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Abstract

The irreducible water saturation (S,,;,) is a significant parameter for relative permeability prediction and initial hydrocarbon
reserves estimation. However, the complex pore structures of the tight rocks and multiple factors of the formation conditions
make the parameter difficult to be accurately predicted by the conventional methods in tight gas reservoirs. In this study, a
new model was derived to calculate S,,;. based on the capillary model and the fractal theory. The model incorporated different
types of immobile water and considered the stress effect. The dead or stationary water (DSW) was considered in this model,
which described the phenomena of water trapped in the dead-end pores due to detour flow and complex pore structures. The
water film, stress effect and formation temperature were also considered in the proposed model. The results calculated by
the proposed model are in a good agreement with the experimental data. This proves that for tight sandstone gas reservoirs
the S, calculated from the new model is more accurate. The irreducible water saturation calculated from the new model
reveals that S, is controlled by the critical capillary radius, DSW coefficient, effective stress and formation temperature.
Keywords Fractal theory - Stress dependence effect - Capillary model - Tight sandstone gas reservoir - Irreducible water
saturation

1 Introduction

The irreducible water saturation (S,,;,) is one of the key
parameters of gas—water two-phase flow in tight gas reser-
voirs. It plays an important role in reservoir evaluation, pro-
ductivity prediction and hydrocarbon reserve estimation in
tight sandstone gas reservoirs. S, is the ratio of the volume
of immobile water adsorbed on the rock surface, remained
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in micropores and trapped in the dead-end pores to the total
pore volume of the reservoir rocks (Cheng et al. 2017).

At present, S,;, can be obtained from the nuclear magnetic
resonance (NMR) experiment (Borgia et al. 1996), weighing
method (Coskun and Wardlaw 1995; Taktak et al. 2011),
mercury injection capillary pressure method (Bear et al.
2011; Zhang et al. 2017) and semi-permeable diaphragm
capillary pressure method (Coskun and Wardlaw 1995;
Taktak et al. 2011). However, these methods have some
disadvantages. The applied interpretation method of NMR
data is to split the signal into a fast relaxing part and a slow
relaxing part. The first is interpreted as bound water, and
the later as free fluid (Looyestijn 2001). Generally, T, 15
the split between the movable fluid and the immovable fluid
in the NMR T, distributions. The T, ¢ values obtained
by different ways will lead to different calculation results
of S, in NMR experiments. It is very difficult to choose
a suitable centrifugal force for low-permeability tight core
samples in the weighing method. Similarly, the appropriate
choice of the lower limit of capillary radius is the key to the
success in mercury injection capillary pressure experiment.
The test time of semi-permeable diaphragm experiment is
too long. In addition, due to the limited bearing capacity of
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the separator, this method cannot obtain a complete capillary
pressure curve. Pore network modeling and other methods
can also be used to research the S,;. (Goral et al. 2018; Zhu
et al. 2019); however, none of the above experimental meth-
ods can obtain S,,;. under reservoir conditions.

Previous studies suggested that the irreducible water was
simply considered as water in sub-capillary pores and water
film in theoretic models. The water in sub-capillary pores
is unable to flow because the displacement pressure cannot
overcome the capillary force. Assuming the rock surface is
hydrophilic, the water film (WF) is the water trapped on the
pore wall by molecular forces. The thickness of the water
film is not constant which is mainly affected by the radius
of pore throat, fluid properties, pressure difference, tempera-
ture and other conditions (Li et al. 2015). In actual tight gas
reservoir conditions, the structure of the porous media is
complex, especially in the heterogeneous reservoir. Civan
pointed out that fluids in some disconnected pores including
small corners and dead-end pores may be trapped in dead
or stationary fluid regions (Civan 2001). Therefore, some
immovable water called the dead or stationary water (DSW)
remained in the special pores and it cannot be able to flow
under flow conditions. A schematic figure of the capillary
model of flow in the porous media considering the effects
of dead-end pores is presented in Fig. 1. The dead-end pore
system is completely filled with immobile water due to
detour flow effect and special pore structure. This part of
the immobile water cannot flow due to it is located in discon-
nected pores, and there no channel to allow it flow; however,
it can be squeezed less under the effective stress condition.
At present, there is no model available which incorporates
the impact of special immobile water of DSW.

A new ;. model was established by deriving tube capil-
lary model based on the fractal theory under stress effect
and considering the influence of dead or stationary water,
water film, pressure gradient and temperature. This proposed

~~_
NN Flow tube

Dead-end Natural
pore isolated pore

Fig. 1 Capillary model of flow through porous media considering the
effects of dead-end pores connected with flow tube in a tight porous
medium
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model is suitable for tight rocks for achieving S
under real reservoir conditions.

wir accurately

2 The new model

In order to obtain the new irreducible water saturation model
for tight sandstone gas reservoirs, the following methods are
adopted. First, the fractal scaling theory is modified by con-
sidering stress sensitivity in the capillary model. Second, a
new capillary model in a tight gas reservoir is established by
considering DSW, water film, pressure gradient and temper-
ature. Third, the impacts of stress dependency are integrated
into the model to simulate the change of effective stress in
the actual tight sandstone gas reservoir.

Figure 2a manifests that the flow paths in the reservoir
are composed by a bunch of capillaries with different cross-
sectional areas, and the size, length and tortuosity satisfy
the statistically fractal scaling characteristics. The capillary
diameter is equivalent and smooth in the conventional bun-
dle models; however, there are many dead-end pores in the
actual porous medium. In order to describe the characteris-
tics of porous media, the small cones are used to describe
dead-end pores on the capillary tubes, as shown in Fig. 2b.
In addition, the mechanism of capillary length variation
under different effective stresses has been taken into the
new model.

For the simultaneous gas—water flow, as shown in Fig. 2c,
there is a gas flow region with a radius of r,, a movable water
region with a thickness of r; — r, and an immovable water
region including water film and DSW. Generally, there is a
critical radius r, for the capillary bundle which is determined
by the capillary pressure. While r, > r., the flow pattern is
as shown in Fig. 2c. On the contrary r, < r,, the capillary
tubes are fully occupied by wetting water. Therefore, there
is a critical water saturation under a certain displacement
pressure.

In Fig. 2, L, is the representative length of a capillary,
m; P, is the overburden pressure, MPa; r, is the external
radius of a certain pore, m; r; is the inner radius of a certain
pore under effective stress, m; To is the radius of the pores
occupied by the gas, m; ry is the radius of the pores without
water film, m.

Assuming the wall of the capillary is hydrophilic, the
gas would occupy the center of the tube and the water
would stick with the wall. The water in small cones can-
not be moved because of losing momentum. The gravity
is neglected during the process of gas and water flow in
tubes simultaneously (Feng and Serizawa 1999; Israelachvili
2015; Kawahara et al. 2002; Wu et al. 2014), as illustrated
in Fig. 2¢c. The water in sub-capillary pores, dead or station-
ary water and water film constitute the irreducible water in
porous media.
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Fig.2 The new capillary model. a Non-equivalent diameter capillary model. b Capillary model when considering the dead or stationary water

and effective stress. ¢ Gas—water distribution along the circular tube of two

The first part of the immobile water is the water trapped
in the micro-capillaries because of insufficient displace-
ment force. Ignoring the change of interfacial tension and
rock wettability, the critical capillary radius r, can be
obtained as (Cheng et al. 2017):

20 cos
ryr, = —

=", (1)

-phase flow

where r. is the critical radius, m; o is the gas—water interfa-
cial tension, N/m; Ap is the drawdown pressure, MPa; 6 is
the wetting angle, degree.

The dead water or stationary water is the second part
of the immobile water phase. It is the phenomenon that
dead-end pores are filled with water and the water cannot
be removed due to flow around effect and complex pore
structure (He and Hua 2005; Melrose 1990; Li et al. 2008).
In this study, we assumed that multiple small cones are
distributed on a single capillary and the volume of total
cones and the volume of the capillary have a significantly
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positive correlation. Thus, the relation between them can
be expressed as:

V

cone

1 Vtube (2)
where V. is the volume of total cones, m?; V. is the
volume of capillary, m®. We also defined # as the DSW coef-
ficient, which is the ratio of the cone volume to the capillary
volume. Considering the impact of the volume of cones, the
porosity of the capillary model based on the fractal theory
needs to be modified. Hence, the relationship between the
porosity under real conditions and the porosity in the fractal
scaling model is shown as follows:

Vcone — ¢rea] - d) (3)
Vtube ¢

Based on Eq. (2), Eq. (3) will be further modified as:

V
Prear= <1 o >¢=(1 +m¢ &)

tube

where ¢ is porosity of the capillary; ¢, is the real porosity,
and it can be tested in the laboratory.

It is noted that the decrease in pore pressure can induce
the change of effective stress during the development pro-
cess of a gas reservoir (David et al. 1994). The radius r of
the capillary after deforming can be rewritten as: (Gangi
1978; Lei et al. 2018a)

3n(1-2)Py "
ro=r 1-4[%] )

where r, is the inner radius of a certain pore under effec-
tive stress, m; r is the inner radius of a certain pore, m;
P is the effective stress, Py = P, — ap, MPa; P, is the
overburden pressure, MPa; p is the pore pressure, MPa; E
is the rock elastic modulus, MPa; f is the power law index
which is affected by the pore structure, dimensionless; a is
the effective stress constant, dimensionless; v is Poisson’s
ratio, dimensionless.

The change of a single capillary in porous media will
induce the change of fractal parameters and the calcula-
tion of fractal parameter considering stress sensitivity are
shown in “Appendixes 1 and 2.” The stress may affect the
radius and length of the capillary tube and the cone shape
on the capillary tube. We assumed that the volume changes
of the capillary tube and cones are consistent in porous
media. Thus, the DSW coefficient is a constant and it can
be expressed as follows:

@ Springer
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where V! is the volume of the total cones considering the
effective stress, m*; V[’ube is the volume of the capillary con-
sidering the effective stress, m®.

The water film is the third part of the immobile water
in the capillaries. It is assumed to adhere to the macro-
pore wall due to the molecular forces making the water
molecules bounded on the wall. Previous studies have
confirmed that the thickness of the water film is related
to the pressure gradient (Mo et al. 2015; Tian et al. 2014,
2015; Yu and Cheng 2002; Yu and Li 2001). Based on the
micro-tube experiment, Tian et al. (2014) presented the
relationship between the pressure gradient, water viscosity
and the thickness of the water film as:

w (Vp <1MPa/m)

5= 7 0.257636_0'26lr(Vp)_OAwy
(Vp > 1 MPa/m)

r-0.25763¢0261r

(N
where 6 is the thickness of the water film, pm; Vp=Ap/L,
is the pressure gradient, MPa/m; and p,, is the water viscos-
ity, mPa s. The water viscosity is mainly affected by the
temperature, and it can be expressed as (Cheng et al. 2017;
Li 2006):

Hy = 1.46_0'0176T (8)

where T is the formation temperature, °C.

Based on the above assumption of the gas—water distri-
bution patterns, the volume of the immobile water and the
total pores are defined as:

L)
+N/""’“ z—r—6>] (A @)

Tes

Vwir

=N

+ 1N / (rs)dr
Vio = (1 +mN 2L5(r5) S(rs)dr (10)
where V. is the volume of the 1mmob11e water, m*; V,,,, is

the volume of the total pores, m?>; N is the number of pores in
a unit cell; L, is the tortuous flow path under effective stress,
m; f; is the probability density function for pore size—distri-
bution under effective stress; r is the critical pore radius
under effective stress, m; 7, is the maximum pore radius
under effective stress, m; r,,;,. is the minimum pore radius
under effective stress, m;
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By the definition of the irreducible water saturation, we
can obtain the irreducible water saturation S,;,:

capillary radius was taken as 0.1 pm. Then, in order to
calculate S, values of 10 core samples using the new
proposed model in this paper, the DSW coefficient was
in the range from 0.01 to 0.02 and the other parameters
were consistent with the Cheng et al. model. The rela-
tionship curve between the mean absolute error and the

S . = Vwir 11
w thal ( )
Inserting Egs. (9) and (10) into Eq. (11) yields:
N o w2 (r)(r)dr + N [ w2 = (= 8)7 | Lo (r)A () o
A

wir

(I+nN fr;'“;“ nr2L(r,)f, (ry)dr
nN fr;“i“ mr2Lg(ry)fs (ry)dr
+ :
(L+mN [ nr2L(r,)f,(r,)dr

12)

Based on the “Appendixes 1 and 2,” Eq. (12) can be sim-
plified as follows:

Foo 2—(D/+D’) mas 2
/rm Ty T F dr+/rcsmm r

mins s

(ry— 5)2] r= (D) dr
S =

wir

147

13)
where Dy’ is the stress-dependent fractal dimension, Dy’ is
the stress-dependent fractal dimension for tortuosity.

(1 + VI) l/;‘rllnax\ rsz_(D,T"'D;)dr

‘mins

3 Model validation

A total of 10 low permeability sandstone samples were
selected from the Xujiahe Formation in the central Sichuan
Basin, and the basic parameters of the wax-sealed core sam-
ples (Cheng et al. 2017) are shown in Table 1.

First, the S,,;, values of core samples were calculated
from the Cheng et al. model under reservoir conditions in
which the formation temperature was determined by geo-
thermal gradient formula (Xu et al. 2011) and the critical

DSW coefficient is shown in Fig. 3. It was obvious that
the mean absolute error was smallest with # = 0.0135.
Finally, the values of S, calculated by these two mod-
els are contrasted with the measured vales of wax-sealed
core samples, and the detailed parameters are presented
in Table 2. The comparison results show that the absolute
error of S, calculated by the Cheng et al. model ranges
from 0.033% to 2.761% and the absolute error of S, cal-
culated by the new model is in the range from 0.006% to
2.213% as shown in Table 2. The S, obtained by the pro-
posed model is obviously closer to the measured values of
the wax-sealed core samples, which is shown in Fig. 4. It
is obvious that the predicted results through this proposed
model are more accurate comparing with the Cheng et al.
model by considering the influence of DSW coefficient
on the S,

The application of the new model requires matching
experimental data. The DSW coefficient was obtained by
fitting the experimental results and was applied to calcu-
late S,,;. values of other cores in the next work. A total of
30 low-permeability tight sandstone cores were selected

Table 1 Parameters of sandstone core samples used in the experiments (Cheng et al. 2017)

Well Sample No. Diameter, cm Length, cm Porosity, % Permeability,  Reservoir tempera- Water
mD ture, °C viscosity,
mPa s
A Al 2.532 3.642 5.59 0.03 68.57 0.419
A A2 2.535 4.053 13.11 2.56 68.83 0.417
A A3 2.539 4.401 12.60 0.54 69.01 0.416
A A4 2.528 2.282 14.09 6.48 69.25 0.414
B B1 2.537 4.081 6.04 0.03 75.43 0.371
B B2 2.533 4.126 12.20 0.13 77.23 0.36
C Cl 2.545 4.722 13.66 0.68 84.68 0.315
C C2 2.546 4.807 14.51 2.25 84.66 0.316
C C3 2.547 4.895 15.92 6.94 84.30 0.318
C C4 2.548 4.532 12.76 1.40 83.65 0.321
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Fig. 3 The relationship between the absolute error and the DSW coef-
ficient

from the Sulige Formation in the Ordos Basin. All cores
were randomly divided into groups A and B. Each group
(group A and group B) includes fifteen pieces of cores and
the basic data of these cores are listed in Tables 3 and 4.
The irreducible water saturation tests were conducted on
all cores using the continuous gas drive method at normal
temperature and low pressure (2.07 MPa). The experimen-
tal apparatus is composed of a pressure control system, a
core holding system and a measurement system, as shown in
Fig. 5. The injection fluids are synthesized formation water
(Table 5) and nitrogen. The synthesized formation water was
prepared based on actual composition of the formation water
from Sulige Formation in the Ordos Basin. The experimental

c2

Number of cores

Fig.4 The irreducible water saturation calculated by different meth-
ods

results of irreducible water saturation obtained the gas drive
experiments are listed in Tables 3 and 4. The new model was
fitted with the experimental data of group A by adjusting the
DSW coefficient. The calculated DSW coefficient is shown
in Table 3 and the average value of the DSW coefficient was
0.056. The values of S, calculated from the new model
were contrasted with the experimental data, and the detailed
parameters are presented in Table 4. From Fig. 6, we can see
that the values of S,,;, predicted by the proposed model are
in a good agreement with the experimental values. Thus, we
can conclude that the S,;. can be predicted by the new model
more accurately and the DSW coefficient can be determined
from the above workflow.

Table 2 Comparison of the irreducible water saturation obtained from the new model and Cheng et al. model with the measured values of 10

wax-sealed core samples (r,=0.1 pm, AP="7.35 MPa)

Sample no. Fmaxs BN Fnins KT Fayer P Calculated S, % Measured S, of the Absolute error, %
wax-sealed core, %

Cheng etal. New model Cheng et al. New model

model n=0.0135 model
Al 0.407 0.006 0.080 47.42 48.02 49.265 1.845 1.241
A2 2.623 0.016 0.457 27.58 28.47 28.361 0.781 0.104
A3 1.019 0.010 0.176 37.49 38.25 38.241 0.751 0.006
A4 9.947 0.016 1.087 23.59 24.58 24.245 0.655 0.337
Bl 0.407 0.004 0.059 51.14 51.70 51.723 0.583 0.022
B2 0.630 0.004 0.121 50.12 50.67 52.881 2.761 2213
Cl1 1.015 0.010 0.190 36.74 37.52 39.051 2.311 1.531
C2 2.598 0.016 0.431 26.65 27.55 26.683 0.033 0.863
C3 6.136 0.010 0.853 28.29 29.16 28.542 0.252 0.622
C4 2.609 0.010 0.353 30.61 31.46 32.217 1.607 0.753
Average 1.158 0.769

rave ?
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and r,;, are the average, maximum and minimum pore radii, respectively, m. AP is the maximum displacement pressure, MPa
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Table 3 Parameters of sandstone core samples in group A and fitting results of DSW coefficient based on experimental data (r,=0.1 pm,

AP=2.07 MPa)
Sample  Diameter,cm Length,cm  Porosity, %  Permeability, mD  r.,,, pm 7y, pm 7, pm Measured S,;, % DSW
coefficient
n

A-01 2.54 4.90 6.98 0.227 34.153 0.001 0.180 57.77 0.070
A-02 2.54 4.82 1.15 0.013 28.904 0.001 0.070 56.24 0.070
A-03 2.54 4.93 3.03 0.017 31.284 0.001 0.036 57.18 0.061
A-04 2.54 4.49 4.85 0.121 10.331 0.001 0.282 64.86 0.059
A-05 2.54 4.82 5.02 0.125 9.545 0.001 0.260 65.65 0.056
A-06 2.54 4.95 7.24 0.600 3.997 0.001 0.705 72.73 0.054
A-07 2.54 4.02 1.74 0.124 22.795 0.001 0.072 58.88 0.043
A-08 2.54 5.24 5.59 0.234 14.178 0.001 0.177 63.47 0.051
A-09 2.53 5.35 5.30 0.225 14.178 0.001 0.155 63.37 0.051
A-10 2.53 5.37 4.66 0.149 24213 0.001 0.065 60.41 0.043
A-11 2.53 5.28 5.00 0.162 18.188 0.001 0.064 61.17 0.061
A-12 2.53 5.47 3.24 0.096 28.904 0.001 0.059 58.24 0.052
A-13 2.54 5.24 3.33 0.125 31.284 0.001 0.053 58.51 0.040
A-14 2.53 5.23 2.19 0.121 29.356 0.001 0.127 56.79 0.063
A-15 2.53 5.28 5.33 0.280 14.178 0.001 0.188 63.27 0.070
Average 2.54 5.03 431 0.175 21.033 0.001 0.166 61.24 0.056

Table 4 Comparison of the irreducible water saturation obtained from the new model with the measured values of group B samples (r,=0.1 pm,

AP =2.07 MPa)

Sample

Diameter, cm Length, cm Porosity, % Permeability, mD 7., pm 7, pm 7, pm S

% Absolute
error, %

wri»

Measured Predicted by new
model 7=0.056

B-01 2.54 4.92 5.63 0.083
B-02 2.54 4.99 3.04 0.153
B-03 2.54 4.93 5.63 0.236
B-04 2.53 4.84 3.04 0.041
B-05 2.54 5.18 4.09 0.485
B-06 2.53 5.15 4.00 0.478
B-07 2.54 5.00 1.6 0.022
B-08 2.53 4.87 4.98 0.132
B-09 2.53 4.97 2.52 0.216
B-10 2.54 441 327 0.192
B-11 2.54 3.57 6.55 0.300
B-12 2.54 3.81 2.34 0.234
B-13 2.54 3.62 4.13 0.364
B-14 2.54 3.63 7.72 0.768
B-15 2.52 5.30 4.39 0.787
Average 2.54 4.61 4.20 0.299

54.440  0.001 0.154  56.87 55.88 0.99
42934 0.001 0.141 56.85 55.87 0.98
15346  0.001 0259  63.09 62.70 0.39
18.162  0.001 0.033  59.81 60.55 0.74
15.330  0.001 0438  61.24 62.14 0.90
17.978  0.001 0.053  61.72 61.11 0.61
14.178  0.001 0.050 61.23 60.89 0.34
14.178  0.001 0.046  63.73 62.98 0.75
14.178  0.001 0.063  62.37 61.75 0.62
14.178  0.001 0.049  62.92 62.23 0.69
16.610  0.001 0.098  62.42 62.48 0.06
15346  0.001 0.105  61.46 61.10 0.36
27.876  0.001 0.095  58.68 58.66 0.02
35.615 0.001 0.092 5951 58.51 1.00
15937  0.001 0453  68.42 68.91 0.49
21.486 0.00 0.142 6135 61.05 0.60

In order to verify the reliability of the model proposed
in this paper, different models were used to calculate the
irreducible water saturation and the predicted results are
shown in Fig. 7. The Ofagbohunmi et al. model (2012)
(Ofagbohunmi et al. 2012) is an empirical relationship

between the S, and the normalized porosity during com-
paction. In Li et al. model (Li et al. 2010), the irreducible
water saturation simulations were conducted on tight sand-
stone samples with the initial porosity (¢) of 6.17%, ini-
tial permeability (K) of 0.0951 x 10~ pm? and the initial

@ Springer
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Fig.5 The flow diagram of the apparatus for irreducible water saturation measurements
Table 5 Conposition of the synthesized formation water
Concentration, mg/L Salinity, mg/L Water type pH Density, g/m’
K*+Na* Ca®* Mg** SO;~ HCO,~ Cl-
2984 1601 115 1556 682 6487 14305 CaCl, 6.2 1.013
1.2
—— Lei et al. model (2015)
11.0 { —®— Lietal. model (2010)
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Fig.6 The irreducible water saturation values obtained from experi-
ments and the new model
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Table 6 Description of the relevant parameters in the new model 22.20
Parameters Values 22151
Maximum pore radius r,,,, pm 1.836 2] 2210
c . 7
Minimum pore radius 7,;,, pm 0.016 S
@
Permeability K, pm? 0.0951x 107 % 22.05 |
Initial irreducible water saturation S, % 9.8 @
. @
Porosity ¢, % 6.17 ®  22.00 4
. 3
Rock elastic modulus E, MPa 1.05x10° o
. s . . . ) i
Rock Poisson’s ratio v, dimensionless 0.25 3 21.95
Temperature 7, °C 80 B
. . £ 2190
Maximum displacement pressure AP, MPa 4.38
Gas—water interfacial tension 6, mN/m 70 21853
DSW coefficient , dimensionless 0 0 5 10 15 20 25 30
Effective stress, MPa
Fig.9 The irreducible water saturation versus effective stress at dif-
18.91 ferent rock Poisson’s ratios
E=1x10°MPa
R —e— £=2x10°MPa
S 1890{ —A— E=3x10°MPa
H —¥— E=4x10° MPa
%)
c
S 18.89
g =
® £
® 18.88 %]
2 c
g 2
©
QL 1887 4 5
5 2
S (7]
3 5}
L 1886 - =
£ p g
Q
fe)
18.85 . . . . . S
0 5 10 15 20 25 30 S
—
—

Effective stress, MPa

Fig.8 The irreducible water saturation versus effective stress at dif-
ferent rock elastic moduli

irreducible water saturation of 9.8%. In Lei et al. model
(2015) (Lei et al. 2015), the initial porosity ¢ =6.17%, the
Euclidean dimension d =2, the initial irreducible water
saturation S,,.,=9.8%, rock Poisson’s ratio »=0.25, and
the rock elastic modulus E = 1.05 x 10* MPa. In addition,
the initial maximum and minimum radii, r,,, and r;,,
were 1.836 and 0.016 pm, respectively, which can be con-
sistent with the initial permeability K =0.0951 x 10~> pm?.
The calculated results based on Eq. (13) and the relevant
parameters applied are listed in Table 6.

It can be observed from Fig. 7 that the S, increases
with an increase in the effective stress and the new model
predictions are in good consistency with other models.

25

1 2 3 4 5 6 7 8

Maxium displacement pressure, MPa

Fig. 10 The irreducible water saturation versus maximum displace-
ment pressure at different DSW coefficients

4 Results and discussion

It can be observed from Figs. 8 and 9 that the ;. increases
with an increase in the effective stress and the changing
trend is consistent with the result of model validation.
The reason is that the pore radius is changed, which is
caused by the stress effect. A further explanation is that
the increase in the effective stress means the cross-sec-
tional area of capillary bundles decreasing and results in
the radius of more capillaries less than the critical capil-
lary radius. It can also be observed from Fig. 8 that the

higher S, corresponds to the lower rock elastic modulus.

@ Springer
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Fig. 11 The irreducible water saturation versus maximum displace-

ment pressure at different ratios 7,,;,/7 .«
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Fig. 12 The irreducible water saturation versus maximum displace-
ment pressure at different temperatures

The reason for this result is that the lower rock elastic
modulus is, the lower resistance to contract capillary bun-
dles and the easier changing the rock microscopic pore
structure. Figure 9 also demonstrates that the S, is higher
when Poisson’s ratio is higher. The phenomenon can be
explained that the higher Poisson’s ratio is, the higher
elongation of capillary bundles and more pore space con-
tacting with water. However, the changing range of S;,
with Poisson’s ratio is not very large. The transverse strain
of porous media is very small in actual reservoirs, so the
proposed model is in agreement with the actual physical
situation.

@ Springer

The increasing extent of the S, increases with the
increase in the DSW coefficient, as shown in Fig. 10. It can
be explained by that the more complicated the structure
of porous media, the more dead-end pores are filled with
immobile water, which results in the increase of S,

When the r,,,, has a constant value of 1.68 pm, the ratio
Tmin/ Tmax 1 changed. (The result of S,;. shown in Fig. 11.) At
a certain maximum displacement pressure, the S,,;, increases
with the decrease in the ratio 7, /7, .- The increase in S,
value indicates that when the r,;, becomes smaller, the pore
radius decreases, and more immobile water will be adsorbed
on the surface of porous media on account of the increase in
the specific area of the porous media. In addition, the radius
of more capillaries is less than the critical capillary radius
with an increase in the ratio r;/r,,... Therefore, the S,
will be increased.

Figure 12 shows that the S, decreases with the increase
in the formation temperature if the maximum displacement
pressure remains constant. Theoretical analysis shows that
different wettabilities may result in different distributions of
irreducible water on the rock surface (She and Sleep 1998;
Zhang et al. 2016, 2017). As the temperature increases,
the water viscosity decreases and the water film thickness
becomes thinner. The model proposed in this paper is based
on the hydrophilic rock model. Therefore, S,,;. decreases
with increasing temperature.

wir

min'

max*

5 Conclusions

In this paper, a new theoretical model is derived for cal-
culating S, in tight gas reservoirs, which is based on the
capillary model and fractal theory. This new model takes
into account the effects of the DSW, water film, stress and
the formation temperature. The accuracy and applicability of
this new model for tight sandstone reservoirs are verified by
comparing the results of previous studies and experimental
data.

The theoretical study of S,,;, under reservoir conditions
shows that the S, is related to the effective stress, rock
elastic modulus, pore radius, DSW coefficient, formation
temperature and other microstructural parameters. Based on
the proposed model, the parametric study shows that the
S.ir increases with the increases in the effective stress and
Poisson’s ratio of rocks and a decrease in the elastic modulus
of rocks. For a given maximum displacement pressure in a
hydrophilic reservoir, the lower ratio r; /r, .., higher DSW
coefficient, and lower formation temperature yield higher
Swir'

The proposed model is developed considering the effects
of DSW. However, the method for describing the effect of
DSW is still idealized in this paper. The gas—water two-
phase fluid flow in a tight gas reservoir under the condition
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of effective stress and variable irreducible water saturation is D.—d Ing
an active and challenging research field. The research field is = (16)

currently in progress and requires more investigation.
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Appendix 1: Fractal scaling theory

Previous studies have suggested that natural porous media
have the fractal characteristics (Hansen and Skjeltorp
1988; Katz and Thompson 1985; Ozhovan 1993; Yu and
Liu 2004); in addition, the microstructures and porous size
distribution of porous media undoubtedly have fractal char-
acters (Yu and Cheng 2002; Yu and Li 2001). Based on
the fractal scaling theory, the cumulative pore size distribu-
tion can be reasonably expressed by the following equation
(Majumdar and Bhushan 1990; Xu et al. 2013):

Dy

NE> ) = (rm—r‘"”‘) (14)

where r and r,,, are the radius of a certain pore and the
maximum pore, respectively; £ is the length scale; N is the
number of pores; D; is the fractal dimension for pore size
distribution.

For tight sandstones, the ratio r;,/r,... in porous media

can be obtained through the following equation:

Tmax

f(rdr =1 (15)

Tmin

which indicates that the tight sandstones truly have fractal
characters. Fractal dimension can be determined by poros-
ity ¢, and the ratio r;/r,,.,, in the natural porous media (Yu
and Li 2001):

"min

In (rmin/rmax)
where ¢ is the porosity; d is the Euclidean dimension; r;, is
the minimum pore radius. In addition, the number of pores
from the minimum size r,;, to the maximum size r,,, can
be determined by the following equation:

T Dy
N = <ﬁ> a7
Tmin
Generally, it is no doubt that the pores in the porous media
are numerous in Eq. (4). After differentiating Eq. (4), the num-

ber of pores from the range r to r+dr can also be expressed as
(Yu and Cheng 2002; Yu and Li 2001):

~dN = Dyl =Pty (18)

where —dN >0, which implies that the number of capillary
bundles decreases with the increase in the capillary diameter.

Then, the probability density function for pore size distribu-
tion can be determined as (Yu and Cheng 2002):

f() = Derg = ®@rth (19)

where f(r) is the probability density function for pore
size—distribution in the rock.

Due to the tortuous nature of those capillaries, the actual
length of that L> L, in which L) is the representative length of
a capillary (Xu et al. 2013). The length L(r) of a tortuous flow
path is related to the capillary radius and the capillary length
based on the self-similar fractal law (Bonnet et al. 2001):

L(r) = 2N DL (20)

where Dy is the tortuosity fractal dimension; L(r) is the tor-
tuous flow path, m; L is the actual length of the capillary;
and L, is the representative length of these capillary. The
fractal dimension for tortuosity Dy can be determined as
follows (Yu 2005; Lei et al. 2015; Xu and Yu 2008; Zheng
et al. 2013):

Dy=1+ 1N ive
T /2 @h
where the average tortuosity is given by:
<; _ 1>2 41
Vi 4
=1+ IV g+ V=0
2 2 1— m
(22)
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1/2
LO =Df_1 1_¢ I Tmax (23)
2we /Dy | ® 4(2-Dy) T'min

where 7, is the average tortuosity; r,,.
radius.

The total pore area on the cross section of the porous media,
as suggested by Xu et al. (2013), can be obtained as:

is the average pore

wDy(1 — $)r2

A= ——= 24
¢(2-Dy) .

The representative length L, can be written as (Yu and
Cheng 2002):

D1 — ¢)
L = A = _—
o= VA=r,. (D) (25)

where A is the cross-sectional area of the sample, m2.

Appendix 2: Fractal porous media
considering stress sensitivity

During the gas production of actual tight sandstone reser-
voirs, the decrease in pore pressure during production would
induce significant modifications of the stress field, resulting
in an increase in the effective stress applied on the reservoirs.
(Archer 2008; Gangi 1978; Lei et al. 2018b; McKee et al.
1988; McKinney et al. 2002; Tan et al. 2015; Zhu 2013). The
increased effective stress corresponds to the compaction of
rock, which will reduce the radius of the pores and decrease
the porosity of porous media.

The deformed capillary radius can be rewritten as (Gangi
1976, 1978; Lei et al. 2018a):

B
371:(1—\}2)Peff
=rql -4 —
r=r l = 26)

where E is the rock elastic modulus, MPa; v is Poisson’s
ratio, dimensionless; f is the power law index which is
affected by the pore structure; and P, is the effective stress,
MPa.

Assuming the total number of pores is constant under
different stress conditions, then the following equation can
be express as (Lei et al. 2015, 2018b):

Dy D{.
"max "'maxs
Tmin Tmins

@ Springer

where Dy’ is the stress-dependent fractal dimension, dimen-
sionless, and it can be rewritten as:

In (rmax/rmin)

Dg = Dy (28)
In (rmaxs/rmins)

f

The expression of rock porosity after deformation can
be written as:

b = (e /Toin) 0 29)

The stress-dependent tortuosity fractal dimension can be
express as:

ln Taves

D= 14— we
T In(L{ /2r,

aves)

(30)

2
1 1
\/( = _1) t

1 —4/1 = ¢
(€2Y)
, 1/2

LO =D;_1 1= ¢ T Tmaxs 0
2raves /Dl’C d)s 4(2 - D;‘) Fimins (32)
L (33)
where 7, is the average tortuosity under effective stress;
Taves 15 the pore radius under effective stress, m; L' is the

representative length of a capillary under effective stress, m.
The length of porous media under effective stress condi-
tions can be expressed as (Hibbeler 1997; Tan et al. 2015):

P, 1D} pr
Ls<rs>=(1—vgf)<§) Ly (34)

where F is the shape factor, dimensionless.
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