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Abstract
Threshold pressure gradient has great importance in efficient tight gas field development as well as for research and laboratory 
experiments. This experimental study is carried out to investigate the threshold pressure gradient in detail. Experiments are 
carried out with and without back pressure so that the effect of pore pressure on threshold pressure gradient may be observed. 
The trend of increasing or decreasing the threshold pressure gradient is totally opposite in the cases of considering and not 
considering the pore pressure. The results demonstrate that the pore pressure of tight gas reservoirs has great influence on 
threshold pressure gradient. The effects of other parameters like permeability and water saturation, in the presence of pore 
pressure, on threshold pressure gradient are also examined which show that the threshold pressure gradient increases with 
either a decrease in permeability or an increase in water saturation. Two new correlations of threshold pressure gradient on the 
basis of pore pressure and permeability, and pore pressure and water saturation, are also introduced. Based on these equations, 
new models for tight gas production are proposed. The gas slip correction factor is also considered during derivation of this 
proposed tight gas production models. Inflow performance relationship curves based on these proposed models show that 
production rates and absolute open flow potential are always be overestimated while ignoring the threshold pressure gradients.

Keywords  Inflow performance relationship · Pore pressure · Threshold pressure gradient · Tight gas field development · 
Tight gas sand reservoir

1  Introduction

There is an increase in the development of tight sandstone 
reservoirs for the last couple of decades. Due to this increas-
ing demand, understanding the flow mechanism of such 
reservoirs has achieved a great interest. Particularly, the 

threshold pressure gradient (TPG) is an important parameter 
of a tight gas reservoir (Civan 2017). TPG is the pressure 
gradient that allows the fluid to become movable against 
the viscous forces. These viscous forces are found between 
solid and gas and are one of the main reasons for deviation 
of gas flow from Darcy or linear flow (Liu 2019; Liu et al. 
2019; Yan et al. 1990). As shown in Fig. 1, the ideal Darcy 
flow has a linear relationship with the pressure gradient with 
the trend line passing through the origin. However, in low 
to ultra-low permeable porous media, the gas flow does not 
obey the Darcy law and converts to non-Darcy flow. One 
of the most important characteristics of non-Darcy flow is; 
at very small pressure gradient non-Darcy flow velocity is 
always lower than Darcy flow velocity (Wang and Sheng 
2017a, b). As a result, a nonlinear segment appears in the 
flow rate-pressure gradient curve. In Fig. 1, by definition, the 
intersection point of the non-Darcy curve and x-axis (pres-
sure gradient) is TPG. Although the low-velocity non-Darcy 
flow curve becomes approximately linear at higher pressure 
gradient but on the backward extrapolation of this linear 
trend, it does not pass through the origin as shown in Fig. 1.
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The main cause of this low-velocity nonlinear flow is the 
boundary effect between solid (rock) and fluid (liquid and/
or gas). When the interface between solid and fluid phases 
is large, the surface attraction force becomes more essential 
to consider. While this surface attraction force is indirectly 
proportional to permeability, i.e., low permeable porous 
media has greater attraction force between solid rock and 
fluid (Wu et al. 2019). Jamin effect is also considered as one 
of the main causes of the existence of TPG in gas reservoirs 
(Tian et al. 2018).

It is also a well-established fact that TPG exists in both 
single-phase and two-phase fluid reservoirs. It is due to the 
interaction between the solid phase (rock) and fluid (oil, gas, 
water). The different fluid saturations just affect the TPG, not 
the main cause of the existence of this phenomenon (Dong 
et al. 2019; Miller and Low 1963; Zhao et al. 2014).

As TPG is one of the vital components to understand 
the nonlinear flow in the unconventional reservoir, it has 
been investigated for a long period (Bennion et al. 2000; 
Civan 2008; Dong et al. 2019; Liu 2019; Liu et al. 2019). Li 
et al. (2008) and Yang et al. (2015) showed through different 
experiments that the seepage curve has a nonlinear relation-
ship under low flow velocity. Initially, it was assumed that 
TPG remains constant (Civan 2013) but recent progress in 
this regard showed that TPG changes along with perme-
ability. Zhu et al. (2011) observed that TPG increases in 
both cases either permeability decreases or water satura-
tion increases but they did not offer any definite correla-
tion. Feng et al. (2008) offered a mathematical model for 

unsteady seepage of gas while ignoring the influencing fac-
tors of TPG.

Many researchers have also conducted research on hetero-
geneous tight gas reservoirs having low-velocity non-Darcy 
flow (Rezaee et al. 2013; Song et al. 2014; Xiao et al. 2016). 
But they did not reflect the characteristics of heterogeneous 
reservoirs in their experiments and models. Wang and Sheng 
(2017a, b) suggested that the non-Darcy flow of low-velocity 
profile greatly affects the well production performance. Cao 
et al. (2018) offered a composite transient model for horizon-
tal well testing while Diwu et al. (2018) developed a model 
for well test pressure transient analysis by incorporating the 
TPG. Even some scholars offered mathematical production 
models for heterogeneous tight reservoirs (Chen and Durlof-
sky 2006; Wang et al. 2018; Wu et al. 2006) and some have 
also worked on relative permeability, water saturation and 
capillary pressure considering the heterogeneity of porous 
media. But these studies are based on Darcy flow.

Although reasonable progress has been made in this field, 
there is still a need for some improvement in many aspects. 
Many pieces of research have already proved the existence of 
TPG in tight and ultra-tight reservoirs (Wu et al. 2019; Xiao 
et al. 2016; Ye et al. 2019; Zhou 2019). There is relatively 
less research has been carried out for TPG of a gas reservoir 
as compared to TPG of oil reservoir (Zeng et al. 2018). Note 
that, since gas flow in a tight reservoir highly affected by the 
slippage effect, therefore results of the conventional TPG 
test for gas reservoirs cannot be accurate. Because these 
conventional tests are performed under atmospheric pres-
sure, whereas for correct measurement of TPG of a tight 
gas reservoir in the laboratory, reservoir conditions should 
be maintained like confining pressure, back pressure, etc. 
Another lacking in the previous research regarding hetero-
geneous tight gas reservoir is that the previous work does 
not consider reservoir heterogeneities.

The most important parameter of the heterogeneous tight 
gas reservoir is permeability which is found to be distributed 
in a reservoir in different ranges values. Water saturation is 
also the main parameter and found to be high in the case 
of the tight gas reservoir. Pore pressure also influences the 
TPG. Therefore, further work regarding TPG of ultra-low 
permeable and tight sandstone gas reservoirs is essential.

In our study, first of all, the experimental procedure was 
specially designed in which confining pressure and back 
pressure were set to observe the effects of different pore 
pressures on TPG. Secondly, the flow experiments were 
carried out at different permeability and water saturation. 
Thirdly, TPG correlations in terms of permeability and water 
saturation were obtained separately. Finally, gas flow rate 
models are offered by considering the TPG, diffusion and 
non-Darcy effects. In addition, the applications of these new 
models using actual reservoir properties are also discussed.
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Fig. 1   A schematic of typical flow behavior with TPG
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2 � Experimental material and procedures

2.1 � Experimental materials

Experiments were performed on natural cores obtained 
from the Peer gas field, which is located in L-Basin of 
Pakistan. This is an ultra-low permeable, tight sandstone 
gas reservoir. The permeability of these cores was already 
measured by the pulse decay method (PDM) for accuracy. 
In the computerized PDM instrument, the core sample 
was installed in the core holder which was connected to 
the chambers at both ends. Initially, the pressure was set 
to 20 MPa and then some pressure pulse was applied on 
upstream chambers. The permeability results were gener-
ated on the basis of recorded pressure variations in both 
ended chambers (upstream and downstream). The PDM 
is more suitable for measuring the permeability of tight 
formations compared to the steady stead method (Wang 
et al. 2018; Yang et al. 2019). Table 1 shows the properties 
of the cores. Table 2 shows the properties of water which 
was prepared as per the actual properties of the formation 
water of the study area. The gas used in these experiments 
was methane with 99.99% purity. The temperature was set 
to 83 °C (as per the actual reservoir temperature of the 
study area). 

2.2 � Experimental procedures

Figure 2 shows a schematic diagram of the experimental 
setup for TPG measurements, mainly consisting of pressure 
pumps, pressure sensors, a flow meter, a flow controller, a 
core holder and a cylinder. The experimental procedures are 
as follows:

(1)	 Make the natural core vacuumed and record the weight. 
Saturate the natural core with already prepared forma-
tion water and weigh the core.

(2)	 Install the core in the core holder and start to inject 
the gas (CH4) to achieve the prescribed value of water 
saturation.

(3)	 Apply the back pressure (pore pressure) to the desired 
value and start to infill the gas. When the flow from the 
outlet becomes constant and the gas flow rate stabilizes, 
measure it.

(4)	 Resume inject the gas at a little higher injection pres-
sure. Record the value of the gas rate when the flow 
stabilizes.

(5)	 Repeat procedure from step (1) to step (4) to investi-
gate the effects of permeability and water saturation by 
replacing cores.

During the experiment, the water saturation was main-
tained throughout the process by making sure that it is a 
single gas flow so that reservoir conditions may be matched 
positively. Note that, the injection pressure should be 
increased slowly to avoid the water flow from the experimen-
tal core because, at higher differential pressure, the water 
phase will start flowing.

3 � Results and discussion

3.1 � Non‑Darcy flow

Core 3 was used with water saturation of 62% in order to 
investigate non-Darcy flow behavior. No back pressure was 
applied to the system and the confining pressure was set 
to 43 MPa. Experimental data are plotted in Fig. 3 which 
shows the nonlinear flow behavior of gas in the tight sand-
stone. Initially, the gas flow rate was relatively very small. 
This was due to a low pressure gradient. The curve plotted 

Table 1   Properties of the natural cores used

Core number Diameter, cm Length, cm Porosity, % Perme-
ability, 
10−3 µm2

1 2.540 4.880 1.09 0.0141
2 2.540 4.880 6.93 0.4989
3 2.480 5.000 2.99 0.0156
4 2.490 5.220 3.18 0.0952
5 2.530 6.150 3.98 0.1192
6 2.540 4.890 1.81 0.1121
7 2.490 3.980 4.89 0.1223
8 2.490 3.970 4.47 0.1399
9 2.540 6.150 5.46 0.2299
10 2.540 3.840 4.92 0.1598
11 2.540 4.560 5.18 0.2239

Table 2   Properties of formation water of Peer gas reservoir

pH Density, g/cm3 Resistivity, Ω m Ion concentration, g/L Total salinity, g/L Genetic type

Na+ + K+ Cl− Ca2+ Mg2+ SO4
2− HCO3

− Fe2+

6.57 0.157 0.08 5.914 97.5 76 8.7 0.496 1.03 0.00057 285.72 Cl-Ca
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in Fig. 3 can be categorized into three regions for a better 
understanding of flow mechanisms and factors affecting 
the flow in tight porous media.

3.1.1 � Early region (ER)

In fact, due to the force of attraction between the two phases, 
there is a boundary layer near the solid wall that has a great 
impact on the fluid–solid interaction by occupying the flow 
space and lowering down the flow rate. The thickness of 
this boundary layer is indirectly proportional to the pressure 
gradient (Wu et al. 2017; Xiong et al. 2017). Since in this 
region, the pressure gradient is very small; therefore, the 
impact of this boundary layer is more obvious. In the begin-
ning, the flow rate is very low and shows the nonlinear flow 
trend which is the basic definition of TPG.

Another reason for this nonlinear start-up is the Jamin 
effect which occurs when the pore throat radius is relatively 
smaller than the gas bubble radius (Tian et al. 2018). Since 
the pressure gradient is quite lower in this region, therefore, 
the gas flow rate cannot pass through the Jamin effect until 
the pressure gradient reaches to TPG, i.e., the largest pores 
allow the gas to flow (Sakhaee and Bryant 2014). As can be 
clearly seen from Fig. 3 that in the early region, after passing 
through the Jamin effect, the gas flow rate increases slowly 
as a function of pressure gradient square.
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Fig. 2   Schematic diagram of the experimental setup for measuring TPG
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Fig. 3   Flow rate curve of Core 3
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3.1.2 � Middle region (MR)

The middle region is mainly influenced by the slippage 
effect. It can be seen from Fig. 3 that in this region, there is 
relatively a little higher slope of flow rate increasing trend 
for a while. This is due to the slippage effect which is a 
non-Darcy phenomenon that occurs during the non-laminar 
flow regime. This effect happens in tight to ultra-tight porous 
media when the average pore throat size becomes identical 
to the mean free path of the molecules of the gas. Due to this, 
when interacting with the pore walls, gas molecules move 
faster and create a slippage effect. By enhancing the per-
meability, slippage improves the velocity of gas molecules 
at the pore wall. This velocity enhancement effect remains 
limited to the pore wall, which means it does not occur at the 
pore center (Klinkenberg 1941; Wang et al. 2019).

The slippage phenomenon is declining in the middle 
region of Fig. 3 as the pressure gradient square increas-
ing. As a result, the apparent incremental trend of the gas 
flow rate tended higher to lower. While observing the slip-
page effect from Fig. 3, note that the back pressure was not 
applied yet in this section of the experiment.

3.1.3 � Late region (LR)

When the pressure difference greater than the middle region 
the late region appears. This can be seen from Fig. 3 that in 
the late region, the rate of increasing gas flow against the 
pressure gradient square is approximately linear. However, 
the backward extrapolation of this linear trend does not meet 
the origin that makes it non-Darcy flow.

3.2 � Effect of pore pressure

The previous research regarding low permeability/ultra-low 
permeability/tight reservoirs has shown that the differen-
tial pressure of external and internal core pressure directly 
affects the pore structure and only bigger pore throats con-
tribute in the flow at TPG (Li et al. 2019a; Sakhaee and 
Bryant 2014). In this portion, we aim at studying the effects 
of pore pressure on TPG. For this purpose, experiments were 
performed by applying different pore pressures. The over-
burden pressure (confining pressure) was always higher than 
the pore pressure (back pressure) so that the stress may have 
remained unchanged. In this way, the effects of permeability 
variations were eliminated. Experiments were performed on 
cores 1, 3, 4, 5, 6 with the same water saturation (45%) by 
applying various pore pressures (Fig. 4).

Figure 4 demonstrates that when the pore pressure is 
lower, TPG increases as the increment of pore pressure and 
when the pore pressure is higher enough, the TPG remains 
unchanged. This is because of the slippage effect. In tight 
sandstones, the slippage effect has a high influence on flow, 

resulting in the higher flow rate and the higher apparent 
permeability. At higher pore pressure, the slippage effect 
becomes weaker. Figure 4 also demonstrates that, for higher 
permeability cores, the TPG has lower-amplitude change 
as compared to relatively lower permeability cores. That is 
mainly because, in the case of lower permeability, the slip-
page effect is more active and its influence on TPG is thus 
greater than that of relatively high permeability cores.

3.3 � Effect of permeability

In order to observe the effects of permeability, experiments 
were designed and performed as per the manner that res-
ervoir conditions may be simulated, i.e., fixed overburden 
pressure (confining pressure) and variable pore pressure 
(back pressure). Cores 1–11 were used, with water satura-
tion of 50%. The effects of permeability change on TPG at 
different pore pressures is shown in Fig. 5. The trend is the 
opposite as compared to Fig. 4 because, in this section, the 
effective stress exerted on experimental cores is not constant. 
So, the permeability decreases because of the decrease in 
pore pressure, and the pore pressure decreases due to the 
increment of effective stress. While the effective stress 
increases due to fixed confining pressure.

Figure 5 shows the power relationship curve between 
TPG (Gp) and pore pressure (pf) as a function of permeabil-
ity. Based on this, a general correlation is developed (Eq. 1).

where Gp is the threshold pressure gradient; pf is the pore 
pressure; a and b are fitting coefficients. Eleven sets of power 
coefficients a and b were obtained by fitting, and the trend 
of these parameters is also discovered (Fig. 6). Then, a new 
mathematical correlation that incorporates the effects of 

(1)Gp = a(pf)
b
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Fig. 4   TPG versus pore pressure (variable overburden pressure)
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permeability and pore pressure on TPG was established as 
follows:

where ka is the absolute permeability of the cores.

3.4 � Effect of water saturation

To investigate the influence of water saturation on TPG as 
a function of pore pressure, experiments were performed 
on core 1. Various water saturation values were used. The 
results are shown in Fig. 7 which demonstrates that cores 
having higher water saturation have relatively higher TPG 
and vice versa.

(2)Gp = (9.69 × 10−4k−0.2741
a

)p
(0.02371k−0.3407

a
)

f

Figure 7 shows the power relationship curve between 
TPG and pore pressure as a function of water saturation. 
Based on this, a general correlation is developed (Eq. 3).

where a1 and b1 are fitting coefficients. Five data sets of fit-
ting coefficients a1 and b1 were achieved by analyses, and the 
trend of these parameters is also discovered (Fig. 8). Then, 
a new mathematical correlation that incorporates the effects 
of water saturation and pore pressure on TPG is established 
as follows:

 

(3)Gp = a1(pf)
b1

(4)Gp = (4 × 10−3Sw + 0.5 × 10−3)p
(0.04Sw−0.121)

f
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Fig. 5   TPG versus pore pressure (fixed overburden pressure)
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4 � Production model including TPG

This is a well-established fact that under low velocity and 
low pressure, an effect is always present there, namely gas 
Klinkenberg effect (Liang et al. 2016; Moghaddam and 
Jamiolahmady 2016; Nakhli et al. 2017). To address these 
effects, Beskok and Karniadakis (1999) offered a rigorous 
gas flow equation (Deng et al. 2014; Liu et al. 2018):

where fc is the correction factor shown as Eq. 6 and it 
depends upon Knudsen number (Kn) (Eq. 7):

Knudsen number (Kn) is a dimensionless parameter and 
it is used to categorize flow regimes especially in unconven-
tional porous media or small pores where deviation from the 
viscous flow is significant. It depends upon the molecular 
mean free path, � ( nm) and radius of the pore, r ( nm) (Eq. 9). 
� is the average distance covered by molecules between col-
lision and calculated by the following equation (Bird 1976; 
Cussler 1997):

where Rg is the universal gas constant and its value is  8.314  
J mol–1 K–1; M is the molecular weight of gas; p and T are 
pressure and temperature in Pa and K, respectively.

(5)v =
kakrg

�
(fc)

(

dp

dr
− Gp

)

(6)fc = [1 + �(Kn)Kn]
(

1 +
4Kn

1 − bKn

)

(7)Kn =
�

r

(8)�(p,T) =
�

p

√

πRgT

M

where k is permeability, µm2; and ϕ is porosity in fraction. 
By using data of Loyalka and Hamoodi (1990), Beskok and 
Karniadakis (1999) established the following correlation for 
gas rarefaction coefficient (α):

here the values of α1 and α2 are 4 and 0.4, respectively, and 
α0, representing free molecular flow condition, is an asymp-
totic upper limit value of α as Kn → ∞ , given by (Beskok 
and Karniadakis 1999):

where b is a slip coefficient and in the slip flow, α = 0 and 
b =  − 1, so Eq. 11 becomes

In terms of volumetric flow, Eq. 5 can be written as

where krg can be calculated using the modified equation of 
Brooks and Corey (Eqs. 14 and 15) where S′

w
 , Swcand Sgr 

are normalized water saturation, connate water saturation 
and residual gas saturation in fractions, respectively (Brooks 
and Corey1964).

(9)r = 8.86 × 10−2
√

k

�

(10)� = �0
2

π
tan−1(�1Kn

�2)

(11)�0 = �Kn→∞ =
64

3π
(

1 −
4

b

)

(12)�0 =
64

15π

(13)q =
2πrhkakrg

�
(fc)

(

dp

dr
− Gp

)
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Normally, in the case of gas, pseudo-pressure is used for 
accuracy which depends on gas deviation factor (z) and vis-
cosity (µ) of the gas

So Eq. (13) becomes

According to basic laws like gas state equation and 
equation of continuity

where z, p, T and q are gas deviation factor, pressure, tem-
perature and gas flow rate, respectively, and parameters with 
subscripts sc are the same parameters for gas but at standard 
conditions.

By solving Eqs. 18 and 19, and using average gas devia-
tion factor ( 

−
z) and averages gas viscosity ( 

−
�) , following 

equation can be obtained

 where

where p is the average pressure (on plane radial flow basis) 
and is determined by the following equation:

(14)krg = 9.819 × 10−1 × (1 − S
�

w
)1.269(1 − S

�2
w
)

(15)S
�

w
=

Sw − Swc

1 − (Swc + Sgr)

(16)m(p) = 2

p

∫
pm

p

�z
dp

(17)
dm

dr
= 2

p

�z

dp

dr

(18)q =
2πrhkakrg

�
(fc)

[(

�z

2p

dm

dr

)

− Gp

]

(19)qsc = q

(

zscpTsc

zTpsc

)

(20)qsc =
πhkakrg

�
(fc)

1

ln(rD)

[

Δ(p2) − 2pGp(Δr)
]

(

zscTsc

zTpsc

)

(21a)Δ
(

p2
)

= p2
e
− p2

w

(21b)Δr = re − rw

(21c)rD =
re

rw

(21d)Δp = pe − pw

Finally, after incorporating the gas Klinkenberg effect, 
Knudsen effect, gas rarefaction coefficient, slip coefficient 
and other basic parameters of gas state equation and equa-
tion of continuity, Eq. 20 is achieved where Gp was intro-
duced into the model in Eq. 5. Since the experimental 
outputs of this study belong to the TPG (Gp) therefore, two 
mathematical equations are derived on the basis of these 
results, to fully describe the TPG in terms of absolute per-
meability (Eq. 2) and water saturation (Eq. 4).

Hence, considering the TPG in terms of absolute per-
meability and in terms of water saturation, the tight gas 
flow production models can be shown as Eqs. 22 and 23, 
respectively;

5 � Validation and application

For the validation of proposed production models consider-
ing TPG effects in addition to diffusion and slip flow effects 
of a tight reservoir (Eqs. 22 and 23), actual reservoir data 
of a zone of Peer gas field are used (Table 3). For the com-
parative analysis, the results obtained from these proposed 
models are compared with that from the model established 

(21e)p = pe −
Δp
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− 2p
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)
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f

}
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]

Table 3   Peer gas reservoir parameters

Parameter Value

Boundary pressure pe, MPa 32
Reservoir temperature T, K 357
Reservoir thickness h, m 8.5
Boundary radius re, m 180
Well radius rw, m 0.107
Gas deviation factor z 0.96
Gas viscosity μ, mPa s 0.0168
Collision diameter of gas molecule σ, nm 0.4
Pore throat radius r, µm 0.015
Connate water saturation Swc 0.47
Residual gas saturation Sgr 0.19
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by Tian et al. (2018). Figure 9 shows that results from both 
the proposed models in this study are almost in agreement 
with the results from the Tian et al. model, where BHP is the 
abbreviation of bottom hole pressure. The results predicted 
by the Tian et al. model are a little bit lower because Tian 
et al. incorporated the effects of permeability and dimen-
sionless water saturation in their mathematical correlation 
of TPG. However, in this study, beside the permeability and 
water saturation, the pore pressure is also included in the 
proposed mathematical correlations of TPG (Eqs. 2 and 4). 

Inflow performance relationship (IPR) curves (Figs. 10 
and 11) are generated using these proposed models which 
show that TPG greatly affects the gas flow rates at different 
drawdown pressures. It can be observed from Figs. 10 and 
11 that the production rates are overestimated while ignor-
ing the TPG.

Figure 10a shows the production profiles at constant per-
meability value (0.095 × 10–3 µm2) and at different water sat-
uration (0.70, 0.72, and 0.75) with and without considering 
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Fig. 9   Validation and comparison of proposed models
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Fig. 10   IPR curves with and without considering TPG at the permeability of a 0.095 × 10−3 , b 0.065 × 10−3 , and c 0.035 × 10−3 μm2
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TPG. Note that, the curves have the general trends that are: 
(1) at higher drawdown the gas production rates are higher; 
and (2) at lower water saturation the gas production rates are 
higher. However, with and without considering the TPG, the 
calculated gas production rates, at the same water saturation 
and same drawdown, are different. The similar behavior can 
also be seen from Fig. 10b and c which are at variable val-
ues of water saturation but constant permeability values of 
0.065 × 10–3 µm2 and 0.035 × 10–3 µm2, respectively.

The similar behavior can also be seen from Fig.  11 
where inflow performance relationship curves were gen-
erated at different permeability values (0.095 × 10–3 µm2, 
0.065 × 10–3 µm2 and 0.035 × 10–3 µm2) and constant water 
saturation values of 0.70, 0.72 and 0.75, respectively.

The absolute open flow potential of a gas well is defined 
as the maximum production rate by assuming the surface 
pressure at sand face (Li et al. 2018; Sinha and Padgett 
1985). This parameter is used to compare the potential of 
production of different wells and based on this parameter 

many decisions are taken, i.e., completion designing and 
selection, surface equipment designing and selection, gas 
sale agreements, etc. (Li et al. 2017; Su et al. 2017).

Using the proposed production model, the absolute open 
flow potential (AOFP) is also compared as shown in Figs. 12 
and 13. The maximum gas production rate can be achieved 
at the minimum bottom hole pressure (or maximum draw-
down pressure). It can be observed from Fig. 12a that while 
considering TPG, the value of AOFP is around 62 × 103 m3/d 
which was around 66 × 103 m3/d when without consider-
ing the TPG, at the same permeability and water saturation 
values. 

The scope of application of the proposed models is very 
vast. It can be applied for all tight to ultra-tight gas sandstone 
reservoirs. These proposed models calculate the corrected 
gas flow rate which is the most important parameter for tight 
gas sandstone field development in many ways such as, for 
generating outflow performance curves (OPR) which are 
based on IPR. Normally, well completion designing, i.e., 
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Fig. 11   IPR curves with and without considering TPG at the water saturation of a 0.70, b 0.72, and c 0.75
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casing selection, tubing design, etc., is carried out on the 
basis of OPR (Hakiki et al. 2017). The skin factor is also a 
basic parameter that shows variation from predicted pres-
sure drop due to skin. This factor is analytically modeled 
using the calculated gas flow rates (Dong et al. 2018; Li et al. 
2018, 2019b). So, the corrected gas flow rate by incorporat-
ing the TPG is also very useful to calculate the skin factor.

6 � Conclusions

In the tight gas sandstone reservoir, there exists TPG at low-
velocity flow profile. The value of TPG changes with the var-
iations in pore pressure, permeability and water saturation. 
TPG increases in both cases either permeability decreases or 
water saturation increases. The value of TPG increases with 
the decrease in pore pressure by power relationship. During 
the production life of a reservoir, the pore pressure changes 
as the function of gas production and/or water encroach-
ment; therefore, effects of the pore pressure on TPG are very 
important because these effects are dynamic and are repre-
sentative of reservoir depletion mechanism.

Two definite mathematical correlations for TPG were 
obtained, considering the effects of pore pressure and per-
meability (Eq. 2), and depending on the influence of pore 
pressure and water saturation on TPG (Eq. 4). On the basis 
of these proposed mathematical correlations, gas production 
models were offered by incorporated the slip flow, diffu-
sion flow and TPG (Eqs. 22 and 23). A comparative analysis 
of our models with the other previously published model 
supports the effectiveness of the approach presented in this 
study.

In order to analyze the application of the proposed mod-
els, inflow performance relationship curves were generated 
by using actual reservoir data. Note that, IPR is greatly 
affected by TPG. The effect of TPG on the calculation of 
AOFP was also studied. Comparisons show that AOFP is 
overestimated while ignoring the TPG. Generally, outflow 
relationship performance, well completion design, surface 
facilities design, field development plan, gas sale agreement, 
etc. are all directly linked to IPR and AOFP; hence, TPG 
should be considered to avoid overestimation of gas produc-
tion rates for efficient and optimum field development of 
tight gas sandstone reservoirs.
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