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Introduction

e Dissolution:
geochemistry, karsts, salt
mines, NAPL, petrol.
Engng, aerospace
industry...

e Problems:
— Multiple-scale analysis
— History effects
— Instabilities
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Daccord et al., 1993

Ha Long Bay

Planagréze
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Example 1: acidizing treatment

Pore-scale Core-scale Section-scale Reservoir-scale
(weh) (mm-cm) (cm-m) (m-Km)

phasex3  phasev2

phase x3: water + acid (HCl)

phasev2 rock Porous media

Wormhole
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Example 2: ablation of composite
structures

JACTORCODIqUe

Echelle microscopique  Echelle mésoscopigque
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Upscaling Surface Heterogeneities:
The concept of Effective Surface

WP = N W =

|
. M. Quintard dissolution
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Non-ablative case: various approaches

Direct Simulation

<C> +C > Effective surface,
effective BC (jump conditions)

Eg : Ochoa et al., Wood et al.,
Valdes-Parada et al.

Meso-scale modelling, GTE >
Effective surface, effective BC

Eg : Chandesris et al., Goyeau et al.

Domain decomposition
Achdou et al., Jiger and Mikelic, ...

M. Quintard
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Extension of Wood et al. (2000)

i "

Flow: Blasius

uw.Vc=V.DVc 1n the fluid domain
-n,,.DVec=k(X)c at X
c(y=h)=C, attopof B.L.

c(x=x,)=c(x=x,+1)

_—————povv'\onmm——= 8
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Extension of Wood et al. (2000)
c= <c> +c
with
wV(c)=V.DV(c) in the fluid domain
-n,,.DV <c> = <k(x) c>Z at X
and

u.Vec =V.DVe 1n the fluid domain
—n,,.DVé=ké+kc—(ké) at I

_————— =9
@ M. Quintard dissolution
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Extension of Wood et al. (2000)

u.Vs =V.DVs 1n the fluid domain
—HW(.DVS =ks -|-/€—</€S>Z at X

k= (k), +</’€ S>Z
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Results for circular patches (far from
entrance region)
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Results

e two limit cases
— Da <<1, ¢(x) = Cy 2 k= (K)
— Da >>1, k= K* (harmonic mean of the

reac’uvitiesﬁ

e general case —
— influence of geometry ot

— slight influence of Re s}

(for low Re... ) LA

! 0.1 | 1 10 100 Ty 10NK]
He.
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Ablative case: transient 2> DNS

e Ablation leads to non-differentiable surfaces

e Limits of ALE and phase field methods ->
adapted VOF method (Aspa, 2006)

Solid/Flud Interface
Fluid/Flud Interface

13 =
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Example 1: steady-state surface

(@) Simulation avec k = (b) Observation
km=0A4Am/setk; =3.2m/s
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Example 2: porous composites

Weaved Layered
Matériaux A Matériaux B

T =180 K

Note: 7 changes the “diffusion” coefficient

M. Quintard dissolution
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K

off | case Da<<T

e Projected Areas: A, , and
Arp

e Steady-state ablation:
uniform velocity implies 2t . '

ck,cos(8,)=ck, cos(6,) =
A A A ~
PRy T TN Y | ‘ A
Af,p Am,p Af,p ‘
k eff — <k > = km @ Fuc. 1 - Evoiuton Morpbalogiqes o oxfhle txue = 7

M. Quintard dissolution
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l)
Keff "
Réactivité effective
e Limit Cases: simple REEUIEIC
models : =
— Da<<1, max(k) - N
— Da>>1, k-harmonic mean o K =1
: i
e Intermediate Da -
complex simulations
/

02 o
=3 = =1 B T p
Y
log( Da,,)
i

Simplified model

17 =
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Dissolution: Darcy-scale (core-scale)
models?

pore-scale
to
Darcy-scale

e Pore-scale: non-local
effects (space and
tim e) wormhole

e Direct Simulation : Bekni et al.

(1995), Mercet (2000), Zhang et
Smith (2001), ...

Micro-scale

small-scale

large-scale?

core-scale

*Network models (Fredd, Hoefner Darcy-scale \_
et al.) ©

core-scale ____

—

—>
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Target 1: Dissolution Instabilities

(Wormholing)
L] ]

FLOW RATE

HCl-calcite
system (Fredd
et al., SPE)

Ramified
Warmhole!

 water-NaCl system (Zarcoéet“al.) |

M. Quintard dissolution
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Target 2: “Optimum flow rate”

Optimum injection rate: minimum injected acid volume to breakthrough

Qe = T (length core, Cy,( )

1.00E+00 L Ohk—X 10
. Oa )\XK .. =
E u WX e 3
| .. @) K @ o
0 8.00E-01 s Oo‘ﬁ%...' :-E_.
4
=S B O 0 Q=5 cm3/heure 9 .
S 6.00E-01 o X Q =10 cm3/heure Q
- Q. axee 2
A 0 - | © Q=30 cm3/heure P E o n
l:, 4.00E-01 Fyet ipo —5° 1~ mQ=50 cm3/heure g =~ . . "
o 3
e g mmm -
4+ Q= 150 cm3/heure
2 2.00E-01 1 2
£ X Q= 200 cm3/heure ° - alt iration of 1504/ pOPTIMUM
® Q= 250 cm3/heure £ salt concentrafion of 15397 | FLOW RATE
0.00E+00 ‘ ‘ ‘ ‘ ] | |
0.00E+00 1.00E+00 2.00E+00 3.00E+00 4.00E+00 5.00E+00 1 10 100 1000
injected volume (V/VP) injection flux rate (cm3/hour)

NaCL Concentration of 150 g/l

20 =
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Simplified Pore-scale problem

N.-S.
_I_
% +V.(vc)=V.(DVc) in the fluid domain
c=C, atd,,

Note (binary case):

—n.DVe=kc & c=C, =0 atd, if Da>>1

— 21
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Darcy-scale: Local Non-
Equilibrium Models

e Local equilibrium dissolution: C ; = <cA/,,> =(C,, produces
sharp fronts

e LNE: Heuristic model classically used in Chemical Engineering
(discussion in Quintard & Whitaker, 1994, 1999)

o1
Cyp={cuy). = e pxry)dv
BV
eaa—f+v.vc =V.(D'.VC)-aC

+ additional terms

+ other macro-scale equations

— 22 =
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Upscaling (framework)

(Quintard and Whitaker, 1999; Golfier et al., 2001)
e Deviations v,=5V,+v,  c,=Cy+cy

e Coupled pore-scale and averaged
equations

dle,C 1 1
[ gt AﬁJ+V-[VﬁCAﬁJ+; I g Cup(V,5—W)dA _V’[D(gﬁVCAﬂJFV I nﬁa5AﬂdAJ]_v°<{’ﬁ5Aﬁ>

Aps
-1

v, VC Vé,;— €,V (V,E,,)=V-(DVE, )€, DV ! 7, pdd | -2 DVE 4dA
+Vﬁ' A,B+V,B. CA,B_E .<VﬁCA,B>_ . Cup _gﬁ . ; j nﬁacAﬁ —7 j nﬁa° Cup
Aps

B
Agy

Aps

9,

ot . 5

v ~
<<Vﬁ'VCAﬁ

h'd

<<V~(DVEA5)

_|_

— 23 —
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Upscaling : problems

e Quasi-steady dissolution: terms like
n, (v,-w) May be neglected in the
problem for the deviations

e “Closure”= approximate solution of
the coupled equations

— Quasi-steady solution?

— But...historical effect remains through
@ the interface evolution

24 =
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A simple example: the tube
problem (Graetz’s problem, Pe>>1)

e Classical Problem | e Dissolution

z

»
_'

log(Sh)Rentr. reg| log(Sh)}
fully dev. region

»
>

a(x,t,V,D..)

Non-local in space and time?

...see Golfier et al. (2001), Pierre et al. (2005)

a(x,V,D..)

M. Quintard dissolution
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2D and 3D cases (MQ & SW, 94,
99, FG et al., 2002)

e Representation of the deviations:

Cp=Cy3 —<c Aﬂ>ﬁ =b, -V<c Aﬂ>ﬁ —Sﬂ<c Aﬁ>ﬁ +...

e Darcy-Scale equation:

%(e‘ﬁ(cAﬁ)ﬂ) + V-((vyXes”) @@Wﬂ] _“ﬂ'v@

= V(D5 Vic,,)") —ale,,)”
e + cell problems—"“effective” properties

-_—€—S€S€ ipii’een 8»—niiininrnir’tiiiirm 26 =
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Comparison with numerical
experiments Pe=185

e numerical experiments ;Zz o °
over several unit cells 080 | 15
. 070 | |,
 solution of the closure 060 | -
problems over a unit cell 050 | - g E
040 - (theor.)
030 | ~B- flux/C (1/s) 12
b —— flux/C (1/s) (theor.)
020 | —alpha 1
0.10
‘ ‘ : ‘ : "o
4 H<Vﬂ>_uﬂ _d,b’H 0.0002 0.0004 0.0006 0.008 0.001 0.0012
() x (m

—> need the additional convective transport terms! \
27 =
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Problem with evolving geometry : Effective
Coefficients (o, D;, K)

e Effective coefficients as a function of the time
evolution of the interface (example of direct
simul.: Bekri et al.)?

—¢e (1)

—oft, Pe, ...) 2 o(e,Pe)
—Dg(t, Pe, ...) > Dg(e,Pe)
— K(t) =2 K(¢)

Correlations obtained using: numerical simulation,

closure pbs, experiments, ...
- 28 =
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Transport and Dissolution:

numerical model
e Dimensionless equations

BC'Aﬁ 1

£~ +V'Aﬂ.VC'Aﬂ=P—ev.(D'-Vc'Aﬁ)—DaC'Aﬁ
Bgﬂ - (l_gﬂ ) DaN, C', + Darcy-Brinkman
ot' £, ac 4P
: : L N = K
e Dimensionless numbers =" b=
2
Pe:‘vﬂ‘l N = 8,3C0'8
D (l_gﬁ)pa
Peclet Acid capacity number
29 =
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3D exam ple [.C.: random permeability field
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Stability Analysis

« 2D Reference Simulations V.V,

Uniform Dissolution uniforme
Stable front!

Compact Dissolution
Stable Front

Perturbed front Ramified Wormholes

. Dominant Wormholes
Conical wormhole

Injection velocity (m/s)

31 =
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Stability of the linearised problem
(Cohen, 2006)

e Compact Front e LNE
(LE)
T ntratio
— = = porosity trat
1 e pressure = = = porosity
I R e p
: “"':\
il i
L 2 O 0
0 : 0 )
0 ¢ 0 x
Autonomous Case 2 Cases: autonomous

and non-autonomous
M. Quintard dissolution



Case LNE
) { [ 12"
E autonome (1) = W

\Q )

0.1

Front thickness growth >

stabilizing effect 00l J

10

Non-autonomous
Case

—_~

€ non_autonome |

0.1

10/12/2008

V,= 10" m/s
........ V,=3-105m/s
----- V,=410% m/s
V,=510%m/s
V,=7-10% m/s
— = V,=10%m/s
——= V,=510%m/s
V,= 10" m/s

o
e e e ; —a— t/tmax
" —

T2 04 . 06T o08 1

M. Quintard

dissolution



Peclet Number

1.00E+00
UNIFORM REGIME
1.00E+01 A =
A | BRAMIFIED WORMHOLE® B
_ 1.00E+02 - ]
o * & ® 4
o o & & o
€ 1.00E+03 ——
3 COMPACT|[ . \
& 1.00E+04 | REGIME ¢ * WORMHOLING OPTIMUM
S % A REGIME e  FLOWR
=< 1.00E+05 - ¢
5 ol s
O | 0oe-06 | A
% CONICAL Nac=4.66E-2
1.00E+07 - Lo 10 om
WG)RMI-IAO _ES MEDIUM
1.00E+08

Peclet -Damkohler Diagram

M. Quintard
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10/12/2008

Dissolution Diagram (Golfier et al., 2001)

1.00E+00 1.00E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07 1.00E+08 1.00E+09

ATE

34
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“Optimum flow rate”

e Need “mainly” to calibrate o

100 —— ——
a p— A a 0 . B Résultats expérimentaux
E; % Reésultats numériques (probléme de fermeture - A=3)
=
where ¢ 1s the correlation %w
obtained from the closure g | : i
. i 5 hF""‘::l‘
problem + simple unit cell } - =T
% Cracr = 150 g.l"I“
=
1
1 10 . 100 1000
Débit (cm /h)

35
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Confinement Effect: « wormhole
competition », Cohen et al. (2007)

0.35

0.3

0.25

¥ {m)

Dominant wormholes

0.1

0.2
X {m}

Compact dissolution

A

A

£

0.1 0z
X (m)

Conical wormholes

0.4

0.3

0.2
X (m)
Ramified wormholes

——x=0.025m
——x =0.035m
——x=0.04m
x=0.05m
—X—x=0.075m
—X*—x=0.1m
—8—x=0.125m
——x=0.15m
—A—x=0.175m
—W—-x=02m

injection velocity (m/s)

80

70

60

50

40

wormhole density
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Confinement (cont.)
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Length of the dominant wormhole

time (s)

110
0.25 - AL
o (] AAAA
| [} AA
0.2 - . at
[ ] A
° Al &
. [ ] AA §
- A S
A0.15 .l .0 AAA —e— height =40 cm S
m e AA height =20 cm
0.1 - AN ® height = 40 cm —m— height = 10 cm
oA o height =10 cm N h|e'ght — o
0.05 - .}A _ = == slope 1/3
w A height=5cm
' T T T T T 1
o * & ‘ ‘ ‘ ‘ ‘ 107 10® 10° 10 103 102
0 10000 20000 30000 40000 50000 Injection velocity ¥, (m/s)

» Dominant wormhole growth rate increases with domain height

> Optimum injection velocity increases with height decreasing

M. Quintard

dissolution
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Effect of geometry: ex. radial

-0.05 -0.05 3 , 0.05
5 >
E € Ry €
> x R x
g > 2
14
NO.04 E E
Som E E
® B
0.05 0 0.05 0.05 0 0.05

E E E
0.05 0.0
;)(( A S)(( = %(m) S
V0=4.96'10'7 m/s V,= 1.65-10° m/s V,= 1.65-10* m/s V,= 1.65:102 m/s
Pe=1.57-10° Pe=5.23-107 Pe=523-10" Pe=523-10"
Da=6.37-102 Da=1.91-102 Da=1.91-103 Da=191-10°

see Cohen, 2007
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Effect of geometry on optimum

flowrate

- 3D Linear

—4+— 2D Linear

357

307

257

207

151

101

5,

1-107 1-10® 1-107 1-10%* 1-103 1-10?

injection velocity (m /%)

Vbt/Vp

—*= 3D Radial
—*~ 2D Radial

M

35 |

30
25

20 |
19
10

5

110711077 110¢ 1-10° 1104 11073 1-1072

injection velocity (m/s)

M. Quintard

dissolution

U

1-107!
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Extension of LNE models to complex phase
diagrams, and multicomponent systems

e Equilibrium conditions at A,

B L o
,uﬁl.(..,<cﬂj> +Cgsee) | = ,um.(..,<caj> +Cpjseer)
p Iy, . o I -
,uﬁl.(..,<cﬁj> b)) | - . Al Cp | = ,um.(..,<caj> bee) | - . C,
P7Nes)f % lies)
_ _ 40 =
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Expression for the mass exchange

terms

Hl

+J5

= IUO' ‘<C0>”

+J

e Case 1: diagonal J;and J,

o

h t f ieS i~ U, — =%y |,
cXC ange crm 10r Spemesz ﬂﬂl‘<cﬁ>ﬁ Jﬁi ,um‘<%>
e General case?
M. Quintard dissolution
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Example: ZrO, / Zr (Belloni, 2008)

A

bl
y
LI
A0
B
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Example: ZrO, / Zr (Belloni, 2008)

Zr mass fraction ( 2373K , 574s)

%(81:01<Cz>1)+v'(8lpl<Cl>l<vl>1)
d
+ ’at( £P,)=

(SIOZD V( >)+pl I(C < >Z) e

0.0277 — Time (s}

574.

15

+ similar equation for s

+ Averaging of the mass balance BC at 4, :

8 - interface
h C att=0s
+p, ml(cl —<Cl>l)) D Zr liquid

0,001

0.00338 0.006 0.0135

M. Quintard dissolution
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Flow in Heterogeneous Systems

L Jn

lle

dimensionnel
o

@ 0.4
5
[}
3
D
c
S
—

0.2

0

0 1 2 3 8 9

Volume de pore injecté

JL)

elle (L

adimensionn
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Core-scale description

e fluid zone/porous zone
m) 1D effective medium

e 1- equation model?
— 1 single equation . 1 Tntegraton_domain
— easy to implement
— loss of information

e 2- equation or “double-porosity” model?
— 1 equation for each zone

— Darcy-scale problem is similar to the pore-scale
problem in the case of equilibrium dissolution

3 b. with non-locality and history effects

M. Quintard dissolution
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Core-Scale Volume Fractions:

Definitions

e Wormhole volume fraction: ¢
e Core-scale porosity

|
8:Zi8dV

if Local Equilibrium dissolution.

£=9,+(1-9,)¢€

|
a M. Quintard dissolution
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EX.: 2-equation model (Golfier et al.,

2004, 2006)
V.V; =0 V.Vis =0
® Howgpe (ko) ve || VP =, (k7)1 v,

pb. with regional velocities?
¢ Transport and Dissolution :

o
D aC;)tAﬂ + V5. VC? 4 :Piev°(D**°VCa7Aﬁ)—0(* C® 4p
a¢w — IB a* CCD'AIB
a p.
C"4 =0 in 7-region

47 =
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Obtained Correlations: permeability

TO0ED3 - L2 ¢2_)_

=0.76 cm K =—""% - 3
ooy | 17078 12 0\ 1| < Wormbholing regime

1.00E-05 -

9
]
3
=
o

1.00E-06
8 o *+ gh *
: e A5 C_Tsioram sk
e | ooe07 | Q=211cm.h -A=05-C =545kgm -t=450s | | K —_
_E Q=211cm.h" -A=05-C_ =545kgm -t=360s m’
% 1.00E-08 Q=211cm.h -A=05-C_ =545kgm -t=270s [
S Q=634cm.h’ -A=0.2-C =545 kg.m -t=210s
E 1.00E-09 L : -
> Q=634cm.h’ -A=02-C =545kgm -t=150s
E =| : ¢ =| - = : - 1=

1.00E-10 Q=634 cmj,h” A=02-C =545 Kg,md t=80s n

Q=50.3cm.h" -A=05-C_=545kg.m -t=152s
Solution théorique dans le cas du tube capillaire
1.00E-11
03 0.4 05 04
Fraction fluide ¢

R . 1.00E-05 _ ’
Ramified regime —— | =0760m .

1.00E-08

L ]

1.00E-07 {

heed &£ 5

1.00E-08

AQ=2115cm h’' -A=02-C_ =545kg.m -t=72 s (percée) [
#Q=21150cm.h -A=02-C_=545kg.m -t=63s
AKQ=2115cm.h' -A=02-C_ =545kg.m -t=54s —
WQ=2115cm.h -A=02-C_ =545kgm -t=27s
@0=2115¢cm.h -A=05-C__=326kg.m -t=63s H
®Q=3172cm h -A=05-C_ =326kgm -t=30s

1.00E-09

Perméabilité macroscopique K-

1.00E-10

K¥=1(€p)

1.00E-11

0.2 03 0.4 0.5 0.6 0.7 08 0.9 1

Porosité macroscopigque g * _
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New Model (Cohen et al., 2006)

f ac"
By oA VAV S )y Cy (P - P ) =05,
T vt =—K"vp"
S
b < oe” .
. ach
= ot
o)) .
[ M oCc™ ( M /M) / ( M ’H '
P € p +Vio, V" )+ C, P =P ):_¢MgM
= oM = KMy pM
T 0 g Vietat = Vi * Vs
E a— = Nach
t V contains dominant wormholes
V.( MV’M )+ y/’(P M _ prH )= 0 V,, contains face dissolution and short wormholes

49 =
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Validation: example from dominant
wormhole regime

0.9 fi- -
0.8 -
0.7 -
10000 T : T
0.6 - —_  Section-scale
r b —  Core-scale
0.5 - 9000
0.4 -
[ 1 8000 -
0.3 | | | |
0.1 0.2 0.05 0.1 0.15 0.2 025
X (m)
Core-scale simulation § 7o00r !
. s
[
g
3
@
| 6000 4
o
08
5000 El
0.7
0.6
4000 -
05
L k 3000 1 I I | I 1
200 400 600 800 1000 1200 1400 1600
o5 . . . . ) time (s)
o 0.05 0.1 0.15 0.2 0.25

Section-scale simulation

50 =
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Reservoir Scale: goals

K.q(%), £(x),C(x),P(x)

2nd step : treatment simulation
— skin calculation

1st step : Section-scale -
dissolution modelling

3rd step : introduction of skin
in simulator reservoir —
treatment optimisation

M. Quintard dissolution
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Example (Cohen, 200

« 3D radial simulation

permeability formation damage local skin evolution . volume of c_hanged porosity
_ —— porosity
] 90 1,
+ = , —t=0s s
/ — t=26548 s | 8355955
/l ] 0.471909
19,53 mD 80 an [ 0457884
’/ 0443818
¢=0,1857 0419727
’ 0.401682
’ h 0.387836
J 70 - / 0373591
’ 0.359545
’ 0.3455
15,53 mD Y | -
/o= 0,1691 60 1 an
Il - POrTY 1
, et - A.cldlzu_'lg 1 r
! . Pt Simulation 50 4 E I
£ _184'mD E |
- 9=0,345 N !
o id ® 4 2 40 1
o H !
|
20 4 global skin evolution
13,38 mD ’
.
¢ = 0,1544
20 - :
2
N \
17’?)31:‘6D6 ih 101 ° \ 5000 10000 15000 20000 25000
¢=5 H ! \
v _j | | — 1 4 .
— B times (s)
= 3 1 3 5 R
skin

92 =

M. Quintard dissolution




10/12/2008

Conclusions

e Effective Surface:
— If not limit cases, or if no steady-state: > DNS?
— Coupling with instabilities?

e Darcy-scale models:

— LNE model has potential for representing
instabilities with a minimum of parameters

— Coupling with strong heterogeneities?
e Reservoir-scale models?

— 53 —
M. Quintard dissolution




