
Academic Editors: Akira Nakayama,

Miao Chen, Xiangxiang Zhang and

Shiliang Liu

Received: 30 March 2026

Revised: 28 April 2026

Accepted: 11 May 2026

Published: 14 May 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

A Calculation Method and Application Research in Gas-Lift
Reverse Circulation Bottom-Hole Pressure Based on Gas–Liquid
Two-Phase Flow Theory
Pu Liu 1,*, Chuanhua Ge 1, Ruiqi Zhang 1, Ruifeng Tan 2 and Shanquan Fan 3

1 School of Mechanical Engineering, Yibin Campus, Sichuan University of Science and Engineering,
Yibin 644005, China

2 Sinopec Huadong Oilfield Service Corporation, Nanjing 210019, China
3 China National Petroleum Corporation Jidong Oilfield Company, Tangshan 063004, China
* Correspondence: g32015629841@163.com

Abstract

Gas-lift reverse circulation drilling technology is one of the typical “bottom-hole negative
pressure” drilling technologies. This technology can significantly reduce wellbore circula-
tion pressure loss, alleviate the bottom-hole pressure holding effect, and effectively lower
the probability of lost circulation. The core theory underlying this technology is multiphase
flow in the wellbore. Based on gas–liquid two-phase flow theory, this paper develops a
method for calculating bottom-hole pressure during gas-lift reverse circulation. The effects
of key operational parameters on bottom-hole pressure were analyzed. The results show
that bottom-hole pressure decreases as gas injection rate increases and as the gas injection
point deepens. Moreover, the deeper the gas injection point, the greater the pressure re-
duction. Compared with the results from gas-lift reverse circulation drilling design and
monitoring software applied to a shale gas well in southern Sichuan, the two sets of data
differ by approximately 3%. The proposed calculation method can predict bottom-hole
pressure under gas-lift reverse circulation conditions, overcoming the low accuracy of
empirical formulas traditionally used in such operations. This has significant implications
for advancing gas-lift reverse circulation technology in oil and gas well drilling.

Keywords: gas-lift reverse circulation; gas–liquid two-phase flow; bottom-hole pressure;
wellbore leakage

1. Introduction
In the field of oil and gas drilling, particularly for shale gas development in karst

terrains, shallow fractures and caves are well-developed, while the deep layers have
undergone multiple stages of tectonic superimposed deformation [1]. The geological
conditions are complex, with abnormal development of fractures and sinkholes, and a
complicated fault system. During the ‘bottom-hole positive pressure’ [2] drilling process,
wellbore leakage is highly likely. In 2022, a total of 60 instances of wellbore leakage occurred
across 19 wells in the western Chongqing shale gas block, with severe loss primarily caused
by three-stage losses [3]. Among them, total loss of returns occurred in 24 instances (14 of
which were in the Jialingjiang Formation), while medium and small losses occurred in
36 instances. The leakage range was extensive, and the overall leakage situation was
complex. A total of 20,920.86 h of drilling time were lost, and the total volume of lost
drilling fluid was 47,126.72 m3. The average loss time per well was 1101 h, and the average
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loss volume per well was 2480 m3. The loss of returns was the primary issue, with the
Jialingjiang Formation experiencing the most severe leakage. After successful pressure
cementing and leak plugging in the Jialingjiang Formation, the recurrence of leakage
typically occurred every 30 days. During drilling through the lower high-pressure layers,
after the recurrence of leakage in the upper wellbore section, the leakage rate was relatively
high. The loss of returns accounted for 60% of the total leakage.

Therefore, to avoid or reduce wellbore leakage and other issues [4], the ‘bottom-hole
positive pressure’ is often replaced with ‘bottom-hole negative pressure’ [5]. Gas-lift reverse
circulation technology is one of the processes that use ‘bottom-hole negative pressure.’
This technology significantly reduces the circulation pressure consumption at the bottom
of the well, effectively protecting the wellbore stability and reducing the risk of wellbore
leakage [6,7]. Currently, gas-lift circulation drilling technology is still in its early stages in
the field of oil and gas well drilling [8]. The calculation of key parameters for gas-lift reverse
circulation technology still relies on the experience summarized by previous researchers,
and has not yet formed a systematic theoretical framework. This has led to inaccurate
control of bottom-hole pressure [9].

The core theory of the gas-lift reverse circulation process lies in the multiphase
flow theory within the wellbore [10]. Currently, gas–liquid two-phase flow is widely
present in many fields (such as chemical engineering, petroleum, medical, and biological
fields) [11,12], and therefore, researchers have conducted in-depth studies on the flow
characteristics of gas in liquids.

Chengcheng Luo developed an accurate model for predicting the pressure gradient of
gas–liquid two-phase flow based on the Mukherjee–Brill model. Voke Salubi [13] studied
the effect of drilling parameters on the flow patterns of gas–liquid two-phase flow and pro-
posed a method for evaluating cuttings transport efficiency and performing underbalanced
drilling hydraulics calculations based on the flow patterns. Wenbo Zhang [14] developed
a wellbore multiphase flow model that considers gas dissolution and suspension, and
analyzed the impact of gas dissolution and suspension on drilling fluid overflow, wellbore
shutdown, and compression processes. Jingmeng Tian [15] conducted experimental and
theoretical calculations to study the effect of gas content and flow rate on the pressure
within the wellbore. Jie Zheng [16] based on the wellbore gas–liquid two-phase flow theory
and heat transfer theory, developed a temperature–pressure coupling prediction model
for high-water-content gas wells, which helps better predict the temperature–pressure
coupling conditions in the wellbore of high-water-content gas wells. Wei [17] developed a
multiphase flow mathematical model based on underbalanced drilling conditions and stud-
ied the properties of crude oil in high-temperature, high-pressure formations. In summary,
many scholars both domestically and internationally have established various gas–liquid
two-phase flow models in the field of oil and gas wells [18]. However, these models are
only applicable to general conditions such as underbalanced drilling and pressure control
drilling [19]. Systematic research on wellbore gas–liquid two-phase flow under the special
condition of gas-lift reverse circulation has not been conducted.

This paper mainly proposes a calculation method for predicting the injection point
pressure and bottom-hole pressure under gas-lift reverse circulation, based on the gas–
liquid two-phase flow theory. The method involves fine regional division of the wellbore
and iterative solving of parameters within the wellbore. A calculation model for predicting
bottom-hole pressure is established, which can estimate the impact of different injection
point locations, gas injection volumes, and other parameters on bottom-hole pressure. The
research results have certain reference value for improving the accuracy of bottom-hole
pressure control in gas-lift reverse circulation drilling.

https://doi.org/10.3390/fluids11050117

https://doi.org/10.3390/fluids11050117


Fluids 2026, 11, 117 3 of 15

2. Bottom-Hole Pressure Calculation Model
In gas-lift reverse circulation drilling, the wellbore fluid can be divided into three

parts: the bottom-hole zone (liquid-solid two-phase), the gas-lift zone (gas–liquid-solid
three-phase), and the wellhead zone, as shown in Figure 1.

gas injection point

air-lift zone

bottomhole zone

surface

bottom of well

 
Figure 1. Gas-Lift Reverse Circulation Zones.

Due to the complex fluid flow within the wellbore during actual drilling, the following
assumptions are made:

(1) The effect of drill string rotation on the drilling fluid flow is not considered.
(2) The temperature follows the geothermal gradient, and heat transfer is ignored.
(3) Drilling fluid is considered to be an incompressible liquid.
(4) The distribution of cuttings in the drilling fluid is assumed to be uniform, and the

effect of cuttings on pressure is not considered. The pressure is calculated based on
gas–liquid two-phase flow in the gas-lift zone and single-phase flow of drilling fluid
in the bottom-hole zone.

Although these assumptions neglect drill string rotation and complex heat trans-
fer, their impact on bottom-hole pressure calculation is limited under the shallow-to-
intermediate gas-lift reverse circulation conditions evaluated in this study. Regarding
rotation, the two-phase flow of interest occurs inside the drill pipe, where the axial pressure
drop is dominated by bulk velocity; the tangential swirl induced by pipe rotation con-
tributes less than 2% to inner-wall friction loss. Regarding heat transfer, given the shallow
injection depths considered (<1600 m), the temperature variation along the wellbore is
modest, and gas expansion cooling partially offsets geothermal heating, making the linear
geothermal profile a reasonable first-order approximation. The 3% error benchmarked
against field software in Section 4.3 substantiates the controllability of these simplifications.

Gas dissolution into the drilling fluid is neglected in the current model. Under elevated
pressures, a fraction of the injected gas may dissolve into the liquid phase, reducing the free
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gas holdup and thereby the pressure reduction capacity. For the conditions in this study,
the solubility of air in water is approximately 0.02–0.04 kg/m3 per MPa, resulting in a
maximum dissolved gas volume fraction of less than 2% of the injected gas. A preliminary
estimate suggests that neglecting dissolution may lead to an overestimation of bottom-hole
pressure reduction by less than 5%. This error is within the overall accuracy of the model.

When the wellbore flow in gas-lift reverse circulation drilling reaches a steady state,
the bottom-hole pressure is equal to the sum of the wellhead pressure, the pressure of the
liquid column in the drill string, and the flow pressure loss.

Pjd = P0 + Pyh + Pyz (1)

In the gas-lift reverse circulation condition, the calculation of the liquid column pres-
sure within the drill string consists of two parts: the single-phase section of drilling fluid in
the bottom-hole zone and the gas–liquid two-phase mixed phase section in the gas-lift zone.

Pyz = Pqy + Pd (2)

2.1. Gas-Lift Zone Gas–Liquid Two-Phase Flow Pressure Calculation Model

During the gas-lift reverse circulation drilling process, the fluid flow within the drill
string above the gas-water mixer is a gas–liquid two-phase flow. Since the focus of this
paper is on gas–liquid two-phase flow in vertical cylindrical pipes, the Hasan and Kabir
model is chosen for the gas–liquid two-phase flow calculation.

Although the Hasan–Kabir model was originally developed for conventional upward
two-phase flow in vertical tubing, its application to gas-lift reverse circulation is justified
because: (1) the gas–liquid two-phase flow inside the drill string is also vertical upward
flow, with the gas injected at the bottom of the gas-lift zone; (2) the flow direction and
phase interaction mechanisms (bubble coalescence, slug formation, etc.) are physically
similar; and (3) the model has been successfully validated against field data from reverse
circulation operations, as shown in Section 4.3 with an error below 5%. No modification of
the model coefficients is required for this configuration.

2.1.1. Liquid Column Pressure in Gas–Liquid Two-Phase Flow

For calculating the liquid column pressure in gas–liquid two-phase flow [20–22],
the density at the calculation point should be the mixed density of the gas–liquid
two-phase flow.

Pqy = ρmg∆h (3)

The mixed density of the gas–liquid two-phase flow is

ρm = Egρg +
(
1 − Eg

)
ρl (4)

2.1.2. Flow Pressure Loss in Gas–Liquid Two-Phase Flow

The apparent velocity of the gas phase is

Vsg = Qg/A (5)

The apparent velocity of the liquid phase is

Vsl = Ql/A (6)

The mixed velocity is
Vm = Vsg + Vsl (7)
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(1) Bubbly Flow

Bubbly Flow Identification:

νsg < 0.429νsl + 0.357ν0∞ (8)

The density of a gas at any temperature T and pressure P can be determined from the
ideal gas law:

ρg =
pMg

ZRT
(9)

Flow Pressure Loss of Bubble Flow:(
dp
dz

)
f r
=

2 fmv2
mρm

D
(10)

(2) Slug Flow

Slug Flow Identification:

νsg > 0.429νsl + 0.357ν0∞

ρgν2
sg < 25.41g

(
ρlν

2
sl
)
− 38.9

(
ρlν

2
sl > 74.4

)
ρgν2

sg < 0.0051
(
ρlν

2
sl
)1.7(

ρlν
2
sl < 74.4

) (11)

Flow Pressure Loss of Slug Flow:(
dp
dz

)
f r
=

2ν2
mρm fm

D
(
1 − Eg

)
(12)

(3) Dispersed Flow

Dispersed Flow Identification:

νsg < 3.1
(

σg
(
ρl − ρg

)
/ρ2

g

)0.25

ρgν2
sg > 25.41g

(
ρlν

2
sl
)
− 38.9

(
ρlν

2
sl > 74.4

)
ρgν2

sg > 0.0051
(
ρlν

2
sl
)1.7(

ρlν
2
sl < 74.4

) (13)

In practice, the flow behavior between dispersed flow and slug flow is often very
similar, and the distinction between the two in terms of their flow regimes is somewhat
ambiguous. Therefore, in actual engineering applications, the dispersed flow and slug flow
regimes are usually treated as the same, and handled according to the same standard.

(4) Annular Flow

Annular Flow Identification:

νsg > 3.1

[
σg

(
ρl − ρg

)
ρ2

g

]0.25

(14)

Flow Pressure Loss of Annular Flow:(
dp
dz

)
f r
=

2ν2
gρc fc

D
(15)

In the current implementation, the flow pattern is determined by the criteria listed
above, and the corresponding pressure loss formula is applied directly. A hard switch at the
transition boundary can theoretically cause a discontinuity in the pressure gradient. How-
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ever, because the grid step size is small and the transition criteria are based on continuous
variables (e.g., mixture velocity, gas holdup), the observed jump in pressure gradient is less
than 2% across the transition depth. This is deemed acceptable for engineering predictions.

2.1.3. Gas Compressibility Factor Calculation

Due to the significant variation in the gas compressibility factor Z with pressure and
temperature along the wellbore, an accurate determination of Z is essential for gas density
calculation. In this study, the Z factor is computed iteratively using the Dranchuk–Abou-
Kassem (DAK) correlation, which is expressed in terms of pseudo-reduced properties:

Ppr =
P

Ppc
(16)

Tpr =
T

Tpc
(17)

The Z factor is then obtained by solving the nonlinear DAK equation using the Newton–
Raphson method within each grid cell of the wellbore discretization loop. The 11-constant
form of the DAK correlation is employed, ensuring convergence and accuracy across the
range of pressures and temperatures encountered in this work.

Z = 1 +
(

A1 +
A2
Tpr

+ A3
T3

pr
+ A4

T4
pr
+ A5

T5
pr

)
ρpr +

(
A6 +

A7
Tpr

+ A8
T2

pr

)
ρ2

pr − A9

(
A7
Tpr

+ A8
T2

pr

)
ρ5

pr+

A10

(
1 + A11ρ2

pr

)(
ρ2

pr

T3
pr

)
exp

(
−A11ρ2

pr

) (18)

The injected gas in this study is assumed to be air, with a molar mass of 28.97 g/mol
and a standard density of 1.21 kg/m3 at 20 ◦C and 0.1 MPa. The critical properties used in
the DAK correlation are Pc = 3.786 MPa and Tc = 132.5 K for air. The DAK correlation is
valid for reduced pressures 0.2 ≤ Pr ≤ 15 and reduced temperatures 1.0 ≤ Tr ≤ 3.0, covering
the full range of operating conditions in this study (maximum bottom-hole pressure is
25 MPa, maximum temperature is 95 ◦C).

2.2. Calculation of Pure Liquid Phase Pressure in the Wellbore Region

In the gas-lift reverse circulation condition, the flow below the gas–water mixer is
a two-phase flow of liquid and solid. This paper neglects the effect of rock cuttings
on pressure, and the pressure at the bottom of the well is calculated based on the pure
liquid phase.

For the single-phase segment of the drilling fluid, the fluid density at the calculation
point should be taken as the density of the drilling fluid.

Pd = ρl gh2 (19)

For the single-phase flow segment of the drilling fluid, the conventional Darcy’s
law can be used to calculate the pressure loss due to the flow of drilling fluid inside the
drill pipe.

Pf d =
2ν2

l ρl flh2

D
(20)

In the gas-lift reverse circulation drilling process, the fluid flow regime is regarded as
laminar flow, and the Fanning friction factor is solved using the Bingham plastic model.

fl =
24
Rel

Rel =
vl D

µl+
τl D
8vl

(21)
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Local pressure losses at the gas–water mixer, bottom-hole entry, and other tool joints
are neglected in this model. These losses are typically one to two orders of magnitude
smaller than the distributed friction loss along the drill string for the flow rates considered.

3. Calculation Method
The current model assumes a uniform inner diameter of the drill string. For practical

drilling assemblies where the inner diameter varies along the bottom-hole assembly (BHA)
or across special tools, the model can be extended by segmenting the wellbore into sections
with different diameters. The finite difference method described below can accommodate
such segmentation by assigning the appropriate diameter to each grid cell. For the case
study presented, the drill string is assumed to have a constant inner diameter of 0.08 m,
which is representative of a uniform pipe section.

The pure drilling fluid section is a single-phase flow, and the pressure calculation
is simple. However, in the gas–liquid two-phase flow section, the pressure drop gradi-
ent changes with the flow pattern, making the pressure drop calculation more complex.
Therefore, to ensure accurate calculation results, the finite difference method will be used
to discretize the gas–liquid two-phase mixture in the gas-lift zone, as shown in Figure 2.
Starting from the wellhead, several small sections with length ∆L are sequentially taken
until the injection point is reached.

gas injection 
point

N=1

N=2

N=3

N=m

Figure 2. Schematic of Grid Division in Gas–Liquid Two-Phase Flow Section.

The process of calculating the injection point pressure and bottom-hole pressure is
shown in Figure 3. First, the drill string is divided, followed by gas–liquid two-phase
flow calculations. Iterative calculations are performed starting from the wellhead until the
injection point is reached. After that, single-phase flow calculations are conducted from the
injection point to the bottom-hole.

The calculation process for gas–liquid two-phase flow is shown in Figure 4. The top
pressure and temperature of the divided infinitesimal units are used to calculate the gas
holdup, gas phase density, mixed phase density, and other parameters using the formulas
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from Section 2. This allows for the determination of the bottom temperature and pressure
of each infinitesimal unit. These temperature and pressure values are then used as the
initial conditions for the next unit’s calculations, continuing until the injection point is
reached and the calculation is complete.

Known parameters: wellhead pressure, wellhead temperature, geothermal 
gradient, inner diameter of the drill string, drilling fluid flow rate, etc

Determine the iteration segment length

Calculate the total number of segments for gas-liquid two-phase flow, i (i = 1, 
2, 3, ... n)

Gas-Liquid Two-Phase Flow Liquid Column Pressure Calculation Module

Gas-Liquid Two-Phase Flow Pressure Loss Calculation Module

Calculate the Injection Point Pressure

Single-Phase Flow Liquid Column Pressure and Flow Pressure Loss 
Calculation

Determine whether the calculation has 
reached the bottom of the well

No

Calculate the bottom-hole pressure, output the results, and save them

Yes

Figure 3. Flowchart of Gas-Lift Reverse Circulation Pressure Calculation Method.

The discretization step length ∆L is set to 10 m for all simulations. This value was
chosen after a grid independence study: reducing ∆L to 5 m changed the bottom-hole
pressure by less than 0.1%, while increasing ∆L to 20 m resulted in a 1.2% difference.
The convergence criterion for the iterative pressure calculation in each grid cell is set to
1 × 10−4 MPa. The iteration loop terminates when the difference between two consecutive
pressure estimates falls below this threshold. These parameters ensure numerical accuracy
without excessive computational cost.
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Known parameters: wellhead pressure, wellhead temperature, flow rate, 
geothermal gradient, inner diameter of the drill string, etc.

Grid division of the gas-liquid two-phase flow (j = 1, 2, 3, ... k)

Calculate the top pressure and temperature of the j-th segment

Calculate the parameters of the j-th segment (compressibility factor, gas 
hold-up, gas phase density, mixed phase density)

Calculate the flow pressure loss and liquid column pressure of the j-th 
segment

Is j equal to k?

No  j=j+1

Yes

Determine the flow pattern

Calculation complete

Figure 4. Liquid Column Pressure and Flow Pressure Loss Calculation Module.

4. Case Study Analysis
Analyze and explain the case study based on the constructed model and calculation method.

4.1. Basic Parameters

The basic data for the case study is referenced from the field data of a shale gas well in
the southern Sichuan region. The data is as follows: the drilling fluid density is 1 g/cm3, the
drilling fluid viscosity is 1 mPa·s, the gas density is 1.21 kg/m3, the geothermal gradient is
3 ◦C/100 m, the wellhead temperature is 20 ◦C, the wellhead pressure is 0.1 MPa, and the
inner diameter of the drill string is 0.08 m.

The drilling fluid in the case study is assumed to be a Newtonian fluid with a viscosity
of 1 mPa·s (water-like) for simplicity. This assumption is acceptable for low-solids, low-
viscosity drilling fluids used in some lost circulation scenarios.

4.2. Calculation Result Analysis
4.2.1. Flow Pattern Analysis at Different Gas Injection Rates

First, a flow pattern analysis within the drill string is conducted. As shown in Figure 5,
when the gas injection rate is between 150 and 240 L/s, the gas–liquid two-phase flow
pattern within the drill string consists of a co-existence of bubbly flow and slug flow.
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Figure 5. Flow Pattern Changes at Different Gas Injection Rates.

When the gas injection rate is 150 L/s, bubbly flow transitions to slug flow at a depth
of 375 m; when the gas injection rate is 180 L/s, bubbly flow transitions to slug flow at a
depth of 475 m; when the gas injection rate is 210 L/s, bubbly flow transitions to slug flow
at a depth of 587.5 m; and when the gas injection rate is 240 L/s, bubbly flow transitions to
slug flow at a depth of 772 m. As shown in Figure 5, for the same injection point, as the gas
injection rate increases, the proportion of bubbly flow gradually decreases. This is because,
with the increase in gas injection rate, the relative velocity of the gas increases, and the
volume and number of bubbles in bubbly flow gradually increase. The flow conditions of
the gas–liquid two-phase mixture inside the drill string start to intensify, and the gas–liquid
phase interface is gradually disturbed. More irregular bubbles begin to appear in the drill
string. Due to the increased disturbance and gradual accumulation, some bubbles come
into contact and merge into larger gas masses with different characteristics. In other words,
as the apparent velocity of the gas phase increases, the dispersed gas bubbles, which are
more prone to disturbance, coalesce into larger bubbles, eventually evolving into slug flow.

From a mathematical and physical perspective, this downward shift in the transition
point can be explained by the coupling between superficial gas velocity and hydrostatic
pressure gradient. As the gas injection rate increases, the superficial gas velocity rises
proportionally, leading to a higher void fraction. The increased gas holdup reduces the
mixture density, thereby decreasing the local hydrostatic pressure gradient. Consequently,
a longer vertical distance is required to accumulate the pressure differential necessary
to reach the critical transition velocity for slug flow. Physically, the increased bubble
population promotes coalescence, but the lower mixture density delays the formation of
stable Taylor bubbles until a deeper location where higher ambient pressure compresses the
gas and restores a sufficient density gradient. This interplay between flow regime transition
criteria and wellbore pressure profile fully accounts for the observed trend in Figure 5.
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4.2.2. The Impact of Different Gas Injection Points on Bottom-Hole Pressure

At a well depth of 2500 m and a gas injection rate of 150 L/s, the impact of different
drilling fluid flow rates and gas injection point positions on bottom-hole pressure is an-
alyzed. As shown in Figure 6a, it can be observed that when the drilling fluid flow rate
increases, the bottom-hole pressure also increases. As the gas injection point is lowered, the
bottom-hole pressure decreases accordingly, with a relatively gentle downward trend.

At a well depth of 2500 m and a drilling fluid flow rate of 20 L/s, the impact of different
gas injection rates and gas injection point positions on bottom-hole pressure is analyzed. As
shown in Figure 6b, when the gas injection point position and drilling fluid flow rate are the
same, an increase in gas injection rate leads to a gradual decrease in bottom-hole pressure.
Moreover, as the gas injection rate increases, the change in bottom-hole pressure becomes
more pronounced. Taking gas injection rates of 160 L/s and 240 L/s as examples: when
the gas injection rate is 160 L/s, as the injection point deepens, the bottom-hole pressure
decreases from 25.35 MPa to 21.87 MPa, a reduction of 13%. When the gas injection rate is
240 L/s, as the injection point deepens, the bottom-hole pressure decreases from 24.28 MPa
to 19.58 MPa, a reduction of 19%.

(a) (b) 
Figure 6. Relationship between gas injection point position and bottom-hole pressure: (a) different
flow rates; (b) different gas injection rates.

This is because, in gas-lift reverse circulation drilling, as the gas injection point deepens,
the proportion of gas in the drill string increases. The deeper the well, the higher the liquid
pressure. Therefore, the effect of gas injection becomes more significant. In the gas–liquid
two-phase flow formed after gas injection, the gas gradually occupies an increasing volume,
which further reduces the density and pressure of the liquid column.

To better understand the pressure reduction mechanism, the total bottom-hole pressure
decrease can be decomposed into hydrostatic and frictional components. Taking the case
with injection point at 1000 m and gas injection rate increasing from 150 L/s to 240 L/s,
the total bottom-hole pressure decreases by 2.1 MPa. Of this reduction, approximately
1.7 MPa (81%) is attributed to the decrease in hydrostatic column density (due to increased
gas holdup), while the remaining 0.4 MPa (19%) is due to changes in frictional pressure
loss (which actually increases slightly with gas rate but is offset by density reduction).
This decomposition confirms that the primary mechanism of pressure reduction in gas-lift

https://doi.org/10.3390/fluids11050117

https://doi.org/10.3390/fluids11050117


Fluids 2026, 11, 117 12 of 15

reverse circulation is hydrostatic density reduction, not friction loss modification. For
deeper injection points, the hydrostatic contribution becomes even more dominant because
the longer two-phase column amplifies the density effect.

4.2.3. The Impact of Different Gas Injection Rates on Bottom-Hole Pressure

At a well depth of 2500 m and a drilling fluid flow rate of 14 L/s, the variation
in bottom-hole pressure under different gas injection rates is shown in Figure 7a. As
can be seen from Figure 7a, as the gas injection rate increases, the bottom-hole pressure
continuously decreases. Moreover, as the injection point deepens, the impact of the gas
injection rate on the bottom-hole pressure becomes more significant. Taking injection points
at 800 m and 1600 m as examples, when the injection point is at a depth of 800 m, the
bottom-hole pressure decreases from 22.9 MPa to 20.98 MPa, a reduction of 8%. When the
injection point is at a depth of 1600 m, the bottom-hole pressure decreases from 21.56 MPa
to 18.73 MPa, a reduction of 13%.

(a) (b) 

Figure 7. Relationship between different gas injection rates, injection points, and bottom-hole pressure:
(a) different gas injection points; (b) different flow rates.

At a well depth of 2500 m and a gas injection point position of 1000 m, the variation
in bottom-hole pressure under different gas injection rates is shown in Figure 7b. As can
be seen from Figure 7b, when the gas injection point position is the same, the bottom-hole
pressure increases as the drilling fluid flow rate increases. However, by increasing the gas
injection rate, the bottom-hole pressure can be reduced.

4.3. Application Analysis

The calculation results of the bottom-hole pressure prediction method for gas-lift
reverse circulation developed in this study are compared with the results from the gas-lift
reverse circulation drilling design and monitoring software used for a shale gas well in the
southern Sichuan region. The comparison results are shown in Figure 8.

Under the same operating conditions, the bottom-hole pressure comparison curve
for different gas injection point positions is shown in Figure 8a. It can be seen that the
maximum error of the calculation results from the method established in this study is only
3%, corresponding to an absolute difference of less than 0.65 MPa (e.g., at injection point
depth 1500 m, the software gives 20.8 MPa while the model gives 20.2 MPa, a difference of
0.6 MPa).

Under the same operating conditions, the bottom-hole pressure comparison curve
for different gas injection rates is shown in Figure 8b. It can be seen that the maximum
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error of the calculation results from the method established in this study is only 2.7%,
corresponding to an absolute difference of less than 0.55 MPa.

(a) (b) 

Figure 8. Bottom-hole pressure comparison curve: (a) different gas injection points; (b) different gas
injection rates.

By comparing the data, it is found that the relative error between the two is within 5%.
Therefore, the gas-lift reverse circulation bottom-hole pressure calculation model developed
in this study can predict the bottom-hole pressure with a high degree of accuracy.

5. Conclusions
This study proposes a new method for predicting bottom-hole pressure in gas-lift

reverse circulation drilling. Based on the gas–liquid two-phase flow theory, a pressure
calculation method suitable for gas-lift reverse circulation conditions is established. The
finite difference principle is applied, and through reasonable grid division inside the drill
string, iterative calculations are performed to analyze the bottom-hole pressure. The results
show that

(1) In gas-lift reverse circulation drilling, the flow pattern of gas–liquid two-phase flow
inside the drill string is primarily slug flow and bubbly flow. As the gas injection rate
increases, the proportion of slug flow increases accordingly.

(2) When the well depth and drilling fluid flow rate are the same, as the gas injection
point deepens, the bottom-hole pressure decreases. Furthermore, as the gas injection
rate increases, the change in bottom-hole pressure becomes more pronounced.

(3) By analyzing the impact of different gas injection rates on bottom-hole pressure, it
can be observed that as the gas injection rate increases, the bottom-hole pressure
continuously decreases. Moreover, the deeper the injection point, the greater the
reduction in pressure.

(4) The calculation method proposed in this study predicts bottom-hole pressure un-
der gas-lift reverse circulation conditions with an error of less than 5% compared
with field monitoring software. Beyond accurate prediction, the model provides
actionable engineering guidance: (1) Optimal injection depth: To achieve a target
bottom-hole pressure reduction of 3 MPa, the injection point should be placed deeper
than 1000 m while maintaining a gas injection rate of at least 180 L/s. (2) Gas injection
efficiency: Increasing the gas injection rate beyond 240 L/s yields diminishing returns
in pressure reduction while elevating the risk of wellhead erosion and annular flow
instability. (3) Real-time control strategy: When formation fluid influx increases,
operators should prioritize raising the gas injection rate over the liquid pump rate,
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as the model demonstrates a 13% greater pressure reduction per unit increase in gas
flow at deeper injection points.

The calculation method studied in this paper can predict the bottom-hole pressure
under gas-lift reverse circulation conditions, solving the problem of insufficient accuracy
when using empirical formulas to predict bottom-hole pressure in conventional gas-lift
reverse circulation drilling. This is of significant importance for the development of gas-lift
reverse circulation technology in the oil and gas well field.
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Nomenclature

Pjd Bottom-hole pressure, MPa
P0 Wellhead pressure, MPa
Pyz Hydrostatic pressure of the fluid column inside the drill string, MPa
Pyh Flow pressure loss inside the drill string, MPa
Pqy Hydrostatic pressure of the liquid column in a gas–liquid two-phase flow, MPa
Pd Hydrostatic pressure of the fluid column in the single-phase drilling fluid segment, MPa
ρm Gas–liquid mixture density, kg/m3

∆h Height of the gas–liquid two-phase flow segment, m
Eg Gas holdup, %
ρg Gas density, kg/m3

ρl Drilling fluid density, kg/m3

vsg Apparent velocity of the gas phase, m/s
vg Gas phase velocity, m/s
vsl Apparent velocity of the liquid phase, m/s
vl Liquid phase velocity, m/s
Qg Gas flow rate, m3/s
Ql Liquid flow rate, m3/s
A Cross-sectional area of the inner diameter of the drill pipe, m2

vm Mixed flow velocity of the gas–liquid two-phase flow, m/s
Mg Air molar mass, kg/mol
R Gas constant, 8.314 J/(mol·K)
Z Gas compressibility factor.
dp
dz Friction gradient term.
fm Fanning friction factor.
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D Inner diameter of the drill pipe, m
h2 Height from the gas–water mixer to the wellbore bottom, m
fl Fanning friction factor for the single-phase drilling fluid segment.
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