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1. Motivation

1.1 Digital rock physics (DRP)
Simulate the rock properties based on the digital rocks

Rock samples Digital rocks

Data acquisition
(e.g. CT, MRI)

(1) Construct digital rocks  (2) Simulate rock properties

netal., 2017

3-D Reconstruction Mesh Generation CFD Simulation \’umencalresu i
(e.g. Avizo, ScanIP) (e.g. Meshlab, Pointwise) (e.g. Comsol, ANSYS) (e.g. Permeability, Stress)




& 8158 L
@ InterPoreZgg'% Khalifa University ‘\;\“*j""”"‘»-,

- L] Me )‘, =, S A \
1. Motivation = e () 1AL 42T
- 30 May - 02 June 2022 # <z CHINA UNIVERSITY OF PETROLEUM
i; United Arab Emi

1.2 Construction of digital rocks

Widely-used modeling methods of digital rocks

(1) Experimental Techniques (2) Computational Methods
S |l b —

Sampling Locationidentification _Layer-by-layer reconstruction Final 3D shale model

Tahmasebhi, et al., 2020

Construct digital rocks by the imaging Reconstruct 3D digital cores by using some
machines, e.g., CT/FIB-SEM algorithms based on 2D images

Eoe

Q1: How to
construct
multimineral
digital rocks?

Single-minerl digital rock
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1.2 Construction of digital rocks
Multiscale pore systems: Current 3D imaging Digital rock constructed
micrometer/nanometer techniques either cover by X-ray CT scanning
the large-scale structures technique (CT)

at a low resolution or
cover a small region at a
high resolution

/—\ Micro-CT: Cannot

N capture nanopores
‘—
H S —
I Ty Nano-CT: Small
,:ffff"f"/Phgs’phate " W G /‘\ field of view
£ . 7|ntraPPores ‘ /\ v
CT scanning
Loucks et al., 2012, AAPG Bulletin Lose nanopores

Q2: How to construct the digital rocks that contain multiscale pore systems?
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2.1 Modeling method I: CT—QSGSI\/I
Solution:
Incfj;eb\éfxel @ Digital rocks constructed by Micro-CT
—— @ Increase voxel number and resolution
(3 Insert nanopores into the digital rock
Resolution: lum/voxel

Resolution: 0.5um/voxel

Increase voxel

Insert
number Nanopores
S )

Resolution: 1um/voxel

Resolution: 0.5um/voxel Resolution: 0.5um/voxel
Digital rocks from micro-CT

Digital rocks containing
micro- and nano- pores
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2. Methods

2.1 Modeling method I: CT-QSGSM
Quartet structure generation set method (QSGSM) 2
@® Randomly select some nodes in the solid as the &\

R
center of nanopores . . -
@ The seeds grow towards 26 directions under the & . . - =

constraints of a growth probability . . -

(® The growth will stop when the fraction of
nanopores reaches the predefined value. Y4 @ QI
Yuqi Wu, et al., International Journal of Coal Geology, 2020, 218:103368.

CT-QSGSM

XRCTST-
QSGSM for
constructing

multiscale
digital rocks

Micropores Nanopores Micro- and nano- pores
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2.1 Modeling method I: CT-QSGSM
QSGSM was used to divide the solid

Generate the multiscale digital rock with N23
space in the digital cores into various Yoxels contamng mlp and micropores
minerals

Divide the solid space into various minerals according
to the mineral properties from thin sections

!

Choose some voxels as the seeds of minerals (e.g.,
quartz, feldspar, calcite, and clay) one by one

Seeds grow under the constraints of the P
directional growth probabilities

fraction of the
mineral more th

Previously published:
Single-mineral model

This study: Multiple-
mineral model

Quartz Calcite - Pore Generate the multiscale and multimineral digital rock

] containing multiscale pore systems and multiple-type minerals
Feldspar ] Clay mineral

. ?
mineral *

Yugi Wu, et al., JGR: Solid Earth, 2020, 125(1):62019J8018309. Workflow of constructing multimineral
digital rocks by CT-QSGSM
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2D SEM EDS image Multicomponent models

Dilation algorithm (DA)

Dilation algorithm can add some structuring elements to the original objects in the image
to expand the surface of the particles, so the method is used to simulate the cementation.

O®E={z€E|(£).NO# D},

Yuqgi Wu, et al., JGR: Solid Earth, 2020, 125(1):e2019JB018309.
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2.3 Modeling method I11: Template Matching

Template matching: fuse the spatial information from the multiscale and multiresolution
iImages into a multiscale high-resolution image.

Input data set

Template matching

Output data set
< . T .
8\ T, N Rt )
- . .- 5 Ea ¥ .’ & TN Y :
R Stacking N o “"I’- b :
D T, L
~ _{‘ X : ""‘. i
‘ (f) 3D TIs o7 SN i
Find the best- Generate a ’: . ooy -
(d) Padded TIs matched pattern from multiscale ima \k - o 0
TIs based on CCF 4 P ‘,"

Search the RCI 1 v
4E | 5
(2) ST ' o ‘.'ﬁ* :

POy 4

&I T

h ‘.’1' "5{ U""

Ve % -k 3

LTI SRl

i

0

? 2 Ql;b "'ﬂ‘ v
e O “ =

(h) Multiscale porous media

on low- and high-resolution images [J]. Marine and
(¢) RCI Petroleum Geology, 2019, 109:9-21.

Wu Y, et al. Multiscale modeling of shale samples based
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2.3 Modeling method I11: Template Matching

Template matching method was used to improve the resolution of 2D images.

Low-resolution 2D image High-resolution 2D image
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2.4 Modeling method IV: Object-based modeling

Object-based methods aim to reproduce the elements of shale samples

— = Bom s ,777_,,' - () 3 150 ]

Tahmasebi, et al. Digital
rock techniques to study
shale permeability: A
mini-review[J]. Energy
and Fuels, 2020, 34(12): Clay (i.e., Realization #1) Realization #2 Realization #3 Realization #4

15672-15685.

Organic matter
Clay

Calcite
Feldspar
Quartz-l

Quartz-l
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2.5 Modeling method V: Multipoint statistics method

- !
i 0" ﬁ s
— )‘,’// — :»"':“’,;2'"'
-
Sampling Locationidentification Layer-by-layerreconstruction Final 3D shale model
Realization #1 Realization #2

Realization #1 Realization #2

A

Tahmasebi, et al. Digital rock techniques to study shale permeability: A mini-review[J]. Energy and
Fuels, 2020, 34(12): 15672-15685.
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3.1 Pore network modeling of gas flow
(

VP(z) = uv?v(x,y),

o= fﬂvo@ y)do

Vboundary =0

Qu+k = Quf (Kn),

128
a(Kn) = 1572
ZTkg
Kn = ,
V2nd? PR,
dC
Js = sd_Zsr
Cs = Cmax0
_ P/Z
- P,+P/Z
A
-3
Per

IOM — circle:

Q =< I0OM — square:

IOM — triangle:
E—) |
p

tan~1(4Kn%%)

Consider shape
factor of pores,

viscous flow,
Knudsen
diffusion,

surface Q=

diffusion (OM
pores)

OM — circle:

{ OM — square:

OM — triangle:

4

128u
4

mVP [1+ a(K,)](1 + 1ﬁ+ KKn>

9v3R*

320u
R4

128u

BKn
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9+/3R%

205 VP.[1+ a(K,)] <1

+D,

e
72U
dP
577 (
dz

K

L _PKa )
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3. Applications E L

3.1 Pore network modeling of gas flow

k k+1 k MPik
Re =R — dme m; —m; = z QpAt . m; = Vthroat—-
_ ZR,T
j=1
ZRT ~ pk 4 pk Pf — Pf
Pf+t = pff - —Z QpAt. pk+1_ i 0 VP =—x
l l VinroatM - o 2 ' i
K _ QinHavel
P AVP

modeling of | 2
gas flow

Pressure

Digital image Pore network distribution

Yuqgi Wu, et al., JGR: Solid Earth, 2020, 125(1):e2019JB018309.
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3.2 Effects of OM pores on rock properties

B: OMP 1.8%

OM pores (white) increase

InterP and intraP pores A: OMP 1.0% B: OMP 1.8% C: OMP 2.6%

Yuqi Wu, et al., Journal of Natural Gas science & Engineering, 2020, 81:103425
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3. Applications

3.2 Effects of OM pores on rock properties

After increasing the OM pores in the shale models, the proportion of tiny pores whose sizes are
smaller than 30nm greatly increases.

Pore radius distribution Throat radius distribution
0-25 = ¥ v D.42 Y T T
& —OMP 1.0% i —OMP 1.0%
ii —=OMP 1.8% -=OMP 1.8%
02} i “ OMP 2.6% | 0.35 -+ OMP 2.6%
0.28
] o=
2'0.15; i g
- 5 1 % 30.21
[:*] (= 3 (=2
@ 2 o041 2
U u ....... u 0.14
.08 0.07
0! : . 0 . : : .
0 50 100 150 1] 20 40 60 80 100
Pore radius {(nm) Throat radius (nm)
(a) (b)
0.4 - v 05 v
i) —OMP 2.0% 3 —OMP 2.0%
i == OMP 3.0% A == OMP 3.0%
w OMP 4.0% 04 £ v OMP 4.0%
0.3 N J]
HAH
= HY z
5 q% § r
l 5 0.2 | 3 (
2 g g
] w i 02
L
0.1
0.1
u L 1 L 0 i i .|
0 20 40 60 80 100 120 0 20 40 80 80 100
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Yuqi Wu, et al., Journal of Natural Gas science & Engineering, 2020, 81:103425
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3. Applications

3.2 Effects of OM pores on rock properties

Porosity variation of each 2D layer Fractal dimension variation of each 2D layer
E | —OMP 1.0% o " —OMP 1.0%
When OM pores are _ S ish
generated inthe  _ % gk
shale models, 5 2 s | ™
porosity ofeach2D © % 8 14y
layer increases. 135}
% 2 4 6 8 10 12 1 Yo 2 4 6 8 10 12 14
Distance (um) Distance (um)
(a) (b)
0 ' ' | —OMP 2.0% 1 1 ' ' | —OMP 2.0%
Vore OM 14} ~owpson| 1l —oMP 10%.
ore pores 5
make fractal 5
dimension larger and E k=
the surface of 2D S 3
pore space rougher. -
% 2 4 6 s 10 12 14 M2 s 6 8 10 12 14
Distance (um) Distance (um)

Yuqi Wu, et al., Journal of Natural Gas science & Engineering, 2020, 81:103425
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3. Applications

3.2 Effects of OM pores on rock properties

The addition of more OM pores makes the connectivity of pore space become better

Coordination number distribution Volumetric Euler number
0.25 20 .
EONF 1.0% —OMP 1.0%
EowmP 1.8% L= == OMP 1.8%
, d N .
0.2 CIOMP 2.6% ol R e OMP 2 6%
=
5'0.15 — 120
— 3 g U -
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8o 01 z
L L
W 10
0.05
-20
0
0 1 2 3 4 5 6 7 8 B+
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(@ (b)
0.18 40
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CoMP 4.0% 20 i e OMP 4.0%
012
& o 80 120
™ z 1= 0 o i —
% g 3 Pare size (nm) |
L =
o 0.06 w20 H
E
£
40 i
i
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60 1

Coordination number

Yuqi Wu, et al., Journal of Natural Gas science & Engineering, 2020, 81:103425
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3.2 Effects of OM pores on rock properties

The addition of more OM pores increases the correlation of the voxels in the pore space

Autocorrelation function Multiple-point correlation function

0.12 - - 01p

' —OMP 1.0%
—OMP 1.0%
01t == OMP1.8% | —=OMP1.8%
Tk e OMP 2.6% 0.08 e OMP 2.6% 4
0.08
. n 0.06
Q0061 il
< =
0.04
0.041
0.02} 0.02
0 - s . D i
0 400 800 1200 1600 0 1000 5000 3000
Distance (nm) Distance (nm)
(a) (b)
012 | 0.12
] —OMP2.0% —OMP 2.0%
01k == OMP 3.0% | —-0MP 3.0% |
, - OMP4.0% = OMP 4.0%
0.08
L
006k
<
0.04) W
0.02
0 4 L = 0 .
0 400 800 1200 1600 0 1000 2000 3000

Yuqi Wu, et al., Journal of Natural Gas science & Engineering, 2020, 81:103425

Distance (nm)

Distance (nm)
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3. Applications

3.2 Effects of OM pores on rock properties

The addition of more OM pores improves the permeability and decreases the formation factor.

800 r T T 7 300 T T T
-e—Case 1 . -e-Case 1
=¥ Case 2 oo =-v- Case 2
-4 Case 3 250 TSl -4-Case 3 _
,-\600 [ O O \~~.
o o
< ©
2> &L 200~
= c
© 400 k)
5 T
c g 150 - ;
o) S T
s
10101 e
0 e
O | | 50 L I 1 ..’
Model A Model B Model C Model A Model B Model C
Model Model

Yuqi Wu, et al., Journal of Natural Gas science & Engineering, 2020, 81:103425
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» Five approaches for constructing multiscale and multicomponent
digital rocks are presented: (1) Hybrid modeling method: CT-
QSGSM, (2) QSGSM-DA, (3) Template matching, (4) Object-
based modeling, (5) Multipoint statistics method.

» We proposed a pore network modeling method that considers the
pore shape factor, viscous flow, Knudsen diffusion, and surface
diffusion.

» The effects of OM pores on the geometric, topological, and
transport properties and correlation functions of pore space were
comprehensively evaluated within the multiscale and
multicomponent digital models.
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