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Outline

® Introduction to dissolution applications, Multi-scale
aspects: coupling reaction and multiphase transport?

® Pore to Darcy-scale upscaling:
* Introduction
* Various models

* Effective properties
® Darcy-scale behavior
® Large-Scale upscaling
® Conclusions
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Applications...

Pet engng: CO2
storage, acid
injection, etc...
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Generic Problems: 2-phase flow

V-vy=0

apg tV = F V. (pocVocVoz) =

_vpcx+loocg+:uocvzvoc in V; azlg’y

B.C. IVB =0 at

B.C.2v, =0atA,(t)

B.C.3vg—vgnn =v, —v,.nn instead of vg = v, at Ag,(¢)

B.C.4myg.(0yvy (V) = Wyg) + pyl = 7y) =
n,z.(0sVs (Vg —Wyg) + pgl — 7g) — 2H, 30515

averaging
volume V
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Generic Problems: Reactive
transport

Homogeneous reaction
0 PRYs

A
3t + V. (IO,BCO,BVB) = V. (PﬁDﬁvw,@) + rﬁ in [‘/8 £ . .

Heterogeneous reaction:
B.C1  ny. (o (v —Wg) — oD V) =
d

n
vk (i-2) ay
weq

Local Equilibrium:

B.C.1 Weq = W] at Ag,

or more complex egs.

+ other mass balance equations
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Upscaling: momentum equations

* Decoupling between two-phase flow and
reaction?

* Need to neglect terms involving w;,
* If p, M and o depends on concentration: need

reaction front, Ar

Ar>Ag 7

saturation front, As

-<
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Decoupled momentum transfer:
various models

Model PDEs
Quasi-static, heuristic 0eS, , 1
Ghuskad -+ IVa =03 Vo= Ke (VE—pe) =y
(04
N _ )
CQrggzlt:‘?:\Ig’ 08 IR, Vg = _lu_Koc- (VB — pa8) + Koy . Vi a,x=p,y aFx
(04
1
Quasi-static, inertia Vo = _u_aK“' (VB — pa8) —Foo - Vo

effects, with cross terms + Ky, V, —Fy -V, a,x=py aF K

More dynamic models deSg JeS;
(transient terms, “pseudo- pc = F (5,3, (ey —pg) 8 VB, TR ) B — B = Dc — Ly——, etc...
functions”, ...)
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..cont.: hybrid models, N-eqs
models

PNM with
dynamic
laws!

a) 10 cefmin b) 25 oc.fmm
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Phase
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Upscaling Dispersion — various models!

meso-scale Network model
1-eq local equilibrium <—— {

1-eq non-eq: convolution,
asympt. 2-eq, frac. deriv.,
wave eq., CTRW,...
2-equation, N-equation (multi-
rate or MRMT, ...

(P gy g Medortiyrdmodes

Classical
dispersion

S me Mixed or Hybrid models
————t 1D Macro-Scale for front problems
3D p-scale
Mixed or Hybrid Network
model (PNM+VOF)
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Active Dispersion: specific
aspects

* Impact of n.w

* Tortuosity and
dispersion # from
passive dispersion

o Effective reaction rate

* 2-¢ VOF,
etc..
* PNM

* Convective correction * Large-
(“drift”) scale

* Importance of non- - ;
local effects This talk — mainly

trapped phase
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Fully coupled micro-macro model with

tt b}
n.w” terms :
Ql=<wl>l:vlfwldv - lwl:Ql+ch'

Vi
1.681/01 V. (0 V)) = i II. 08sps _ ) II. m= 1 fnls-(_pswsl)dA
ot ot 4
Als
dispersion
0g1p1Q2
IV. lgtl ! + V. (g10:;Uy) .
__wtortuosity

V. 8lplDlVQl I?"ll

- 1 -
anlsplDlwldA+anliplDlwsz
K Ali

1

V. my = v fnls- (prw; (vi —Wyy) — p1DiVwy)dA =

Als

n
m = _aleCaks <(1 - d ) >
Mg Wegq ls
V

Ars (see Soulaine et al., 2011, Guo et al., 2015)

MCa
. 1
specific area: aw =5 | dA
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Macro-scale model and effective
parameters (simplified closure, no n.w)

g1, . *
3t + V. (ElplQlUl-l-Elpl (Ql — OOeq) Ul) = V. (El,OlDl 0 VQZ) —
.. . . « RN 1
Additional convective terms: Uy = (V;5)) — v / n; D;s;dA — v f n;D;s;dA
A A

. . . . . 1 1
Dispersion tensor # from passive dispersion: D; = D, [I + 7 / n;;b;dA + 7 f nlsbldA] — (\”rlbl>l
1 1

Als Aj
Q)" Q
Mass exchange term: m; = —a,;Mc, (1 — w—l> Ksefr +auiMcq (1 — w—l) h; .V,
eq eq
k
with h} = n—= <bl>ls
“Effective reaction”: kserr = ks (1+n(s))
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Effective “reaction rate” (ex.: linear reaction
rate)

Pore-scale Damkholer number:

Mc, Lk
Da = Ca lris 08
PilWegq D; g
1 :S 0.6
strat. system: K¢ ¢/ks = n K
1+ —ElDa o
6 04 T p
0
Note: if Da — o °’2
Purely transport limited = o
Local Non-Equilibrium Model Da
: : CaH? 12
M| = WegM + 01 (Ql — weq) +plhl,VQl strat. system: D 5_1
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Da=0 — passive case
Da — oo — uniform equil. conc. at A

107 F T T T T

- n=1, D a=1
it n=3

[ n=5

3 n=1, D a=100
et n=3

Fo n=5

I n=1, D a=1
n=3

n=5

n=1, D a=100
. n=3

/Dy

Ixx

*

Guo et al.,
2015
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Importance of non-local effects
and drift

Hyp.: Re~0 = Darcy , Ra=0 Comparison with 1D averaged model
Note: need additional “convective” terms
?}' DNS t=5.000000
f I_ 1 | | | L | | I 0l c
0 X IR 1 ¥ Entrance effects :
—— COE A —|
fluid/solid repartition T

E
@mmzmmwmmmwmmmmm
Eed 4 ®

fluid concentration N

DNS

fluid x-velocity o

o

0
0 0001 0002 00053 0004 0005 000s 0007 0.008 0009 001

Improvements: use of non local effective parameters...
...or hybrid formulations!
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Darcy-Scale — Large-Scale

< >
<< >

— lo — Pore-scale model
—* =0 SO =,
BSOS S BB Y
—>Q @ @' ’ ' . insoluble
:Q q; > 4 ° 9] O] s lo <y ly <L 1* upscaling
— O @ .O o loly <lg~L
— s QO .. . .. i K
— N @.' D ® % Darcy-scale model DNS
—o” o e
la Loy ly <lg< L 2" upscaling
dissolution front

o=Ss,1,] ‘?

s : soluble phase Large-scale model !

i: insoluble material

[: liquid phase (water + dissolved

species)
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Darcy-scale model (ex.: gypsum)

aSs _ &Msalt
o ps Mg

wegDaya (9 - 1) Large-scale?

9 (pfe)
ot’

+Pey V - (p;V’l) = —Af‘sdalt

a

wquaMa/ (Q} — 1)

8 (p1Q, , , ;o -
(p(;tfgl) +Pey V' - (p}QU, V}) =V - (pjeD} - V')

—Daye’ (Q; - 1)

’r 1 g -1 7 n—1 ’
0=-VP +—Gryw— NI (K) .V
' Rey gl K l( ) !

aoL?

l

Day, = Damkohler number

B / Pore-scale
a=aoa (g,...)
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Dissolution of heterogeneous
systems: scale separation?

10° - — .
r =] ; 105 07 10 10t 0 7 10 10 g0
] 10 : : : : : : :
Da M=276Pe " - ) Uniform
10.*1
,.GE 10.2 1 A s Ramified B
st ¢ g Wormhole
2 10.21 o i ¢ i .
X E, o Compact A PS
DaMl() - = ' . S
=4 10." o A
8 I “ * Dominant
ld < lh 8 101 N . N Wormhole
10.72 o Conical
[ ] [ | [ ] [Wormhold e
10.?
l,>1 Péclet Number
1021 —_ i "% after Golfier et al., 2000
PeM
ront Thickness? Dissolution instabilities?
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Heterogeneous systems: properties
of the Darcy-Scale fields (cont.)

Pe < 1and Day; > 1
or

Da
Pe> 1and =M .1
Pe

local equilibrium dissolution
— sharp front

(— b C*
S A ———

o

Pe < 1and Day; <1
or

Da
Pe > 1and =M «1
Pe

non-local equilibrium dissolution
— diffused front!

leos Iy < g < L

M. Quintard
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L-S Upscaling of a simple dissolution
model, small “Damkdhlers” (case Pe>1)

0 (er(1 —S5)C))
ot

V-(er(1-5U;) =0 + V- (er(Q1 =5 U,C) = —a(S) (C; — Coq)

oS 1
= Ple(s) (C1—Cqq) Vi=er(1-51U; = _EKZ (VP - p1g)
S

ETE = P
K; = Kkri(S)
Definitions for large-scale averages:

ler) =mxer =~ (VLIST av —»  {erS}={er} S

i -

ler(1=-8)C} ={er} (1 =-8)C; —pp ler(1=-9U} ={er}(1-85H;

Deviations: C=Cj+C Small Damkohlers —
S=5"+8§ C; = 0 over UC!

M. Quintard Dissolution 20/24



12/6/19

Coupled Darcy-Scale and Large-
Scale problem (case Pe>1)

f

.

%({gT}(l =S C)+V-(ler) A =SHU; G ) + V- {er(1 -9 U, G} = —a* (C] = Ceq)

5; (er) ) = “a (¢ - Ceq)

—_~

g oC _ ~ 1-5
gT(l—S)a—tl+ gT(l—S)Ul-VCl*+sT(l—S)Ul-VCl:—( er(d - Ho” )(C — Ceq)

{ery (1 -5%)

gTS_aTSo+— f ( ‘Z:}) (¢; D DlSSOll;lthIl |
istory!

+ problem for Darcy’s law with heterogeneous permeability
(induced by variation of soluble material saturation!)
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Large-Scale properties: Preliminary
calculations of effective coefficients

1. S, Satt

30

25

2. compute S spatial distribution at ¢ + 6¢

as _ lerja oS*
T erat Ot

ot
key: C/ — C,q constant over REV

20

15

L= L LU = 1 Y B == B Y=

3. compute a(S) 10
4. compute a*(S5") 05
5. estimate K(S

estimate K(5) Tools developed
6. compute K*(5*) for spatially

see closure Quintard and Whitaker (1987) distributed Darcy-
7. iterate by going at Step 1 scale parameters!
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Companson DNS < Theory

00000000000000000000
014j #000000000000000000
012} L1596 66060060 000006006000
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@ 0081 SE 0 00000000000000000
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Conclusions  Mostly about OPEN
PROBLEMS!

N-phase flow:
* Coupling has been marginally studied

* Classical generalized Darcy’s law mostly used. What about models with
cross terms, dynamic models, etc...?

Multicomponent, reactive
* Complex chemistry and/or multicomponent thermodynamics
* Instabilities
Sequential upscaling:
* Limited homogenization results for low Da numbers
* Large Da?
History and memory effects

Coupling with heat transfer (combustion, pyrolysis), geomechanics, ...

M. Quintard Dissolution 24/24
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