 days, reducing the 
operational cost of foam drainage agent injection; meanwhile, the 
liquid-carrying capacity in the wellbore is increased by 22.64%, 
which improves the drainage and gas production capacity of
Well Y-3. 
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3.2 Influence of liquid carrying factors

The critical velocity of the Turner model decreases continuously 
as the gas phase mass fraction increases, with its initial 
value significantly higher than those of the other two models 
(as shown in Figure 8, where σ = 30 mN/m). This indicates that 
when the gas phase mass fraction is low, the critical velocity 
predicted by the Turner model is higher; as the gas phase proportion 
increases, the critical velocity shows a distinct downward trend, 
demonstrating that the gas phase mass fraction has a significant 
influence on the model’s critical velocity. The critical velocities of 
the Wang Yizhong model and the Li Min model both exhibit a 
downward trend with the increase in the gas phase mass fraction 
(Xg), but their overall values are lower than that of the Turner
model.

The three models exhibit differences in predicting the “gas phase 
mass fraction–critical velocity” relationship. The Turner model is 
more sensitive to changes in the gas phase mass fraction and has 
a higher initial critical velocity, while the prediction results of the 
Wang Yizhong model and the Li Min model are relatively close and 
generally lower.

As shown in Figure 9 (where Xg  = 0.8), by comparing the critical 
liquid-carrying velocity (V c) prediction results of the Wang Yizhong 
model, Turner model, and Li Min model, the dynamic influence 
law of gas-liquid surface tension (σ) on liquid-carrying capacity is 
revealed. Under the experimental conditions, the value range of σ is 
25–35 mN/m, and the corresponding critical velocity is distributed 
in the interval of 20–70 m/s.

The study shows that the V c predicted by the Wang Yizhong 
model exhibits a significant linear downward trend as σ increases. 
When σ = 25 mN/m, V c reaches 70 m/s; when σ = 37 mN/m, 
V c drops to 20 m/s, with a decrease of 71.4%. This is closely 
related to the deformation characteristics of spherical-cap liquid 
droplets in the model. The prediction value of the Turner model 
changes relatively gently. Its V c decreases from 55 m/s (at σ = 
25 mN/m) to 35 m/s (at σ = 37 mN/m), with a decrease of 36.4%, 
indicating that the classic liquid droplet theory has low sensitivity to 
changes in interface tension. The Li Min model exhibits nonlinear 
characteristics, in the range of σ = 29–33 mN/m, V c remains stable 
between 40 and 45 m/s; at both ends of the σ range, steep descent 
(at σ < 29 mN/m) and slow rise (at σ > 33 mN/m) occur, which may 
be related to the coupling effect of foam phase change and turbulent 
boundary layer.

Further analysis, combined with casing-tubing pressure 
difference, foaming volume, and wellbore temperature-pressure 
parameters, shows that the prediction differences among different 
models stem from differences in their assumptions about the 
gas-liquid two-phase flow pattern and interface energy transfer 
mechanism. The Wang Yizhong model introduces a liquid droplet 
deformation correction coefficient, which is more consistent with 
the actual flow characteristics of foam fluid; its prediction results 
are highly consistent with the liquid-carrying capacity improvement 
range (22.6%–26.9%) of Wells Y-1 and Y-2 after on-site optimization. 
The conservative prediction of the Turner model under high gas 
phase mass fraction conditions is associated with the deviation 
in the liquid-carrying rate (75%) of the SP-7 foaming agent at a 
salinity of 80 g/L.

Treating the foam in the wellbore as a special liquid phase, a 
physical property calculation model was designed, which enables 
the calculation of foam drainage parameters (including the initial 
dosage of foam drainage agent, daily dosage of foam drainage agent, 
and foam drainage agent injection cycle) in the foam drainage 
wellbore and the acquisition of liquid-carrying capacity and wellbore 
temperature-pressure distribution characteristics. The initial dosage 
of the foam drainage agent has a significant positive correlation 
with the casing-tubing pressure difference and foam drainage 
agent concentration. The stronger the foaming capacity of the 
foaming agent, the stronger the liquid-carrying capacity; however, 
the magnitude of this increase narrows. The foam drainage agent 
injection cycle decreases sharply as liquid production increases, and 
when liquid production exceeds 2 m3/d, the foam drainage agent 
injection cycle drops to 1 day.

Figure 10 shows the relationship between the casing-tubing 
pressure difference and the mass and concentration of the foaming 
liquid during the foam drainage process. As observed from the 
figure, under different casing-tubing pressure differences, the mass 
of the foaming liquid exhibits an upward trend as the foaming liquid 
concentration increases.

Under each casing-tubing pressure difference, the mass of the 
foaming liquid is positively correlated with the concentration of the 
foaming liquid. That is, as the concentration of the foaming liquid 
increases from 0 to approximately 0.012, the mass of the foaming 
liquid also increases continuously. This indicates that during the 
foam drainage process, increasing the concentration of the foaming 
liquid contributes to an increase in the mass of the foaming liquid, 
which may exert a positive effect on the drainage and gas production 
process—for instance, enhancing liquid-carrying capacity.

Differences exist among the curves for different casing-
tubing pressure differences. The larger the casing-tubing pressure 
difference, the higher the mass of the foaming liquid at the same 
foaming liquid concentration. For example, when the foaming liquid 
concentration is 0.006, the mass of the foaming liquid under a 1 MPa 
casing-tubing pressure difference is approximately 10 kg, while that 
under a 5 MPa casing-tubing pressure difference is approximately 
20 kg. This demonstrates that the casing-tubing pressure difference 
has a significant impact on the mass of the foaming liquid; a larger 
casing-tubing pressure difference can promote the retention of more 
foaming liquid in the wellbore. This may be associated with the 
casing-tubing pressure difference affecting factors such as wellbore 
liquid loading, further verifying that the initial dosage of the foam 
drainage agent (which is related to the mass of the foaming liquid) 
has a significant positive correlation with the casing-tubing pressure 
difference.

All curves in Figure 11 show that the concentration of the SP-
7 foaming liquid decreases over time, indicating that the foaming 
liquid is continuously consumed or transformed with the passage of 
time, resulting in a decrease in concentration.

The curve corresponding to a flow rate of 0.5 m3/d remains 
consistently at the highest position, indicating that the concentration 
of the foaming liquid exhibits a relatively slow decrease at this flow 
rate. The curve corresponding to a flow rate of 2.5 m3/d remains 
consistently at the lowest position, indicating that the concentration 
of the foaming liquid exhibits the fastest decrease at this flow rate. 
The curves for the remaining flow rates lie between these two 
extremes, following the trend that the larger the flow rate, the faster 
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the concentration of the foaming liquid decreases within the same 
time period.

This demonstrates that the flow rate exerts a significant influence 
on the variation of the foaming liquid concentration. The larger the 
flow rate, the faster the foaming liquid is consumed or transformed, 
resulting in a more pronounced decrease in concentration.

As the foaming volume increases from 100 mL to 
800 mL, the critical liquid-carrying velocity corresponding to 
each curve in Figure 12 exhibits a downward trend. This indicates 
that the larger the foaming volume, the lower the required critical 
liquid-carrying velocity—i.e., an increase in foaming volume 
facilitates liquid carrying at a lower velocity, which may be attributed 
to the enhanced liquid-carrying capacity provided by a greater 
volume of foam.

The curve corresponding to a surface tension of 46 mN/m 
remains consistently at the highest position, indicating that under 
the same foaming volume, the critical liquid-carrying velocity 
for this surface tension is the largest. In contrast, the curve 
corresponding to a surface tension of 30 mN/m remains consistently 
at the lowest position, indicating that the critical liquid-carrying 
velocity for this surface tension is the smallest. This demonstrates 
that at the same foaming volume, the larger the surface tension, 
the higher the critical liquid-carrying velocity. Additionally, when 
surface tension is low, the effect of foaming volume on reducing the 
critical liquid-carrying velocity is more pronounced. 

4 Conclusion

Focusing on the wellbore liquid loading issue in Wells Y-1, 
Y-2, and Y-3, this study establishes a segmented liquid loading 
calculation model based on the casing-tubing pressure difference 
to accurately analyze the distribution and variation of liquid 
loading. Additionally, an innovative three-dimensional parameter 
optimization system—encompassing the initial dosage of the foam 
drainage agent, daily replenishment amount, and foam drainage 
agent injection cycle—was constructed to provide support for 
efficient foam drainage operations.

Through the accurate determination of the physicochemical 
parameters of the foam drainage agent for foam fluid in the 
laboratory, the bottom-hole flowing pressure and foam flow pattern 
in the wellbore were clarified, thereby deepening the understanding 
of the complex flow behavior of foam. This study confirms that 
the Wang Yizhong model exhibits high engineering applicability 
in predicting foam liquid-carrying capacity, providing reliable 
guidance for field applications.

Special attention was paid to the performance of the SP-7 
foaming liquid. Laboratory experiments confirm that it possesses 
a certain liquid-carrying capacity under low-salinity conditions, 
but its performance is sensitive to salinity and temperature. 
Concentration, gas flow rate, and temperature significantly influence 
its foaming and liquid-carrying capacities. Concentration affects 
foam generation and stability; gas flow rate determines the flow state 
and liquid-carrying effect; temperature impacts the physicochemical 
properties of the foaming liquid.

Practical application results show that the optimized foam 
drainage process significantly improves liquid-carrying capacity 
(26.89% for Well Y-1 and 22.64% for Well Y-3) while reducing costs. 

The foam drainage agent dosage for Well Y-2 was reduced to 32.3% 
of the original dosage; the foam drainage agent injection cycle for 
Well Y-3 was extended from 6 days to 17 days, reducing both foam 
drainage agent consumption and operational frequency.
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