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Some tight sandstone gas reservoirs containmobile water, and themobile water generally has a significant impact on the gas flowing
in tight pores. The flow behavior of gas and water in tight pores is different than in conventional formations, yet there is a lack of
adequate models to predict the gas production and describe the gas-water flow behaviors in water-bearing tight gas reservoirs.
Based on the experimental results, this paper presents mathematical models to describe flow behaviors of gas and water in tight
gas formations; the threshold pressure gradient, stress sensitivity, and relative permeability are all considered in our models. A
numerical simulator using these models has been developed to improve the flow simulation accuracy for water-bearing tight gas
reservoirs. The results show that the effect of stress sensitivity becomes larger as water saturation increases, leading to a fast decline
of gas production; in addition, the nonlinear flow of gas phase is aggravated with the increase of water saturation and the decrease of
permeability. The gas recovery decreases when the threshold pressure gradient (TPG) and stress sensitivity are taken into account.
Therefore, a reasonable drawdown pressure should be set to minimize the damage of nonlinear factors to gas recovery.

1. Introduction

Water-bearing tight gas reservoirs, as part of unconventional
reservoirs, attract more and more attention. In comparison
with non-water-bearing tight gas reservoirs, the gas recovery
of water-bearing tight gas reservoirs is generally lower, and
three factors strongly influence the development of water-
bearing gas reservoirs and flow behavior.The first influencing
factor is the threshold pressure gradient (TPG) due to mobile
water and small pore-throat, which needs to be overcome
for initiating flow. The second influencing factor is the
stress sensitivity of the permeability, which is common for
tight gas reservoirs but intensified by water existence. The
third influencing factor is the gas-water relative permeability,
which is impacted by the variation of drawdown pressure.
These three factors may act together and affect the gas flow
and production of tight gas reservoirs. Accurate description
and reasonable characterization of nonlinear features of gas
flow are the foundation for predicting gas production.

The theories and models regarding the effect of TPG
on water-oil two-phase flow have been proposed [1–6], and
experiments were conducted to study the pseudo-TPG and
analyze the reason for which the pseudo-TPG has to be
overcome for flow in ultra-low permeability tight reservoirs
[3, 7, 8]. However, less attention has been paid to the effect of
water saturation on TPG of gas phase, especially for water-
bearing tight gas reservoirs. Water saturation influences the
gas flow by changing the gas slip factor. The gas slip factor
will decrease with the increase of water saturation [9]. Ding
et al. [10] conducted experimental studies about the dynamic
threshold pressure in a water-bearing tight gas reservoir and
found that TPG varied with the change of pore pressure
and water saturation. Cores with a higher water saturation
had a higher TPG than cores with a lower water saturation,
and the TPG showed higher-amplitude change as well (TPG
sensitivity coefficient is bigger). The question is, how will
permeability and water saturation simultaneously affect the
TPG of water-bearing tight gas reservoirs?
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Stress sensitivity of formation has been quite extensively
studied. In one of the earliest studies of permeability sensitiv-
ity to the stress, Fatt and Davis [11] found that the magnitude
of the formation permeability reduction ranged from 11% to
41%. Confining pressure acting on the rock core has a very
important impact on the magnitude of permeability. Thomas
andWard [12] found that gas permeability of tight sandstone
formations would be markedly reduced with increasing over-
burden pressure. Permeability reduction of cores due to stress
in other formations was also studied by other authors [13–
15]. A comprehensive study on micro-pore-throat structure
and pore-throat distribution of tight reservoir rock using
SEM and constant-rate mercury injection technology was
also reported (Yu et al. [16]). Quantitatively, Jones andOwens
[17] proposed a coefficient to describe permeability stress
sensitivity as follows:

𝑠𝐽 = {1 − [𝐾𝑔 (𝜎eff) /𝐾𝑔 (𝜎eff = 6.89)]1/3}
lg (𝜎eff/6.89) . (1)

Luo et al. [18] conducted experiments using gas to analyze
stress sensitivity. The Klinkenberg permeability of cores used
in the experiments ranges from 0.1mD to 3mD. Based on
the experiments, they derived the following equation (or
coefficient) to characterize the stress sensitivity:

𝑠𝐿 = −lg (𝐾𝑔min/𝐾go)
lg (𝜎eff max/𝜎effo) . (2)

These studies all imply that rock permeability reduction due
to the increase of effective stress could significantly affect oil
well productivity, especially for tight formations. However,
there is still little research on the stress sensitivity of water-
bearing tight gas reservoir. Water is the wetting phase for
most formations. There is a water film attached on the
inner surface of pores. Though the water film is thin, it
has a significant impact on the flow (normally in micro- or
nanometer scale) of tight gas reservoirs. The thickness of the
water film is a function of pore pressure, and thus it is stress
sensitivity. Once the stress changes, the flow channel will
vary due to the changing boundary layer. Correspondingly,
the flow capacity of formation will make a difference. Yet,
whether the magnitude of water saturation will affect the
stress sensitivity remains unknown.

Relative permeability plays an essential role for reservoir
simulation and production prediction. A number of studies
have been published on the relative permeability of different
types of formations. Burdine [19] investigated the relative
permeability using pore size distribution data. Corey [20]
presented a method of calculating relative permeability with
exponential coefficients based on the empirical understand-
ing. Fatt [21] simulated the overburden pressure and investi-
gated gas-oil relative permeability under different overburden
pressures. Al-Quraishi and Khairy [22] investigated the effect
of pore pressure variation on the oil-water relative perme-
ability curves at fixed overburden pressures and the effect
of confining pressure on the relative permeability curves
at constant pore pressure. However, reports on the effect

of the drawdown pressure on the relative permeability are
less common. According to Gao et al. [23], the drawdown
pressure gradient significantly affects the gas-water relative
permeability, and the relative permeability curvemoves to the
right as the drawdown pressure gradient increases; however,
the mechanism of the relationship between the drawdown
pressure gradient and the gas-water relative permeability was
not discussed in that article. Mo et al. [24] investigated the
effect of the drawdown pressure on the relative permeability
of tight gas reservoirs and showed that the displacement
pressure had a significant effect on the relative permeability.

Three factors strongly influence the development of the
water-bearing gas reservoir and flow behavior.The first factor
is the TPG due tomobile water and small pore-throats, which
needs to be overcome for initiating flow. The second factor is
the stress sensitivity of the gas permeability, which is common
for a tight gas reservoir but intensified by presence of water.
The third factor is the gas-water relative permeability, which
changes with variation of drawdown pressure. These three
factors work simultaneously and affect the gas flow and
production of tight gas reservoirs. Accurate description and
characterization of nonlinearity of gas flow are fundamental
for predicting gas production.

This article analyzes these three influencing factors of gas
recovery and flow behavior of water-bearing gas reservoirs
and then presents a gas-water two-phase flowmodel for tight
gas reservoirs while quantifying and analyzing the effect of
each nonlinear factor on gas well productivity and recovery.
Finally, measurements for enhanced gas recovery of water-
bearing tight gas reservoirs are made. This model provides
theoretical basis for the development of tight gas reservoir.

2. Flow Behavior and Formation Properties of
Water-Bearing Tight Gas Reservoirs

Experimentations of flow behavior and formation properties
in tight gas reservoir bearing water [25–27] have shown
that water influences stress sensitivity of tight reservoirs
and increases threshold pressure gradient. In addition, the
capacity of gas-water two-phase percolation is significantly
different under different displacement pressure gradient.

2.1. Method of Experiment. We carried out the core dis-
placement experiments by a series of the radius of 2.5-
centimeter and the length of 5-centimeter natural cores. And
experimental apparatus and experimental process are the
same as the conventional core displacement experiments,
and the main experiment equipment is core holding unit,
circulating pump, pressure sensor, and so forth. Experimental
steps include core evacuation, saturated water, saturated gas,
and displacement.

We studied the threshold pressure gradient under dif-
ferent water saturation by taking the core saturation to
different initial water saturation and then carrying out the
displacement experiments andmeasured the stress sensitivity
coefficient under different water saturation to study the rela-
tionship between stress sensitivity coefficient and water satu-
ration and permeability; and a series of relative permeability
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Figure 1: The relationship between water saturation (𝑆𝑤) and
threshold pressure gradient for different permeabilities.
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Figure 2: Relationship between water saturation (𝑆𝑤) and stress
sensitivity coefficient.

curves were conducted under different displacement pressure
gradient to study the relationship between displacement
pressure and relative permeability. For the details and results
of experiments, one could refer to the papers by Ye [25, 27],
and parts of results were redrawn in Figures 1–3.

2.2. Effect of Threshold Pressure Gradient. For a gas reservoir
without mobile water, the gas is continuous phase and gas
viscosity is very low, and there is no TPG for single gas phase
flowing in tight formations. When the water saturation is
higher than irreducible water saturation, the mobile water
could impact the gas flow. This is because the water exists in
the surface of rock at small throat due to water wettability
in tight formation and the gas distributes in pores, and this
phenomenon results in mutual interaction between water
phase and gas phase. For the water-gas two phases in tight
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Figure 3: Gas-water relative permeability under different draw-
down pressure gradient.

formations, if the gas phase starts flowing, the gas should
break the block of water phase in throat and drive the water
phase starting to flow, and this process should overcome some
extra pressure gradient. As such, the block of water to gas
results in TPG, and the motion equation with TPG could be
described as follows:

V = −𝐾𝜇 [∇𝑝 − 𝜆] . (3)

The experiments show that the TPG of gas-water two-
phase flow is correlated to water saturation and permeability
(Figure 1 and [27]), and the TPG is the function of water
saturation and permeability. The fitting equation to the
experiment results indicate that when the irreducible water
saturation is constant, the TPG and permeability have a
power relationship:

𝜆 = 𝑎𝐾𝑏(1−𝑆𝑤)𝑒𝑆𝑤 , (4)

where 𝑎 and 𝑏 are fitting coefficients.

2.3. Effect of Stress Sensitivity. When gas flows as a single
phase in a tight gas reservoir, stress significantly affects gas
well productivity.

𝐾𝐾𝑖 = (
𝜎𝜎𝑖)
−𝑆𝑝 = ( 𝑝𝑐 − 𝑝𝑝𝑐 − 𝑝𝑖)

−𝑆𝑝 , (5)

where 𝑆𝑝 is the factor of stress sensitivity, such as 𝑆𝑝 = 𝑐𝐾−𝑛.
This formula is widely used to study effect of stress sensitivity
and can be applied to water-bearing gas reservoirs. However,
the coefficients in this formula must be refitted when it is
applied to various reservoirs.

However, when water is also present in a tight gas
reservoir, water not only affects the gas flow, but also has an
effect on the stress of the reservoir [28, 29]. Experimental
results show that stress is intensified as water saturation
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increases (Figure 2 and [27]). It is mainly because the
presence of water reduces the flow path of gas. For tight
gas reservoirs with larger original water saturation, the stress
variation during production will result in a redistribution of
water film and thus affects gas permeability, intensifies stress
sensitivity, and thus aggravates stress damage. In addition,
the physicochemical reactions betweenwater andminerals in
tight sandstones reduce the compressive strength of rock and
further intensify stress sensitivity. Therefore, water presence
will strengthen the stress of tight sandstones.

Stress sensitivity coefficient of water-bearing tight gas
reservoirs is

𝑆𝑝 = 𝑐𝐾−𝑛𝑒𝑑⋅𝑆𝑤 . (6)

2.4. Relative Permeability of Gas-Water Flow. Understanding
the relative permeability is important for the prediction of
production performance of water-bearing tight gas reser-
voirs. Compared to the conventional gas reservoirs of low
permeability, the relative permeability of gas-water flow in
tight formations is more complex because of the extremely
small pores and throats. The comparison of gas-water two-
phase flow experiments under different pressures shows
that displacement pressure gradient impacts the gas-water
relative permeability. The experimental results (Figure 3)
show that as displacement pressure increases [27], the relative
permeability of water increases sharply, while the relative
permeability of gas reduces, and the residual gas saturation
reduces. Therefore, gas-water relative permeability and the
endpoint of saturation are a function of both water saturation
and pressure gradient, such as

𝐾𝑔 = 𝐾𝐾rg (𝑆𝑤, ∇𝑝)
𝐾𝑤 = 𝐾𝐾rw (𝑆𝑤, ∇𝑝)
𝑆gr = 𝑆gr (∇𝑝) .

(7)

3. Model of Gas-Water Flow in
Tight Formation

To simplify the gas-water two-phase flow modeling while
honoring nonlinear flow behavior, the following assumptions
are made in the model construction and percolation simula-
tion:

(1) The simulation process is gas-water two-phase flow
with capillary force taken into account.

(2) Gas and water are mutually immiscible and water
phase is incompressible.

(3) Stress effect to the formation porosity is neglected.
(4) Fluid flow happens under constant temperature.
(5) Gravity force is ignored.

3.1. Motion Equation. For gas-water two-phase flow in tight
gas reservoirs, we take the separate single phase flow con-
forming to Darcy’s law. As for the expression of pressure

gradient, TPG has to be deducted from the displacement
pressure gradient.

⇀V 𝑔 = −𝐾 (𝑝)𝐾rg𝜇𝑔 [grad (𝑝𝑔) − 𝜆]
⇀V 𝑤 = −𝐾 (𝑝)𝐾rw𝜇𝑤 [grad (𝑝𝑤) − 𝜆] ,

(8)

where TPG is expressed in (4).

3.2. Continuity Equation. In gas-water two-phase percola-
tion, the continuity equations are as follows:

Gas phase:

− (𝜕 (𝜌𝑔V𝑔𝑥)𝜕𝑥 + 𝜕 (𝜌𝑔V𝑔𝑦)𝜕𝑦 + 𝜕 (𝜌𝑔V𝑔𝑧)𝜕𝑧 ) + 𝑞𝑔

= 𝜕 (𝜙𝜌𝑔𝑆𝑔)𝜕𝑡 .
(9)

Water phase:

− (𝜕 (𝜌𝑤V𝑤𝑥)𝜕𝑥 + 𝜕 (𝜌𝑤V𝑤𝑦)𝜕𝑦 + 𝜕 (𝜌𝑤V𝑤𝑧)𝜕𝑧 ) + 𝑞𝑤
= 𝜕 (𝜙𝜌𝑤𝑆𝑤)𝜕𝑡 .

(10)

3.3. Permeability and Stress Relationship

𝐾(𝑝) = 𝐾𝑖 ( 𝑝𝑐 − 𝑝𝑝𝑐 − 𝑝𝑖)
−𝑆𝑝 , (11)

where stress sensitivity coefficient is 𝑆𝑝 = 𝑐𝐾−𝑛𝑒𝑑⋅𝑆𝑤 .
3.4. Model of Relative Permeability of Gas and Water. The
relative permeability model could be obtained by interpo-
lating the relative permeability under low (Figure 4(a)) and
high (Figure 4(b)) pressure. The relative permeability model
is shown in the following equations:

𝑆wD = 𝑆𝑤 − 𝑆wc1 − 𝑆wc − (1 − 𝑆gr)
𝐾rw = 𝑓 × 𝑆𝑛wD
𝐾rg = 𝑔 × (1 − 𝑆wD)𝑚
𝑆gr = 𝑆grh + 𝑆grl − 𝑆grhΔ𝑝ℎ − Δ𝑝𝑙 (Δ𝑝ℎ − Δ𝑝𝑙) ,

(12)

where 𝑆wD is the dimensionlesswater saturation;𝑓,𝑔,𝑚, 𝑛 are
the fitting coefficients; Δ𝑝ℎ is the high displacement pressure
gradient; Δ𝑝𝑙 is the low displacement pressure gradient; 𝑆grl
is the residual gas saturation corresponding to Δ𝑝𝑙; 𝑆grh is the
residual gas saturation corresponding to Δ𝑝ℎ.
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(a) Low drawdown pressure gradient
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Figure 4: Gas-water relative permeability under different drawdown pressure gradient.

3.5. Fundamental Differential Equation. From all the afore-
mentioned equations together, we can get the fundamental
differential equation as follows:

For water phase,

∇ ⋅ [𝐾 (𝑝)𝐾rw𝐵𝑤𝜇𝑤 (∇𝑝𝑔 − ∇𝑝cgw − 𝜆𝑤)] + 𝑞𝑤𝜌wsc
= 𝜕𝜕𝑡 (𝜙𝑆𝑤𝐵𝑤 ) .

(13)

For gas phase,

∇ ⋅ [𝐾 (𝑝)𝐾rg𝐵𝑔𝜇𝑔 (∇𝑝𝑔 − 𝜆𝑔)] + 𝑞𝑔𝜌gsc =
𝜕𝜕𝑡 (

𝜙𝑆𝑔𝐵𝑔 ) . (14)

Multiply the right term of (13) and (14), (𝜕/𝜕𝑡)(𝜙𝑆𝑤/𝐵𝑤)
and (𝜕/𝜕𝑡)(𝜙𝑆𝑔/𝐵𝑔), with 𝐵𝑤 and 𝐵𝑔, respectively, and then
combine them together as follows:

𝐵𝑔 𝜕𝜕𝑡 (
𝜙𝑆𝑔𝐵𝑔 ) + 𝐵𝑤 𝜕𝜕𝑡 (𝜙𝑆𝑤𝐵𝑤 )

= 𝜙𝜕𝑆𝑔𝜕𝑡 + 𝑆𝑔 𝜕𝜙𝜕𝑝𝑔
𝜕𝑝𝑔𝜕𝑡 − 𝜙𝑆𝑔𝐵𝑔

𝜕𝐵𝑔𝜕𝑝𝑔
𝜕𝑝𝑔𝜕𝑡 − 𝜙𝜕𝑆𝑔𝜕𝑡

+ 𝑆𝑤 𝜕𝜙𝜕𝑝𝑔
𝜕𝑝𝑔𝜕𝑡 − 𝜙𝑆𝑤𝐵𝑤

𝜕𝐵𝑤𝜕𝑝𝑔
𝜕𝑝𝑔𝜕𝑡

= (𝑆𝑤 + 𝑆𝑔) 𝜕𝜙𝜕𝑝𝑔
𝜕𝑝𝑔𝜕𝑡 − 𝜙𝑆𝑤 1𝐵𝑤

𝜕𝐵𝑤𝜕𝑝𝑔
𝜕𝑝𝑔𝜕𝑡

− 𝜙𝑆𝑔 1𝐵𝑔
𝜕𝐵𝑔𝜕𝑝𝑔

𝜕𝑝𝑔𝜕𝑡

= 𝜕𝜙𝜕𝑝𝑔
𝜕𝑝𝑔𝜕𝑡 + 𝜙𝑆𝑤 (− 1𝐵𝑤

𝜕𝐵𝑤𝜕𝑝𝑔
𝜕𝑝𝑔𝜕𝑡 )

− 𝜙𝑆𝑔 1𝐵𝑔
𝜕𝐵𝑔𝜕𝑝𝑔

𝜕𝑝𝑔𝜕𝑡 .
(15)

According to the definition of compressibility, the com-
pressibility of water, gas, and rock can be written as follows:

𝐶𝑤 = − 1𝐵𝑤
𝜕𝐵𝑤𝜕𝑝𝑔

𝐶𝑔 = − 1𝐵𝑔
𝜕𝐵𝑤𝜕𝑝𝑔

𝐶𝑟 = 1𝜙 𝜕𝜙𝜕𝑝 = 1𝜙 𝜕𝜙𝜕𝑝𝑔
𝐶𝑡 = 𝐶𝑟 + 𝐶𝑔𝑆𝑔 + 𝐶𝑤𝑆𝑤

𝜕𝜙𝜕𝑝𝑔
𝜕𝑝𝑔𝜕𝑡 = 𝜕𝜙𝜕𝑝 𝜕𝑝𝜕𝑡 .

(16)

Therefore, (15) can be rewritten as

𝜕𝜙𝜕𝑝𝑔
𝜕𝑝𝑔𝜕𝑡 + 𝜙𝑆𝑤 (− 1𝐵𝑤

𝜕𝐵𝑤𝜕𝑝𝑔
𝜕𝑝𝑔𝜕𝑡 ) − 𝜙𝑆𝑔 1𝐵𝑔

𝜕𝐵𝑔𝜕𝑝𝑔
𝜕𝑝𝑔𝜕𝑡

= 𝜙 [ 1𝜙 𝜕𝜙𝜕𝑝𝑔
𝜕𝑝𝑔𝜕𝑡 + 𝑆𝑤 (− 1𝐵𝑤

𝜕𝐵𝑤𝜕𝑝𝑔
𝜕𝑝𝑔𝜕𝑡 )

− 𝑆𝑔𝐵𝑔
𝜕𝐵𝑔𝜕𝑝𝑔

𝜕𝑝𝑔𝜕𝑡 ] = 𝜙[ 1𝜙 𝜕𝜙𝜕𝑝𝑔 + 𝑆𝑤 (−
1𝐵𝑤
𝜕𝐵𝑤𝜕𝑝𝑔 )
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+ 𝑆𝑔 (− 1𝐵𝑔
𝜕𝐵𝑔𝜕𝑝𝑔 )]

𝜕𝑝𝑔𝜕𝑡 = 𝜙 (𝐶𝑟 + 𝐶𝑤𝑆𝑤
+ 𝐶𝑔𝑆𝑔) 𝜕𝑝𝑔𝜕𝑡 = 𝜙𝐶𝑡 𝜕𝑝𝑔𝜕𝑡 .

(17)

By combining the above equations, it yields the basic
differential equation in the following form:

𝐵𝑔∇ ⋅ (𝐾 (𝑝)𝐾rg𝐵𝑔𝜇𝑔 ∇𝑝𝑔) − 𝐵𝑔∇ ⋅ (𝐾 (𝑝)𝐾rg𝐵𝑔𝜇𝑔 𝜆𝑔)

+ 𝐵𝑔 𝑞𝑔𝜌gsc + 𝐵𝑤∇ ⋅ (
𝐾 (𝑝)𝐾rw𝐵𝑤𝜇𝑤 ∇𝑝𝑔) − 𝐵𝑤∇

⋅ (𝐾 (𝑝)𝐾rw𝐵𝑤𝜇𝑤 ∇𝑝cgw) − 𝐵𝑤∇ ⋅ (𝐾 (𝑝)𝐾rw𝐵𝑤𝜇𝑤 𝜆𝑤)
+ 𝐵𝑤 𝑞𝑤𝜌wsc = 𝜙𝐶𝑡

𝜕𝑝𝑔𝜕𝑡 .

(18)

4. Model Discretization and Solution

For the simplicity of model solution, pressure, 𝑝, is used to
substitute the gas phase pressure𝑝𝑔 and𝑀𝑖 is introduced into
the calculation:

𝑀𝑖 = 𝐾rl𝜇𝑙𝐵𝑙 , where 𝑖 = 𝑔, 𝑤. (19)

4.1. Pressure Term

𝑉𝑖,𝑗,𝑘∇ ⋅ (𝐾 (𝑝)𝑀𝑔∇𝑝) = 𝜕𝜕𝑥 [𝐾 (𝑝)𝑀𝑔 𝜕𝑝𝜕𝑥]
+ 𝜕𝜕𝑦 [𝐾 (𝑝)𝑀𝑔 𝜕𝑝𝜕𝑦] + 𝜕𝜕𝑧 [𝐾 (𝑝)𝑀𝑔 𝜕𝑝𝜕𝑧]
= Δ𝑦𝑗Δ𝑧𝑘 {[𝐾 (𝑝)𝑀𝑔]𝑖+1/2 𝑝

𝑛+1
𝑖+1 − 𝑝𝑛+1𝑖Δ𝑥𝑖+1/2

− [𝐾 (𝑝)𝑀𝑔]𝑖−1/2 𝑝
𝑛+1
𝑖 − 𝑝𝑛+1𝑖−1Δ𝑥𝑖−1/2 }

+ Δ𝑥𝑖Δ𝑧𝑘 {[𝐾 (𝑝)𝑀𝑔]𝑗+1/2 𝑝
𝑛+1
𝑗+1 − 𝑝𝑛+1𝑗Δ𝑦𝑗+1/2

− [𝐾 (𝑝)𝑀𝑔]𝑗−1/2 𝑝
𝑛+1
𝑗 − 𝑝𝑛+1𝑗−1Δ𝑦𝑗−1/2 }

+ Δ𝑥𝑖Δ𝑦𝑗 {[𝐾 (𝑝)𝑀𝑔]𝑘+1/2 𝑝
𝑛+1
𝑘+1 − 𝑝𝑛+1𝑘Δ𝑧𝑘+1/2

− [𝐾 (𝑝)𝑀𝑔]𝑘−1/2 𝑝
𝑛+1
𝑘 − 𝑝𝑛+1𝑘−1Δ𝑧𝑘−1/2 } .

(20)

The complete subscript of (20) is expressed as follows:

Δ𝑥𝑖 = Δ𝑥𝑖,𝑗,𝑘
[𝐾 (𝑝)𝑀𝑔]𝑖+1/2 = [𝐾 (𝑝)𝑀𝑔]𝑖+1/2,𝑗,𝑘

𝑝𝑛+1𝑖+1 − 𝑝𝑛+1𝑖Δ𝑥𝑖+1/2 = 𝑝𝑛+1𝑖+1,𝑗,𝑘 − 𝑝𝑛+1𝑖,𝑗,𝑘Δ𝑥𝑖+1/2,𝑗,𝑘
𝑉𝑖,𝑗,𝑘 = Δ𝑥𝑖Δ𝑦𝑗Δ𝑧𝑘.

(21)

The pressure term for water phase can also be discretized
likewise.

𝑉𝑖,𝑗,𝑘∇ ⋅ (𝐾 (𝑝)𝑀𝑤∇𝑝)
= Δ𝑦𝑗Δ𝑧𝑘 {[𝐾 (𝑝)𝑀𝑤]𝑖+1/2 𝑝

𝑛+1
𝑖+1 − 𝑝𝑛+1𝑖Δ𝑥𝑖+1/2

− [𝐾 (𝑝)𝑀𝑤]𝑖−1/2 𝑝
𝑛+1
𝑖 − 𝑝𝑛+1𝑖−1Δ𝑥𝑖−1/2 }

+ Δ𝑥𝑖Δ𝑧𝑘 {[𝐾 (𝑝)𝑀𝑤]𝑗+1/2 𝑝
𝑛+1
𝑗+1 − 𝑝𝑛+1𝑗Δ𝑦𝑗+1/2

− [𝐾 (𝑝)𝑀𝑤]𝑗−1/2 𝑝
𝑛+1
𝑗 − 𝑝𝑛+1𝑗−1Δ𝑦𝑗−1/2 }

+ Δ𝑥𝑖Δ𝑦𝑗 {[𝐾 (𝑝)𝑀𝑤]𝑘+1/2 𝑝
𝑛+1
𝑘+1 − 𝑝𝑛+1𝑘Δ𝑧𝑘+1/2

− [𝐾 (𝑝)𝑀𝑤]𝑘−1/2 𝑝
𝑛+1
𝑘 − 𝑝𝑛+1𝑘−1Δ𝑧𝑘−1/2 } .

(22)

The pressure term in percolation formulation can be
written as

ℎ𝑖,𝑗,𝑘𝑝𝑛+1𝑖,𝑗,𝑘−1 + 𝑎𝑖,𝑗,𝑘𝑝𝑛+1𝑖,𝑗−1,𝑘 + 𝑏𝑖,𝑗,𝑘𝑝𝑛+1𝑖−1,𝑗,𝑘 + 𝑐𝑖,𝑗,𝑘𝑝𝑛+1𝑖,𝑗,𝑘
+ 𝑓𝑖,𝑗,𝑘𝑝𝑛+1𝑖+1,𝑗,𝑘 + 𝑒𝑖,𝑗,𝑘𝑝𝑛+1𝑖,𝑗+1,𝑘 + 𝑙𝑖,𝑗,𝑘𝑝𝑛+1𝑖,𝑗,𝑘+1,

(23)

where

ℎ𝑖,𝑗,𝑘 = Δ𝑥𝑖Δ𝑦𝑗Δ𝑧𝑘−1/2 {𝐵𝑔 [𝐾 (𝑝)𝑀𝑔]𝑘−1/2
+ 𝐵𝑤 [𝐾 (𝑝)𝑀𝑤]𝑘−1/2}

𝑎𝑖,𝑗,𝑘 = Δ𝑥𝑖Δ𝑧𝑘Δ𝑦𝑗−1/2 {𝐵𝑔 [𝐾 (𝑝)𝑀𝑔]𝑗−1/2
+ 𝐵𝑤 [𝐾 (𝑝)𝑀𝑤]𝑗−1/2}

𝑏𝑖,𝑗,𝑘 = Δ𝑦𝑗Δ𝑧𝑘Δ𝑥𝑖−1/2 {𝐵𝑔 [𝐾 (𝑝)𝑀𝑔]𝑖−1/2
+ 𝐵𝑤 [𝐾 (𝑝)𝑀𝑤]𝑖−1/2}
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𝑓𝑖,𝑗,𝑘 = Δ𝑦𝑗Δ𝑧𝑘Δ𝑥𝑖+1/2 {𝐵𝑔 [𝐾 (𝑝)𝑀𝑔]𝑖+1/2
+ 𝐵𝑤 [𝐾 (𝑝)𝑀𝑤]𝑖+1/2}

𝑒𝑖,𝑗,𝑘 = Δ𝑥𝑖Δ𝑧𝑘Δ𝑦𝑗+1/2 {𝐵𝑔 [𝐾 (𝑝)𝑀𝑔]𝑗+1/2
+ 𝐵𝑤 [𝐾 (𝑝)𝑀𝑤]𝑗+1/2}

𝑙𝑖,𝑗,𝑘 = Δ𝑥𝑖Δ𝑦𝑗Δ𝑧𝑘+1/2 {𝐵𝑔 [𝐾 (𝑝)𝑀𝑔]𝑘+1/2
+ 𝐵𝑤 [𝐾 (𝑝)𝑀𝑤]𝑘+1/2}

𝑐𝑖,𝑗,𝑘 = − (𝑏𝑖,𝑗,𝑘 + 𝑓𝑖,𝑗,𝑘 + 𝑎𝑖,𝑗,𝑘 + 𝑒𝑖,𝑗,𝑘 + ℎ𝑖,𝑗,𝑘 + 𝑙𝑖,𝑗,𝑘) .
(24)

4.2. TPG Term. The TPG term for gas phase can be written
as

− 𝐵𝑔∇ ⋅ (𝐾 (𝑝)𝐾rg𝐵𝑔𝜇𝑔 𝜆𝑔) ⋅ 𝑉𝑖,𝑗,𝑘
= 𝐻𝑖,𝑗,𝑘 12 (𝜆𝑔𝑧𝑘−1Δ𝑧𝑘−1 + 𝜆𝑔𝑧𝑘Δ𝑧𝑘)
+ 𝐴𝑖,𝑗,𝑘 12 (𝜆𝑔𝑦𝑗−1Δ𝑧𝑗−1 + 𝜆𝑔𝑦𝑗Δ𝑧𝑗)
+ 𝐵𝑖,𝑗,𝑘 12 (𝜆𝑔𝑥𝑖−1Δ𝑧𝑖−1 + 𝜆𝑔𝑥𝑖Δ𝑧𝑖)
+ 𝐹𝑖,𝑗,𝑘 12 (𝜆𝑔𝑥𝑖+1Δ𝑧𝑖+1 + 𝜆𝑔𝑥𝑖Δ𝑧𝑖)
+ 𝐸𝑖,𝑗,𝑘 12 (𝜆𝑔𝑦𝑗+1Δ𝑧𝑗+1 + 𝜆𝑔𝑦𝑗Δ𝑧𝑗)
+ 𝐿𝑖,𝑗,𝑘 12 (𝜆𝑔𝑧𝑘+1Δ𝑧𝑘+1 + 𝜆𝑔𝑧𝑘Δ𝑧𝑘) ,

(25)

where

𝐻𝑖,𝑗,𝑘 = Δ𝑥𝑖Δ𝑦𝑗Δ𝑧𝑘−1/2 {𝐵𝑔 [𝐾 (𝑝)𝑀𝑔]𝑘−1/2}
𝐴𝑖,𝑗,𝑘 = Δ𝑥𝑖Δ𝑧𝑘Δ𝑦𝑗−1/2 {𝐵𝑔 [𝐾 (𝑝)𝑀𝑔]𝑗−1/2}

𝐵𝑖,𝑗,𝑘 = Δ𝑦𝑗Δ𝑧𝑘Δ𝑥𝑖−1/2 {𝐵𝑔 [𝐾 (𝑝)𝑀𝑔]𝑖−1/2}
𝐹𝑖,𝑗,𝑘 = −Δ𝑦𝑗Δ𝑧𝑘Δ𝑥𝑖+1/2 {𝐵𝑔 [𝐾 (𝑝)𝑀𝑔]𝑖+1/2}
𝐸𝑖,𝑗,𝑘 = −Δ𝑥𝑖Δ𝑧𝑘Δ𝑦𝑗+1/2 {𝐵𝑔 [𝐾 (𝑝)𝑀𝑔]𝑗+1/2}

𝐿𝑖,𝑗,𝑘 = −Δ𝑥𝑖Δ𝑦𝑗Δ𝑧𝑘+1/2 {𝐵𝑔 [𝐾 (𝑝)𝑀𝑔]𝑘+1/2} .

(26)

TheTPG term for water phase can be discretized likewise.

4.3. Capillary Pressure Term. The capillary pressure term
could be written as

− 𝐵𝑤∇ ⋅ (𝐾 (𝑝)𝐾rw𝐵𝑤𝜇𝑤 ∇𝑝cgw) ⋅ 𝑉𝑖,𝑗,𝑘
= ℎ𝑖,𝑗,𝑘𝑝𝑛+1cgwi,𝑗,𝑘−1 + 𝑎𝑖,𝑗,𝑘𝑝𝑛+1cgwi,𝑗−1,𝑘 + 𝑏𝑖,𝑗,𝑘𝑝𝑛+1cgwi−1,𝑗,𝑘

+ 𝑐𝑖,𝑗,𝑘𝑝𝑛+1cgwi,𝑗,𝑘 + 𝑓𝑖,𝑗,𝑘𝑝𝑛+1cgwi+1,𝑗,𝑘 + 𝑒𝑖,𝑗,𝑘𝑝𝑛+1cgwi,𝑗+1,𝑘

+ 𝑙𝑖,𝑗,𝑘𝑝𝑛+1cgwi,𝑗,𝑘+1,

(27)

where

ℎ𝑖,𝑗,𝑘 = −Δ𝑥𝑖Δ𝑦𝑗Δ𝑧𝑘−1/2 {𝐵𝑤 [𝐾 (𝑝)𝑀𝑤]𝑘−1/2}
𝑎𝑖,𝑗,𝑘 = −Δ𝑥𝑖Δ𝑧𝑘Δ𝑦𝑗−1/2 {𝐵𝑤 [𝐾 (𝑝)𝑀𝑤]𝑗−1/2}

𝑏𝑖,𝑗,𝑘 = −Δ𝑦𝑗Δ𝑧𝑘Δ𝑥𝑖−1/2 {𝐵𝑤 [𝐾 (𝑝)𝑀𝑤]𝑖−1/2}
𝑓𝑖,𝑗,𝑘 = −Δ𝑦𝑗Δ𝑧𝑘Δ𝑥𝑖+1/2 {𝐵𝑤 [𝐾 (𝑝)𝑀𝑤]𝑖+1/2}
𝑒𝑖,𝑗,𝑘 = −Δ𝑥𝑖Δ𝑧𝑘Δ𝑦𝑗+1/2 {𝐵𝑤 [𝐾 (𝑝)𝑀𝑤]𝑗+1/2}

𝑙𝑖,𝑗,𝑘 = −Δ𝑥𝑖Δ𝑦𝑗Δ𝑧𝑘+1/2 {𝐵𝑤 [𝐾 (𝑝)𝑀𝑤]𝑘+1/2}
𝑐𝑖,𝑗,𝑘 = − (𝑏𝑖,𝑗,𝑘 + 𝑓𝑖,𝑗,𝑘 + 𝑎𝑖,𝑗,𝑘 + 𝑒𝑖,𝑗,𝑘 + ℎ𝑖,𝑗,𝑘 + 𝑙𝑖,𝑗,𝑘) .

(28)

4.4. Cumulative Term. The forward-differentiationmethod is
used to deal with the cumulative term.

𝜙𝐶𝑡 𝜕𝑝𝜕𝑡 = 𝜙𝐶𝑡
𝑝𝑛+1𝑖,𝑗,𝑘 − 𝑝𝑛𝑖,𝑗,𝑘Δ𝑡 . (29)

4.5. Differential Equation

ℎ𝑖,𝑗,𝑘𝑝𝑛+1𝑖,𝑗,𝑘−1 + 𝑎𝑖,𝑗,𝑘𝑝𝑛+1𝑖,𝑗−1,𝑘 + 𝑏𝑖,𝑗,𝑘𝑝𝑛+1𝑖−1,𝑗,𝑘
+ (𝑐𝑖,𝑗,𝑘 − 𝑉𝑖,𝑗,𝑘 𝜙𝐶𝑡Δ𝑡 )𝑝𝑛+1𝑖,𝑗,𝑘 + 𝑓𝑖,𝑗,𝑘𝑝𝑛+1𝑖+1,𝑗,𝑘
+ 𝑒𝑖,𝑗,𝑘𝑝𝑛+1𝑖,𝑗+1,𝑘 + 𝑙𝑖,𝑗,𝑘𝑝𝑛+1𝑖,𝑗,𝑘+1

= −ℎ𝑖,𝑗,𝑘𝑝𝑛+1cgwi,𝑗,𝑘−1 − 𝑎𝑖,𝑗,𝑘𝑝𝑛+1cgwi,𝑗−1,𝑘

− 𝑏𝑖,𝑗,𝑘𝑝𝑛+1cgwi−1,𝑗,𝑘 − 𝑐𝑖,𝑗,𝑘𝑝𝑛+1cgwi,𝑗,𝑘 − 𝑓𝑖,𝑗,𝑘𝑝𝑛+1cgwi+1,𝑗,𝑘

− 𝑒𝑖,𝑗,𝑘𝑝𝑛+1cgwi,𝑗+1,𝑘 − 𝑙𝑖,𝑗,𝑘𝑝𝑛+1cgwi,𝑗,𝑘+1

− 𝐻𝑖,𝑗,𝑘 12 (𝜆𝑔𝑧𝑘−1Δ𝑧𝑘−1 + 𝜆𝑔𝑧𝑘Δ𝑧𝑘)
− 𝐴𝑖,𝑗,𝑘 12 (𝜆𝑔𝑦𝑗−1Δ𝑧𝑗−1 + 𝜆𝑔𝑦𝑗Δ𝑧𝑗)
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Figure 5: The schematic for the simulation model.

− 𝐵𝑖,𝑗,𝑘 12 (𝜆𝑔𝑥𝑖−1Δ𝑧𝑖−1 + 𝜆𝑔𝑥𝑖Δ𝑧𝑖)
− 𝐹𝑖,𝑗,𝑘 12 (𝜆𝑔𝑥𝑖+1Δ𝑧𝑖+1 + 𝜆𝑔𝑥𝑖Δ𝑧𝑖)
− 𝐸𝑖,𝑗,𝑘 12 (𝜆𝑔𝑦𝑗+1Δ𝑧𝑗+1 + 𝜆𝑔𝑦𝑗Δ𝑧𝑗)
− 𝐿𝑖,𝑗,𝑘 12 (𝜆𝑔𝑧𝑘+1Δ𝑧𝑘+1 + 𝜆𝑔𝑧𝑘Δ𝑧𝑘)
− 𝐻𝑖,𝑗,𝑘 12 (𝜆𝑤𝑧𝑘−1Δ𝑧𝑘−1 + 𝜆𝑤𝑧𝑘Δ𝑧𝑘)
− 𝐴𝑖,𝑗,𝑘 12 (𝜆𝑤𝑦𝑗−1Δ𝑧𝑗−1 + 𝜆𝑤𝑦𝑗Δ𝑧𝑗)
− 𝐵𝑖,𝑗,𝑘 12 (𝜆𝑤𝑥𝑖−1Δ𝑧𝑖−1 + 𝜆𝑤𝑥𝑖Δ𝑧𝑖)
− 𝐹𝑖,𝑗,𝑘 12 (𝜆𝑤𝑥𝑖+1Δ𝑧𝑖+1 + 𝜆𝑤𝑥𝑖Δ𝑧𝑖)
− 𝐸𝑖,𝑗,𝑘 12 (𝜆𝑤𝑦𝑗+1Δ𝑧𝑗+1 + 𝜆𝑤𝑦𝑗Δ𝑧𝑗)
− 𝐿𝑖,𝑗,𝑘 12 (𝜆𝑤𝑧𝑘+1Δ𝑧𝑘+1 + 𝜆𝑤𝑧𝑘Δ𝑧𝑘) − 𝑉𝑖,𝑗,𝑘
⋅ (𝐵𝑔 𝑞𝑔𝜌gsc + 𝐵𝑤

𝑞𝑤𝜌wsc) − 𝑉𝑖,𝑗,𝑘𝜙𝐶𝑡𝑝
𝑛
𝑖,𝑗,𝑘Δ𝑡 .

(30)

Equation (30) is the basic differential equation after
discretization. The coefficient matrix of (30) is a seven-
diagonal matrix with diagonal dominance. After the pressure
of the gas phase is obtained through an implicit method, the
pressure of the water phase can be obtained through capil-
lary pressure explicitly. The relative permeability, threshold
pressure gradient, and permeability under stress could be
obtained through an explicit method.

5. Results and Discussion

5.1. Model Validation. A numerical model was built to sim-
ulate a homogeneous water-bearing tight gas reservoir of
the Ordos Basin, located in Northwest China. The simulated
vertical well is located at the center of the model, as shown
in Figure 5. At the start of the simulation, we let the
gas well produce at constant rate; when the bottom-hole
pressure reaches a certain value, the production regime
switches to constant bottom-hole pressure. Basic parameters

Table 1: Basic model parameters.

Reservoir area, m2 202500
Reservoir depth, m 3300
Initial formation pressure, MPa 30.5
Porosity, % 8.5
Permeability, mD 0.1
Initial water saturation 0.40
Number of grid blocks 15 × 15 × 1
Step size of a block (𝐷𝑋,𝐷𝑌,𝐷𝑍), m 30, 30, 10
Half-length of hydraulic fracture, m 100
Permeability of the hydraulic fracture, mD 50
Bottom hole pressure, MPa 5
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Figure 6: The comparison between well production and results of
model calculation.

for the model calculation are listed in Table 1. The nonlinear
percolation parameters in theAppendix are chosen according
to the experiment results in Section 1.

The new numerical model is validated by comparing
with the actual well performance. The results of comparison
are shown in Figure 6. We can see from Figure 6 that
the numerical model runs according to the setting regimes
strictly. The model has a high accuracy at the period of con-
stant bottom-hole pressure, although the initial production
presents discrepancy with the actual gas rate, which can be
explained by the actual varied production regimes. In general,
there is a relatively high accuracy for the new numerical
model.

5.2. The Effect of TPG. In order to analyze the influence
of TPG to well productivity, the daily production rate and
cumulative gas production are separately compared for the
cases with and without considering TPG. The results of the
simulation are shown in Figures 7 and 8. When neglecting
the TPG, the gas production plateau can last 1201 days and
the gas recovery during this stage is 54.39%. The ultimate
gas recovery without TPG reaches 81.85%. While the TPG is
taken into account, the period of stable production reduces to
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Figure 7: Effect of TPG on gas production.
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Figure 8: Effect of TPG on cumulative gas production.

1021 days and the gas recovery during this period decreases
to 46.24%. The ultimate recovery with TPG is 74.54%, as
shown in Figure 9. To sum up, when the TPG is included
in the model, the production plateau will shrink and the gas
recovery for both the stabilized production stage and the final
recovery will decrease.

5.3. The Effect of Stress Sensitivity. The impact of stress
sensitivity on gas productivity is simulated and the results
are shown in Figures 10 and 11. When the stress sensitivity
is considered, the production plateau reduces to 421 days
and the gas recovery during this period is just 19.06%. The
ultimate gas recovery of the simulation is 73.58%, as shown
in Figure 12. Overall, the stabilized production stage reduces
and the gas recovery decreases when the stress effect is
considered.

5.4. The Joint Effect of TPG and Stress Sensitivity. When a
gas well is put into production, both the TPG and stress
sensitivity will have an effect on the gas productivity. The
influence of the two factors to gas production is simulated
and results are shown in Figures 13 and 14. It is seen that
the production plateau reduces sharply from 1201 days to

Plateau recovery
Ultimate recovery

Without TPG TPG

74.54

46.24
54.39

81.85

0

20

40

60

80

100

G
as

 re
co

ve
ry

 (%
)

Figure 9: Gas recovery of different periods with or without TPG.
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Figure 10: Effect of stress sensitivity on gas production.

61 days and the gas recovery during this period shrinks to
2.76%. The ultimate gas recovery is also severely affected
and decreases to 55.49%, as shown in Figure 15. However,
compared with gas recovery of the stabilized stage, the gas
recovery of declining period is influenced by TPG and stress
sensitivity relatively moderately. Therefore, TPG and stress
sensitivity mainly infringe the duration and gas recovery of
the stabilized period.

5.5. The Effect of Primary Water Saturation. Well perfor-
mance under different primary water saturations varies
tremendously. We analyze the impact of water presence to
gas well by setting the water saturation from 40% to 55%.The
initial daily gas rate is set to be 1.5 × 104m3/d. The results are
shown in Figures 16, 17, 18, and 19. It can be seen that, with
the increase of the primary water saturation, the stabilized
production period will be shorten, gas decline rate will slow
down, and the gas recovery will decrease. In addition, the
water rate will increase with the water saturation. In the case
of the highest water saturation, the water rate accelerates
fastest and reaches peak earliest. As for the gas-water ratio,
when the water saturation is larger than 50%, the ratio will
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Figure 11: Effect of stress sensitivity on cumulative gas production.
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Figure 12: Gas recovery of different periods with or without stress
sensitivity.

increase sharply as the production continues.Therefore, dur-
ing the production process, reasonable drawdown pressure
should be set to control the water transportation within
formation so that the water accumulation could be avoided.

5.6. The Effect of Displacement Pressure Gradient. According
to the pervious experiments, the pressure gradient will affect
gas-water relative permeability. The pressure distribution of
different production regimes has been simulated, as shown
in Figure 20. As seen, the pressure gradient needed for gas
flow is small and most of the simulated region contains
pressure gradient less than 10.2MPa/m. Only when the
pressure gradient is greater than 10.2MPa/m, the gas-water
permeabilitywill change.Therefore, the pressure gradientwill
have little effect on gas recovery through its influence on gas-
water relative permeability.

6. Measurements for Enhanced Gas Recovery

From the above influential factor analysis, the gas produc-
tivity and recovery are greatly impacted by water saturation,
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Figure 13: Effect of nonlinear factors on gas production.

TPG & stress sensitivity
Without nonlinear factors

1000 2000 3000 4000 5000 60000
Time (day)

0

5

10

15

20

25

30

Cu
m

ul
at

iv
e g

as
 p

ro
du

ct
io

n 
(1
0
6
Ｇ

3
/＞

)

Figure 14: Effect of nonlinear factors on cumulative gas production.

TPG, and stress sensitivity. In order to obtain the optimal
gas productivity, the development of water-bearing tight gas
reservoirs should be optimized in several fronts, such as the
well pattern, well location, and production regimes.

(1) Water should be avoided during the production pro-
cess. Recognition of water saturation distribution is essential
so that the high water saturation region should be detected
and kept away.

(2)Due to the high stress sensitivity of tight gas reservoirs,
the pressure drawdown near wellbore should be kept reason-
able. In comparison with vertical wells, a fractured horizontal
well could decrease the pressure drawdown efficiently and
reduce the formation damage from stress.

(3) If the bottom-hole pressure is too low, the stress
sensitivity near wellbore will be severe and the formation will
be damaged. If the bottom-hole pressure is too high, the gas
rate will be too small though the damage of stress could be
prevented. Therefore, the drawdown pressure and gas rate
need to be optimized so that the damage of stress could be
minimized and gas recovery could be maximized.

Based on the parameters in Table 1, several cases with
various gas rates have been simulated, and the results are
shown inTable 2 and Figures 21–25. By increasing the gas rate,
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Figure 15: Gas recovery of different periods with or without TPG
and stress sensitivity.
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Figure 16: Effect of water saturation on gas production.

Table 2: Stabilized production period and gas recovery under
different gas rates.

Gas rate
(104m3/d)

Stabilized
production period

(year)

Cumulative gas
production
(106m3)

Ultimate gas
recovery
(%)

1 5.7 27.18 82.06
1.5 3.3 27.11 81.85
2 2.2 27.06 81.71
3 1.2 26.95 81.37
4 0.7 26.55 80.15

the production plateau will be shortened sharply and the gas
recovery will decrease as a result. If a stabilized production
period of 2 or 3 years is aimed, the gas rate should be nomore
than 2 × 104m3/d.

When the bottom-hole pressure reaches the initial critical
value, the gas rate will decline quickly as shown in Figure 22.
When the gas rate is 1.0 × 104m3/d, though a relatively
longer plateau and higher gas recovery could be obtained,
the cumulative production stays lower during most of the
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Figure 17: Effect of water saturation on water production.

0.55
0.50

0.45
0.40

1000 2000 3000 4000 5000 60000
Time (day)

0

5

10

15

20

25

30

Ｇ
3 /

)
W

at
er

-g
as

 ra
tio

 (
10

4 Ｇ
3

Sw =

Sw = Sw =

Sw =

Figure 18: Effect of water saturation on gas-water ratio.
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Figure 19: Effect of water saturation on gas recovery.

simulation process. When the gas rate is larger than 2 ×104m3/d, the increase of cumulative gas recovery is limited
(Figure 23).

From Figures 26 and 27, when gas rate increases, the
water rate increases greatly and the time of peak water rate
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24 24

22

20
18
16
14
12

10
8 6 6 8 10 12

14

14

16

16

16
18

18

18
20

20

20

22

22

22

2424

14

12

10

8

6

4

2

2 4 6 8 10 12 14

(d) Gas rate 4.0 × 104m3/d

Figure 20: The pressure distribution after stabilized production stage under different gas rates.

is advanced; in addition, the trend of gas-water ratio will rise
sharply and the value of gas-water ratio will increase.

7. Conclusions

A gas-water two-phase flow model is proposed, and it is
applicable to tight gas reservoirs based on the percolation
characteristics of tight gas reservoirs and with consideration
of the effect of nonlinear factors on gas well production.
When considering threshold pressure and media deforma-
tion, the duration of the plateau production period and gas
recovery decreases. Notice also that the media deformation
has a more significant effect on well production than the
threshold pressure. In summary, the following points are
drawn from this study.

(1) Water is basically immobile when the primary water
saturation is small. The plateau reduces with the increase of
drawdown pressure. The productivity of gas well decreases
sharply when the bottom-hole pressure reaches the initial
critical pressure and the gas well produces at constant
pressure.

(2) Presence of water changes the gas percolation.
When there is high water saturation within the formation

and gas-water two-phase flow takes place, gas-water ratio
increases with the drawdown pressure. Therefore, reasonable
drawdown pressure should be set in a gas reservoir with high
water saturation.

(3) When the stress sensitivity and TPG are considered,
the plateau will be shortened and gas recovery during the
period will decrease. In comparison with TPG, stress sensi-
tivity has a larger effect on gas productivity.

(4) Pressure gradient has an effect on gas-water perme-
ability. However, for a gas reservoir, if the drawdown pressure
gradient is limited, the effect of gas-water permeability on gas
productivity could be negligible (or small).

(5) Water should be prevented and reasonable drawdown
pressure should be kept as possible during the gas production
in order to optimize gas recovery.

Appendix

Simulation Parameters

TPG and permeability have a power relationship:

𝜆 = 𝑎𝐾𝑏(1−𝑆𝑤)𝑒𝑆𝑤 , (A.1)
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Figure 21: The stabilized production period, cumulative gas production, and gas recovery under different gas rates.
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Figure 22: Gas rate under different initial gas rates.

where 𝑎 and 𝑆𝑤 also have a power relation:
𝑎 = 2 × 10−9 × 𝑒(28.268⋅𝑆𝑤). (A.2)

And 𝑏 and 𝑆𝑤 have a linear relation:
𝑏 = 3.576 ⋅ 𝑆𝑤 + 3.2692. (A.3)

Therefore, the relationship between permeability and water
saturation is

𝜆𝑔 = 2 × 10−9 × 𝑒(28.268⋅𝑆𝑤)𝐾(3.576⋅𝑆𝑤−3.2692). (A.4)
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Figure 23: Cumulative gas production under different initial gas
rates.

The stress sensitivity coefficient is

𝑆𝑝 = 𝑎𝑒𝑏𝑆𝑤 = 12𝑐 (𝐾𝑖)−𝑛 𝑒(−31.96𝐾𝑖+4.12)𝑆𝑤 , (A.5)

where 𝑐 = 0.2373, 𝑛 = 0.3015.
The threshold pressure gradient is

𝜆𝑔 = 2 × 10−9 × 𝑒(28.268⋅𝑆𝑤)𝐾(3.576⋅𝑆𝑤−3.2692). (A.6)
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Figure 24: Gas recovery under different initial gas rates.
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Figure 25: Average formation pressure under different initial gas
rates.
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Figure 26: Water rate under different initial gas rates.
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Figure 27: Gas-water ratio under different initial gas rates.

The relative permeability is

𝑆wD = 𝑆𝑤 − 𝑆wc1 − 𝑆wc − (1 − 𝑆gr)
𝐾rw = 0.325 × 𝑆2.087wD

𝐾rg = 0.293 × (1 − 𝑆wD)1.072
𝐾rw = 0.55 × 𝑆1.442wD

𝐾rg = 0.385 × (1 − 𝑆wD)1.564 .

(A.7)

Nomenclature

𝐵𝑔, 𝐵𝑤: Volume factor, decimal𝐾(𝑝): Absolute permeability of the reservoir,𝜇m2𝐾rj: Relative permeability𝑝𝑗: Pressure, MPa𝑝cgw: Gas-water capillary pressure, MPa𝑆𝑗: Saturation𝑆wc: Initial water saturation𝑆gr: Residual gas saturation𝐶𝑡: Total compressibility𝑡: Time, s𝑉𝑗, 𝑉𝑗𝑠: Underground volume and surface volume,
cm3⇀V 𝑗: Percolation velocity, cm/s𝑝𝑛𝑖+1/2: At the 𝑛th time step, the pressure of
position (𝑖 + 1/2, 𝑗, 𝑘).

Greek Symbols

𝜑: Porosity𝜇𝑗: Viscosity, mPa⋅s𝜆𝑗: Threshold pressure gradient𝜌𝑗: Fluid density, g/cm3
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𝜌gsc, 𝜌wsc: Density of gas and water under standard
surface conditions, g/cm3.

Subscript

𝑔: Gas phase𝑤: Water phase.
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