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INDUSTRIAL CHAIR
CO,ES —

WP1: Convection

WP2.2: Microfluidics

WP3: NE Cosimir

Pressure

WP4: Numericol WPS5: Microgravity
Simulations —_————

cnes
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Chaire CO,ES
Dirigée par Fabrizio Croccolo
Professeur au LFCR

Géosciences pour une Terre durable 4
b R La chaire industrielle CO,ES a pour

r m 5 \ objectif d'améliorer la compréhension
\ B des différents mécanismes de

cnes

CENTRE NATIONAL
D'ETUDES SPATIALES

piégeage du CO, dans les réseryoirs
géologigues.




CO, IMPACT ON GLOBAL
TEMPERATURE

Gl ) ()
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Syukuro Manabe — Nobel price in Physics 2021
© Nobel Prize Outreach
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IPCC Climate change 2021 — The physical basis



PATHWAYS TO LIMIT
GLOBAL WARMING TO 1.5°C

o
o

N
o

o

Simulated carbon net global emissions
from the Global Carbon Project

Annual emissions /
GtCO,

1 | | 1 ] 1 | 1 1
' 2020 2040 2060 2080 2100 2020 2040 2060 2080 2100
Temperature range over ‘

pre-industrial level in 2100 I;'SuC LEGEND: EMISSION CONTRIBUTIONS
| Net amount of CO, AFOLU i i i
R R 4-5°C released to the - u, I:I Huildings
3.2-3.3°C 1.7-1.8°C atmosphere I:I BECCS é ‘ Transport
EEEEEEEEEEEEEE O 1-3_1.4 c 'é B [ndustry
S~ . . [ -
- o Emissions 0 Electrici
) 5 3-4°C avoided through £ [ Etectricity
5:615? 9 fossil-fuel and [ ] other
é Y. industry CCS B
) Gross total
i) v .
() CO, emissions
2 e I

net-negative global emissions

-40 Zero CO, Amount of CO, removed

1980 2000 2020 2040 2060 2080 2100 emissions line from the atmosphere by
Yea r human activities

6 IPCC Special report — Global warming of 1.5°C (2018)
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CARBON CAPTURE
TRANSPORT & STORAGE

=10 Storage
N | | Impermeable
\.‘Je‘ : ~ S ey cap-rock
@ . keeps CO;
w Transport I underground
. The CO; is pumped
ot to a depth of about
é"‘" 1.5 km or more

Depleted oil or

gas reservoir

Natural saline aquifer (e.g. Lacq - PYCASSO)

(e.g. Norway - Northern light)

los

8 European Comission, DG TREN



/) pycasso

Production de CH4

Injection CO2 H Transport CO2 Capture CO2

=1 pYcA-DEMO

*§ == « Etudeenvir. Et
Jsoc étale
« # (dons PYCA-DEMO)

1

»
Business model
L (dans PYCA-DEMO)

9 Lieu
h Emetteur

Y Capture CO2
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c’)’_‘ Valorisation CO2

. g‘ Stockage CO2

E Transport CO2
(train ou camion)

b Transport CO2
(bateau)

) prcasso
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NORTHERN LIGHTS

in ELOOL ’
|2 CO, will be trapped while migrating
'northwards (up-dip) within the
Johansen and Cook fms. Final trap i

~400m below Troll field in Troll West : e

0

o
=
9
<] TotalEnergies
1 & 0
= ‘Gas Province
I8 ' 3 Base case:
. x|+ Oneinjector .
cnes o |* Max injection rate :1.5 Mt/y ‘
S § «—Duration: 25 yeors . .
-~ __g +  Total injection: 37.5 Mt I » equ|n or T
r ':-) =~ ——
“ﬂ E ’ — 20
E&ﬁ-a - S——
&8 Dunin :
——"1-2 deg - flat structure

TWOP  Troll Vest oeprovins
1w = Troll Vess gassprovins



CARBON CAPTURE
TRANS PO RT & STO RAG E structural trapping capillary trapping

caprock

brine

residual

rock COz

grains

CO,

caproek

ssssssssssss

impermeable rock

supercritical CO,

rock
grains

o

brine

solubility trapping mineral trapping
Emami-Meybodi et al. (2015))

11



STATE-OF-THE-ART

N

: Hele-Shaw cell

* Quasi-2D

*  Mimics a porous medium
* Rayleigh-Darcy regime

* Atmospheric pressures

ssssssssssss

1 Alipour et al. (2020)

3D simulations Zhang et al. (2020)

CO: (molL): 000 00025 0005 00075 001
0 . Il N W
) 3

CO; (molL): 0.00 0.004 0.008 0012 0.016 0.02

CO; (molL): 0.00 0.004 0.008 0.012 0.016 0.02

y/mm

l:; 40 s

30 40 50 60 70 80 90 100
X/mm

CO: (molL): 000 00025 0005 00075 001

y/mm

PVT cell

0 2 30 40 50 60 70 80 90 100
X/mm

CO: (molL): 000 00025 0.005 00075 001

-2 *g V\ 4& 7 i &
v @u

y/mm

Pseudo diffusion
coefficient / (107 m2.kg1)

2D simulations

20 30 40 S0 60 70 80 90 100
X/mm

10
Time(103s)
Tang et al. (2020)

Zhang et al. (2020)



STATE-OF-THE-ART
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Rayleigh-Darcy
(3D porous medium)

Rayleigh-Darcy — Hele-Shaw
(2D free medium)

Rayleigh-Taylor

(3D free medium) Regime

>

1019- 107

Liyanage et al. (2018)
Convective dissolution experiments in porous
medium with X-ray tomography

yyyyyy

Pirozzoli et al. (2020)
Simulations of heat convection in porous media

109- 107

Alipour et al. (2020)
Convective dissolution
experiments in Hele-Shaw cell

HE Tl W

CO; (mol/L): 0.00 0.004 0.008 0012 0.016 0.02

Zhang et al. (2020)
Simulations of convective dissolution in
Hele-Shaw-like configurations

J Permeability / m?

L 1

* Development of a reliable
experimental apparatus and
methodology

e Shadowgraph using visible
radiations

* Better understand convective
dissolution in free medium
(e.g., CO, capture, safety of
nuclear generation, protein
crystallysation, etc.)

* Starting point in CO,ES project
before porous medium



FUNDAMENTALS
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Rasl| Ap

Diffusion : Convection : Diffusion
I I
Rag cF-="—"——A" """~~~
Po, Peq Initial and equilibrium pressures | | N
Co, Ceq Initial and equilibrium concentrations of CO, in brine | |
Vv, N Kinematic and dynamic viscosities | |
Py, PaL Densities of brine and BL Peq™ Po I |
D Fick diffusion coefficient | \
g Gravitational acceleration |
d, h Thicknesses of the boundary and brine layers | | >
Ra, Local solutal Rayleigh number 0 t, t,
INITIAL DIFFUSION CONVECTION DIFFUSION FINAL
EQUILIBRIUM (t=0) (O<t<t,) (t,<t<t,) (t>t,) EQUILIBRIUM
Boundary
Pco,g < Pb layer (BL) PBL -~ Pb
GRAVITATIONNAL . =) &) =)
INSTABILITY l g Po \ Peq Peg Peq
A
- =
Bg-Vcd* co, 91
Ras,l — z| h Co,Po | injection
vD _ Co, Po
+ | Brine Po —> Pgq | Brine Brine  Cos Po Brine + CO,

6p — On — Intensity variations



EXPERIMENTAL SET-UP

Camera -, High
® pressure
o o
’2@ J cell
Thermal -
D insulation —» [T
layer
.rpcn;S Thermal
e uma FleXIbIe /v bath entrles
capillary
[ %
i

Horizontal configuration
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PRELIMINARY ANALYSIS

i

Hele-Shaw like
configuration

U Po= 0.1 MPa p, =2.1MPa —— =
Pure water

Observation from above

Transversal
observation

Isolated Finger Linked
— Fingers
Tubes




TEMPORAL BEHAVIOUR -

VARIANCE ANALYSIS

ssssssssssss
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Fingerings

o,

Peq O Gaseous phase
%o Liquid | _
Brine : phase ,\i k1 1
() (i1 (iii)
4x10% ¢ \\\\\\\‘ ! \\\\
Fickian’s Diffusion \i\‘ Cf:_f;\;::;ve
d) ;
4x1073 % ( )\?*: E (f
= (a) i
m 1
~ 4x10* } :
A 1
pe : Plateau \
0\9 i (constant flux)
4x10° 4
4x10® \

Columnar flow
(constant flux)

Diffusive vanishing of
the fingers

(v)
c::\e.r:gt(i)\;e Fickian’s
i Diffusion
regime

Associated with Rag

1000



GENERAL BEHAVIOUR TSNS oy L
N \\\\_\ lr_ _1| 95% confidence area
~—— . = i —— Fittoexp. data

\:\\ " 0 mol-kgof NaCl

1 ~ ~ A A 1 molkglof NaCl

"(] 2 2/3 2/3 0.1 + he \O\A ) L ¢ 3 molkgtof NaCl
a\ o e tc = —<Rag " "Rag 1
\.)“?\fé S‘ 1TD " ::
I 1
@ Diffusive time over the h? ol

entire brine layer tb = D

¢ Dimensionless te T
cnes = —
“““““““““““““ critical time © tp
e
Eﬁg ] ] 0.01 : ——t f——t—i—]
Universal law in 10 106
free media
~2/3
Rag
Te =
RaS 1 C P. Fruton et al, Nature Comm. submitted (2021) ) -
= Cédric Paul Happiness Aziza
GIRAUDET FRUTON IMUETINYAN NAURUZBAEVA
18 postdoc PhD and PhD stage MS

postdoc



PERSPECTIVES
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Development of a new sample cell

Larger & Avoid meniscus effects

thicker Better control of h

Multiple R Reconstruction of the
observations concentration-field

G
<«

N

-

10—10

Rayleigh-Darcy

10° 107 104 10!
| 1 1 |

Y Rayleigh-Taylor ———

SMs / Aquifers <+«— Slits — Beads

1 Permeability / m?2 —»

<+—— Free media —>

Porous media

v

IN PREPARATION

Core of water
permeable rocks

Platform DMEX

X-ray tomography

(3D)

. N\ 1 [ .
Beads /Silica : Thin slits
monoliths (SMs) /Vycor glass | |
I
I
I
I
I
I
I :
Refractive index matching : Hele-Shaw
(3D) )i (20)




FREE DIFFUSION OF SALT MIXTURES

[
@
®
n
-

.

Initial conditions

|Gy, 0<z<a
C(Z’O)_{Cz, a<z<h

a
@ v High concentration C, Crean=(C,+G) /2 AC=C;-C,
0L :
v _
Blatim Fickian diffusion: j = —pDVC
C
cn(:'_-s Concentration profile of the diffusion of NaCl in water
0.01
*p i L t/td=0 (h/2)2
Qw ) - ®-t/d=02 Ty = ~ 1.43 hours
Lt 0.008 | '\.\ Vs —m—t/td =06 (D)
B g . ow t/d=1
T K 4 —e—t/td=3
. . — 0.006 \.\‘: —+—t/td=5
Plot of the concentration profile E
with PHREEQC = * C;=3.7mol.L!
0.004 | o C2: 1.7 mol.L1
* Cy=2.7 mol.L!
0002 } « D=1.55%10°cm?s!
* h=1cm
20 1.4 16 18 2 22 24 26 28 3 32 34 36 38 4

C/(mol.LY)



DIFFUSION CELL & SHADOWGRAPH SET-UP

@ - 40 mm K
I g
o 1 i
| &= ! i
" : 13 mm :
oeTunes SraTIALES IZ}______ ‘-._.* . ______
w < ____:>‘--_"',> SRR _
2 i ! 'y
- B i ’_.-" Uy : I
Ny Pl T
‘I] - a y
} I
e
I 20 mm 1
30 mm
Experimental setup A. T.Ndjaka et al, Eur. Phys. ]. E submitted (2021).
21

setup#1 : scientific-CMOS camera (Hamamatsu Digital Camera C13440, ORCA - Flash 4.0)
Camera sensor setup#2 : CCD progressive PIKE camera (Allied Vision Technologies, PIKE-F421B)

EEE \Vater circulation
Peltier elements

Aluminium plates
Sapphire windows

Stainless steel annulus

Teflon ring

1]
2]
3]
4]
5|
6|
H

Viton O-rings

Syringe holder

Pusher block

Stepper motor
(Internal)

Fusion 4000 independent dual-channel infusion
and withdrawl syringe pump from Chemyx.



DIFFERENTIAL DYNAMIC ALGORITHM

Free diffusion experiment of NaCl into water (C = 2.7 mol.L-1and AC = 2 mol.L'1).

STRUCTURE FUNCTION

@ els
o :D :D
@ SF(q, At)
Near field image 1024x1024 Difference between two images 2D FFT of image differences
Cn;S pix® recorded image separated by At=2s
B I(x,t) Ai(x, t,At) = i(x,t) — i(X, t+ At) |Ai(q,t,At)|? = |i(q,t) —i(q,t + At)|?
+e
AR 35 —A 35 .
H —At=1s |/ F
y ’ —At=25s ’
=
5 2t ;i 2r
= <ﬁ> = S
g—_ 15} g_ 1.5 Oooo
i 15 i 1 OO
\' v o
o]
05 0.5 o]
o
22 0 ;o 100 1000 y 3 1 0 100
1 Atls



DYNAMIC ANALYSIS METHOD OF C-NEFS

2 B

o
b2

=

n

—

—

g 1
S
LRes &

0 fr R o

10

Decay times of the c-NEFs as a function of the wave numbers and time after closing
the inlet/outlet valves for the free-diffusion experiment :NaCl/water at C = 2.7
mol.L'1, AC =2 mol.L'* and T=25 °C.
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4 5min
10 min

£15 min

® 20 min
30 min
40 min
50 min
60 min
90 min

0120 min

Fitting the SFs in the wave number range
from 30 to 500 cm™!




RESULTS: MEASUREMENTS OF D SALTS IN WATER

* Sodium Chloride / water mixture: C = 2,7 mol.L'1, T=25°C & AT = 0 °C & P=1 atm

PR 2,00
@e
1,80
:'-\
@
E
5 160
S
.
p—
EEEEEEEEEEEEEE " ;
v
- o
Al
S
+of 1,20
gickow
-
1,00

¢ o ™ s
4 ) O 0g . ‘. o
_____ e o g s s
P : ’v
| o
¢ DC =1 mol/L
i DC =2 mol/L
B DC=3mol/L
0,01 O,llo 1I,£:o ”16,00
t/ty

Rard and Miller (1979), Journal of Solution Chemistry, 8(10), 701-716

M. Schraml et al, Eur. Phys. J. E Soft Matter. 2021 Oct 18;44(10):128.
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600

q./cm?

60

(h/2)?
(D)

Diffusive time

Tg =

¢ DC=1mol/L
DC =2 mol/L
mDC=3mol/L

y = 126,92x0.116
R?=0,8881

-‘!‘ﬂ
-_!-
il

0,01

0,10 1,00

4 ﬁg(cl - CZ) o t_0’125
vD\ATDt

qc(t) =

~ 86 min.



SUPERIMPOSITION OF TWO AQUEOUS LAYERS OF NON-REACTIVE
SALTS (OBSERVATIONS PARALLEL TO THE GRAVITY)

T=25°C&AT=0°C & P=1 atm)

CaCl,+ H,0

NaCl + H,0

C(t) (arb. units)

tLight beam

0,0036

0,0024

0,0022

0,003

0,0028

0,0026 -

0,0024 4

0,0022 |

0,002

Ccacpp= 0.46 mol.L!
(p =1.038962 g.cm™3)

Craq = 2.637 mol.L!
(p =1.098622 g.cm3)

W 20 min after closing the valves

4 60 min after closing the valves

0.1 1 10 100 1000

Contrast of shadowgraph image sequences
C(t) as a function of time and for different
moments after closing the valves

Normalized image differences
20 minutes after closing
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Craci = 2.637 mol.L!

NaCl + H,0 (p = 1.098622 g.cm™®)
Na2504+ HZO CNa2$O4 =1.484 rrl()l.]_,'1
(p=1.168653 g.cm3)
tLight beam
0,05

B 5 min after dosing teh valves

A B0 min after closing the valves

C(t) (arb. units)
e
(=]
=]
w

0.1 1 10 100 1000
time, secon des

Contrast of shadowgraph image sequences

C(t) as a function of time and for different

moments after closing the valves

Normalized image differences
20 minutes after closing



SUPERIMPOSITION OF TWO AQUEOUS LAYERS OF REACTIVE SALTS:
(OBSERVATIONS PARALLEL TO THE GRAVITY)

2 li=1,=3/8 cm FeETO R0l C o, = 0,46 molL! (p = 1,038962 g.cm?)

° a=1/4cm | Chaci= 2.637 mol.L! (p = 1,098622 g.cm™)
AN
NaZSO4+ HZO C = 1,484 mol.L'! (p = 1,168653 g.cm™3)
Na2S04
el t Light beam Shadowgraph images during the reactive transport
A

EEEEEEEEEEEEEE T =25°C& AT =0°C

e

gq"i{’,

@‘%.53 1 hour 2 h 20 min

T=25°C& AT=20°C




SUPERIMPOSITION OF TWO AQUEOUS LAYERS OF REACTIVE SALTS
(OBSERVATIONS PARALLEL TO THE GRAVITY) : IMPACT OF AT

=10 L=1,=3/8 cm EETeIER E08 | .0, = 0,46 mol.L! (p = 1,038962 g.cm?)
a=1/4cm il NaCl + H,0 Cpu = 2.637 mol.L1 (p = 1,098622 g.cm3)

DEPRIR R PIU = 1,484 molL (p = 1,168653 g.cm?)

!. t Light beam

a
* Precipitation speed depends on the thickness of the buffer solution: t, = p— and At,= 2t

. p
cnes " ‘
0,04 -
0,035 - == 30
3&&? 0:03 1 A Gmin
e i 12 min
£ 0,025 -
= A 18 min
.g 0,02 - @ 24min
= 0,015 - +  30min
()
001 = 40 min
50 min
0,005 ) i
. ¢ 60min Henri An;]:js J'I:'t(lzna Christian Rizwan
0 - W 70min BATALLER PhD and OKO MINHAS
01 1 10 100 1000 b Bk Ass. Pr. an PhD stage MS
postdoc

time, secondes



NUMERICAL SIMULATIONS AT BASIN SCALE
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Brahim Nicolas
AMAZIANE PILLARDOU

Ass. Pr. PhD



GRADFLEX — FOTON M3 (2007)

+3%

+2%

Relative variation of shadowgraph intensity

v
A

S, (q)/ Sc”

.
-1 .
-‘Jl
S,(q) (arb. units)

. s *
A g ! 10’5 4
10° . —
10 100

Vailati et al. (2011)
Croccolo et al. (2016)
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DCMIX #4 — ISS (2018)

Polystyrene
+ Toluene + Cyclo-hexane

®cell 5

mcells

o 0.2

0.4 0.6
Cyclohexane

’ AY :
. .l IVPR>!It

=90 -

A
A\

10°

Mialdun et al., EPJE

\‘u
L \\‘1

Loreto

Henri

BATALLER _ GARCIA-
Ass. pr.  FERNANDEZ

postdoc



CO2EX — PARABOLIC FLIGHT (2019 AND 2020)

'I
il
A
&5
.
cnes
EEEEEEEEEEEEEEEEEEE
227 2.0 §
s k)
“g 1.5 3
£ >
a 1.0 %
I ‘o ?
. ﬁ 0.5 £
gﬂoyﬁa =
0.1

cnes C. Giraudet et al. To be submitted
. Paul
Cédric FRUTON Mohammed Emma
GIRAUDET PhD and CRAGA LISOIR
postdoc PhD stage BS

postdoc



GIANT FLUCTUATIONS — ISS (2025 - 2028)
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A Vailati et al. Microgravity Sci. and Technol. (2020)
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a

Mohammed Stefano Mathilde
Henri Cédric BOUYOU CRAGA CASTELLINI  SAN
32 BATALLER GIRAUDET  BOUYOU PhD visiting PhD BAUDELIO
Ass. Pr. postdoc stage BS
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THANK YOU! QUESTIONS?




