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Static

Dynamic



QUESTION 3/50

1) How do structure and flow interact each others?
2) How to quantify fracture patterns?
3) Can weestimatestructure or flow from the other data?

DATA

Fracture patterns Tracer
Thermal response
Electrical resistivity etc




QUESTION /50

1) How do structure and flow interact each others?



RESEARCH TO FIELD DESIGN o

Model

Nature/
T ||||||

Geometric

Reld Physical

Design



MICROFABRICATION APPROACH o0

Model

T ||||||

Microfabrication

Geometric
Nature/

Reld Physical

. AR

Microfluidics “ 3b iorinter



3D PRINTING ROCKS 7/50

Core scale

Coal rock Sandstone
ioon roek (Ishutowet al., 2015)

(Holloway2012) (Juet al., 2014)

AT

B RO R

Single fractursurface
(Jiang et al., 2016)
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Regional view ~7Z'/ Reservoir simulation
1 Equivalertontinuurmodel
Satellite view / i e.g.,TOUGH2, FELOW)

Field view

Discretdéracture network

Fault zone £-9- eV orcs FracMa

Minor fault
zone

&..,..,.J,.. Use 3D printerfor validation



FRACTURE NETWORK

Scaling of fracture systems

Cumulative number of fractures

per unit of area

1021,

,_
o
A

,_
Q
o

108

1 10?
I

min

I

104

max

Fracture length (m)

(Castainget al.,1996;0dling et al., 1999)

Diseshaped fracture

4 cm

Min aperture / radius
0.2/1.6 mm

Max aperture / radius
1 / 8 mm
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VisiJet® EX200
3D Systems @ Stanford@Bimensional
Printing Facility (3D)

Base material:
UV curable acrylic plastic
Support material:
Hydrophobic wax




CT scanning Flow experimental results

3D printing
1 10
—~ 0.8 ‘:g
3‘ F §‘1D'12
= 06} = O S O
o ; ; - = 5 )=
S 04f o L O
£ 04} : £ = £
L 16
0.2 f a 10 3= T 0
; < O
0 —
Ideal 3D printing 3D printing Cubic law

Consistent wittbnventional theoretical
studies (Jensen, 1991)

Suzuki et al., WRR, 2017



COMPARISON

CFD simulation

eloc‘ /
- —'ty [m .L
(] 0.012

Equivalenpermeabilitymodel

2
j : 77] 'rb LJ Ax: Areas of grid cell interfaces orthogonal to the x
K:z: - e A ji  Mumbering of fractures
R 12 A.’B nj : Aperture
J Lj : Length of the fracture intersecting the interface of grid cells

- Calculate flow rate by using Darcy's law:

Qz = Axrﬂ

AF/A Pressure gradient
p the viscosity of water

Concentration (-)

Concentration (-)

| 12/50
100
. Good agreement
10 Experimental result
104
10° Model
(OpenFOAM)
108 . Sy . T W
10 100 1000
Time (s)

100 Model (Equivalent permeability)

\

5t =7
102 |\| . A0.25

I . .

T Need modification
104 Y

\

. I

' |
106} !

i

I W Experimental resulte
10-8 1 . e - - FE———

10 100 1000
Time (s)

Suzuki et al.TiPM submitted



QUESTION 13/50
1) How do structure and flow interact each others?

Microfabrication approach will help to understand.



QUESTION 14150

1) How do structure and flow interact each others?

2) How to quantify fracture patterns?



w Quantitative tools for geometry

%] ‘.j; A intensityfMauldonet al.,2001]

A length[Bouret al., 2002
A density[La Pointe, 198B

p 0 A fractal dimension [Bonnet et al., 201

A percolationthresholdsMourzenket al.,2005]

fi#*" £.4 A topologyof networks [Sanderson ahison2015

etc



PERSISTENT HOMOLOGY 16/50

Connected
component | ring | pore
~ Q =~ 1 0 0
o0 = 2 0 0
o 5:} 1 1 0
o- T
u u :

https://www.wptaimr.tohoku.ac ffniraoka labd introduction_j.pdf
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o...O ° . o..o - i
Bl %3 Topology DGy . /}'/
. Metric . | o
‘ A * Persistence
<o DataSet . .
3 . Diagram

Application
A material scienceiraokaet al., 2016]
A data memony|Choudhury et al2012]
A RNAfolding space Mamuyeet al.,2016]
A viral evolution [Chan et al., 2013
etc.

Multiplicity

(Hiraokaet al., 2016)




Persistence diagram

birth

Thinning o Thickening
Original
Pixel increment -4 -3 0 9
/decrement
Image (): - 0. 00
birth birth death
W
3 Frequczency |
sls 100 1
el s w Software:HomCloud

(Hiraokaand Obayashi)



Fracture width

Fracture spacing

birth

-10

5 10 15 20

width [pixels]

birth ¥ - width

v

death

350

300
250
200 |
150
100 |

50 |

ra

0

0

death Y spacing

200 400 600
spacing [pixels]

800

v

Matrix blocks

100 |

50

number of pairs

0 50
number of blocks

# pairs = #blocks

Suzuki et al GRL. submitted

v
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_________________________________________________________________________________

'Numerical simulation  Discrete Element Method

| (Shimizu and Okamoto, Contrib. Mineral Petrol. ,2016)
‘Model

fracturing

FLOW | Hydration reaction
 fluid flow

Flow
conditions

. u
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\

Estimation

DATA
Suzuki et al GRL submitted



Niimerical simiilation

(a)
200}
T i
100 -
0- L T B B | 3
0 100 200
b
(c)
200
PERP LI \
ATk
100 %a),.lz\yf P
T 7‘.:‘__4,’_1/“':;} _7 .:'ﬁ
b .'u‘; A ;‘é«::
3~ LA
?;{7() it
0 L AR D
0 100 200

Suzuki et al GRL submitted

(b)

200}

100

200

0 100

100[
0
0 100
Frequency
1000 100 10

Rock fractures

(a)

200}

0 100

200

100
ol
0

b =birth, d=death

(b)

200|

100

200

0 100

Frequency

1000 100 10




Rock fractures

Real rock

1500

1000

Number of (b, d)

Y

1eap JO

winwixenN

Suzuki et al GRL submitted



QUESTION 23150

1) How do structure and flow interact each others?

2) How to quantify fracture patterns?

Persisterttomology will help.



CURRENT WORK o

New 3D printer Parallel plate 13 3D network
\ Porosity

b=0.2, 0.5, Tmm

0.2

8cm

mlet/outlet Orientation
KEYENCE homogeneous heterogeneous _ random s

AGILISTA3200

Base material:

UV curable acrylic plastic
Support material:

Hydrophilic plastic
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NEXT STEP .
Static

Dynamic
Multiphysics
: Measurement data . .

Micro- A Chemical reaction
fabrication A Tracer (Precipitation/dissolution)

A Thermal response A AN . fiald

A Electrical resistivity etc. niSotropic stress Tie
Topological

analysis



QUESTION 26/50
1) How do structure and flow interact each others?

Microfabrication approach will help to understand.

2) How to quantify fracture patterns?

Persisterttomology will help.

3) Can we estimate structure or flow from the other data?



FRACTURE APERTURE ESTIMATION

Tracertess ol ut e

Concentration

tracer

Concentration

Preferential paths
(Hawkins et al., 2017)



FRACTURE APERTURE ESTIMATION 28150

Minimum aperture in a flow path

Fracture = critical apertureNishiyameet al., 2017)
nm- cm




FRACTURE APERTURE ESTIMATION

Minimum aperture in a flow path

Fracture = critical apertureNishiyamaet al., 2017)
nm- cm

| A DNA -embedded particles

Nano -/ microparticle tracers
| z make barcode

2

5670

1234

* Various materials
z Use in Extreme environments

E Small devices
z possibility E

29/50



EXPERIMENT 30/50

1. Preparingparticles

2. Creating micratructures

3. Flow test undanicroscope

4. Measuring particle concentration

10
T
= ;e
E l' \\\
£ 102 o
g /
Fracture = ® .. o
£ 10
Q
(&)
c
| ;
Nanoparticle 106 °
| 0 10 20 30 40
' Ti h
Suzuki et a]Proc.SGW, 2018 4 ime [h]



EXPERIMENT e

Fluorescentnano-/ microparticles SEM images

500 nm green fluorescent
(Corpuscular Inc., New York, USA)

silica 2.0 g/cmd)

0.2 5mg ml Suzuki et al Proc. SGW2018



2D micromodel

1 Create mask

2 Etch silicon wafer

3 Cover glass

Reglon.? W

Ron 3 W
7727

2 M Region 4 //M
25 ym /////////’

5 . Region 5 W
i,

|

|

From top

From side

micro CT scan data of sandstone

50>m

W
Ry
[ R
R

hole

'
'
1
; 7
'
!

Etched space

Silicon wafer

(Alaskaret al., Proc. SGW,. 2013)



EXPERIMENT

Apparatus

Water head
difference

Suzuki et a] Proc. SG\W2018

e \

Flow rate

water tank 319 x 10 cnd/s

microscope

Tracer injectio
S

Q‘Q'Q' micromodel

microtube

33/50



Tunable resistivpulse sensorgNano(zonscience Inc.) (Platt et al., 2012
* particle diameter, volume, effective surface charge, Zeta potential

30 i TEM 3

-

Dynamic] .
light
scattering’

N
(=]

=)

Number-based PSD q (x) (%)

o

- e T ————— T

Number based frequency (%)

z Particle
Upper Fluid Cel§ Pore | p1 = .- tracking-, P
\ ¢ N : analysisi 2
Membrane s | - i | g

o ‘ Differential

| 10 } centrifugal-

I )\ sedimentation .

v s l " 1 1 1

Lower Fluid Cell . P @ ; 0 l;C 200 300 400 500 600 700 300
£ . Equivalent diameter (nm)
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laser @,
. ‘,‘
pointer “

./

| Mair

e

Suzuki et aJ Proc. SGW2018



EXPERIMENTAL RESULTS 36/50

SEM images of droplets at outlet
TIME: 12 h TIME: 18 h TIME: 36 h

ot| WD Date
6.2 mm |06/20/17



EXPERIMENTAL RESULTS

Estimation of concentration from SEM images

B
0
Suzuki et a] Proc. SG\W2018

255

10

RN
Q
N
[ ]

104

Concentration [mm?3/uL]

1 0-6 L

! \ Matrix

@
-‘--h.

e « Quitlier?

10 20 30 40
Time [h]

Green

Concentration =

Green + Blue

37/50



Tracer response obtained fromNano

Concentration [particles /ml]

1012
(a) 1700 nm < diameter
Sizedependent
10 Fracture : )
10 partlcle concentration
@
&
108 ° ,
1012
: @ ® @ 2
@
10 :
10 Fracture JEHI
108 ,
(b) diameter <1700 nm
0 10 20 30 40
Time [h]

Suzuki et a] Proc. SGW2018



PROPOSED METHOD e

Estimation method forcritical aperture

Production well

Injection well

Fracture aperture

b, > b, > b,

Suzuki et aJ Proc. SGW2018



PROPOSED METHOD e

b,<d< b,

® b, > b, > b,
b,<d < by

< b3




PROPOSED METHOD e

Estimation method forcritical aperture

Concentration

Time

Suzuki et aJ Proc. SGW2018



Estimation method for critical aperture

(D)

N

) c
o

D E=2

O g

+ -

| -

@ S

D_ c_ 4
o
@)

Time

path 1 épath 3 path 2

Particle size[nm] < b, <b, <b,
Critical aperture [nm] | |

Permeability [r#] k= b 2/12
Flow rate [m/s] g= -k // >€P
Travel time [sec] t

Path length [m] L=q / t; Suzuki et aJ Proc. SGW2018



QUESTION 46050

1) How do structure and flow interact each others?

2) How to quantify fracture patterns?

3) Can we estimate structure or flow from the other data?

Particle tracers will estimate critical fracture aperture.



fundamental
3D printing
. fractures
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Topological
. fracture
. characterization
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TOPIC 2

application
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Aperture estimatig
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- application
| _ _ Supercritical fluid
Aperture estimati fracturing simulation
| v Liu (D1)
fundamental particle tracers

SVI{(" YR |\licrofluidics for salt

3D printing precipitation due to by
fractures CO2 injection

Huong(M2)
Topological
fracture
characterization

Miyazawa (M 1)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Surface area
estimation by trac
~km thermal breakthrog
> /@Lﬁ,ﬂ YamaguchiB4)
%‘}?J Machine learning for
permeability distribution

My Ph.D. | ‘ estimation

|

Fractionalderivatives in
mass/heat transfer
equation
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Fractionalderivatives in
mass/heat transfer
equation

My Ph.D.

applh~

Physical meaning of
fractional derivatives

O<ox<1

Fractional mass transport model

aC b—__vz Da_c

at at> ox ax”

Fractional heat transfer model

J
oT , 0T ¢Qva oT

+b—=—
o o’  0,C, ox

‘ AR
y ‘J v: ‘ 1\] % '

. concentration \
r tme
x: distance 5
3 »
D '

1".&*_
¢ porosity

@: densaty

C, heat capasity

12

Temperature [-]
e o
o @ .

o f
-

02

1.2 12
R B - et
1
\ 3 oy 80 > Synthetic model
1 0.2 pi- 02 Conventional
; k \ ~ Fractional
X 0 P
0 20 4c 0 20 40 0 10 20 20
Time [-] Time [+]

Fracture-matrix

Suzuki et al., Int. Heat Mass Transfer (2016)



Microfluidics for salt
precipitation due to
CO2 injection

Supercritical fluid
fracturing simulation

Huong(M2)
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Surface area
estimation by trac
thermal breakthro _

Machine learning for
permeability distribution

estimation
- . Estimation
Yamaguchi (B4)  practure surface area estimation original o
-9 -9
2. -10 -10
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e 12 -
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[ =
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Injection Production Error Learning curve
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