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ARTICLE INFO ABSTRACT

This paper discusses the relationship among capillary pressure (Pc), nuclear magnetic transverse relaxation
time (T>) and resistivity index (). The three parameters are related to the geometry of pore structure. We use
the fractal concept to describe the relationship between T and I.In addition, a new T»-I model is established. 8
Cores from tight sandstone reservoir in China are selected to do experiments. The results reveal that the cores
have continuous fractal dimension characteristics. Additionally, the fractal dimensions appear great differences
in the different pore radius scales. Therefore, a piece-wise fitting method is adopted. We divided the pores into
macropore, mesopore and micropore. Through the verification, our T»-I model and piece-wise fitting method
are feasible. An application example is also provided in this paper. Based on our researches, we adopt NMR
logging data to obtain dynamic parameters of Archie's formula b and n for calculating water saturation in Tight
Sandstone Reservoir. The comparison between our method and normal method demonstrated that our model is
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much better at matching the core water saturation.

1. Introduction

Capillary pressure curve, resistivity index and nuclear magnetic
resonance measurement are very important experimental methods for
researching the rock pore structure and electrical conductivity. The
research of the relationship of the three rock physics parameters has
been taken seriously in recent years. Both core nuclear magnetic
resonance experiment and capillary pressure measurement experiment
can evaluate the pore structure. In NMR experiment, when rock
saturated with water, the transverse relaxation time (72) is propor-
tional to the pore size (Chen et al., 2008). Capillary pressure (Pc)
measured in experiment is two miscibility fluid pressure differences in
the pore which has good corresponding relation to the pore radius.
There are many studies of the transformation relationship between PC
and T2, Coates et al. (2007) proposed that T2 and rock pore throat size
distribution obtained by mercury injection experiment have a good
correlation, through the appropriate conversion factor can be mutual
conversion. A linear transformation method was applied to get pseudo
capillary pressure curve by N. Li et al. (2013), Yakov and Wim L (1999)
and Liu et al. (2003). He et al. (2005a, 2005b) and concluded that the
relationship between T2 and the pore throat radius is a power function.
Zhang and Weller (2014) used a fractal concept to describe the
geometric structure and compare the fractal behavior of pore volume
distribution investigated by capillary pressure curves and NMR.
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Based on the notion that both the capillary pressure and resistivity
are functions of saturation, a relationship between P and I can be
established. Szabo (1974) assumed that the exponent of the relation-
ship between capillary pressure and water saturation is equal to the
exponent of the relationship between resistivity and water saturation,
he propose a linear relationship between the resistivity index and
capillary pressure. Li (2006) established a power law function between
capillary pressure and resistivity index which has been widely used at
present.

The current research on the relationship between T'> and resistivity
index (I) is scanty. Zhang et al. (2012) concluded that there is a power
function relationship between T2 and I at the specific wetting phase
saturation. Ge et al. (2012) proposed that T2 and I obey the scaling law
when the saturation is greater than the irreducible water saturation.
Bai et al. (2014) proposed a relationship between the two and
calculated the corresponding coefficient. However, the existing re-
search lacks the discussion and the application method of the influen-
cing parameters.

In this paper, we want to establish a new T2-I model based on the
relationship among T2, capillary pressure and resistivity index. We
take low permeability cores from tight sandstone reservoir in China.
The experimental results show that the relationship between Pc and I
can’t fit a straight line to the log-log plot. No uniform fractal dimension
can be derived which is different from the phenomena showed in Li's
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paper (2006). Therefore, we adopt segmentation method to fit.
Therefore, we set the pore radius which is greater than 1 uym as the
macropore, the mesopore ranged from 1 pm and 0.03 ym, and the
micropore is set as the pore radius below 0.03 um. According to the
classification of pore, the parameters of the new model need to be
discussed. Through combining our new model with the Archie's
formulas (the relationship between the resistivity index and water
saturation), we can use NMR to obtain the parameters of Archie's
formulas and water saturation. We show an application of our method
and model. According to the theory above, it is possible to obtain the
dynamic changes of resistivity index and parameters of Archie's
formula by NMR logging in reservoir evaluation. We evaluate the tight
sandstone reservoir of well M (located in the northwest of China, the
Sulige area in the Ordos Basin), the dynamic saturation parameters are
calculated by our method, and the result of the saturation is consistent
with core data.

2. Theoretical background

2.1. Relationship between the capillary pressure (P.) and the
resistivity index (1)

In the Archie's formula put forward by Archie (1942), the relation-
ship between the resistivity index and water saturation is shown as
follows:
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I is the resistivity index; b is the constant of the Archie's formula; n
is the saturation index; R, is the sample resistivity; Ro is the rock
resistivity in the case of 100% water bearing; and S, is the water
saturation. In this study, the I - S, curves are a single fractal
dimension, and b and n are the fixed values throughout the saturation
distribution.
The capillary pressure can be expressed as follows:
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Where P,,,,, and P,,, are the pressures of the non-wetting phase and
wetting phase fluids, respectively; P, is the capillary pressure; r is the
capillary radius; ¢ is the tension of the two-phase fluid boundary
surface; and @ is the wetting angle. It is clear that the capillary pressure
is inversely proportional to the capillary radius. The relationship
between the capillary pressure and the saturation can be established
through a mercury injection experiment.

Toledo et al. (1994) proposed that P, is a function of saturation
based on the fractal theory:

k. = Rw—FRy
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Where D is the fractal dimension. Based on the fractal model of the
porous media, the relationship between the capillary pressure and the
resistivity index was given by Li (2006).
Rp=1r=E
R 4)
B is the index related to the water-film thickness, which is the
function of the fractal function Dy P.p is the dimensionless capillary
pressure; and Pe is the threshold pressure.

2.2. Relationship between the capillary pressure (P.) and the nuclear
magnetic transverse relaxation time (T>)

Researches on the relationship between P. and T- are relatively
abundant. The methods of using the T> distribution for transforming
the pseudo capillary pressure curve mainly include linear method and
power function method.
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Fig. 1. The relationship between T> and the pore radius of cores in the study area.

In the linear method (Kleinberg et al., 1996; Yakov et al., 1999;
Slijkerman et al., 2001; He et al., 2005a, 2005b), it is assumed that a
linear relationship exists between P~ and the reciprocal of T- as
detailed below:
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In the equation, C; is the linear transformation coefficient, and can
be obtained by the core data analysis. The power function method is
more frequently applied, and the relationship between T- and the
corresponding capillary radius has been given by He et al. (2005a), and
which was mentioned indirectly by Ge et al. (2012) as follows:

T =mr'™ (6)

Where m, and n;, are the empirical coefficients, obtained by the core
data analysis. Fig. 1 displays the relationship between T and the pore
radius in our research area. It is obvious that the power function
method is suitable for Tight Sandstone Reservoir. Therefore, the power
function method has been used in this paper.

2.3. The new T>-1 model

Although the relationships between the T- and P., as well as
between P. and I, have been extensively studied, research on the
relationship between the T- and I must be established and requires
further development. By combining the previous research on the
relationship between the capillary pressure and the resistivity index,
the relationship between the T and I was studied incorporating the
fractal theory (Zhang et al., 2014). The pore volume distribution
expression of the known space is shown as follows:
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In the equation, V is the volume of the pores with the radius of r
among rock samples; and this equation is used to derive r.
av
—_ r=—br
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In accordance with the principle of fractal geometry, the integral
was carried out on the above equation in order to obtain the expression
of the cumulative pore volume V. with a pore size less than r (Qin and
Li, 2006; Zhang et al., 2007).
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In the equation, r;,,;,, is the minimum pore radius of the reservoir
rocks; and a,, is the proportionality constant b,, = a,,/(3-Dy). The total
pore volume V of the reservoir is as follows:

V=by (e’ —ran) (10)
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