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Abstract:

The shape, size, and connectivity of porous structures control the overall storage capacity
and flow in oil and gas reservoirs. The mercury intrusion capillary pressure (MICP) tech-
nique is widely utilized to measure capillary pressure and calculate pore size distribution of
core samples in the geo-energy industry. Combining the MICP capillary pressure data with
parameters from other experimental methods (such as scanning electron microscopy, and
nuclear magnetic resonance) or theoretical approaches (such as fractal theory) can more
accurately describe the pore structure of reservoirs. In this paper, the latest advances on the
application of primary drainage MICP curves from reservoir porous structures are reviewed
in three main aspects: The measurement and calculation of MICP capillary pressure,
estimation of pore size distributions making use of fractal characteristics, and determination
of permeability. Experimental measurements and numerical simulation methods of MICP
capillary pressure with its influencing factors are also discussed. MICP capillary pressure
combined with other methods are argued to be one of the main directions for future
research on reservoir pore structures.

1. Introduction

Capillary pressure, the pressure difference between two
immiscible fluids forming interfaces in porous media, is an
essential physical parameter to study the pore structure and
the fluid flow in rocks (Li et al., 2020a). Capillary pressure is
caused by the interaction force of internal fluids and boundary
solid (Vavra, 1992). It not only controls the static distribution
of reservoir fluids before production but also the distribution
of residual oil and gas after production (Dakhelpour-Ghoveifel
et al., 2019). Above all, mercury intrusion capillary pressure
(MICP) can provide indirect information of pore structure and
effective permeability in porous media (He and Hua, 1998;
Tian et al., 2012; Liu et al., 2016; Huang et al., 2018).

One of the most important application of MICP is quanti-
fying the pore structure and theoretically evaluating the quality
of oil/gas reservoirs (Purcell, 1949; Tiab and Donaldson, 2004;
Dakhelpour-Ghoveifel et al., 2019). The pores act as storage
sites and migration paths for fluids in porous media (e.g.,
oil and gas), so fluid flow is influenced by microscopic pore
characteristics (Tsakiroglou and Payatakes, 2000; Tian et al.,
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2012; Liu et al., 2016). However, it is difficult to describe its
microscopic characteristics accurately due to the complexity
and irregularities in porous media (Wang et al., 2012; Cai et
al., 2016).

In the geo-energy industry, accurate capillary pressure is
required to interpret the porous medium properties (Chung
and Lin, 2017; Dejam, 2018). Experimental capillary pressure
curves can be measured by MICP, centrifuge, high pressure
semipermeable membrane, etc (Li et al., 2020a). Among them,
MICP is a useful and economical technique in oil and natural
gas development (Semnani et al., 2019). However, it relies
on the use of mercury which is a strongly non-wetting phase
and this may not reflect true reservoir conditions. The main
advantage is that the method is strongly sensitive to the pore
throat size distribution as the incremental injection of mercury
must overcome increasing threshold pressures as smaller pores
are invaded. MICP is typically used for studying micro-pore
structures and pore size distributions (PSD) of reservoir rocks
(Purcell, 1949; Cerepi et al., 2002; Torabi et al., 2013; Liu
and Ostadhassan, 2019). However, a great deal of studies
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Fig. 1. Capillary pressure in capillaries. (a) The capillary bundle is put into the wetting phase; (b) The capillary bundle is put into the non-wetting phase.

have shown that very high mercury intrusion pressures may
damage the pore structure of rock samples because such high
pressure is larger than the pressure at which reservoir rocks
can be compressed, especially for softer shale and siltstones
(Zhu et al., 2010; Yang et al., 2014; Peng et al., 2017;
Huang et al., 2019). While MICP can quantify the pore space
and hence porosity, a limitation is that it cannot determine
irreducible wetting saturation (Li et al., 2020a). Researchers
have found that the pore structure characteristics of reser-
voirs can be accurately analyzed by combining MICP with
experimental methods (such as X-ray computer tomography
(X-CT) (Arns et al., 2005; Knackstedt et al., 2007), scanning
electron microscopy (SEM) (Zhao et al., 2020), and nuclear
magnetic resonance (NMR) (Cheng et al., 2019) or theoretical
approaches (such as fractal theory) (Mandelbrot, 1982; Krohn,
1988; He and Hua, 1998). Fractal geometry gave a new method
for describing complex and irregular structures (Mandelbrot,
1982). The macro-heterogeneity and micro-pore structures of
the pore space have been proven to have fractal characteristics
(Mandelbrot, 1982; Krohn, 1988; He and Hua, 1998; Xie et
al., 2010; Lai and Wang, 2015; Hao et al., 2017), so it is a
preferred method to describe the pore structure characteristics
of reservoirs using fractal dimension calculated from MICP
curves data (Friesen and Mikula, 1987; Angulo et al., 1992;
Shen and Li, 1994; Li, 2010; Yang et al., 2016; Su et al., 2018;
Li et al., 2019; Guo et al., 2020).

The connectivity and the PSD are closely related to the
permeability of porous media (Purcell, 1949; Allen, 1974; Gi-
esche, 2010; Nooruddin et al., 2014). MICP can be combined
with fractal theory to study the pore structure, which provides
information on the effective permeability (He and Hua, 1998;
Li, 2010a). In some unconventional reservoirs permeability
measurement cannot be carried out directly (Gueguen et al.,
1995; Comisky et al., 2007; Nooruddin et al., 2014). Hence,
accurate permeability estimation using available MICP data
is a good alternative. Theoretical models (based on bundle-
of-tubes assumptions) and empirical models to estimate per-
meability from MICP include the Purcell model (Purcell,

1949), Winland model (Kolodzie Jr, 1980), Swanson model
(Swanson, 1981), and Pittman model (Pittman, 1992), however
effective predictions is still challenging.

Herein, we explain the theory of capillary pressure in
porous media, and analyze the latest application and improve-
ment of MICP. Then, we summarize the application of MICP
on characterizing pore structure and predicting permeability
with some emphasis on how fractal characteristics are used.
A discussion of limitations and future directions for MICP in
reservoir pore structures are proposed.

2. Background of capillary pressure

The non-wetting and wetting phase fluids create a pressure
difference over their interface to move the periphery of the
meniscus towards the wetting phase, exemplified by a capillary
tube in Fig. 1 (Butt et al., 2003; Moghadam et al., 2020).
The capillary pressure p. is defined as the pressure difference,
De = Pnw — Pw , Detween non-wetting phase pressure pj,, and
wetting phase pressure p,,. In actual reservoirs, the impact of
a pore size distribution leads the two-phase domain to become
a transition zone extending a certain height (Fig. 2).

Fig. 2. Diagram of oil-water transition zone (how is the oil-water transition
zone).



64 Jiao, L., et al. Capillarity 2020, 3(4): 62-74

- 6 i
o water oil water | oil
— & —
AP — «— AP
0 0
. Pe <

(a)

Fig. 3. Diagram of water flooding under different wettability conditions.

Fig. 4. Diagram of capillary tube model.

A pore surface displacement process is shown in Fig. 3
(Vavra, 1992). Fig. 3(a) shows that if the pore surface is water-
wet, water automatically enters the core under the action of
capillary pressure to displace oil. More generally, the wetting
fluid displaces the non-wetting fluid on the surface. Fig. 3(b)
shows that the pore surface of the rock is oil-wetted. In
this case, same as in Fig. 1(b), the capillary pressure causes
resistance to water displacing oil and the rock surface cannot
automatically absorb water. Therefore, an external force must
be applied to overcome the capillary pressure.

3. Experimental measurement of the MICP

The benefit of the MICP test is that it provides continuous
information on porous structures and pore throat distributions
(Comisky et al., 2011). Mercury is injected into a rock sample,
as a strongly non-wetting fluid. In the analysis of MICP tests,
the porous media is commonly assumed composed of capillary
bundles with unequal diameters as shown in Fig. 4 (Sigal,
2013; Wang et al., 2018b). When the injection pressure is
higher than the capillary threshold pressure corresponding to
the pore throat, the pores are invaded by mercury. Therefore,
the injection pressure is equivalent to the capillary pressure and
the capillary radius is the pore radius. MICP experiments have
been reported to apply maximum mercury intrusion capillary
pressure up to approximate 276 MPa, which makes mercury

(®)

theoretically enters minimum pore radius as small as 2.7 nm
(Wang et al., 2018b).The mathematical relationship between
capillary pressure and pore radius is connected by Young-
Laplace equation (Eq. (1)).

20 cos 6
Pc= — @))]

r

where p. is the mercury intrusion capillary pressure, o is the
surface tension, 6 is the contact angle between the mercury
and the rock, r is the pore radius.

After the pressure injection reaches a defined maximum
value, it can be lowered to let the mercury saturation reduce.
This mercury ejection is an imbibition process, as shown later
in Fig. 6(a) and typically results in different curves compared
to the mercury injection capillary pressure curves.

According to the Young-Laplace equation, the maximum
pore radius corresponds to the minimum capillary pressure/dis-
placement pressure peg, Ped = 200860 /Timqy, Which is the
capillary pressure of the largest connecting pore throat in
pore system when the non-wetting phase fluid begins to
enter core pores. This is the capillary pressure that must
be overcome before mercury will enter the sample. p.; is
one of the main parameters to evaluate storage and seepage
and is closely related to permeability. Reservoirs with good
permeability have low p.;. Fig. 5 shows the relationship
between displacement pressure p.; and different pore struc-
ture parameters in low permeability sandstones (Wang et al.,
2018a). Fig. 5(a) indicates that p.; decreases in power-law
with increasing sorting coefficient. Greater sorting coefficient
means that the PSD range is wide. The pore space then has
access to large pores with good connectivity. Fig. 5(b) shows
that p.; decreases by power-law as median pore radius Rsg
increases. Fig. 5(c) shows p.; decreases with porosity. Fig.
5(d) shows p.; has a strong and negative correlation with
tortuosity. With displacement pressure p.4 increasing, sorting
coefficient, median pore radius Rsy, and porosity decrease
and tortuosity increases, indicating PSD and pore structures
become more complex.
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Fig. 5. The relationship between displacement pressure pcd and pore structure parameters (from Wang et al., 2018a).
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Fig. 6. (a) capillary pressure curves (NO. 5 porosity: 15.7%, permeability, 1.04 mD. NO. 6 porosity: 5.3%, permeability, 0.04 mD. NO. 7 porosity: 14.1%,
permeability, 2.2 mD. NO. 8 porosity: 11.1%, permeability, 0.36 mD) and (b) pore size distribution.
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3.1 Application of capillary pressure curve

The MICP capillary pressure curve is a viable measure
for characterizing the pore structure, which is controlled by
the sorting and size of the pore-throats. As shown in Fig.
6(a), the middle flat segment of NO. 7 curve is longer than
others in sandstone samples indicating that pore distribution
represented in the middle flat segment is more uniform. The
middle flat segment is closer to the horizontal axis indicating
the larger the major pore radius in the rock samples. Fig.
6(b) shows the pore size distributions from MICP calculation
of core samples No.6 and No. 7. The pore size varies from
several nanometers to dozens of micrometers. The maximum
pore radius distribution is largest between 1 and 1.6 pum
of core NO. 7 and is located between 0.063 and 0.1 nm
of core NO. 6. These phenomena can explain the reason
why porosity (14.1%) and permeability (2.2 mD) of NO.7
physical parameters are largely outweigh those (5.3% and 0.04
mD) of NO.6. Meaningfully, it is reasonable to analyze the
pore structure characteristics through the capillary pressure
curve, further studying the relevant parameters of PSD and
percolation ability.

Several studies (Purcell, 1949; Olson and Grigg, 2008;
Comisky et al., 2011) show the usefulness of MICP for
determining porosity of small or irregular rock samples. Com-
bining capillary pressure curves with petrophysical properties
in porous media, capillary pressure data can be employed
to obtain numerous related parameters (specific surface area,
permeability contribution, J function curve, average pore
radius, maximum pore radius, sorting coefficient, displace-
ment pressure, relative permeability, PSD, wettability, etc.) of
reservoir properties. Considering the above capillary pressure
parameters, the pore structure can be effectively evaluated.

3.2 Improvement of experimental measurement

As for unconventional reservoirs, the traditional MICP
experimental results may produce some errors caused by
different types of pores (micro fractures, vugs, etc.), wettabil-
ity, Jamin effect. Therefore, scholars have proposed different
improvement measures to enhance its applicability. Li et al.
(2020a) conducted a self-developed capillary pressure mea-
surement method (SDM) to measure the in-situ capillary pres-
sure under reservoir condition (SDM-R) for low permeability
rock in the laboratory. SDM can determine directly capillary
pressure caused by the difference between the water and oil
pressures in primary drainage case. The capillary pressure ob-
tained by MICP need to be converted. The same core samples
were segmented into two parts (the porosity and permeability
are the same) to conduct SDM and MICP, respectively. Fig. 7
(the physical parameters are shown in Table 1) shows that the
capillary pressures through the conversion of MICP method
are slightly higher than in-situ capillary pressures because of
the former higher relative error in converted capillary pressure.
Sun et al. (2020) found a reciprocating MICP technique as
shown in Fig. 8, which presents the increment of mercury
intrusion the original sample and repeated mercury injection
into the same sample. It can be observed that the increase of

Table 1. The physical property parameters corresponding to the rock
sample in Figure 7 (from Li et al., 2020a).

Core NO.  Porosity, %  Air permeability, mD
1 7.6 0.173
2 9.2 0.394
3 11.5 0.614
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Fig. 7. Comparison between capillary pressures obtained from different
measurement methods (from Li et al., 2020a).
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Fig. 8. Pore-throat diameters of original and re-intrusion samples (from Sun
et al., 2020).

the second mercury intrusion is lower than the initial mercury
injection, and the results proved that the high pressure may not
generate new micro-fractures and damage shale samples pore
structure. Although reciprocating MICP is secondary drainage
method, the influence of the residual saturation formed at the
first mercury intrusion on the results is ignored.

Jia et al. (2019) found that capillary pressure decreased
by changing the wettability of coal samples from water-wet
to strong gas-wet to improve fluid microscopic flow char-
acteristics, thus coalbed methane recovery was significantly
enhanced. Hussien et al. (2019) proposed methods to reduce
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Table 2. Capillary pressure models in literature.

References Model Comments
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the residual non-wetting phase saturation

SHyg is the mercury saturation, Sy is the mercury saturation with
maximum capillary pressure, p, is the entry capillary pressure, and
F, is the pore shape factor (dimensionless)

A is pore size distribution index
Sw - ch
- ch

o, n, and m are independent parameters, S}, =
a, d, and ng are parameters, which have to be obtained according
to actual conditions, p? is scaling factor of the capillary pressure
o, ny, and my are independent parameters, f3 is interfacial tension

Pmax 1s the maximum capillary pressure

)
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Fig. 9. Dynamic and static capillary pressure (from Li et al., 2017).

the contact angle by using surfactant, and increased the tem-
perature and pressure, thereby reducing the capillary pressure
and promoting the desorption of gas to achieve the purpose
of increasing shale gas production. Simultaneously, contact
angle can influence capillary pressure, and capillary pressure
decreases with the increasing contact angle (Culligan et al.,
2004). Li et al. (2019) studied the effect of fractures on

dynamic capillary pressure of rock samples because of the
contact angle improvement in fractured media.

Additionally, the capillary pressure under the equilibrium
state of wetting phase and non-wetting phase interface is
conventionally measured (Tian et al., 2012; Li et al., 2020b). In
such a state, capillary pressure is expressed as the function of
fluid saturation, which is invariable with time. However, multi-
phase flow is regarded to be dynamic (Li et al., 2020b). Fig. 9
shows capillary pressure curves present two characteristics: the
dynamic capillary pressure, and the static capillary pressure
under equilibrium condition to characterize the multiphase
flow (Li et al., 2017). The dynamic capillary pressure is
larger than the static capillary pressure in lowest permeability,
and the difference is obvious the reason why the increase of
two immiscible fluids interfaces curvature generates a higher
capillary pressure in dynamic conditions than that in static
conditions (Mirzaei and Das, 2007; Zhao et al., 2008; Li et
al., 2017).

3.3 Numerical models based on experimental
measurement

Many studies have proposed empirical or theoretical cap-
illary pressure models as seen in Table 2 where important
reservoir parameters are included in the expressions. Brooks
and Corey (1964) proposed a capillary pressure model (B-C
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model) relationship between normalized wetting phase satura-
tion and capillary pressure. However, The B-C model does not
properly match MICP curves of microfracture rocks. Li and
Horne (2006) coupled the B-C model with fractal modeling,
and got close match to experimental MICP capillary pressure
data from the Geysers rocks with a considerable amount of
microfractures. Subsequently, Li (2010a) found a more general
capillary pressure model from fractal geometry to analyze the
rock in which the Brooks-Corey model can match and the rock
in which the Brooks-Corey model cannot match. Interestingly,
the quantitative determination the heterogeneity and complex-
ity of different rock samples used fractal dimension is consis-
tent with the conventional qualitative method considering the
frequency diagram of PSD based on the previous theoretical
basis. Wang et al. (2019b) expressed a new capillary pressure
model introducing both the fractal dimension and tortuosity
fractal dimension which is the fractal distribution of tortuosity
describing streamtubes tortuous or meandering. Meanwhile,
Kim et al. (2011) analyzed different types (drainage-type and
imbibition-type) capillary pressure models in carbonate rock
including macropores and micropores.

4. Capillary pressure and fractal characteristics
for pore structure

Many researches showed that the reservoir pore space
presents fractal characteristics, and the fractal theory has been
considerably used for characterizing the microscopic pore
structure (Zhu et al., 2011; Cai et al., 2015; Ji et al., 2016).
Based on MICP experiment, it is also a new method to study
the pore structure of reservoirs (Yu et al., 2019).

4.1 Fractal models

Mandelbrot first proposed the fractal theory, which is used
to characterize and evaluate the pore structure characteristics
(Mandelbrot, 1982).

N(r) o< r s )

where N(r) is the number of capillary tubes with radius r,
Dy is the fractal dimension, a measure of the complexity
and irregularity of porous media, which is a key physical
parameter to analyze the distribution and heterogeneity of
pore structures in reservoir rocks. Capillary pressure and fluid
saturation present a power-law function relationship, its index
is related to the fractal dimension of the rock pore surface
(Brooks and Corey, 1964; Angulo et al., 1992). Considerable
studies showed that it is reasonable by matching the general
fractal model to experimental MICP data to obtain the fractal
dimension (Angulo et al., 1992; Shen and Li, 1994; Li, 2010a).
The number of capillary tubes N(r) is derived from the
mercury intrusion experiment data. Li (2010b) expressed the
N(r) as given by

Vi
N =% 3

where Vy, is the cumulative volume of mercury intrusion when
the measured pore radius is r, [ is the core length.

Substituting Eq. (3) into Eq. (2),

VHg -D
% 7 4
a2l o @

[ is a constant, arranging Eq. (4),

Vigg oc r* 01 (5)

As pore radius r can be represented by mercury intrusion
capillary pressure p. based on Eq. (1), and Vg, can be
represented by mercury saturation Sg,.

Eq. (5) can be expressed as:

Stg o< i 7 ©)

Differentiating Eq. (6),

ds -
T ot )
dpe

Friesen and Mikula (1987) proposed a three-dimensional
geometric fractal model in a different case that a three-
dimensional pore model (N(r) = Vi, /7r®) instead of a two-
dimensional capillary tube model. The fractal model can then
be expressed as:

das D—4
T Y ®)
Pc

He and Hua (1998) proposed a different theoretical model
for calculating the fractal dimension. The authors assumed that
pore volume is defined as or?, where o is a constant related
to pore shape, and neglected the minimum pore radius (7, <
Imax)- Considering the relationship between the displacement
pressure, capillary pressure, and wetting phase fluid saturation,
the calculation formula can be expressed as follows

(Dy-3)
w«(m> )
Pcd

where S, is wetting phase saturation, p.; is the displacement
pressure. Hao et al. (2017) calculated the fractal dimension of
the sandstone rock samples of the Yanchang Formation in the
Ordos Basin using Eq. (9). Eq. (9) presents the relationship
between saturation of the wetting phase and capillary pressure.
However, the wetting phase saturation cannot measure directly
from MICP method due to the higher adhesive forces between
the wetting phase and the rock surface (Zhang et al., 2016).

Furthermore, the thermodynamic analysis during the MICP
experiment, a new thermodynamic model (Eq. (10)) for cal-
culating the fractal dimension is shown (Zhang and Li, 1995;
Zhang et al., 2006). The theoretical fractal dimension can
be used to determine the roughness and heterogeneity of the
surface of the porous medium.

13

W, Vi,
In{ — | =Dl C
n(r%> fﬂ( " >—|—

where W, is the cumulative surface energy during the mercury

(10)

n
intrusion process, W, = ¥ p.iVi, pci and V; are the MICP and
i=1
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Fig. 10. The correlation between the fractal dimensions and pore structure parameters (from Wang et al., 2018a).

increased mercury volume at stage i, respectively, V,, is the
intrusion volume of mercury, and r, is pore radius.

Using the capillary pressure curve data of the drainage case
in Fig. 6, different mathematical models have been developed
to calculate the fractal dimension (Li, 2010b; Su et al., 2018).
Based on the fractal theory, studies showed that the micro-
pores, transitional pores, and mesopores fractal dimensions
were evaluated theoretically using the high-pressure mercury
intrusion (HPMI) experiment data (Li et al., 2017). The HPMI
experiment systems can inject mercury pressures up to 400
MPa (Moghadam et al., 2020). The heterogeneity of pore
structure in Chang 7 low-permeability sandstone reservoirs
were studied by values of fractal dimension, and the larger
fractal dimension means that pore structures are irregular and
heterogeneous in porous medium (Li et al., 2017; Guo et
al., 2020). This may explain the universal applicability and
effectiveness of the model.

4.2 Fractal characteristic analysis

Considering the different fractal models, Wang et al.
(2018a, 2018b) used the capillary pressure data obtained from
conventional MICP and HPMI experiments to calculate the
fractal dimension. The authors studied the pore structure
characteristics of low-permeability sandstone and carbonate
rock samples respectively. Fig. 10 shows that the relationship

between the fractal dimensions (in three-dimensional space)
and pore structure parameters of carbonate rock samples. As
the fractal dimension increases, the displacement pressure
and tortuosity increase exponentially, the corresponding pores
and channels become smaller and more tortuous. The sorting
coefficient and median radius decrease continuously with the
fractal dimension increases. Consequently, as fractal dimen-
sion increases, the pore structure is getting more complex.

In the above models, only the fractal dimension of the
pore space was considered, and the effect of pore geometric
tortuosity is neglected. Considering the tortuosity of pores, a
new model for calculating the fractal dimension was derived
(Su et al., 2018) . The model is expressed as:

logSchx (Df‘i’DT*S)lngL (11)

where Dr is the tortuosity fractal dimension.

Although various models can be used to calculate the
fractal dimension using MICP curves data in the section 4, it
failed to indicate which fractal dimension is the most suitable
for characterizing the reservoir pore structure.

5. Calculated Permeability with MICP data

Permeability is one of the important petrophysical prop-
erties of the reservoir (Pape et al., 1999). MICP capillary
pressure can be used to estimate it.



70 Jiao, L., et al. Capillarity 2020, 3(4): 62-74

Theoretical models and analysis

The porosity and pore radius corresponding to the mercury
saturation during the MICP process were used as independent
variables to establish the empirical permeability equation. Eq.
(12) is the classical Winland model (Kolodzie Jr, 1980).

logrss =0.73240.588log K — 0.864log ¢ 12)
where r3s5 is the pore radius with 35% mercury saturation, K
is the permeability, ¢ is the porosity.

Wang et al. (2018a) used the Winland model to predict the
permeability of low permeability sandstone reservoirs based on
capillary pressure data, and found optimal permeability pre-
diction equation corresponding to pore size rs as a constraint
for low permeability sandstones.

logrs = 0.46641ogK +0.6831log ¢ +2.1297  (13)

where rs is the pore radius with 5% mercury saturation. There
are many factors that affect permeability. Zhang et al. (2017)
found that the permeability of tight sandstone reservoirs has a
poor correlation with porosity, and proposed two models (Egs.
(14) and (15)) to predict permeability.

10gdmax = 1.899+ 1.71210g K +0.844log¢  (14)

logdy = 0.948 +1.2631og K +0.838log ¢ (15)
where dnax is pore diameter with displacement pressure, dy is
the pore diameter at inflection point, which is the boundary of
different pore types (intergranular and intercrystalline pores)
indicting that the seepage capability of porous media worsens.

In order to accurately predict the permeability of low-
permeability sandstone reservoirs, Guo et al. (2020) proposed
a new model Eq. (16) of permeability prediction considering
fractal dimension.

2.555 0.033
Df In

logK = —2.027+ (16)
where r, is the pore size corresponding to capillary pressure.

Permeability is controlled by pore throat sizes, which is
closely related to displacement pressure p.; mentioned in
section 4 (Schmitt et al., 2015; Lai et al., 2018). Purcell (1949)
illustrated that the square of reciprocal of capillary pressure
corresponds to permeability change. In fractal porous media,
capillary pressure and fractal method can be used to model
fluid flow (Buiting and Clerke, 2013; Cai et al., 2017). Yu
and Cheng (2002) proposed a fractal permeability model for
calculating the permeability, considering capillary diameter
distribution and tortuous capillary tubes conform to fractal
characteristic in porous media, respectively. The prediction
model is expressed as:

1-D
_r L ! Dy 34Dy
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Fig. 11. The correlation between the permeability and p.; (from Wang et
al., 2018a).

where Amax is the maximum pore diameter, as Ap.x can be
expressed with mercury saturation p.,, substituting Eq. (1)
into Eq. (17),

m(4ccos)>PT L(l)_DT

128 A

Dy —(3+Dr)
Pea

3+Dr —Dy
where Ly is the representative length, A is the area of cross
section and A = L(z). Wang et al. (2019a) took the tortuosity
characteristics into account when the fluid flows in a single
tortuous capillary tube and then developed a new prediction
permeability model.

K=

(18)

T L(l)iDT Df
323+Dyr) A 3+Dr — Dy

Similarly, Eq. (20) can be rewritten as:

3+Dy
Z’m‘dx

K=

19)

_ m(4ocos 6)>or L(])fDT

D -
K= f (3+Dr) (20)

2 (Dr +3)A3+ Dy — D, Ped

Eq. (20) is similar to Eq. (18). When Dy = 1, the improved
mathematical models (Eqgs. (18) and (20)) can be simplified
as:

4 Dy 4
K=2n(ccos0) 4—Dfpc‘1

As fluid flows through the capillary bundle. Fig. 11
presents experimental permeability compared with calculated
permeability using different fractal permeability models (Egs.
(20) and (21)). It indicates that the power function relationship
between permeability and p.4, and permeability will decrease
significantly as capillary pressure increases.

The factors of pore size and porosity are considered in
these models, which are applicable to conventional reservoirs.
The permeability of Eq. (12) is calculated by porosity. For low-
permeability reservoirs with poor correlation between porosity
and permeability, the calculated results are more different from
the actual measured values. In Egs. (14) and (15), the threshold
values dmax and dy, important factors affecting permeabil-
ity, which make the permeability change significantly, were

21
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considered. The porosity in Eq. (16) was replaced by fractal
dimension, and it provided a new direction for the permeability
prediction. Egs. (14), (15), and (16) are considerable modified
based on Eq. (12).

6. Discussion and future works

Further study of MICP capillary pressure combined with
other methods can provide better characterization of reservoir
pore structure.

1) Capillary pressure curve can be used to characterize the
microstructure characteristics of the reservoir. The widely
used MICP method has incompleteness in unconventional
reservoirs. In order to accurately investigate the pore
structure characteristics of unconventional reservoirs, a
combination of MICP curves and other methods, such as
X-CT, SEM, and NMR, can be used.

2) Based on the MICP experiment, different fractal models
are used to calculate fractal dimensions to characterize
the reservoir pore structure, and study the relationship
between the fractal dimension and petrophysical proper-
ties. However, due to the large differences in reservoirs
and different physical parameters, the fractal dimension
calculated by fractal models cannot indicate the most
applicable model corresponding to specific reservoir.
Therefore, how to select the most suitable model needs
to be considered in future work.

3) Combining MICP data to predict reservoir permeability,
frequent methods are obtained empirically, but the empir-
ical parameters may not be correlate in the same way or
be sufficient for each reservoir. Therefore, more factors
need to be considered to make the predicted permeability
more accurate.

7. Conclusions

Reservoir pore structure characteristics determine the oil
and gas reservoirs storage and flow capacity. The MICP
experiment is an effective method to infer the pore structure
of reservoirs. A combination of parameters from MICP curves
are used to estimate permeability and other parameters. This
article analyzed the application research of MICP. Based on
fractal theory and MICP curve data, the fractal dimension is
used to evaluate the pore structure and petrophysical properties
of the reservoir.
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