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Abstract: At present, image analysis and digital core are
the main approaches for porous media reconstruction
modeling, and they are both based on the real pore ske-
leton physical structure of porous media. However, it is
difficult to reconstruct the reservoir and seepage charac-
teristics of the real samples because of the limitations of
accuracy in characterization techniques (imaging). In
order to solve this problem and break through the bar-
riers caused by the lack of accuracy, Spin-echo serial
peripheral interface sequence of low field nuclear mag-
netic resonance is used to test the saturated water rock
core with spatially resolved T, distributions. Based on
the experimental results of 1D T, distributions, a novel
method for fine reconstruction modeling of porous media
is proposed, and the porous media model reconstructed
by this new method better reproduces the reservoir and
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seepage characteristics of the original samples. Taking
some of the tested porous media cores (P58 and Y75) as
examples, representative elementary volume (REV)-lattice
Boltzmann method (LBM) is used to simulate the flow
field. Ensuring that the error of standard case is only
0.36% when multi-relaxation time REV-LBM is used, the
distribution of porosity and permeability have been calcu-
lated and compared with the experimental data. The
overall permeability error of the reconstructed porous
media model is only 6.15 and 7.60%, respectively.
Furthermore, the porosity and permeability error of almost
all measuring points can be maintained within 3 and 8%.
In addition, this method improves the efficiency of the
existing reconstruction modeling methods, reduces the
test cost, and makes the reconstruction modeling of
porous media easier to operate, which has promising
development prospects.

Keywords: spatially resolved T, distributions, reconstruc-
tion model, porous media, nuclear magnetic resonance,
REV-LBM

1 Introduction

Accurate characterization of porous media is the key
to study porous media seepage mechanism. At present,
the main research methods mainly include experimental
testing technology, image analysis, and digital core ana-
lysis. The main methods of experimental testing are rate-
controlled mercury intrusion [1], high-pressure mercury
intrusion [2,3], low-temperature nitrogen adsorption [4],
and nuclear magnetic resonance (NMR) [5,6]. Image ana-
lysis technology mainly relies on the images obtained
through thin section [7] or scanning electron microscope
[8] for further analysis. Digital core technology is digital
reconstruction of porous media, which mainly relies on
digital image processing technology combined with X-ray
micro computed tomography (Micro-CT) [9].
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At present, image analysis technology and digital
core analysis are the main methods to reconstruct the
porous media model. Among them, image analysis tech-
nology is able to reconstruct the 2D porous media model
by identifying the mineral component boundary or by
using the statistical parameters of porous media obtained
from the image to generate random porous media by
random process [10], while digital core technology recon-
structs 3D model by processing multi-layer micro-CT scan
images [11,12]. Although there are some differences between
them, the idea of reconstructing the model according to the
real pore skeleton physical structure of porous media is the
same. That is why the reconstructed porous media model
cannot better reproduce the reservoir or seepage character-
istics of the original real samples because of the limitation
of present machine scanning accuracy. Therefore, there is
an urgent need for a method to reconstruct the porous
media, which can break through this hardware defect,
and the reconstructed porous media model can better repro-
duce the reservoir and seepage characteristics of the ori-
ginal real samples.

Referring to the description of porous media model in
lattice Boltzmann method (LBM) [13,14], the concept
model of porous media can be divided into two categories.
One is to finely describe pore throat structure and micro-
cracks, distinguish pores and skeletons, and treat porous
media as discrete media, as pore-scale model. The other,
as representative elementary volume (REV)-scale model, is
to avoid the fine description of pore throat structure, and
describe the porous media as lots of smaller scale porous
media, each local area has local porosity and local perme-
ability. Among them, the first type is concept model for the
current image analysis technology or digital core tech-
nology [15], while the second type of conceptual model
is the key to break through the above hardware limitations
and solve the problem.

NMR can quickly and efficiently capture the reservoir
and seepage characteristics of porous media. The Carr-
Purcell-Meiboom-Gill (CPMG) sequence can be used to
measure the transverse relaxation time (T,) [16]. While the
Spin-Echo Serial Peripheral Interface (SE-SPI) sequence
divides the core into multiple layers, and obtains the T,
distribution spectrum of each layer by coding [17,18], it is
not as accurate as CPMG sequence. But SE-SPI is sensitive to
the signal of mobile fluids in porous media [19]. Therefore,
based on the spatially resolved T, distribution measurement
of SE-SPI sequence, combined with the macro parameters of
porous media and Fractal Brownian motion, this study uses
Gauss stochastic process to generate the porous media
reconstruction model. Compared with image analysis tech-
nology or digital core technology, the new reconstruction
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method of porous media model proposed in this study
solves the problem that the reconstruction model is difficult
to reproduce the real sample reservoir and seepage charac-
teristics due to hardware constraints. At the same time, the
new reconstruction method of porous media model also has
the advantages of short test cycle, simple sample proces-
sing, and low experimental cost.

2 Materials and experiment

2.1 Materials and instruments

Low-permeability tight sandstone core, formation water
with certain salinity, raw tape, silicone oil calibration
bottle, high-temperature drying oven, vacuum pump,
core holder, intermediate container, and NMR instrument
were used in this experiment.

2.2 Experimental method

The flow chart of the experiment is shown in Figure 1,

while more detailed experimental steps are as follows.

1) Determination of basic physical parameters: select
eleven tight sandstone cores and then determine the
basic physical parameters such as dry gas perme-
ability and porosity. The specific physical parameters
are shown in Table 1.

Core Samples
Preparation

l

Petrophysical parameters
tests

Saturated with water l

Core samples
before NMR test

l

CPMG sequence l l SE-SPIsequence

T, spectrum

Fractal statistical
method

1D T, distribution MRI

REV-scale porous media
reconstruction

Figure 1: Flowchart of the designed experiment.
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Table 1: Porous media parameters of the tight sandstone samples

Samples Length Volume Porosity (%) Permeability
(cm) (cm’) (107 pm?)

Y75 7.043 37.051 9.662 0.03804

Y76 7.370 34.183 9.787 0.02949

Y95 6.890 34.917 10.33 0.04810

Y100 7.354 36.941 9.599 0.03686

P58 6.744 35.323 16.11 4.655

P60 6.906 34.583 17.05 3.531

R37 6.929 34.773 8.830 0.5346

R38 6.778 33.957 8.931 0.5404

P24 6.521 33.921 10.16 1.418

P28 6.703 34.193 13.60 2.893

P41 6.678 33.997 5.891 1.514

2) Saturated core: put the first 8 cores into the high-tem-
perature drying oven for drying for 8 h, put it into the
pressure vessel for vacuumizing for 1day, and select
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the compatible formation water for pressure satura-
tion for 1day.

3) Sample loading: after calibrating NMR parameters
with silicone oil bottle, the core is wrapped with tape
and put into NMR instrument to ensure that the core is
in the middle of the observation window (8 cm).

4) Determination of overall T, distribution: the whole
transverse NMR T, relaxation spectra of each core are
determined by Q-CPMG sequence (SF = 12MHz, O1 =
496668.7 Hz, P1 = 21 ps, and P2 = 40.48 pis).

5) Determination of stratified T, distribution: SE-SPI sequence
(SF = 12MHz, O1 = 496668.7 Hz, P1 = 21ps, and P2 =
40.48ps) is used to determine the transverse NMR T,
relaxation spectra of each core layer according to the
number of setting layers of 31, that is, 1D T, distribution
magnetic resonance imaging (MRI).

Because the length of the observation window is
larger than that of the core, when the interval between
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Figure 2: 1D T, distribution MRI of P58 sample (a) and Y75 sample (b) (blue curves need to be omitted, while red curves have to be reserved).
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layers is lower than a certain value, there is T, distribu-
tion spectrum at both ends of the tested 1D T, distribution
MRI whose signal quantity is approximately 0. Take core
P58 and Y75 as example, the T, distribution spectrum
of each layer measured by spatially resolved NMR is
shown in Figure 2. In order to ensure that the T, distribu-
tion spectrum of each layer used in the subsequent recon-
struction of porous media has the same length, we remove
the test curve with large signal difference at both ends.

3 REV-scale porous media
reconstruction

REV-scale porous media reconstruction is also a method
for fine characterization of porous media from the per-
spective of porous media parameters, distinguished with
the digital core method which considers the structure of
pore-throat network. The difference is that digital core is
based on the physical structure of pore skeleton porous
media, the porous media model constructed by digital
core belongs to 0-1 coverage model, while REV-scale
porous media reconstruction is from the perspective of
fluid seepage, and the porous media model (Figure 3)
belongs to gray model with the distribution maps of local
porosity and local permeability.

The new method of porous media reconstruction is
based on spatially resolved nuclear magnetic technology,

Porous Media® ° ° °

Figure 3: Conceptual graph of porous media’s reconstruction model.
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through which the actual core porosity or permeability
and other physical parameters cannot be obtained directly,
it is necessary to use some T, distribution spectrum eigen-
values to obtain the corresponding physical parameters.
Among them, the peak area of signal per unit volume can
be used to describe the porosity of porous media, while
the eigenvalues related to T, geometric mean (T,gm) and
porosity calculated by Schlumberger Doll Research (SDR)
model [20,21] can characterize the permeability of porous
media. Combined with the porosity, permeability, and
the corresponding characteristic values obtained from
the overall T, distribution spectrum of eleven cores, it
is found that the signal peak area per unit volume is
approximately proportional to porosity (Figure 4), while
the characteristic value of SDR model is approximately
proportional to permeability (Figure 5).

Considering that rock is a kind of material with self-
similar fractal characteristics, this study reconstructs REV-
scale porous media from the perspective of effective
porosity and seepage capacity of porous media based on
the abovementioned concept of reconstructing porous
media model and T, distribution spectrum model theory
and fractal topology theory. The specific algorithm flow is
shown in Figure 6.

3.1 Fractal parameters acquisition

The signal peak area per unit volume is noted as A, which
meets the requirement A = %Z?Ai. And the distribution of

y=0.01349x
R?=0.9964

Porosity, %

T T T T T T T T T T T T
400 500 600 700 800 900

L T
1000 1100 1200

Peak area, a.u./cm’

Figure 4: The scatter diagram between porosity and signal peak area
(the red curve denotes the linear fitting curve).
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A is proportional to porosity ¢, the distribution is supposed to
be similar, with statistical regularity. Considering that the rela-
tionship between the overall geometric mean value of T, and

each layer can be expressed as Togm = [T Toi? = [T/ Tl
in the SDR model, after taking logarithm, it becomes
AlnDgy, = %Z?(Ailnngm,,-). Taking AlnTgy as T4, which
is similar to A and can be used to reflect the movable fluid
with statistical regularity, then T4 = %Zl” D i
In order to describe the random signal with statistical
characteristics, B(x) is defined as a 1D scattered point
sequence conforming to the fractal Brownian motion to
describe the characteristics of Fractal Brownian motion
by Hurst exponent (H) and 0, standard deviation under
reference distance Ag (0p). According to the definition of
Fractal Brownian motion, two methods can be derived
[22,23], including direct method and indirect method, to
obtain the H and o, of A and T>,.
1) The direct method. According to its definition,
D[B(x + A) — B(x)] ~ |A/Aq|*" can be derived as follows:

%ln{D[B(x + A) - BJ} = HIn(4/Ao) + Ingo, (1)

where D(x) is the mean square deviation of the dataset x.
Based on the experiment data of Y75, draw the scatter
diagram of%ln{D[B(x + A) — B(x)]} vsIn(A/Ap) (Figure 7),
and fit the straight-line segment, where the slope is H and
the intercept is In gj.
2) The indirect method. From the definition [B(x + A) — B(x)] ~
N(0, 62) and E[|B(x + A) — B(x)|] = \/ga can be calcu-

lated, and the equation E[|B(x + A) — B(x)|] ~ |A/A|"
is able to be obtained from the definition. So, the fol-
lowing equation can be derived.

In{E[|B(x + 4) - B0}

1 2
= HIn(A/Ap) + [lnao + 5(1n2 - ll’lﬂ)],

where E(x) is the mean (mathematical expectation) of the
dataset x.

Based on the experiment data of Y75, draw the scatter
diagram of In{E[|B(x + A) — B(x)|]} vsIn(A/A,) (Figure 8),
and fit the straight-line segment, where the slope is H and
the intercept is Ingy + %(lnz - Inm).

The Hurst exponent of two parameters A and T,4 of
each core can be calculated by using the above two algo-
rithms, as shown in Table 2.

Drawing the scatter diagram of R-squared vs Hurst
exponent, which is shown in Figure 9, and the difference
between the results obtained from two methods can be
observed. When R-squared >0.9, H, from direct method
is in the range of 0.188-0.479, and Hp,, is in the range of
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Figure 5: The scatter diagram between permeability and SDR model
(the red curve denotes the linear fitting curve).

0.243-0.447. 1t is found that the distribution ranges of
these two Hurst exponents roughly coincide. However,
the situation is different for indirect method. When
R-squared >0.9, the distribution of H) is in the range of
0.145-0.406, but Hy, is in the range of 0.343-0.595. The
distribution ranges of H, and Hry,, are distinguished. It is
obvious that the two methods have differences in calcu-
lation results, and further analysis is needed to screen the
methods.

3.2 2D fractal seed determination

Since the test data obtained by spatially resolved NMR is
1D T, distribution MRI, the reconstructed model based on
B(x) must be 1D model. If the model of the corresponding
dimension is expected, the fractal seed of the corre-
sponding dimension is necessary. Take the 2D model as
an example, the 2D fractal seed is needed. Considering that
the outer product of two sets of sequences conforming to
the fractal Brownian motion can produce a 2D fractal seed
(Appendix I) which also satisfies the fractal Brownian
motion, that is, Bop(x, y) = a|B(x)){B(y)|, where a is the
coefficient. For the same porous medium, the mean value
characterizes it from a macro-perspective, the change in
dimension will not change the mean value, which is
expressed as E[B,n(x, y)] = E[B(x)] = E[B(y)] = ug, where

a= yi and the 2D fractal seed is described as follows:
B

IBCOYBO)

B

Bap(x,y) = (3)

After the 2D fractal seed is determined, the corre-
sponding fractal parameters, i.e., H and 0y, need to be
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Modify the one-dimensional
T, distribution MRI

Y

A

Calculate the 4, (signal peak area) of
each 7, spectrum

Calculate the 7,,, = A4,/nT,,, of

2gm.i

each 7, spectrum

Y

Y

Obtain H (Hurst exponent) and
o, (reference standard deviation)
of 4 series

Obtain A (Hurst exponent) and
o, (reference standard deviation)
of T,, series

Y

Y

Generate the
two-dimensional seed of 4

Generate the
two-dimensional seed of 7, ,

Y

A

Construct 7,,2D-map by
fractal iteration

Construct 4 2D-map by

Y

fractal iteration

v
Calculate local permeability K, by using

s —
. T,
K, = 4 exp PRI Y TR
p 4 A

v
Calculate local porosity ¢, by using

QO,:Z(P

Y

Reconstruct REV-scale porous media

Figure 6: Flowchart of porous media model reconstruction algorithm.

calculated. Because the 2D fractal seed involves two
directions, it has four fractal characteristic parameters,
H,, Hy, Oox, and 0o,. Under this situation, only indirect
method can guarantee the consistent invariance of Hurst
exponent calculated under different dimensions, while
the Hurst exponent calculated by direct method will
change with the change in dimension (Appendix II).
Therefore, in order to ensure the consistency of the fractal
characteristic parameters calculated under different dimen-
sions, the indirect method should be selected to calculate
the fractal characteristic parameters.

3.3 1D fractal interpolation method

Define r as shrink factor. For the fractal value (Figure 10)
before and after scaling r times, it can be simply
expressed as linear model plus random number, where
the random number Rn conforms to normal distribu-

tion, i.e., Rn ~ N(u, ¢2).
B(x + rAg) — B(x) = r[B(x + Ag) — B(x)] + Rn. (4)

For Eq. (4), the expectation and variance are obtained,
respectively
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Figure 7: The scatter diagram obtained by direct method (the red
curve is the linear segment fitting straight line).

E[B(x + rAg) — B(x)] = rE[B(x + Ag) — B(x)] + E(Rn), (5)
D[B(x + rAy) — B(x)] = rD[B(x + Ay) — B(x)] + D(Rn). (6)
Note E[B(x + Ao) - B(x)] =y, and D[B(x + Ao) -
B(x)] = 2. Combined with the properties of Fractal
Brownian motion, we can get the following conclusions:
E[B(x + rAp) — B(x)] = py = 0 and D[B(x + rdy) — B(x)] =
r?Hg2. The expectation and variance of the random number Rn
can be obtained, ERn) = 0 and D(Rn) = (r? - r2)a =
r - 222,
After processing,
B(x + rAg) = rB(x + Ag) + (1 — r)B(x) + Rn,
Rn ~ N("l’ 02)’

where, y = 0 and o = rfi\1 - r2H g,
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Figure 8: The scatter diagram obtained by indirect method (the red
curve is the linear segment fitting straight line).

In particular, Eq. (7) is degenerated to the formula of
random midpoint displacement [24], that is,

B(x + %Ao) = %[B(X + Ao) + B(x)] + Rn, )

Rn ~ N(H’ 02):
where u = 0 and ¢ = 27741 - 222,

3.4 2D fractal interpolation method

By analogy with the fractal interpolation algorithm in 1D,

squarey is scaled to square,, the scaling factor is ?, as

shown in Figure 11. The interpolation point Bs is located
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Table 2: Hurst exponent form of samples calculated by two different methods

Samples Hp H; Hr,, Hy,,

Y75 0.479 (0.998") 0.406 (0.996) 0.308 (0.974) 0.343 (0.995)
Y76 0.153 (0.845) 0.145 (0.983) 0.428 (0.998) 0.430 (0.969)
Y95 0.188 (0.926) 0.246 (0.961) 0.387 (0.971) 0.531 (0.948)
Y100 0.233 (0.946) 0.228 (0.857) 0.447 (0.974) 0.595 (0.994)
P58 0.440 (0.985) 0.397 (0.965) 0.333 (0.880) 0.371(0.882)
P60 0.287 (0.958) 0.352 (0.997) 0.442 (0.930) 0.508 (0.964)
R37 0.072 (0.118) 0.098 (0.178) 0.126 (0.698) 0.454 (0.978)
R38 0.185 (0.732) 0.102 (0.521) 0.243 (0.917) 0.354 (0.926)

(*Number in brackets is R-squared, H, and Hr,, are calculated by direct method, H; and H'r,, are calculated by indirect method.).
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B,

rA,

A,

Figure 10: Schematic diagram of 1D fractal interpolation (B is linear
interpolation point, while Bs is fractal interpolation point).

in the center of squarey. Compared with the four vertices
B,, B,, B3, and B,, four 1D fractal interpolation expres-
sions can be constructed.

2

Bs - B; = T(B2 - By + Rny, )

B5 - B2 = g(B3 - Bz) + an, (10)
B5 - B3 = g(B4 - B3) + Rl'l3, (11)
Bs - B, = gu_ﬂ;1 - B,)) + Rn,, (12)

The random numbers, Rn,, Rn,, Rn;, and Rn, all con-
form to the normal distribution, and can be obtained by
adding Egs. (9)-(12),

1 1
B; = Z(Bl + B, + B3 + By) + Z(Rnl + Rn, + Rng 13)
+ an,).
Considering that Bs is unique, therefore, Rn;, Rn,,
Rns, and Rn, are completely related, and there is only
one random variable, Eq. (3) can be simplified as

Bs = %(Bl + B, + B3 + B4) +Rn, Rn ~ N(l'l’ 02)'(14)

The random numbers Rn, Rn;, Rn,, Rn;, and Rn,
satisfy the same normal distribution, that is u = 0 and

o =2712J1 - 2H-1g,,

1
i B,
i
s
! \\\
i N
! \
i AN
i B,
i ® @
| B
’
i .
i 7
i .
! .7
i ’
; /- square,
i
i B
i

Figure 11: Schematic diagram of 2D fractal interpolation (B" is the
center point of another square, that may not exist).
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For interpolation points Be, B;, Bg, and Bo, although
they can be regarded as the center points of square, after
one iteration, Eq. (14) can be used for calculation. How-
ever, to avoid the situation of the lack of numerical value
of B and improve the parallel ability of calculation, Bg,
B;, Bg, and By are only treated as 1D interpolation points.

3.5 Conversion of fractal values to porous
media parameters

Using the fractal algorithm in the previous section, a map
of certain size about A or T,, can be iteratively generated.
Because of the conclusion in the Section 1, the peak area
of unit volume signal is approximately proportional to

Porosity
16.11%
1388
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the local porosity, and the eigenvalue of SDR model is
approximately proportional to the local permeability, two
basic expressions can be obtained

0 a (15)

Ki Tzzgm,i(pi4
— = (16)
K Tng(p4
Considering the definitions of A and T,, (Section 3.1),
Egs. (15) and (16) can be sorted into

A
Q.= —0Q, (17)
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A\ Tai  Da
Kl =1 —= eXp 2— 2—_ K (18)
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Figure 12: Porosity distribution 3D-color map of P58 samples (a) and Y75 samples (c) reconstruction model, and permeability distribution
3D-color map of P58 samples (b) and Y75 samples (d) reconstruction model.
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Figure 13: Physical model (Red: pressure boundary; Blue: free boundary; Green: periodic boundary).

4 The algorithm of porous media

reconstruction application
testing

4.1 Reconstruction of porous media model

In the following application testing, P58 and Y75 were
selected as demonstration cases. Here B(y) = B(x) (the

18.53 - O NMR test .

reconstruction ®
1
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same fractal characteristics in the length and width direc-
tion) was assumed because only 1D T, distribution MRI in
length direction had been obtained from the experiment.
In addition, this simple assumption B(y) # up can prove
whether the fractal features in 1D will be affected by the
change in dimension. Referring to Eq. (3), the 2D fractal
seed could be calculated easily. Then, the seed can be
expanded to a 2D map of certain length and width about
A or T,, with the usage of Eq. (8) and (14), and the fractal
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Figure 14: Porosity distribution of P58 samples (a) and Y75 samples (c) reconstruction model, and permeability distribution of P58 samples

(b) and Y75 samples (d) reconstruction model.
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parameters calculated by indirect method. Based on Egs.
(17) and (18), the local porosity distribution and perme-
ability distribution of porous media can be obtained
through the value conversion of A or T4, as shown in
Figure 12, which is the local porosity distribution and
permeability distribution map of P58 and Y75.

The color scale bar in the distribution map adopts
the probability expression method, and the white scale
is about 0.9971, 0.7207, 0.9381, and 1.050, which also
approximately reflects that the local physical parameters
are distributed around the physical parameters in the
REV-scale, and a higher frequency occurs when the value
is close to the macro value, and when the value is farther
away from the macro value, lower frequency occurs.

4.2 Numerical verification

In order to verify the accuracy of the porous media model
reconstructed by this method, REV-LBM [25] with multi-
relaxation time is used to simulate the flow. In the simu-
lation case, the kinematic viscosity is 1.5 x 107’ m%/s, and
the fluid density is 1.1 x 10% kg/m’. In addition, the fluid is
driven by the fixed pressure gradient at both ends, which
is always maintained at 0.0482 and 13.35 MPa/m in the
case of P58 and Y75, respectively. The non-equilibrium
extrapolation scheme is adopted for the inlet and outlet
boundary, and the periodic boundary scheme is adopted
for the upper and lower walls, as shown in Figure 13.
The standard homogeneous porous media model is to
prove the accuracy of multi-relaxation time REV-LBM.
The simulation result shows that the permeability calcu-
lation error is only 0.36% through the calculation for-
mula K = %, which indicates that the influence of the
node number setting on the permeability calculation can
be eliminated. The results of experimental measurement
and reconstruction simulation are shown in Figure 14.

Table 3: Petrophysical parameters of the real samples and novel
reconstruction models

Y75 sample Y75 model P58 P58
sample  model
Porosity, % 9.66 9.66 16.11 16.11
Porosity error - 0% - 0%
Permeability, 0.03803 0.04092 4.655 4.941
1073 pm?
Permeability - 7.60% — 6.15%

error

DE GRUYTER

Table 4: Petrophysical parameters of the real samples and digital
rock [12]

Real CT-only CT-SEM
sample digital rock digital rock
Porosity, % 10.58 7.37 10.31
Porosity error - 30.34% 2.55%
Permeability, 0.224 109 3.12
1072 pm?
Permeability error - / 1,293%

Obviously, there is only an acceptable difference of 1D
porous media parameters between the NMR tested and
calculated based on the numerical simulation of the
reconstructed model. For P58, the porosity and perme-
ability error of almost all the measuring points can be
maintained within 3-8%, respectively. While, for Y75,
most measuring points have the errors within a certain
range like P58, only a few measuring points at the end
have a large error. Thus, this reconstruction model based
on the previous generation method can describe the local
characteristics of porous media well. Moreover, the overall
permeability calculation error is about 6.15 and 7.60%

AL .
ZP , which also

based on the calculation formula K =
shows that the reconstructed porous medium model has
good accuracy.

The calculation results of overall porosity and perme-
ability of the reconstructed model are shown in Table 3.
It can be found that the reconstructed model can always
restore the measured porosity of the sample because the
reconstructed model completely depends on the macro
physical parameters of the actual sample. The perme-
ability error of different samples can be controlled to be
below 8%. Therefore, this porous media reconstruction
method is suitable for porous media with different por-
osity and permeability. Compared with digital cores, the
reconstruction error of the new model is far less than the
existing 1,293% of digital core reconstruction error [12]
(Table 4).

5 Conclusion

1) Based on spatially resolved T, distribution measure-
ment and combined with fractal statistical model, a
new fine characterization modeling method for recon-
structing porous media is proposed.

2) Through strict mathematical deduction, it is proved
that the indirect method is more accurate in calculating
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fractal parameters, and the method and proof of gen-
erating 2D fractal seed from two 1D fractal sequences
are given.

3) REV-LBM is used to simulate the flow of the recon-
structed fine porous media model. The simulation
results show that the porous media model generated
by this new method can reproduce the macro reservoir
and seepage parameters of the original sample in a
small error range, which is far less than the error of
the existing digital core technology reconstruction
model.

4) The new method of fine characterization and recon-
struction modeling of porous media greatly shortens
the experimental test cycle of the existing methods
of porous media reconstruction (image analysis and
digital core) and reduces the corresponding experi-
mental cost. In addition, because this new method
relies on nuclear magnetic testing technology, it is
easy to operate and implement, and has broad pro-
spects for development.
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Appendix
Appendix |

Define f(x) = B(x + Ax) - B(x), f(y) = B(y + Ay) - B(y).
Because of Bop(x, y) = 'B(X);M, by analogy with the
B

definition of 1D, we can get,
X-axis direction:

fiep(X, ¥) = Bap(x + Ax, y) — Byp(x, y)

=;%wu+mmmm—wummmx
B

Y-axis direction:
fy-(X,y) = Bop(x,y + Ay) = Bp(x, y)
1

= —(BG)XB(y + Ay)l = IBCO}BY)D.
B

After sorting out, they are f,_op(x, y) = i[f(x))(B(y)l

and f,_»np(x,y) = yiB|B(x))(f (y)l, respectively. It is obvious

that f,_op(x, y) and f(x) have the same fractal properties,
while f,_»p(x, y) and f{y) have the same fractal properties.

Appendix Il

For the direct method, in the X direction, D[ f;_op(x, y)] =
E[f? 5p(x, V)] = EY fy-ap(x, y)], the two parts on the right
side of the equation can be expanded as,

2
Ewmmwhfﬂ%wmwmq}
B

= LE(IFONBOIP)
Hg

2
- S0 0,

B

B[ fr-ap(x, )] = Ez[yilf(X»(B(y)l]
B

2
{iﬂﬂnmmw%
Hp
= ELf(0)].

After sorting out
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2
Dlfewy)] = BB g 260y — B2 £ 001,

B

(A1)

In the same way, we can get the value in the Y
direction

E[B*(x)]

D[ fy-(x, y)] = S—ELf?D] - EPLf ()] (A2)
B
For 1D fractal scatter sequence
D[f()] = E[f*0)] - EA[f (0], (A3)
DIf()] = ELf*0] - EALf )] (A4)

It can be found that for finite scatters
E[f(x)] # 0 and E[f(y)] # O, at this time 20l

DIf ()]
D[f;%éj‘)’]y)] are not constant values. The change in

dimension will cause the change in Hurst exponent. But
ingeniously, when the sample size of the observation
data is large enough, E[f(x)] — 0, E[BX(y)] = 03, + kg
and E[f(y)] — 0, E[BX(x)] ~ 03, + Uy, Egs. (A1) and (A2)
can be written separately.

D[ fean(x, )] = (1 + cv))D[f (O],

D[ fy-ap(x, )] = (1 + cvDF )]

and

(A5)
(A6)

In this case, the Hurst exponent calculated by the
direct method also does not change with the change in
dimension, and it is uniformly invariant.

For the indirect method, in the X direction

ﬂm@uym=EH§vwmmw“
‘B

1 A7)
= —E[|[fCONBW)I]
HUp
= E[|[fCOl].
Similarly, along the Y direction
E[lfy-an(x, I = E[IFO)I]- (A8)
. Ell feanGo) 1 _ EllfyapCon) 1l o
Obviously, Hfon - BN 1. At this time,

the calculated Hurst exponent and the standard deviation
0o under reference distance A, will not change with the
change in dimension.
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