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Abstract: - Data processing is a key step in the analysis of nuclear magnetic resonance (NMR) experimental data, and efficient and
accurate computer inversion algorithms are the core of the T2-Pc two-dimensional NMR experiment. T2-Pc two-dimensional NMR
experiment is an advanced experimental method that characterizes reservoir connectivity through two dimensions: relaxation time
and capillary pressure, and can obtain irreducible water saturation under different pressure differences. However, the algorithm
currently used for T2-Pc two-dimensional spectrum inversion uses a mutation kernel function, resulting in low accuracy of
calculation results. This paper uses the Logistic function as the two-dimensional inversion kernel function, rewrites the inversion
algorithm, and obtains more accurate inversion results. Numerical simulations have proven that the T2-Pc two-dimensional map
obtained by this method not only has higher resolution, but also has greater applicability in the case of low signal-to-noise ratio and
a small number of centrifugal echo groups. Practice has found that the proposed method can reduce the number of centrifugations
during the experiment and significantly improve the efficiency of T2-Pc two-dimensional nuclear magnetic resonance experiments.

Keywords: Data process algorithm, Nuclear magnetic resonance, Inversion algorithm, Logistic function,
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. INTRODUCTION

Nuclear magnetic resonance (NMR) technology can observe the relaxation characteristics of fluids in porous
media such as cores and is widely used in well logging and laboratory core analysis [1-3]. The spin-spin
relaxation time T2 measured by nuclear magnetic resonance experiment can reflect the size distribution
characteristics of rock pores. The NMR experiment calibration of core samples in the laboratory can characterize
the movable fluid and accurately estimate the saturation of the irreducible fluid in the downhole reservoir [4-6].
The T2 cutoff value is determined by measuring the core samples in saturated and centrifugally dehydrated states,
and the irreducible water saturation can be obtained. This has become a standard petrophysical analysis method
[7-9]. The irreducible water saturation is an important parameter that determines the development effect of low
permeability oil and gas reservoirs and is also a key indicator of reservoir productivity evaluation [10-11].

In standard NMR core analysis experiments, the centrifugal force required for different reservoir samples is
different. In order to obtain accurate irreducible water saturation, how to select the appropriate centrifugal force
in the centrifugal experiment has become a difficult problem [12-14]. To address this problem, centrifugal
experiments were carried out on carbonate rock, tight sandstone, and shale reservoirs to determine the optimal
centrifugal force combined centrifugal experiments and NMR measurements to obtain the NMR T2 distribution
and fluid saturation variation characteristics of tight reservoirs in the Ordos Basin under different centrifugal
forces [15-20]. Zhang et al. obtained the lower limit of the pore throat of the movable fluid distribution through
NMR and multiple centrifugation experiments [21]. It was also verified using methods such as capillary pressure
curves, showing that multiple centrifugal pressures NMR experiments can obtain lower limits of physical
properties and thus evaluate reservoir effectiveness. Jiang et al. measured the T2 distribution of multiple
centrifugations of tight sandstone and estimated the core surface relaxation rate based on multiple T2 cutoff
values [22]. Li et al. used Bayesian optimisation with transfer learning to study NMR surface relaxation rates
[23]. Thereby they characterized the pore size distribution from the surface relaxation rate. Elsayed et al. used the
Hassler-Brunner equation to convert the rotational speed of the centrifugal experiment into capillary pressure data

1 Exploration and Development Research Institute of PetroChina Xinjiang Oilfield Company, Xinjiang, China

2 Exploration and Development Research Institute of PetroChina Xinjiang Qilfield Company, Xinjiang, China

3 Exploration and Development Research Institute of PetroChina Xinjiang Oilfield Company, Xinjiang, China

4 Exploration and Development Research Institute of PetroChina Xinjiang Oilfield Company, Xinjiang, China

5 MRT&A Magnetic Resonance Technology and Application Laboratory, Yangtze University, Wuhan, Hubei, China
6 MRT&A Magnetic Resonance Technology and Application Laboratory, Yangtze University, Wuhan, Hubei, China
*Corresponding author: Yingyao Qin

Copyright © JES 2024 on-line : journal.esrgroups.org

1189



J. Electrical Systems 20-3 (2024): 1189-1199

to calculate the USBM (U.S. Bureau of Mines, Texas) wettability index and study the wettability change of the
reservoir [24-25].

The capillary pressure can be obtained from the data of multiple centrifugal experiments, which indicates the
connectivity of the reservoir [26]. However, multiple centrifugal experiments have heavy workloads and
difficulties in data processing and analysis. Chen et al. proposed the T2-Pc (Pc is capillary pressure) core testing
technology [27]. The T2-Pc maps were obtained using the NMR experimental data obtained under different
centrifugal force conditions and processed by T2 distribution domain difference (T2SDD) or differential echo
inversion (DEI) methods. It makes up for the inadequacy of conventional saturated and centrifugal NMR
experiments that cannot reflect connectivity. The irreducible fluid saturation can be obtained from the T2-Pc
distribution at any production pressure differential. Based on the development of 2D NMR technology and the
idea of multi-dimensional magnetic resonance (MR) spectroscopy [28-31], Song et al. conduct relevant research
on different physical processes [32]. He introduced non-MR physical quantities in the NMR dimension for 2D
NMR inversion. For the NMR experimental data under different centrifugal force conditions, he proposed a joint
inversion algorithm of multiple groups of echoes to directly obtain the 2D correlation distribution of relaxation
time (T2) and capillary pressure (Pc). This method not only solves the disadvantage of the T2SDD algorithm that
is prone to negative values, but also solves the cumbersome problem of data processing in the DEI algorithm, and
is currently the best T2-Pc 2D NMR data processing algorithm. In practice, it was found that the data processed
using Song's proposed joint echo inversion algorithm (JEI) has the phenomenon of abrupt changes in the Pc
dimension. As shown in Fig. 1, there are sudden changes of data in the part indicated by the arrow in the figure,
which cannot truly reflect the continuous changes of capillary pressure corresponding to different pores. This
problem is more serious when the number of experimental centrifugal force groups is small.
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Fig. 1. T2-Pc Map by Inversion of the JEI Method

This paper briefly describes the experimental method and data processing method of the multi-dimensional
and multi-physics T2-Pc 2D NMR technique. A detailed analysis of the joint echo inversion algorithm (JEI)
based on the Heaviside step function as the kernel function is presented, and it is proposed to use the
continuously varying logistic function as the kernel function for improvement. The Logistic function is helpful to
improve the discontinuity of T2-Pc distribution. The joint inversion method (JEI-L) of T2-Pc 2D NMR echoes
based on the logistic function is obtained. In comparison to prior investigations, this study introduces an
innovative T2-Pc 2D spectral inversion kernel function. This novel approach significantly reduces the time
required to acquire T2-Pc 2D spectra, while yielding more precise results from experimental data with low SNR.

1. METHOD

A. Conventional Data Processing Methods

The commonly used data processing methods for T2-Pc 2D NMR core experiments include the T2
distribution domain difference method (T2SDD) and differential echo inversion method (DEI), both of which are
T2-Pc maps established indirectly from capillary pressure (Pc) and NMR T2 distribution.

1) T2SDD

After the water-saturated core is displaced by the centrifugal force of different magnitudes, the echo signals
measured by the NMR experiment are inverted to obtain multiple T2 distribution. The T2 distribution of two
adjacent centrifugal forces of different sizes are subtracted according to Eq. (1). The T2 distribution
corresponding to the movable fluid components displaced by different centrifugal forces were obtained. Then, the
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T2 distribution corresponding to different centrifugal forces (capillary pressures) and the movable fluids
displaced by them are projected into the two-dimensional space, and the T2-Pc two-dimensional distribution is
established.

Tone1 = Topctn) — T2 pctney: M =0,1,2,---,m (1)
where T, .1 is the T2 distribution for the (n+1)-th and nth centrifugal forces (Pc). T, p () is the T2 distribution
of the core after the nth centrifugal force. When n = 0, the core is in a saturated state.

2) DEl

The differential echo inversion method (DEI) is to process the echo signal measured by the experiment.
According to the magnitude of the centrifugal force, the echo signals of the two groups of different centrifugal
forces are sequentially differentiated according to Eq. (2) to obtain the echo signals of the movable fluid
displaced by the different centrifugal forces. Then the differential echo signals are inverted respectively to obtain
T2 distribution of different centrifugal forces. Finally, the T2-Pc map is established according to the centrifugal
force (capillary pressure) and the T2 distribution.

ECHOp .y = ECHOp.(ny — ECHOpo(ny1)» n=0,1,2,--,m 2
where ECHO,,,, is the NMR echo signal corresponding to the displacement of the movable fluid component
between the (n+1)-th and n-th centrifugal forces (Pc). ECHOp () is the NMR echo signal measured after the n-th
centrifugal force. When n = 0, the core is in a saturated state.

B. Joint Echo Inversion Method (JEI)

T2-Pc 2D NMR experiments measured multiple groups of NMR echo signals under different centrifugal
forces (capillary pressure, Pc). The T2-Pc map can be obtained by inverting multiple echo signals using the joint
echo inversion method (JEI). The amplitude of the echo signal obtained from the T2-Pc 2D NMR experiment
obeys the multi-exponential decay law with the measurement time [32].

by = Z}l1 Yr=1fir: exp(— ti/sz) H(Pc, — py) (3)
where b; ;. is the amplitude of the i-th echo at the k-th centrifugal force. T2 is the transverse relaxation time. Pc is
the capillary pressure. f; .- is the fluid component signal with transverse relaxation time 72; and capillary pressure
Pcr. H(Pc, — p;) is the Heaviside step function, and pk is the centrifugal force of the core experiment. Using the
multi-echo train joint inversion method to invert Eq. (3) to obtain f; ., that is, the 2D distribution of T2-Pc. The

inversion kernel function of the JEI method consists of two parts. exp(—t;/Ty;) is used to describe the

transverse relaxation process of NMR signal decay with time. H(Pc, — p;) is used to describe the process of

fluid signal decay with the change of displacement force, as shown in Eq. (4).
HPe = p0) = {1 por S @
The kernel function used to describe the transverse relaxation decay process conforms to the law of echo
signal decay. However, the Heaviside step function used to describe the effect of centrifugal displacement force
change on the fluid is a mutation function as shown in Fig. 2 [33-34].The physical implication is that when the
centrifugal displacement force p,, is greater than the capillary pressure Pc, that the fluid component needs to
overcome to discharge the core pores, the fluid component completely drives away from the sample, and its
NMR signal cannot be measured. Conversely, the fluid component is not displaced and its signal can still be
measured.

-0.5

-1

Fig. 2: Heaviside Step Functions
It should be noted that the inversion algorithm divides the fluid signal into n fluid types in the capillary
pressure dimension. For the nth fluid type, the capillary pressure is not a point, but a neighborhood range (Pc,, —
4,Pc, + 6). In contrast, in the centrifuge experimental data, the capillary pressure corresponding to each group of
echoes is a certain value Pc,., resulting in the mismatch between the experimental data and the inversion model.
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In the (Pc,, — §,Pc, + &§) domain, when Pc, is equal to Pc,, the n-th fluid type should be completely driven
away from the sample according to the H(Pc, — py) kernel function of the JEI inversion method, so that the
signal of the NMR measurement is 0. But the fact is that in this half of the (Pc,,Pc, + §), the fluid is not
completely driven away Therefore, it is obviously inappropriate to directly use the Heaviside step function as the
kernel function to describe the influence of the displacement force changes on the fluid NMR signal, which is
likely to cause an abrupt change in the Pc dimension signal.

C. Joint Echo Inversion Method Based on the Logistic Function

There will be problems in using the mutation function as the kernel function, and it is necessary to use a
suitable continuous function to optimize the inversion kernel function. As a common continuously variational
shape function, the logistic function has a simple expression and can be used to describe the change of the NMR
echo signal with the centrifugal displacement force [35,36]. Its expression is as shown in Eq. (5).

1
L(Pc, —pi) = 1+exp(-APcr—pi)) o

where Pc is the capillary pressure required for the fluid components to be driven away. p, is the centrifugal force
used in the experiment. A is a constant, and the larger A is, the faster the logistic function changes.

After replacing the Heaviside kernel function in the JEI inversion algorithm with the logistic function, an
improved T2-Pc 2D NMR inversion algorithm (JEI-L) is obtained, and its expression is shown in Eq. (6).

m n
by = Z ijr ' exp(— ti/sz) L(Pc, — py) (6)
j=1r=1
where the improved kernel function describing the variation of the repulsion force is a logistic function. As
shown in Fig. 3, for the fluid type n with capillary pressure Pc,, L(Pc, — p;) = 0.5 is obtained when the
centrifugal force p, applied in the experiment is exactly equal to Pc,, This indicates that only half of the fluid of
this fluid type was displaced out of the sample, consistent with a gradual process of fluid displacement over a
small neighborhood scale.

1

-1 -0.5 0 0.5 1
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Fig. 3: Logistic Function

I11. Numerical experimental and Result

A. Construction of T2-Pc Distribution

To verify the accuracy and applicability of the improved joint echo inversion method (JEI-L) in the T2-Pc 2D
NMR core experiment, the numerical simulation method was used for verification. A 2D NMR distribution of
T2-Pc with four components shown in Table 1 were was constructed according to the equation for the 2D
Gaussian distribution [37] in double logarithmic coordinates shown in Eq. (7).

2 2
1 <(ln T2i—In ng,mid) + (lnch_ln ch,mid) _

_ T4 1 _
Ai.j - Zg=1Fg 2 exp [ 2(1-p2)
2m01902g 1—pg 9

2pg (InT,;—In TZg,mid)(ln Pcj-In PCg,mid))]

Ulgo'zg

20142 20,42

O

where i (i=1, 2, 3, ..., m), j (=1, 2, 3, ..., n) are the number of points in the constructed distribution. 4; ; is the
signal amplitude of each component. T,; is the T, of the i-th column component. Pc; is the capillary pressure
corresponding to the j-th row component. F, is the porosity component of the g-th pore. T, 4 is the T2
relaxation center value of the g-th fluid. T4 ;4 is the average value of the capillary pressure of the g-th fluid. o;
and o, can control the spreading width of the distribution. p is the correlation coefficient of T, and Pc.

Fig. 4 shows the constructed T2-Pc two-dimensional distribution model, and the NMR echo signals under
different displacement forces collected according to the model simulation. For the construction model, 15 groups
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of echo signals of different centrifugal displacement pressures were simulated, and the pressure range was 0.12
psi~811 psi. The echo time (TE) of the simulated NMR echo signal acquisition is 0.4ms, the number of echoes
(NECH) is 2000, and the waiting time (TW) is 10000ms. During simulations, each displacement pressure was set
to displace the corresponding fluid components in the construction model.

Table 1: Details of the 4 Components of the Construction Model

Components A B C D
T 8 10 20 200
Pc 1000 100 10 1

20
—0.12psi
0.23psi
—0.43psi
0.81psi
15 1.52psi
2.85psi
—5.34psi

—10.0psi
—18.7psi
—35.1psi
—65.8psi
—123psi

—231psi
432psi
811psi

Popsi

Amplitude of echo
s

(b)

Ty/ms Time /ms

Fig. 4: Constructing the Model. (a) Constructing the T2-Pc Two-Dimensional Model; (b) Analog Acquisition
Signals

B. Numerical Simulation Result

The JEI algorithm and the improved JEI-L algorithm were used to process the echo data of the T2-Pc 2D
NMR experiment collected by simulation, and the results were shown in Fig. 5 and Fig. 7.

The results of T2-Pc distribution obtained using the two methods for 15 sets of centrifugal force echo data of
different sizes with simulated SNRs of 100, 20, and 4 are shown in Fig.5. The inversion of T2 from 0.01-10000
points 64 steps, Pc from 0.01-1000 points 64 steps. Compared with the constructed model in Fig. 4(a), the T2-Pc
map at SNR=100 is the closest to the model. As the SNR decreases, there was obvious noise on the left of the
fluid signal in the T2-Pc maps, and the shape of the fluid signal changed, which was different from the model.
Fig. 6 shows the Pc component information in the T2-Pc maps obtained by the two methods at different SNRs.
The Pc component of JEI-L is closer to the construction model. In the case of lower SNR, the results obtained by
the JEI-L method based on the logistic function can more clearly distinguish the fluid components of different Pc
centrifugal forces and are relatively closer to the construction model.

T, P.Map T,-P. Map T, P.Map

¥

Pt

Tyms T/ms T,

Fig. 5: Simulation of T2-Pc Distribution with Different SNR. (a) JEI Method and SNR=100; (b) JEI Method and
SNR=20; (c) JEI Method and SNR=4; (d) JEI-L Method and SNR=100; (e) JEI-L Method and SNR=20; (F) JEI-
L Method and SNR=4
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Fig.6: Pc Components of T2-Pc Maps with Different SNR. (a) SNR=100; (b) SNR=20; (c) SNR=4

In the case of signal-to-noise ratio SNR = 20, the echo data collected under different centrifugal force groups
of 15,11 and 7 groups are simulated respectively. The T2-Pc distribution results obtained by the two methods are
shown in Fig 7. Compared with the construction model in Fig. 4(a), the T2-Pc maps when the number of
centrifugal force groups is 15 are the closest to the model. As the number of centrifugal force groups decreases,
the boundaries of different fluid signals become blurred. It is difficult to distinguish the fluid components in the
dimension of displacement force Pc. Fig. 8 shows the Pc component information in the T2-Pc maps obtained by
the two methods when the number of centrifugal force groups is different, and the Pc component of JEI-L is
closer to the structural model. In the case of reducing the number of centrifugal force groups, compared with the
results of JEI, the boundary of the fluid signal of the T2-Pc maps inverted by the improved JEI-L method is more
obvious and closer to the structural model, indicating that the improved JEI-L method has obvious advantages.
The correlation coefficients (R2) were used to measure the relationship between the inversion results and the
tectonic model, and the R2 between JEI and JEI-L and the tectonic model obtained from Fig. 6 and Fig.8 were
shown in Table 2. The correlation coefficients of the JEI-L results were significantly higher than those of the JEI
method.

1.5 1.5
Amplitude Amplitude

T,-P.Map T,-P.Map T,-P.Map

4 ‘h"

Pipsi
Pipsi
Pupsi

Ty/ms To/ms Ty/ms

T,-P.Map T,-P.Map

PUpsi
Ppsi

Fig. 7: Simulation of T2-Pc Distribution for Different Centrifugal Forces. (a) JEI Method and Groups=15; (b) JEI
Method and Groups=11; (c) JEI Method and Groups=7; (d) JEI-L Method and Groups=15; (e) JEI-L Method and
Groups=11; (F) JEI-L Method and Groups=7

1194



J. Electrical Systems 20-3 (2024): 1189-1199

1,000.00 1,000.00

</’/ 1000.00 (/
100.00 _:: 100.00 | 100.00 | j”
?_10.00 = ';_-Iaoo . ';,I 000 | a
= 1.00 \ = 1.00 & 100 | .
/ —Model —Model '__—-'f —Model
0.10 ---JEI 0.10 | ---JEI 0.10 | —=-JEI
JELL JEL-L JEI-L
0.01 L L L L L 0.01 - - . . 0.01 .
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 20 25 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Amplitude Amplitude Amplitude
Fig. 8: Pc Components of T2-Pc Map for Different Centrifugal Force Groups. (a) Groups=15; (b) Groups=11; (c)
Groups=7
Table 2: Correlation Coefficients (R2) of the Numerical Simulation Results of the Two Methods
Simulation of different SNRs Simulation of different Groups Average
Method - Correlation
SNR=100 | SNR=20 | SNR=4 | CrOUPS | Groups= | Groups | fe fent (R?)
=15 11 =7
JEI 0.849 0.836 0.830 0.836 0.744 0.707 0.800
JEI-L 0.980 0.963 0.952 0.963 0.957 0.882 0.950

The numerical simulation results show that the improved joint echo inversion method (JEI-L) can accurately
obtain the T2-Pc map, which is suitable for the case of low SNR and a small number of centrifugal force groups.
Compared with JEI, the advantages of the improved echo joint inversion method (JEI-L) based on logistic
function are mainly reflected in the following aspects.

(1) In the results obtained by the JEI-L method, the fluid components of different Pc centrifugal forces have
better discrimination.

(2) For the low SNR of T2-Pc core NMR experimental data, the improved JEI-L has better applicability.

(3) The improved JEI-L method has higher accuracy of inversion results with fewer experimental data in the
centrifuge group. Compared with the JEI method, R2 is increased by 0.15, which is closer to 1.

IV. LABORATORY EXPERIMENTAL AND RESULT

A. T2-Pc 2D NMR Experiments

The T2-Pc 2D NMR technique combines the transverse relaxation time (T2) with the capillary pressure (Pc).
These two physical quantities need to be obtained through experiments. The steps for conducting core
experiments as shown in Fig. 9 are as follows.

Step 1: The standard plunger core samples that have been washed with oil, washed with salt, and dried are
treated with pressurized saturated water. Measurement of saturated cores at full water saturation to obtain NMR
echo signals.

Step 2: A certain amount of centrifugal force is selected and the core is centrifuged using a high-speed
centrifuge. The centrifugal force of the core experiment is the capillary displacement force.

Step 3: Measure the NMR echo signal of the centrifuged core after centrifugation.

Step 4: The centrifuged core is saturated again to obtain a water-saturated core.

Repeat the experiment from step 2 to step 4, and select a different centrifugal force each time when
performing step 2.

After the above experimental steps, the NMR echo signals of the cores in the saturated state (the centrifugal
force is 0) and the cores after centrifugation with different centrifugal forces were obtained.
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Fig. 9: T2-Pc 2D NMR Experimental Procedure

Four sandstone cores from an area were selected for T2-Pc 2D NMR core experiments. The core information
of the experiment is shown in Table 3. According to the method described in the experimental flow of Fig. 9, four
cores were subjected to centrifugal experiments with seven different centrifugal forces, and the NMR
experiments were carried out. Centrifugal forces are: Opsi, 1.2psi, 4.8psi, 19.1psi, 76.5psi, 172.1psi, 387.3psi. The
parameters used for NMR core measurement are as follows: the waiting time (TW) is 4000ms, the echo time
(TE) is 0.2ms, the number of echoes is 10000, and the number of superimpositions is 256.

Table 3: Information on Sandstone Cores from an Area

Sample Porosity/% Permeability/mD Bound water saturation/%
1 18.85 5.97 36.13
2 19.83 3.95 37.84
3 8.09 0.195 56.84
4 9.63 0.188 45.98

B. Experimental Results

The T2-Pc core experimental data were processed using the conventional method, JEI, and the modified JEI-
L inversion method respectively, and the T2-Pc map results were obtained as shown in Fig. 10 and Fig. 11. In
this case, the T2-Pc two-dimensional inversion has 64 steps from 0.1-10000 for T2 and 64 steps from 0.01-1,000
for Pc. The results for T2SDD and DEI show noise signals and negative values in the map of T2SDD. The two-
dimensional distribution of the two echo combined inversion methods are relatively close, and both can obtain
T2-Pc maps that continuously reflect the pore size and pore throat connectivity of the core.

()]

T2, me T2, ms .
T2, ms 2, ms

Fig. 10: T.-P. Map of Sample 1 Obtained by Different Methods. (a) T2SDD; (b) DEI; (c) JEI; (d) JEI-L
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Fig. 11: T2-Pc Maps of Sample 2 Were Obtained by Different Methods. (a) T2SDD; (b) DEI; (c) JEI

The core results show that the improved JEI-L method based on logistic function has a better application
effect. The resulting T2-Pc maps are less noisy, more clearly distinguish the different fluid components, and
provide a more detailed characterization of the capillary pressure. The results obtained by the JEI-L method are a
more realistic representation of the pore throat distribution of the core. In sample 2 shown in Fig. 11, with the
increase of the capillary pressure (Pc) value (from 2psi to 50psi), the T2 in the T2-Pc map obtained by the JEI-L
method gradually decreases. That is, the radius of the throat decreases, and the pore size decreases
correspondingly, reflecting the consistent relationship between the pore and throat. However, when the capillary
pressure (Pc) value increases in the T2-Pc map obtained by JEI, the T2 value does not change (T2=44 ms). That
is, the radius of the throat decreases while the pore size remains the same. The kernel function (step function) in
the JEI algorithm is not continuous, so the T2-Pc result is not completely consistent with the gradual process of
the core pore fluid being displaced gradually. The optimized JEI-L method can improve the problem of
discontinuous displacement pressure.

C. Characterization of Pore Structure

For rock samples 1 and 3 with significantly different porosity and permeability, the T2 distribution are similar
in shape, with the distribution range of 1-200 ms and the similar T2 peak values. It is difficult to characterize the
differences between the two core samples only by using the T2 distribution. The T2-Pc 2D map can effectively
characterize the distribution of pores and throats in the core, reflecting connectivity. The T2-Pc map of core
sample 1 shows significantly better connectivity and permeability than core sample 3. If the same displacement
force (100 psi) is used, core sample 1 can displace most of the movable fluid. Similarly, the results of the SEM
experiments shown in Fig. 12 indicate a more developed throat and better permeability in sample 1, which is
consistent with the characteristics reflected in the T2-Pc maps. Therefore, the T2-Pc map can effectively
characterize the pore structure of the cores, conduct an intuitive evaluation of reservoir connectivity, and provide
more reservoir information for oil and gas exploration and development, so that we can take corresponding
measures to improve oil recovery.

6000

5000

100 1000 10000

4000

3000

Amplitude

10 100

1000 ! . : o
o= Mag =
T2/ms. T

10000

Fig. 12: Results of Core Samples Experiments. (a) T2 Distribution of Sample 1; (b) T2-Pc Map of Sample 1; (c)
SEM Results for Rock Sample 1; (d) T2 Distribution of Sample 3; (e) T2-Pc Map of Sample 3; (f) SEM Results
for Rock Sample 3

1000Kx

1197



J. Electrical Systems 20-3 (2024): 1189-1199

V. CONCLUSION

For T2-Pc 2D NMR experiments, without changing the core measurement experiment process, a joint echo
inversion (JEI-L) method is proposed, which uses multiple echo data and is based on the logistic function to
obtain the T2-Pc map. The following conclusions are drawn from this study:

(1) Due to the discontinuity of the Heaviside step function, the T2-Pc distribution from the joint echo
inversion (JEI) method are not completely consistent with the gradual displacement of the pore fluid in the core.
The JEI-L method improved by the logistic continuous function can effectively improve the problem of
discontinuous displacement pressure.

(2) Numerical simulations and core experiments show that the advantages of the optimized JEI-L over JEI are
more obvious. The capillary pressure (Pc) reflected by the T2-Pc map inversion by JEI-L is more accurate, and
the characterization of the pore distribution characteristics of the core is more accurate.

(3) The JEI-L inversion method based on the logistic function is suitable for the case of low SNR and the
small number of echo groups with different centrifugal forces. Based on this advantage, the number of centrifugal
force groups can be appropriately reduced when conducting T2-Pc 2D NMR core experiments, thereby
significantly improving the experimental efficiency.

(4) Although the JEI-L method has made significant progress in T2-Pc 2D NMR experiments, its limitations
must be acknowledged. However, the applicability of the method to cores of different lithologies, or even in other
porous media materials, is unclear.

(5) The research on the improvement of the inversion method shows that in the multi-dimensional and multi-
physics correlation distribution research, it is very important to accurately describe the laws of non-MR physical
quantities. In the future, we may be able to express the kernel function of the physical processes of fluid changes
in porous media when physical quantities such as temperature and pressure are changed, forming the NMR-X
technique, where X represents the information of any non-NMR physical quantities, and thus establishing a close
connection of multidimensional multi-physical quantities, reflecting the effect of the coupling relationship
between different physical quantities on the results of the hydrogen kernel measurements.
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