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Relative permeability and transverse relaxation time are both important physical parameters of rock physics. In this paper, a new
transformation model between the transverse relaxation time and the wetting phase’s relative permeability is established. The data
shows that the cores in the northwest of China have continuous fractal dimension characteristics, and great differences existed in
the different pore size scales. Therefore, a piece-wise method is used to calculate the fractal dimension in our transformation model.
The transformation results are found to be quite consistent with the relative permeability curve of the laboratory measurements.
Based on this new model, we put forward a new method to identify reservoir in tight sandstone reservoir. We focus on the Well M
in the northwestern China. Nuclear magnetic resonance (NMR) logging is used to obtain the point-by-point relative permeability
curve. In addition, we identify the gas and water layers based on new T,-K, model and the results showed our new method is

feasible. In the case of the price of crude oil being low, this method can save time and reduce the cost.

1. Introduction

The phenomenon of Nuclear Magnetic Resonance (NMR)
was discovered in 1946, and since then NMR has been widely
used in various fields. NMR logging technology has been
rapidly developed in recent years, with confirmed favorable
results in the evaluation of reservoir permeability. NMR
logging technology has a unique fluid sensitivity and is able
to provide information regarding the fluid number of rock
pores, fluid properties, and fluid-bearing pore sizes. Since
this data cannot be obtained by other conventional logging
methods, it thereby provides very important information for
reservoir descriptions and evaluations [1]. With regard to
NMR logging, a spin echo string is collected to obtain stratum
information, of which the distribution of the retrieved T,
(transverse relaxation time) is closely related to the pore size
and can be expressed as the porosity distribution through
calibration. The movable fluid (MFFI), unmovable fluid
(BVI), and other information can also be obtained from the
T, distribution. Through the core experimental analysis of

the target area, accurate T, cutoff values can be acquired to
determine the irreducible water saturation measurements.
The relative permeability refers to the ratio between the
effective permeability of each fluid type and the absolute
permeability of the rock itself, in the cases of saturated
multiphase fluid in the rock pores. The relative permeability
is related to the rock’s wettability and fluid saturation, and
the relative permeability curve can be obtained by laboratory
measurements. Purcell [2] proposed a model based on the
capillary pressure curves. Burdine (1953) proposed similar
equations in which the tortuosity ratio is introduced in the
model. Brooks and Corey [3] made further research on cal-
culating relative permeability based on capillary pressure. The
model modified by Brooks and Corey has been widely used
in many studies. Feng et al. (2016) proposed a new relative
permeability model in which the pore size distribution, the
tortuosity, and the gas-water spatial distribution were all con-
sidered. Combined with a capillary pressure curve, the shift
of the transverse relaxation time (T,) distribution of Nuclear
Magnetic Resonance is used to determine the parameters in
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the model. But the model has too many variables, which is
hard to apply in practical logging evaluation.

In recent years, more and more researches focused on
using fractal theory to establish the relationship between
the relative permeability and other parameters. The fractal
theory, which was developed in the 1970s, is a rational
tool used to describe complex and irregular phenomena
and processes and provides a good method for research
regarding the microscopic pore structure of porous media
[4]. The fractal theory has been applied in the oil industry
with fruitful results. A molecular adsorption method was
applied by Pfeifer and Avnir [5] to obtain the pores of the
reservoir rocks with fractal structure. On the basis of the
fractal theory, the transformation relationship between the
capillary pressure, relative permeability, and resistivity index
was established by Li (2011). Then, Li’s transformation model
was improved by Pairoys (2013), and favorable sample effects
have been achieved in particular regions. The transformation
between T, and the resistivity index was discussed by Ge et
al. [6], based on the fractal theory and the linear relationship
between Py (the capillary pressure) and T,. In accordance
with the study results put forward by Li, the relationship
between the permeability, T,, and capillary pressure was
used to achieve the transformation relationship between the
relative permeability and T, by Bai et al. [7]. However, it
can be seen from the eventual transformation results that
the residual water and oil saturation were not considered
and have a certain deviation from experimental measurement
results. In addition, in practical applications, such as oil shale,
samples are difficult to obtain. Also, the experiment takes
longer time, and it is impossible to measure all of the samples
in well. A solution is necessary for finding a way to obtain the
relative permeability curve with depth.

The novelty of this paper is using a combination of
the previous research results regarding the links between
capillary pressure, resistivity index, relative permeability, and
transverse relaxation time; the transformation relationship
between the transverse relaxation time and the relative
permeability is derived. All experimental cores are taken
from tight sandstone reservoir in northwest China. Based
on the rock resistivity experiment experimental data and the
mercury injection test data, the parameter expression in the
transformation relationship is given in order to discuss the
control factors and their influences. It is obvious that the
transformation results are better than those of the known
methods, which thereby provided a theoretical basis for the
relative permeability curve with changes over depth through
the NMR logging data. The model is applied in the northwest
of China to obtain the relative permeability curve with depth,
as well as identify the gas and water yield layers. It is a new and
reliable reservoir identification method.

2. Theoretical Background

2.1. Relationship between the Capillary Pressure (Pg) and the
Resistivity Index (I). In the Archie equation, the relationship
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between the resistivity index and water saturation is shown as
follows:

b R W
St Ry
I is the resistivity index; b is the constant of the Archie
equation; 7 is the saturation index; R, is the sample resistivity;
R, 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 » are the fixed values
throughout the saturation distribution.
The capillary pressure can be expressed as follows:
PC:in_szw’ (2)
where P, and P, are the pressures of the nonwetting phase
and wetting phase fluids, respectively; P is the capillary
pressure; 7 is the capillary radius; o is the tension of the two-
phase fluid boundary surface; and 0 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. [8] considered Py is a function of wetting
phase saturation and fractal dimension.

Sw (Pc)_(s_Df) , (3)

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 [9].
P,
Pp=1° = =€, 4
e =1 = 3 @
Among these, 3 is the index related to the water-film
thickness, which is the function of the fractal function D IE
Pepis the dimensionless capillary pressure; and P, is the entry
capillary pressure.

2.2. Relationship between the Capillary Pressure (Ps) and
the Nuclear Magnetic Transverse Relaxation Time (T,). The
relationship between P and T, is relatively well constrained
due the relationship to the pore structure. The methods
of using the T, distribution for transforming the pseudo
capillary pressure curve mainly include a linear method and
a power function method.

In the linear method [10], it is assumed that a linear
relationship exists between P, and the reciprocal of T, as
detailed below:

_20cos0  C

P.=
© r T, (5)

In the equation, C; is the linear transformation coeflicient
and can be obtained by the core data analysis. The power
function method is more frequently applied, and the relation-
ship between T, and the corresponding capillary radius has
been given by He et al. [11, 12] as follows:

T, = mr"™, (6)
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where m, and n, are the empirical coeflicients, obtained
according to the core data analysis. The power function
method is suitable for low-permeability reservoirs containing
complex pore structure. Therefore, the power function rela-
tionship has been used in this study.

2.3. Relationship between the Relative Permeability (Kr) and
the Resistivity Index (I). Based on Darcy’s law and Ohm’s law,
Li [14] proposed a model to describe the relationship between
the wetting phase relative permeability and the resistivity
index:

krw = S;V%’ (7)

where k,,, is the relative permeability of the wetting phase. I
is the resistivity index. Sy, is effective saturation which can be
written:

« Sy =Sy
S — w wir ,
v 1- Swir (8)

where S, is the wetting phase saturation and S,; is the
irreducible wetting phase saturation of the wetting phase.
Following Li’s research, Pairoys introduced the residual non-
wetting phase saturation into his model. At the same time,
I”, the normalized or effective resistivity index, and I ;;,, the
minimum resistivity index obtained at residual nonwetting

phase saturation S,,,,,,., were proposed.

1
k., =S,—,
rw WI*
9
* Sw B Swir ( )
Sw =
1- Swir - Snwr

3. New T,-K, Model and Validation

3.1. Wetting Phase Relative Permeability Calculated by the New
Model. Although the relationships between T, and P, as well
as between P and I, have been extensively studied [10-14],
research on the relationship between T, and I must be estab-
lished and requires further development. By combining the
previous research on the relationship between the capillary
pressure and the resistivity index, the relationship between
T, and I was studied incorporating the fractal theory [6, 7]
(Zhang et al., 2015). The pore volume distribution expression
of the known space is shown as follows:

Vo riPr, (10)

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 2-D;
— o,

dr (D

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.

V, = J a,r* Prdr =, <r3_Df - r3_Df) . (12)
7,

r min
In the equation, r,,;, is the minimum pore radius of the
reservoir rocks; and a, is the proportionality constant b, =
a,/(3-D f). The total pore volume V of the reservoir is as
follows:
3-D;  3-D
V =b(rmas’ = T ) (13)
Through (12) and (13), the expression of the cumulative
volume fraction S, of the pore with a size less than r can be
obtained.

_ 3-D
PP

V. ;
= = (14)
Tmax™ — rmin
Due to 75, < Ty and 7, < 7, (14) can be simplified
as follows:
3-D
r ¥
S, = < ) . (15)
rmax

In reservoir physics, S, is the wetting phase saturation S,,,.
Equation (2) is substituted into (15) to obtain the following:

sw=5,=< Fe
P

cmin

D¢-3
> = Pep . (16)

Pep, is dimensionless, for the purpose of eliminating the
influence of the fluid, rather than the fluid correction. In
regard to the complex pore structure, the power function
method was used to substitute (6) into (15), and the following
could be obtained:

w = Sr = ( TZ
T2max

(3-Dy)/n;
) = (0p)" ", )

where T, is the maximum transverse relaxation time, cor-
responding to r,,,,, and T, is the dimensionless transverse
relaxation time T, = T,/T).. Therefore, the relationship
between the T, distribution and the wetting phase saturation
could be obtained. Equation (1) is substituted into (17), and
the following equation was easily obtained:

T,p = b, ()%, (18)

where « is the index related to the pore radius distribution
and relaxation time index and b, is the transformation factor,
which can be obtained from the rock experiment data.
"y
A -
n(3-D
( f ) (19)

bt — b‘rlt/n(?)—Df) — bOL‘

Based on the fractal theory and the relationship between
the transverse relaxation time T,, capillary pressure P,



resistivity index I, and relative permeability K,, the trans-
formation relationship between the water-phase relative per-
meability and the T, dimensionless transverse relaxation
time was obtained, including the parameters «, #n, and b.
These parameters could be obtained from the experimental
data. Combining (7) and (17)-(19), the k,,,-T, model can be
derived as the following equation:

TZDl/a TZDl/zxn _ S'r
K., = . 20
rw b 1 _ S ( )

ir

The parameters in (20) are all derived from the above
equation. It is worth noting that b is equal to 1.0084 which is
showed in Figure 2 (data from experiment). In general, b is a
constant (b = 1). The nonwetting phase’s relative permeability
was obtained by (21). This equation was derived from a
Brooks-Corey model, which was applied by Li [14] to more
effectively solve the nonwetting phase’s relative permeability.

Koy = (1=83)" (1= (53)"). (1)

In (20), S,, is the residual water saturation. In many of the
previous research results, the solution of S:; takes into account
the residual gas saturation S,,. A is the pore size distribution
index and can be calculated from capillary pressure data [3].
Therefore, this model was also correspondingly changed into
(22). However, it was found that, in the actual application,
better effects could be achieved without consideration of the
residual gas saturation.

T 1/« T 1/an _ S.
K. = 2D 2D ir ) 22
e b ( 1-S,-S @)

or

It should be noted that the model proposed by Li [9]
and Ma et al. [15] was based on Darcy’s law, Ohm’s law, and
Poiseuille’s law and expounded the relationship between the
relative permeability and the resistivity index. In the deriva-
tion process of the model of Ma et al. [15], (23) was obtained,
of which L, and L, were equivalent path lengths under
the saturated and unsaturated water conditions, respectively.
In this model, the pore radius is assumed as the cylinder,
and r, and r,, represent the equivalent pore radius under
corresponding status, respectively. In (23),r} is equivalent
to the increase of the weight of the pore radius under
saturated water conditions, which indicates that the relative
permeability is strongly influenced by the pore radius, while
the transverse relaxation time is the physical variable closely
related to the pore radius. In combination with previous
research views, it was also proven that the application of the
nuclear magnetic T, distribution for the purpose of estab-
lishing a new model of the relative permeability was reliable.
Meanwhile, the related parameters in (20) characterized the
internal relationship among the resistivity index, relative
permeability, and transverse relaxation time.

L, ar!
Krw = L_a_i:; (23)
w Ty

Geofluids

500
400
2 300
2
B
g
< 200
100
0 1l Lol L1l n L ALl
0.1 1 10 100 1000 10000
T, (ms)
Sample 8 —— Sample 4
Sample 7 —— Sample 3
—— Sample 6 —— Sample 2
—— Sample 5 —— Sample 1
FIGURE 1: T, distribution map of the 8 samples.
10
y = 1.0084x ">
I 1 R*=0.975
1
0.1

S, /fraction

FIGURE 2: Relationship between the resistivity index and the water
saturation of the 8 samples.

3.2. Results and Discussion. Tight sandstone reservoir sam-
ples were selected for the comprehensive laboratory mea-
surements, in order to obtain the capillary pressure curve,
relative permeability curve, core nuclear magnetic T, distri-
bution, and resistivity index curve. The capillary pressure and
the resistivity index were measured in RCS760 equipment
produced by the Coretest company at the same condition
(temperature: 55°C, pore pressure: 14 Mpa, pressure of sur-
rounding rock: 30 Mpa, and frequency: 1KHz). The NMR
experiments were performed in the modified MARAN II
equipment operating at a Larmor frequency of 4 MHz at
ambient pressure and 55°C. By using a CPMG pulse sequence,
transverse relaxation time could be obtained [1]. The brine
used for experiment had a salinity of 30000 ppm with a
resistivity of 1.097 Q-m at 55°C. Permeability and porosity
were measured by AP608 (produced by the Coretest com-
pany). The relative permeability was measured by unsteady-
state method (temperature: 55°C, pore pressure: 14 Mpa, and
pressure of surrounding rock: 30 Mpa). Figure 1 shows the
nuclear magnetic T, distribution of each sample measured
under the saturated water conditions. Figure 2 presents the
relationship between the resistivity index and the water
saturation.
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FIGURE 4: Relationship between the pore radius and wetting phase
saturation transformed on the basis of a capillary pressure curve.

Figure 3 is the relationship between the T, logarithmic
average (T;,,,) and average pore throat radius (r,,) in the study
area within the sample selection. The average pore throat
radius (r,,) can be obtained from mercury injection data.
According to (6),m, = 8.5764 and n, = 0.5908 can be obtained.

As viewed from Figure 4, in combination with (15), a
multifractal dimension phenomenon existed in this region.
Through analysis of the data, the mutation position of the
fractal dimension change was identified as the piece-wise
point. According to the pore radius of 0.03 gm and 1 ym as the
dividing point, the pores were divided into small, medium,
and large categories. Equation (4) of the piece-wise method
was applied for the transformation between the resistivity
index and the capillary pressure, and the transformation
results are as shown in Figure 5. The adoption of the piece-
wise method was significantly more effective than the results
of the model of Li [9], which indicated that it was more
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FIGURE 5: I-P,, transformed by the piece-wise method.
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FIGURE 6: Transformation result contrast of Sample 4.

reasonable to use the described piece-wise transformation
method in this region.

Table 1lists the basic information of the cores which were
taken from a tight sandstone reservoir in northwest China,
including porosity, permeability, rock-electro parameters b
and n, and the piece-wise fractal dimension of the T, distribu-
tion. In the table, the last three columns were obtained on the
basis of the piece-wise point in combination with (17). The
lower D is found to be, the higher the pore frequency is.
Therefore, the cores were clearly mainly composed of small
pores, with fewer large pores present.

Figure 6 is the contrast diagram of the relative permeabil-
ity curve of Sample 4, which was obtained through laboratory
measurements and which was transformed by T, . It is worth
nothing that the transformation parameter was solved by
the previously determined piece-wise method. And the judg-
ment coefficient of the wetting phase’s relative permeability
was 0.934. The nonwetting phase’s relative permeability was
calculated by (21). Results indicate that there is a certain
error between the calculated value and actual value. Figure 7
shows the transformation results of Sample 5; the judgment
coeflicient of the wetting phase’s relative permeability was
0.875. After analyzing the sample data in this region, (21)
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TABLE 1: Basic information of the rock samples.

Core number D (%) K (md) n b Dyry (large) D 12 (medium) D 12 (small)
1 6.487 0.019 2.19 0.9924 2.9875 2.8631 1.7245
2 9.646 0.11 1.191 1.0003 2.9123 2.6573 1.6317
3 11.791 0.097 1.25 0.9943 2.9375 2.6445 1.2662
4 12.286 9.402 1.552 1.0210 2.8862 2.7258 1.2623
5 10.542 15.313 1.541 0.9963 2.8944 2.6689 1.2610
6 8.588 0.036 1.223 1.0169 2.9850 2.8330 1.6979
7 4.507 0.041 2.143 1.0245 2.9721 2.7554 1.6070
8 10.223 0.101 1.353 1.0097 2.9425 2.8911 1.7435
1 = 1 -
0.8 | 08l
T o6}
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e 3
o 04 53
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New model T2D-K,,,,, & K,,, from experiment

FIGURE 7: Transformation result contrast of Sample 5.

was improved upon when calculating the nonwetting phase’s
relative permeability.

#12 A/ [(1-S8, =S
K =(1-5,) (]‘_(Sw) : )<ﬁ>
or i (24)

= (1-8)° (1= (s)"*).

Figures 8 and 9 show the nonwetting phase’s relative
permeability for Samples 4 and 5, which were calculated by
(24), respectively. Table 2 lists the fitting coefficient R?, as well
as the error contrast of the two types of calculation methods.
The calculation results of (24) were determined to be more
accurate than that of (22). A similar factor was added by Ma et
al. [15] to the model of Li [9] in the calculation of k,,,, in order
to introduce the pore tortuosity. Equation (24) illustrated
the improvement in K,,, in accordance with k,, model
presented by Ma et al. [15]. However, the introduction of the
factor and the relationship between the effective nonwetting
phase flow path and the pore tortuosity require further
research.

It is worth noting that we get the pseudo relative perme-
ability curve by T,-K, model, the same as Yokoyama and Lake
[16] and Slijkerman et al. [17] get pseudo capillary pressure
curve by T,-Pc. This is just a kind of approximate method

New model T2D-K,,, & K,, from experiment
New model T2D-K,,,,, m K,,,, from experiment

FIGURE 8: Nonwetting phase’s relative permeability of Sample 4
calculated by (24).
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FIGURE 9: Nonwetting phase’s relative permeability of Sample 5
calculated by (24).

to obtain relative permeability. In the case of the price of
crude oil being low, this method can save time and reduce
the cost. At the same time we also can anticipate T, -K, model
application prospect in the actual logging.
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TABLE 2: Calculation result contrast of the different equations.
Equation (24 Equation (21
Core number q (24) ) q @1 )
Mean absolute error R Mean absolute error R
1.4488 0.9939 6.6979 0.8983
5 1.0624 0.9975 3.7613 0.9602
P
[s gem 29
@ oen caw
-30 My 200[1.9 glom” 29| [0 % 100
CAL CNL RLLS CORE POR PERM RESULTS SW RESULTS KRNW SW RESULTS
110 cm 35(48 % -12[0.4 am 4000 o % 20/0.01 mD 1000[0 % 100} 0‘/\/\10 % 100) OG-resul s
GR AC RLLD DEPTH POR RESULTS CORE PERM CORE SW xD!ST KRW
T T v A S T

oge

ovee

Gas production
15941m’/day,
Water production

5.1m'Iday

N

FIGURE 10: Comprehensive logging interpretation chart of Well M.

4. Application Case Analysis

The transformation model of the relative permeability and
transverse relaxation time is obtained and verified, based
on the processing and research of the experimental data,
and according to the regional characteristics, the piece-wise
method is adopted. This model is applied for the processing
of the nuclear magnetic logging data, in order to obtain
the relative permeability curve with changes over depth. It
must be pointed out that the results we get by this method
are pseudo relative permeability curves, as well as using
T, spectrum to calculate pseudo capillary pressure curve
which is widely used now. By simulating the underground
conditions (temperature, pressure, the instrument measuring
frequency, and fluid properties), we can obtain the results
which were close to the real underground logging response
value. Temperature impacts magnet magnetic field intensity;
it has great influence on the result of the nuclear magnetic
measurement. However, pressure mainly affects the structure
of the rock itself. It should be pointed out that, due to the
limitation of equipment, we cannot do nuclear magnetic
experiment under the condition of high pressure. But the
cores are measured after being saturated with water under
high pressure, and the measured time is short. We hold
the view that such a short time for the influence of the
pore structure is negligible. At the same temperature and
measuring frequency, NMR lab measurements results can be
close to the actual logging data. We proposed a new method
to identify the reservoir accurately based on T,-K, model.

The processing was carried out on the target segment
of Well M in the tight sandstone of the study area. Nuclear
magnetic logging data were used to obtain the relative
permeability curve with changes over depth. Figure 10 shows
the comprehensive logging interpretation chart of Well M,
in which Tracks 4-6 list the porosity, permeability, water
saturation, and core data obtained by logging. Track 7 is
T, distribution from NMR logging. Track 8 is the relative
permeability curve calculated by the T,-K, model. It should
be noted that the relative permeability curve could not be
obtained at all of the depth points, and the mudstone layer
influenced the transformation. In track 9, the Sspw is the
saturation corresponding to the wetting and nonwetting
phase permeability equal points, and SW RESULTS is the
standardized wetting phase water saturation. The cases of the
SW RESULTS greater than the Sspw indicate that this layer
produced much water (per unit volume). In contrast, the
cases of the Sw” less than the Sspw indicate that this layer
produced much gas (per unit volume), which is consistent
with the gas testing results (in track 10). It is worth nothing
that green overlapping in track 9 has shown the case of
producing much gas (SW RESULTS < §,,)). At the depth
ranges from 3632.7 to 3636.6 m, there is a gas-water layer of
which gas production is 15941 m>/day and water production
is 5.1 m?/day. It has been proven that this method will be of a
guiding significance for the exploration of oil and gas layers
in hydrocarbon developments. We provide a very intuitive
method to monitor reservoir production.



5. Conclusions

In this study, a transformation model between the transverse
relaxation time T), and the relative permeability K, was estab-
lished through the analysis of the physical rock experimental
data. In the model, the transformation parameters were
solved using the transformation relationship between the
physical variables, such as the capillary pressure, transverse
relaxation time, and resistivity index. In the processing of the
experimental data, continuous fractal dimension phenomena
were found to exist in the samples from the study area.
Therefore, a piece-wise method was used to calculate the
parameters. The piece-wise points were determined accord-
ing to the mutation position of the fractal dimension, and
the pore radiuses of 0.03 ym and 1 um were selected as the
dividing points. During the application of the Li model, the
capillary pressure curve obtained by the piece-wise transfor-
mation of the resistivity index was shown to be relatively
consistent with that obtained by the experiments, thereby
proving the rationality of the piece-wise method. During the
use of the piece-wise method and the new model, the wetting
phase’s relative permeability transformed by the transverse
relaxation time was shown to be relatively consistent with
that obtained by the experimental measurements. However,
the nonwetting phase’s relative permeability obtained by the
improved model had better effects, which confirmed that this
model was reasonable and effective. The model was applied
to the evaluation of the reservoir logging. Meanwhile, the
nuclear magnetic logging data were used in this study to
obtain the relative permeability curve with depth and for
identifying major water and gas production horizons, which
were consistent with the gas testing results. It was indicated
that this model had practical application significance. Our
new method to identify the reservoir is effective and feasible.

It was also determined that a specific problem existed in
this model. The T, distribution measured under the wetting
phase saturation state was applied for the calculation of the
transformation parameters in this study. However, the oil and
gas had in fact an impact on the T, distribution, which was
ignored in this study. The focus of future research should
be to correct this impact through measuring the transverse
relaxation time and relative permeability under different
saturation states, in order to improve the model.
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