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Abstract

Process parameters for perforated gas lift in offshore water-breakthrough gas wells are often 
selected empirically and still lack systematic optimization. This study therefore develops 
a parameter design and optimization approach grounded in transient multiphase flow 
simulation. Based on a transient flow model that couples the reservoir, wellbore, tubing—
casing annulus, and perforated gas-injection nodes, the gas-lift intervention timing was 
investigated. With the maximization of daily formation gas production as the optimization 
objective, the simulation results under different operating conditions were comprehensively 
evaluated. Based on the variations in daily formation gas production, wellbore liquid 
holdup, and flow patterns, the gas injection parameters (i.e., gas injection rate and injection 
depth) were optimized. Meanwhile, the tool dimensions (i.e., gas-lift valve orifice diameter 
and the internal through-bore diameter of the packer assembly) were also optimized. 
The results demonstrate that an optimal reservoir pressure range exists for perforated 
gas lift in water-breakthrough gas wells, providing an important basis for timing gas-lift 
intervention. With increasing gas-injection rate, daily formation gas production follows a 
pattern of initial increase, subsequent stabilization, and final decline, indicating an optimal 
gas-injection rate. When the injection point lies more than a certain depth below the 
liquid-loading location, further increasing the injection depth gives limited improvement 
in daily formation gas production but raises operational difficulty. Gas-injection rate and 
injection depth affect wellbore liquid holdup and flow patterns differently: the gas-injection 
rate has an optimum that balances liquid carrying and friction loss, while injection depth 
mainly influences liquid holdup below the injection point. Thus, the gas-injection rate 
should be optimized and the injection depth reasonably selected. A larger gas-lift valve 
orifice effectively reduces wellhead injection pressure, whereas the internal through-bore 
diameter of the packer assembly has little impact on gas-lift performance. A larger internal 
through-bore is preferable when machining conditions permit. The parameter design and 
optimization method for offshore perforated gas lift established in this paper has been 
successfully applied to an offshore gas well that was shut in due to liquid loading. This 
demonstrates the field feasibility of the method and provides guidance for the process 
design of perforated gas lift in offshore water-producing gas wells.
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1. Introduction
During the middle and late stages of gas field development, continuous depletion 

of reservoir energy gradually weakens the natural flowing capability of gas wells. As a 
result, liquid accumulates continuously within the wellbore, forming a high hydrostatic 
pressure column that severely restricts gas inflow from the reservoir into the wellbore, 
leading to a sharp decline in gas production or even complete cessation of natural flow [1,2]. 
If liquid unloading measures are not implemented in a timely manner, wellbore blockage 
and productivity decline will be accelerated, ultimately resulting in a significant reduction in 
ultimate recovery, as well as considerable resource waste and economic losses [3]. Therefore, 
artificial lift technologies are required to reduce the density of the liquid column and the 
bottomhole backpressure, thereby restoring the gas flow path and maintaining stable and 
efficient production [4–6].

Perforated gas lift is a main offshore artificial lift technology for gas well deliquification. 
It does not require retrieval of the original production tubing. Instead, one or multiple 
perforations are created in the tubing, together with dedicated gas lift isolation tools, 
to establish multistage gas lift channels [7,8]. The entire operation can be completed 
using a mature wireline system, substantially reducing operational costs compared with 
conventional workover operations while significantly reducing well integrity risks associated 
with tubing retrieval. By utilizing high-pressure gas supplied from adjacent production 
wells with only minor modifications to the existing platform facilities, annular gas injection 
can be readily achieved. Furthermore, the multistage isolation structure enables zonal 
gas injection, making the technique particularly suitable for highly deviated offshore gas 
wells with severe liquid loading. This technology effectively overcomes the limitation 
that conventional gas lift cannot be implemented in wells where gas lift valves were not 
pre-installed in the original completion string.

Extensive studies have been conducted worldwide on the engineering application of 
perforation gas lift [9–11]. In particular, multistage perforation gas lift technology has been 
successfully applied in the gas field in the eastern South China Sea [12,13]. However, the 
theoretical understanding of gas–liquid two-phase flow behavior during the perforation gas 
lift process remains insufficient. Perforation gas lift differs fundamentally from conventional 
gas lift valve systems in terms of its flow mechanism. Conventional gas lift valves possess 
specific valve structures, opening pressures, and flow regulation characteristics, whereas 
perforation gas lift injects gas through fixed-diameter perforations created directly on 
the tubing wall. Consequently, the geometric characteristics of the injection openings, 
the associated local flow resistance, and their coupling mechanisms with wellbore gas–
liquid two-phase flow have not yet been fully understood. Existing studies have mainly 
focused on flow prediction models for conventional gas lift valves [14,15], while systematic 
investigations on the interaction between perforation characteristics (including perforation 
geometry, diameter, and distribution) and wellbore flow behavior remain scarce. In addition, 
flow pattern transition, pressure wave propagation, and gas–liquid distribution during gas 
lift are strongly influenced by gas injection conditions [16,17]. Nevertheless, these flow 
characteristics under perforation gas lift have received relatively little attention.

At present, the design and analysis of gas lift wells are predominantly based on steady-
state flow models, which can generally satisfy the engineering requirements of conventional 
gas lift design. However, the gas lift process is inherently transient. From the initiation 
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of gas injection to the establishment of gas–liquid two-phase flow and the achievement 
of stable production, wellbore pressure, flow velocity, and phase distribution continu-
ously evolve with time. Consequently, steady-state simulations [18,19] cannot accurately 
capture transient pressure fluctuations and flow instabilities, nor can they quantitatively 
evaluate the dynamic influence of gas injection backpressure on reservoir performance. In 
recent years, transient multiphase flow simulation has been increasingly applied to gas 
lift research [20–22]. Fleifel et al. [23] employed a transient computer simulation system 
incorporating computational fluid dynamics and finite element methods to investigate the 
multiphase flow dynamics of liquid-assisted gas lift under different well depths, gas-to-
liquid injection ratios, valve openings, and injection velocities. Sami et al. [24] developed 
and validated a computational fluid dynamics (CFD) model to simulate intermittent gas 
lift, investigating the transient multiphase flow behavior and the effects of gas injection 
pressure and injection time on liquid lifting performance. Coutinho et al. [25] developed a 
new liquid-assisted gas lift unloading procedure using the OLGA transient simulator and 
performed sensitivity analyses on unloading control parameters, including the influence 
of gas lift valve orifice diameter. These studies demonstrate that transient simulation can 
more realistically characterize the dynamic behavior of gas lift processes and provides 
an effective means of overcoming the limitations of steady-state simulations [26,27]. Al-
though these studies [23–25] have demonstrated the effectiveness of transient simulation in 
gas-lift dynamic analysis, they mostly focused on parameter optimization of conventional 
pre-installed gas lift valve systems or intermittent gas lift processes. In contrast, for the per-
forated gas lift process, which establishes gas-injection channels through tubing perforations 
and dedicated isolation tools, research on its unique multi-stage injection-node coupling 
mechanism and transient multi-parameter synergistic response remains scarce. Moreover, 
gas lift performance is jointly affected by multiple operational parameters, including the 
timing of gas lift implementation, gas injection rate, gas injection depth, gas lift valve (or 
perforation) diameter, and the inner diameter of isolation devices [28,29]. Existing research 
has mainly emphasized qualitative analyses of individual parameters or a limited number 
of variables, with little attention given to quantitative evaluation of their coupled effects. 
Furthermore, systematic comparisons of perforation gas lift performance under different 
tubing sizes remain limited. Overall, a comprehensive methodology for sensitivity analysis 
and optimization of perforation gas lift parameters is still lacking, making it difficult to 
provide effective guidance for field-scale process design and optimization.

To address these research gaps, this study employs transient multiphase flow simula-
tion to perform a multidimensional optimization of offshore perforation gas lift parameters. 
A performance evaluation methodology based on transient flow simulation and multipa-
rameter sensitivity analysis is developed to systematically investigate the optimal timing for 
gas lift implementation, optimize gas injection parameters (including gas injection rate and 
injection depth), study liquid holdup and flow patterns at different wellbore depths under 
different gas injection parameters, determine the optimal gas lift valve orifice diameter 
for different tubing sizes, and optimize the inner diameter of isolation devices. Based 
on these analyses, a comprehensive workflow integrating key parameter identification, 
operating-condition simulation, gas lift performance evaluation, and parameter optimiza-
tion is established for offshore perforation gas lift design. The proposed methodology is 
expected to provide both a theoretical basis and technical support for the refined design 
and field application of offshore perforation gas lift systems.
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2. Methods
2.1. Principle of Offshore Perforation Gas Lift

A mature multistage perforation gas lift technology has been developed for offshore 
oil and gas fields. Based on the U-tube effect and fluid density regulation mechanism, this 
technology establishes controllable flow channels between the tubing and the annulus by 
creating single or multiple mechanical perforations in the tubing wall [12,13]. When the 
natural flowing capability of a gas well is lost due to reservoir energy depletion or liquid 
loading, high-pressure natural gas or nitrogen is injected through the annulus and enters 
the wellbore directly through the perforations, where it mixes with the accumulated liquid 
column. This process significantly reduces the fluid density and hydrostatic pressure within 
the wellbore, thereby re-establishing the pressure differential required for reservoir inflow 
and restoring the natural flowing capability of the gas well. By integrating multiple gas in-
jection stages with packer isolation, the technology enables zonal gas injection and dynamic 
liquid-level control, accommodating varying liquid production profiles and heterogeneous 
reservoir inflow characteristics at different depths. Unlike conventional gas lift, it eliminates 
the requirement for pre-installed gas lift valves and is particularly suitable for offshore gas 
wells experiencing water breakthrough, production decline, intermittent liquid loading, 
and high gas-to-liquid ratios.

The integrated perforation–isolation gas lift technology combines perforation, isola-
tion, and gas injection into a single downhole operation. Dedicated tools are conveyed to 
the target depth inside the production tubing using electric wireline or slickline, where 
tubing perforation, setting of the dual-element packer, and establishment of the annular gas 
injection pathway are completed simultaneously without retrieving the original production 
tubing. The isolation system consists of upper and lower sealing elements together with 
a check valve, which effectively isolates the tubing–annulus system, eliminates annular 
pressure buildup during non-operational periods, and allows the tools to be retrieved and 
reused while maintaining long-term well integrity. In addition to enabling coordinated 
multistage gas lift for improved lifting efficiency, the established injection pathway can also 
be used for the delivery of chemical agents such as foaming agents and corrosion inhibitors. 
Consequently, the technology has been widely applied to the reactivation of liquid-loaded 
shut-in gas wells and long-term production management, offering the advantages of high 
operational efficiency, low implementation cost, and excellent operational flexibility.

2.2. Methodology for Process Parameter Optimization
2.2.1. Computational Model

In this study, the transient multiphase flow simulator OLGA was employed to simu-
late the perforation gas lift process. OLGA (Oil and Gas Simulator, 2025.2 Schlumberger, 
Houston, TX, USA) is currently the most widely used commercial software for transient 
multiphase flow simulation in oil and gas wellbores and pipeline systems. Its computational 
framework is based on the one-dimensional Two-Fluid transient flow model, in which the 
gas and liquid phases are treated as two interpenetrating continuous media. The governing 
equations consist of separate mass conservation equations and momentum conservation 
equations for each phase, together with a mixture energy conservation equation. These 
equations are coupled with flow-pattern transition models, interphase transfer models, and 
equations of state to numerically solve the complex transient gas–liquid two-phase flow 
in the wellbore [30]. For an offshore perforation gas lift well, the computational domain 
is divided into four coupled regions: the tubing–annulus above the gas injection point, 
the tubing–annulus below the gas injection point, the tubing above the gas injection point, 
and the perforation gas injection node (the tubing–annulus communication location). The 
entire system is solved simultaneously by enforcing continuity of mass, momentum, and 
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pressure across all coupling nodes. In this study, the reservoir is not directly simulated 
as a full transient domain. Instead, a productivity index (IPR)-based inflow boundary 
was applied at the bottom hole to represent the dynamic reservoir coupling. The IPR was 
derived by regression against actual production data to characterize the reservoir inflow 
capacity, while the wellbore transient flow was solved by OLGA. It should be noted that the 
equations presented in this section are mainly intended to illustrate the coupling relation-
ships at the perforated gas-injection node and the flow characteristics of each region. The 
actual transient simulations were performed using the built-in one-dimensional two-fluid 
transient model and closure laws of OLGA. The governing equations and closure laws are 
documented in the OLGA theoretical literature [31] and the manual of the version used.

• Flow model for the tubing–annulus above the gas injection point

The annular section above the gas injection point primarily serves as the flow path 
for high-pressure gas injected from the surface. Since most of the liquid has already been 
displaced from this region, the flow is dominated by a continuous gas phase, with only 
a small amount of entrained liquid droplets. Therefore, the flow can be approximated as 
a single-phase compressible gas flow. In this region, OLGA adopts the one-dimensional 
compressible gas governing equations derived from the Two-Fluid model, in which the 
liquid volume fraction approaches zero.

Gas mass conservation equation:

𝜕(𝛼𝑔𝜌𝑔)
𝜕𝑡 +

𝜕(𝛼𝑔𝜌𝑔𝑢𝑔)
𝜕𝑧 = 𝛤𝑔 (1)

where αg  denotes the gas phase volume fraction, dimensionless; ρg  denotes the gas density, 
kg/m3 ; ug  denotes the gas velocity, m/s; z denotes the axial coordinate, m; t denotes the 
time, s; Γg  denotes the gas mass source term (gas injection), kg/m3 /s.

Gas momentum equation:

𝜕(𝛼𝑔𝜌𝑔𝑢𝑔)
𝜕𝑡 +

𝜕(𝛼𝑔𝜌𝑔𝑢2
𝑔)

𝜕𝑧 = −𝛼𝑔
𝜕𝑃
𝜕𝑧 − 𝜏𝑤 + 𝜌𝑔𝑔cos 𝜃 (2)

where P denotes pressure, Pa; τw  denotes wall friction, N/m3 ; g denotes gravitational 
acceleration, 9.81 m/s2 ; θ denotes wellbore inclination, °.

The gas phase dominates in this region; therefore, pressure disturbances propagate 
rapidly, allowing transient pressure waves to be transmitted efficiently toward the wellhead.

• Flow model for the tubing–annulus below the gas injection point

The annular section below the gas injection point no longer receives injected gas from 
the surface and generally contains stagnant or slowly moving natural gas, formation liquid, 
and a certain amount of accumulated liquid. As the injection pressure varies, pressure 
waves propagate downward through the annulus, potentially inducing movement of the 
gas–liquid interface. Consequently, OLGA employs the complete Two-Fluid Model to 
describe the flow behavior in this region.

The mass conservation equation for the gas phase is the same as Equation (1); the 
mass conservation equation for the liquid phase is:

𝜕(𝛼𝑙𝜌𝑙)
𝜕𝑡 +

𝜕(𝛼𝑙𝜌𝑙𝑢𝑙)
𝜕𝑧 = 𝛤𝑙 (3)

where αl  denotes liquid volume fraction, dimensionless; 𝜌l  denotes liquid density, kg/m3 , 
ul  denotes liquid velocity, m/s; 𝛤 l  denotes liquid source term, kg/m3 /s.

For the tubing–casing annulus below the gas-injection point, since this region no 
longer directly receives surface-injected gas and may contain stagnant or slowly moving 
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natural gas, formation liquid, and accumulated liquid, fluctuations in injection pressure 
propagate downward through the annulus and may induce movement of the gas–liquid 
interface. Therefore, the complete one-dimensional two-fluid model built into OLGA is used 
to solve this region: the gas and liquid phases satisfy their respective mass-conservation and 
momentum-conservation equations, and the two phases are coupled through interfacial 
shear stress, slip velocity, and flow-pattern-dependent interfacial-friction closure relation-
ships. The phase-momentum equations, interfacial-force terms, and corresponding closure 
laws are provided by the built-in OLGA model; their sign conventions and expressions are 
documented in the OLGA theoretical literature [31] and the manual of the version used, 
and are therefore not listed term by term here. The interfacial shear stress, slip velocity, and 
flow-pattern-dependent friction coefficients are automatically determined by the built-in 
flow-pattern map and empirical closure laws of OLGA.

• Flow model for the tubing above the gas injection point

After perforation gas lift is initiated, the injected high-pressure gas enters the produc-
tion tubing and mixes thoroughly with the produced formation fluids, forming a typical 
gas–liquid two-phase flow. Depending on the well depth, gas injection rate, and liquid 
production rate, the flow regime within the tubing may evolve through bubble flow, slug 
flow, annular flow, and stratified flow.

OLGA automatically identifies the prevailing flow regime according to the local flow 
velocity, gas volume fraction, pressure, and other flow variables, and subsequently activates 
the corresponding closure models. As the production tubing constitutes the primary flow 
conduit during gas lift operations, the complete seven-equation formulation is adopted, 
consisting of three mass conservation equations (gas phase, liquid film, and liquid droplets), 
two momentum conservation equations, one mixture energy conservation equation, and 
one pressure–volume–temperature (PVT) equation of state [27].

• Coupled model for the perforation gas injection node

The perforation location represents the only hydraulic communication between the 
annulus and the production tubing and therefore serves as the most critical coupling node 
in the entire gas lift system. In OLGA, the perforation is modeled as a local connection node, 
while the flow from the annulus into the tubing is represented using a local flow element 
(LEAK or Valve). At this node, three fundamental coupling conditions are enforced to 
ensure mass conservation, momentum continuity, and pressure consistency between the 
two flow domains.

1. Mass conservation

The mass flow rate entering a node equals the mass flow rate leaving the node:

∑ .min = ∑ .mout (4)

where
.𝑚 = ρuA (5)

where .m denotes mass flow rate, kg/s; A denotes circulation area, m2 .

2. Momentum continuity

The local pressure loss relationship is satisfied on both sides of the node:

Δ𝑃 = 𝐾
𝜌𝑢2

2 (6)

where K denotes Local drag coefficient, dimensionless; ΔP denotes the nodal pressure 
drop, Pa.

For perforated gas lift, the equivalent flow capacity can be calculated based on the 
orifice diameter, number of orifices, and flow rate.
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3. Pressure coupling

The node satisfies:
Pa − ΔP = Pt (7)

where Pa  denotes annular pressure, Pa; Pt  denotes tubing pressure, Pa. Gas injection begins 
when Pa  > Pt .

The injection flow rate at the node is generally calculated based on the throttling 
flow relationship:

.𝑚 = 𝐶𝑑𝐴√2𝜌Δ𝑃 (8)

where Cd  denotes flow coefficient, dimensionless; A denotes the total flow area of the 
perforated section, m2 .

• Overall coupled solution procedure

OLGA discretizes the wellbore using the Finite Volume Method (FVM) and performs 
transient simulations using a semi-implicit time integration scheme, thereby ensuring 
numerical stability during the propagation of high-speed pressure waves. Within each 
time step, the governing equations for mass, momentum, and energy conservation are 
first solved for each computational control volume. The PVT equation of state is then 
employed to update fluid properties, including density and viscosity. Subsequently, the 
local flow regime is identified based on the calculated flow velocity, gas volume fraction, 
and pressure, and the corresponding closure relationships, including interfacial friction, 
slip velocity, and heat transfer coefficients, are updated accordingly. Finally, the perforation 
node is solved by simultaneously enforcing mass conservation, momentum continuity, and 
pressure coupling between the annulus and the production tubing through an iterative 
procedure. The solution advances to the next time step only after convergence criteria for 
nodal pressure, flow rate, and phase holdup have been satisfied.

Through this fully coupled transient solution procedure, OLGA continuously predicts 
the temporal evolution of annular pressure, gas injection rate, tubing pressure, wellhead 
production rate, and wellbore temperature throughout the perforation gas lift process, 
thereby providing an accurate simulation of the dynamic behavior of the entire perforation 
gas lift system [30,32,33].

2.2.2. Parameter Optimization Methodology
A transient wellbore model for offshore gas wells was established using the OLGA 

transient multiphase flow simulator, aiming to investigate the optimal timing for gas-lift 
intervention and to optimize both the gas injection parameters and the dimensions of 
perforated gas lift tools under different tubing sizes.

After establishing the OLGA computational model using actual field data (including 
well trajectory, well geometry, fluid properties, and the inflow performance relationship 
(IPR), among which the IPR was derived by regression against production data), a multi-
scenario parametric sensitivity analysis was conducted to optimize the gas lift design 
parameters. Reservoir pressure, gas injection rate, gas injection depth, gas lift valve orifice 
diameter, and the inner diameter of the packer were selected as the primary variables, and 
a series of simulation cases were generated accordingly. Specifically, different reservoir 
pressures were specified through boundary condition modifications to determine the opti-
mal timing for gas lift implementation. Variations in gas injection rate were introduced by 
adjusting the gas injection boundary condition to evaluate production performance under 
different injection rates. Different gas injection depths were achieved by relocating the 
connection element along the wellbore, whereas different gas lift valve orifice diameters 
were simulated by modifying the flow area or flow coefficient of the corresponding flow 
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element. Models with different packer inner diameters were established by adjusting the 
geometric parameters of the corresponding wellbore section.

All simulation cases employed the same well configuration, fluid PVT properties, and 
wellhead boundary conditions. For each case, OLGA automatically performed fully coupled 
transient simulations of gas–liquid two-phase flow, pressure distribution, and flow allocation 
at each connection node. After the simulations reached a stable operating condition, the daily 
gas production from the reservoir, wellhead gas production, wellhead liquid production, 
bottomhole flowing pressure, wellhead gas injection pressure, tubing liquid holdup, and 
flow regime were extracted from the simulation results. Taking maximum daily formation 
gas production as the optimization criteria, the simulation results for all operating scenarios 
were comprehensively evaluated to determine the optimal timing for gas lift implementation, 
as well as the optimum gas injection rate, gas injection depth, gas lift valve orifice diameter, 
and packer inner diameter.

3. Results and Discussion
3.1. Determination of the Optimal Timing for Gas Lift Implementation

The essence of gas lift for liquid unloading and gas production is to inject high-pressure 
gas into the wellbore to reduce the density of the liquid column in the wellbore, thereby 
reducing the bottomhole flowing pressure, establishing an effective producing pressure 
differential, and enhancing formation production. During the gas lift liquid unloading 
process in gas wells, due to the dynamic relationship between reservoir energy and wellbore 
fluid flow, there exists a reservoir pressure range for effective gas lift, which serves as the 
basis for determining the timing of gas lift intervention. To investigate the influence of gas 
injection timing on gas injection performance, Figure 1 simulates the total wellbore pressure 
loss before and after the start of gas injection under different reservoir pressures. Table 1 
presents the simulation result data.
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Figure 1. Total wellbore pressure loss before and after the start of gas injection under different 
reservoir pressures.

Table 1. Total wellbore pressure loss comparison before and after the start of gas injection under 
different reservoir pressures.

Gas Injection Reservoir 
Pressures (bar)

Bottomhole Flowing Pressure (bar) Total Wellbore Pressure Loss (bar)

Before Gas Injection After Gas Injection Before Gas Injection After Gas Injection

180 158.24–160.73 163.25–165.90 123.31 128.09
120 116.46–120.04 108.16–111.05 81.11 72.91
70 66.41–69.99 66.33–69.92 31.09 31.01

As can be seen from Figure 1, when the reservoir pressure is relatively high (180 bar), 
the injected gas occupies the flow channels, the liquid holdup decreases sharply, and 
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formation production is suppressed; the total gas—liquid flow velocity increases, the total 
pressure loss increases, and the bottomhole flowing pressure rises. When the reservoir 
pressure is relatively low (70 bar), it is close to or lower than the bottomhole pressure 
generated by the “light liquid column” in the wellbore, making it impossible to establish a 
producing pressure differential. Only when the reservoir pressure is moderate (120 bar) is 
the gas—liquid ratio reasonable, the liquid holdup reduced, the density of the wellbore 
fluid decreased, and the bottomhole flowing pressure lowered; liquid slippage is effectively 
suppressed, and the accumulated liquid is discharged from the wellhead.

Taking a well as an example, the gas-lift intervention timing is calculated below. The 
simulation parameters are summarized in Table 2, and the corresponding results are pre-
sented in Figure 2.

Table 2. Simulation parameter settings for gas lift intervention timing under constant water-to-gas 
ratio conditions.

Injection depth (m) 3800
Formation thermal conductivity (W/m/°C) 2

Heat capacity (J/kg/°C) 1000
Wellhead tubing pressure (bar) 35

Initial wellhead temperature (°C) 15
Simulation duration (h) 500

Initial time step (s) 0.001
Minimum allowable time step (s) 0.001
Maximum allowable time step (s) 100

Valve orifice diameter (inch) 12/64
Packer inner diameter (mm) 25.4
Oil nozzle diameter (mm) 20

Water-to-gas ratio (m3 /104  m3 ) 7

 

Figure 2. Gas injection rate and production rate under different reservoir pressures.

As the water-to-gas ratio increases during production, the wellbore lifting capacity 
changes, and the gas-lift intervention timing also changes accordingly. Figure 3 shows the 
influence of different water-to-gas ratios on the gas-lift intervention timing.
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Figure 3. Gas injection rate and production rate at different reservoir pressures and water-to-gas 
ratios.

As shown in Figure 2, when the reservoir pressure exceeds 120 bar, the formation 
production rate after gas injection is lower than that obtained under natural flowing con-
ditions, indicating that gas injection suppresses reservoir productivity. Conversely, when 
the reservoir pressure falls below 70 bar, increasing the gas injection rate from 60,000 to 
100,000 m3 /d reduces the formation production rate from approximately 5000 m3 /d to zero, 
suggesting that gas injection is no longer capable of enhancing production. This behavior 
can be explained by the different production mechanisms under high- and low-pressure 
conditions. When the reservoir pressure is higher than 120 bar, the natural flowing well 
possesses sufficient liquid-carrying capacity. Under these conditions, the injected high-
pressure gas occupies part of the flow channel and increases the frictional pressure loss 
along the wellbore, thereby reducing production instead of improving it. In contrast, when 
the reservoir pressure decreases below 70 bar, the formation pressure approaches or even 
falls below the bottomhole pressure established by the gas-lift-induced low-density liquid 
column. Consequently, gas injection cannot generate an effective production pressure differ-
ential, and no reservoir fluid can be produced. Therefore, for the simulated well conditions, 
perforation gas lift is most effective when the reservoir pressure ranges from approximately 
70 to 90 bar.

As illustrated in Figure 3, the upper limit of the effective reservoir pressure for gas lift 
increases with increasing water–gas ratio. For example, when the water–gas ratio reaches 
60 m3 /104  m3 , gas lift remains effective even at a reservoir pressure as high as 180 bar. This 
is because increasing water production results in a higher liquid holdup within the wellbore, 
thereby increasing the average fluid density and consequently raising the critical reservoir 
pressure required to sustain natural flow. Gas injection effectively reduces both the liquid 
holdup and the average fluid density, leading to a lower bottomhole flowing pressure and 
an enhanced reservoir inflow capability. Therefore, as water production gradually increases 
during reservoir depletion, gas lift should be implemented at an earlier stage while the 
reservoir pressure remains relatively high to maximize production performance.

3.2. Optimization of Gas Injection Parameters
The effects of gas injection rate (1–10 × 104  m3 /d) and gas injection depth (2800–3700 m, 

Measured Depth, MD) on well productivity were investigated. The simulation parameters 
are summarized in Table 2, and the corresponding results are presented in Figure 4.

As shown in Figure 4a, an effective threshold gas injection rate exists for gas well 
unloading. Gas injection below this threshold yields no effective improvement. The rela-
tionship between the gas injection rate and production exhibits a characteristic trend of 
“ineffective enhancement—productivity increase—productivity decline,” with a relatively 
narrow production-increasing interval. This behavior is attributed to the changes in well-
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bore flow patterns and liquid transport mechanisms. When the gas injection rate is too 
low, the liquid holdup remains relatively high and the flow pattern is dominated by slug 
flow. Due to severe liquid slippage, the liquid holdup in the upper wellbore decreases 
sharply, preventing the liquid from being effectively carried to the wellhead. When the 
gas injection rate is moderate, the liquid holdup is relatively low and the flow pattern 
transitions to annular mist flow, in which the liquid is carried upward as droplets by the 
gas stream, resulting in continuous and stable liquid unloading. When the gas injection 
rate is excessively high, the liquid holdup is extremely low and the flow pattern remains 
annular mist flow; however, the excessively high flow velocity causes a large proportion 
of frictional resistance, thereby suppressing reservoir inflow (see Figure 5; laminar flow, 
annular flow, slug flow, and bubbly flow are denoted by numbers 1, 2, 3, and 4, respectively). 
The simulation results for the case well indicate that no reservoir production occurs when 
the gas injection rate is lower than 5 × 104  m3 /d, whereas the maximum daily reservoir gas 
production is achieved at a gas injection rate of 8 × 104  m3 /d.

  
(a) different injection rate (b) different injection depth 

Figure 4. Formation production rate at different injection rates and injection depths.

(a) liquid holdup (b) flow pattern 

Figure 5. Liquid holdup and fluid flow patterns at different depths of the wellbore under different 
gas injection rates.

As can be seen from Figure 5, when the gas injection rate is too low, the liquid holdup 
is relatively high, and the flow pattern is mainly slug flow. Due to severe liquid slippage, 
the liquid holdup in the upper part of the wellbore decreases sharply, and the liquid cannot 
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be effectively carried to the wellhead. When the gas injection rate is moderate, the liquid 
holdup is relatively low, and the flow pattern is annular mist flow; the liquid is carried 
upward as droplets by the gas flow, resulting in continuous and stable liquid unloading. 
When the gas injection rate is too high, the liquid holdup is extremely low, and the flow 
pattern is annular mist flow; however, the excessively high flow velocity causes a large 
proportion of frictional resistance, thereby suppressing formation production.

As illustrated in Figure 4b, increasing the gas injection depth generally enhances the 
daily formation gas production. However, the marginal production increment exhibits a 
clear turning point. When the injection point deepens from 2900 m to 3100 m, the daily 
formation gas production increases sharply. Beyond 3100–3200 m, the curve flattens out, 
indicating a significant decline in the marginal benefit of deepening. Although further 
increasing the depth to 3600 m raises the production from approximately 2.3 × 104  m3 /d to 
3.0 × 104  m3 /d (an increase of 36%), the required wellhead injection pressure is much higher, 
and this will increase operation difficulty (as shown by the black curve). Considering the 
trade-off between production gain, injection pressure limits, and operational complexity, 
the practically favorable injection depth is identified around 3100–3200 m. As can be 
seen from the liquid holdup and fluid flow patterns at different wellbore depths under 
different gas injection depths (see Figure 6), the liquid holdup decreases significantly 
starting from the gas injection point, and above the injection point, the liquid holdup shows 
little difference among the different gas injection depths. The flow pattern in the upper 
wellbore remains annular mist flow for all gas injection depths, which is consistent with the 
liquid holdup characteristics.

  
(a) liquid holdup (b) flow pattern 

Figure 6. Liquid holdup and fluid flow patterns at different depths of the wellbore under different 
gas injection depths.

3.3. Optimization of Tool Dimensions
For different tubing sizes ranging from 2-7/8 in. to 5-1/2 in., simulations were per-

formed under a multistage gas lift configuration to evaluate the effects of gas lift valve orifice 
diameter and packer inner diameter on gas lift performance. Based on these simulations, 
the optimal combinations of gas lift valve orifice diameter and packer inner diameter were 
determined for different tubing sizes. The simulation parameters are listed in Table 2.

The optimization results for the gas lift valve orifice diameter are presented in Figure 7.
As shown in Figure 7, under identical gas injection conditions, increasing the gas lift 

valve orifice diameter reduces the throttling pressure loss across the valve, resulting in a 
significant decrease in the required wellhead gas injection pressure. In addition, for larger 
tubing sizes, reservoir gas production increases moderately with increasing valve orifice 
diameter. The larger the tubing diameter, the more pronounced the benefits of increasing the 
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valve orifice diameter in terms of reducing gas injection pressure and improving reservoir 
productivity, as demonstrated by the simulation results for tubing sizes of 4-1/2 in. and 
larger. Since the valve orifice diameter must also satisfy the installation requirements of the 
perforation gas lift process, the following recommendations are proposed for the present 
case study: 12/64 in. for 2-7/8 to 3-1/2 in. tubing, 24/64 in. for 4 to 4-1/2 in. tubing, and 
28/64 in. for 5 to 5-1/2 in. tubing.

The optimization results for the packer inner diameter under different tubing sizes are 
shown in Figure 8.

  
(a) tubing size 2-7/8 in. (b) tubing size 3-1/2 in. (c) tubing size 4 in. 

  
(d) tubing size 4-1/2 in. (e) tubing size 5 in. (f) tubing size 5-1/2 in. 
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Figure 7. Relationship curves between production rate and gas lift valve orifice diameter at different 
tubing sizes.

  
(a) tubing size 2-7/8 in. (b) tubing size 3-1/2 in. (c) tubing size 4 in. 

  
(d) tubing size 4-1/2 in. (e) tubing size 5 in. (f) tubing size 5-1/2 in. 

Figure 8. Relationship curves between production rate and packer inner diameter at different 
tubing sizes.
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As illustrated in Figure 8, for all tubing sizes investigated, variations in the packer inner 
diameter have only a minor influence on both the required gas injection pressure and the 
overall gas lift performance under the same gas injection rate. Based on the simulation results 
for the present case and considering the internal diameter requirements of potential future 
well interventions, it is recommended that the largest practicable packer inner diameter 
be selected within manufacturing and design constraints for each tubing size. In this case, 
it is recommended that the inner diameter of the packer be 30.5 mm, 35.6 mm, 35.6 mm, 
40.6 mm, 45.7 mm, and 50.8 mm respectively for the 2-7/8 in., 3-1/2 in., 4 in., 4-1/2 in., 5 in., 
and 5-1/2 in. tubing.

4. Application
The optimization method for perforated gas lift parameters developed in this paper has 

been successfully applied in an offshore gas field. Well X1 in this case is a horizontal well, 
with an average porosity of 11.0% and an average permeability of 19.4 mD in the horizontal 
section from well logging interpretation. The original reservoir pressure is 33.03 MPa, and 
the formation temperature is 147 °C.

Well X1 was put into production in June 2023 and produced water from the very 
beginning, with water production remaining at a high level. Its production can be divided 
into two main stages: the first stage is the initial period with a stable water—gas ratio 
(July–October 2023), during which the daily gas production was 180,000 m3 /d, the daily 
water production was about 30 m3 /d, the water—gas ratio was 1.67, and the wellhead 
tubing pressure was 15.5 MPa; the second stage is the period with a gradually increasing 
water—gas ratio (November 2023–June 2024). Specifically, from October 2023 to January 
2024, the daily gas production decreased from 180,000 m3 /d to 150,000 m3 /d, the water—gas 
ratio rose to 2.7, and the tubing pressure dropped to 13.0 MPa; from May 2024 to June 2024, 
the daily gas production decreased from 150,000 m3 /d to 130,000 m3 /d, the water—gas ratio 
rose to 3.5, and the tubing pressure dropped to 11.0 MPa. On June 28, 2024, due to a major 
platform overhaul, the well was shut in and could not be restarted normally afterward.

After the well was shut in during the platform maintenance turnaround, liquid accu-
mulated in the wellbore, and the liquid level rose to a vertical depth of 1000 m, with a liquid 
column height of 2328 m. The reservoir pressure and the liquid column pressure reached 
equilibrium, causing the well to cease flowing. With a reservoir pressure of 23.3 MPa and a 
pressure coefficient of only 0.71, the well could not be started up by its own energy alone. 
Three offset-well gas pressurization and flowback tests were conducted on 19–20 September 
2024. Based on the pressure data from these three pressurization-flowback cycles, it is 
known that within one hour after pressurization, the fluid return rate from the forma-
tion was high, with a maximum rate of about 11.1 m3 /h. The formation water returning 
to the wellbore suppressed the production of formation gas, resulting in unsuccessful 
pressurization-flowback operations.

Because the liquid loading is relatively deep, a two-stage gas lift design combining 
an unloading valve and a gas lift valve is adopted. The unloading valve is mainly used in 
the initial stage to reduce the liquid-column height in the tubing and establish the initial 
gas-injection path. Once the liquid above the unloading valve has been removed, the 
unloading valve closes, and the gas lift valve is used for liquid unloading during subsequent 
production. Therefore, detailed parameter optimization of the unloading valve was not 
performed in this study, and its valve parameters were selected in the same manner as 
those of the gas lift valve. Under the conditions of a wellhead injection gas pressure of 
12.8 MPa, a wellhead pressure of 4 MPa, and a maximum gas injection rate of 31,000 m3 /d, 
the maximum liquid unloading rate reaches 82.3 m3 /d.

The gas lift design parameters are shown in Table 3.
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Table 3. Gas lift parameter design.

Stage Measured 
Depth (m)

True 
Vertical 

Depth (m)

Inclination 
Angle (°) Valve Type Port Size 

(inch)

Gas 
Injection 
Rate (104 

m3 /d)

Liquid 
Unloading 

Rate 
(m3 /d)

Downhole 
Operating 

Temperature 
(°C)

1 2655 2300 35.9 Unloading 12/64 3.1 81.7 127.92
2 3395 2900 36.4 Gas lift 12/64 3.0 82.3 140.96

Well X1 was shut in for approximately 8 months before perforated gas lift was imple-
mented. The well was successfully restarted on 2 March 2025 and resumed continuous 
production; the production data are shown in Figure 9. The actual gas-injection rate of the 
well reached the design value of 3.0 × 104  m3 /d, and the actual daily liquid production 
during the initial period after restart was 75.8 m3 /d, which is very close to the designed 
liquid-unloading rate. The successful restart of the case well demonstrates that the perfo-
rated gas lift parameter optimization method developed in this paper is field-feasible and can 
provide technical support for the design of perforated gas lift in offshore water-producing 
gas wells.
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Figure 9. Production data of X1.

5. Limitations and Applicability
The recommended values in this study are conditional design selections under specific 

simulation inputs rather than a global optimum, and their applicability is limited by the 
following factors:
(1) Reservoir pressure and pressure coefficient. The effective gas-lift pressure window 

varies with the reservoir pressure level. The recommended window of approximately 
70–90 bar obtained for the main case under low water-to-gas ratio conditions cannot be 
directly extrapolated to wells with high pressure, a low pressure coefficient, or a high 
water-to-gas ratio. Well X1 is a high-pressure, low-pressure-coefficient, high-water-
to-gas-ratio case, and its design parameters need to be re-determined by simulation 
based on the actual input data of this well.

(2) Formation properties and inflow performance. In this study, the IPR obtained by 
regression against production data is used to represent the reservoir inflow capacity, 
and the effects of permeability, heterogeneity, and variations in inflow performance are 
not systematically considered. Different IPRs for the target well will lead to different 
bottomhole flowing pressures and net formation-gas increments, so the IPR should be 
recalibrated before application.

https://doi.org/10.3390/pr14213616

https://doi.org/10.3390/pr14213616


Processes 2026, 14, 3616 16 of 19

(3) Water-production conditions. An increase in the water-to-gas ratio increases the well-
bore liquid holdup and raises the critical reservoir pressure for natural flow, shifting 
the effective gas-lift window toward higher reservoir pressures. The recommended 
values should therefore be re-evaluated according to the water-production conditions 
of the target well.

(4) Well geometry and platform conditions. This study is a single-well case, and the 
recommended values are conditional on the specific tubing size, injection-pressure 
limit, orifice/valve flow area, and packer inner diameter. Extrapolation to other well 
geometries or platform gas-injection capacities requires a new sensitivity analysis.

(5) Methodological positioning. This study is a single-parameter sensitivity analysis and 
stepwise design selection; a full-factorial interaction simulation was not performed, 
and no global optimum is claimed. The successful restart of Well X1 demonstrates 
field feasibility, but it does not constitute independent validation of the optimality of 
any specific parameter.

(6) Reservoir coupling. The reservoir was represented by an IPR-based inflow boundary 
derived from production data, rather than a fully coupled transient reservoir simulator. 
This approach effectively characterizes the inflow capacity for wellbore-dominated 
transient analysis but does not capture the transient pressure diffusion and dynamic 
inflow variations within the reservoir itself.

(7) Model validation. Due to the lack of continuous high-frequency field testing data, 
a strict history matching was not performed. The transient model in this study is 
primarily used for parameter sensitivity analysis and relative trend exploration under 
the same well configuration, rather than absolute predictive accuracy validation across 
all operating conditions.

6. Conclusions
Based on transient multiphase flow simulation and comprehensive analyses under 

multiple operating conditions, this study optimized the timing of gas lift implementation, 
gas injection parameters, and the dimensions of perforation gas lift tools, and established a 
systematic optimization methodology for the key design parameters, including the timing of 
gas lift implementation, gas injection rate, gas injection depth, gas lift valve orifice diameter, 
and packer inner diameter. The proposed methodology provides technical support for the 
design and optimization of perforation gas lift systems for offshore water-producing gas 
wells. The main conclusions are summarized as follows:
(1) An optimal timing exists for implementing perforation gas lift in water-producing 

gas wells. When the reservoir pressure exceeds the optimal range, the well retains 
sufficient natural flowing capability, and the production enhancement achieved by 
gas lift is limited. As the reservoir pressure declines, gas lift effectively improves the 
wellbore lifting capacity and increases the daily reservoir gas production. Therefore, 
the optimal reservoir pressure range can serve as an important criterion for determining 
the appropriate timing of gas lift implementation in field applications.

(2) The gas injection rate significantly affects gas lift performance in this study. As the 
gas injection rate increases, the daily reservoir gas production exhibits a characteristic 
trend of initial increase, subsequent stabilization, and eventual decline, indicating 
the existence of an optimum gas injection rate. Beyond this optimum value, further 
increasing the gas injection rate fails to enhance production and instead reduces gas 
lift efficiency.

(3) The influence of gas injection depth exhibits a critical threshold behavior. When the 
gas injection point is located a certain distance below the liquid loading zone, the 
requirements for effective liquid unloading and reduction in wellbore fluid density 
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can be satisfied. Further increasing the gas injection depth provides only marginal 
improvements in daily reservoir gas production while increasing both the required 
wellhead gas injection pressure and the operational complexity of field implementation.

(4) Both gas injection rate and gas injection depth affect wellbore liquid holdup and flow 
pattern, but in different ways. When the gas injection rate is too low, liquid holdup is 
high and slug flow dominates, with severe liquid slippage and poor liquid carrying. 
When the rate is moderate, liquid holdup is low and annular mist flow occurs, resulting 
in continuous and stable liquid unloading. When the rate is too high, liquid holdup 
is extremely low, but friction loss increases and suppresses formation production. 
Gas injection depth mainly affects liquid holdup below the injection point; above 
the injection point, differences among different depths are small, and the upper flow 
pattern is annular mist flow. Therefore, the gas injection rate should be optimized to 
balance liquid-carrying capacity and friction loss, and the gas injection depth should 
be reasonably selected according to formation conditions.

(5) The gas lift valve orifice diameter primarily affects gas injection resistance and the 
required wellhead gas injection pressure. Appropriately increasing the valve orifice 
diameter effectively reduces the gas injection pressure, while its influence on daily 
reservoir gas production is relatively limited. In contrast, the inner diameter of the 
packer has little effect on overall gas lift performance. Therefore, provided that tool 
strength and manufacturing requirements are satisfied, a larger packer inner diameter 
is recommended to accommodate potential future downhole intervention operations.
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