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@ Extend the Coats formulation to multiphase reactive transport,
@ Properly handle phase disappearance (especially the aqueous phase),

@ Use a Globally Implicit Approach.



© Reactive transport model



. Morel's formalism
Reactive transport model H .

Total conservation equation
Other equations

Coats Formulation

Notations (Morel's formalism)

@ Primary species:
pr __ pr pr
E ={el, ... el

@ Secondary species:
- sec sec sec
& :{el 7"'7eN7M}7

such that each secondary species is associated to the chemical reaction:

= E Eepr csec €™
ePreger
where

EPTxE
E = [Eepr,e]epreé‘l”,ees eR .

o We set £ := EPF U £%°.
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Notations (Morel's formalism)

@ Primary species:
pr __ pr pr
E ={el, ... el

@ Secondary species:
- sec sec sec
(C: :{61 7"'7eN—M}7
such that each secondary species is associated to the chemical reaction:

sec r
€S Y Eurerec ™

ePregPr

where
EPTxE
E = [Eepr,e]epregpqeeg cR .

o We set £ :=EPTU &,
@ To link a species e € £ to its phase 8 € P:

a:e€&—ale)eP.
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Reactive transport model

Total conservation equation

Total conservation

3 EwreBente + Y Eeor e div (ga“) ceua<e>) =0, Ve” € &™,

eeE ecef

where

@ n. [mol - m™3]: volumetric molar concentration of e, equals to

ne = ¢p¢&sc,  ve e &

¢ [—]: porosity,
¢? [mol - m~3]: phase molar density,

5% [—]: phase saturation,

Ce [-]: mole fraction of e in its phase,

u? [m-s7']: follows the Darcy's law.




. Morel's f li:
Reactive transport model orel s formatism .

Total conservation equation
Other equations

Coats Formulation

Chemical reactions

@ Phase transition: Fugacity equality.

o Chemical equilibrium: Law of mass action,

Q:= 1 H (aepr)Ee""R = Kkg.

desec epreEPr

o Kinetic reaction: Conservation equation with reaction rate T,

O¢ne + div (Ca(e) Ceuo‘(e)) = T, if e is a fluid kinetic species,

Otne = Te, if e is a solid kinetic species.




Morel's formalism

Total conservation equation
Other equations

Coats Formulation

Reactive transport model

Closure equations

@ Total volume conservation:

¢ +&F+1-¢gr=1 & ¢+¢ =g,
~N —

fluid solid

where
o ¢°: volume fraction of reactive rock,
e 1 — ¢1: volume fraction of non-reactive rock.

@ Closure relations:

ZSB: ) Z Cezl,VBGPf and ¢S:ZZ%_

pepf eca—1({8}) mePe
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. Morel's formalism
Reactive transport model N .

Total conservation equation
Other equations

Coats Formulation

Summary

o #E& + #PF + 2 equations:
o #EP': the conservation equations for total primary species,
o FE%°¢: one algebraic or differential equation for each equilibrium or kinetic chemical reaction,
respectively,
° #Pf + 2: closure equations,

o #& + #P" + 2 natural variables (Coats formulation):
e pressure P,
o saturations S8, g e Pf,
e solid porosity ¢,
e molar fractions C., e € &f,
e molar concentrations n., e € &5,
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. Morel's formalism
Reactive transport model N .

Total conservation equation
Other equations

Coats Formulation

Summary

o #E& + #PF + 2 equations:
o #EP': the conservation equations for total primary species,
o FE%°¢: one algebraic or differential equation for each equilibrium or kinetic chemical reaction,
respectively,
° #Pf + 2: closure equations,

o #& + #P" + 2 natural variables (Coats formulation):
e pressure P,
o saturations S8, g e Pf,
e solid porosity ¢,
e molar fractions C., e € &f,
e molar concentrations n., e € &5,

Here, we assume that all phases are present!

A Coats-Based Formulation for Multiphase Reactive Transport: Appli



© Phase appearance and disappearance



Phase appearance and disappearance Discretized conservations

Discretization

@ Finite volume with TPFA and upwind scheme,

Discretized conservations of total primary species

for e € EP",
3 Euver K1 (ox(e) nr e = x5 (€) K
e'eE
’ ’ ’
+arm Y > X o) () Eoyer (ga(e )€, ))Ka(e,) vele) — o,
o' cef o=K|LEFKNFy, 7
where

o Qx = (Qk, O%): set of present fluid/solid phases in K,
o xk(e) := 1o, (a(e)) (analog for xj *(e)).
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Phase appearance and disappearance Discretized conservations

Discretization

@ Finite volume with TPFA and upwind scheme,

Discretized conservations of total primary species

for e € EP",
3 Euver K1 (ox(e) nr e = x5 (€) K
e'eE
’ ’ ’
+arm Y > X o) () Eoyer (ga(e )€, ))Ka(e,) vele) — o,
o' cef o=K|LEFKNFy, 7
where

o Qx = (Qk, O%): set of present fluid/solid phases in K,
o xk(e) := 1o, (a(e)) (analog for xj *(e)).

Problem

Singularity issue if a primary species disappears.
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Phase appearance and disappearance Discretized conservations

Discretization

o Additional concentration unknowns chosen based on the rank deficiency of the formula matrix
restricted to the present species:

ﬁe,K, e c gQK,
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Discretization

o Additional concentration unknowns chosen based on the rank deficiency of the formula matrix
restricted to the present species: _
ﬁe,K, e c gQK,

Discretized conservations of total primary species

for e € 7,

Loy, (K| Pk + Y Eer K| (xk(e) mer i = X (&) n k)
e'e€

=

N S Xpeen(¢)Eee (ga(8’>ce,na(e’>)Ka(e,) vale) =
olcef o=K|LEFKNF), i




Phase appearance and disappearance Discretized conservations

Discretization

o Additional concentration unknowns chosen based on the rank deficiency of the formula matrix
restricted to the present species: _
ﬁe,K, e c gQK,

Discretized conservations of total primary species

for e € 7,

Loy, (K| Pk + Y Eer K| (xk(e) mer i = X (&) n k)
e'e€

’ a(e’) a(e) ale’) _
+ A" Zf KILEZ}_ . XK;"(E/)(e )Ee,e’ (C . Cern ¢ )Kg(e/) VKL =0.
elegt o= KM h

v

o Regularize the Jacobian matrix,

@ Track incoming flux from surrounding cells (phases reappearance).
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Phase appearance and disappearance

Phase removal
o Fluid phase 3 disappears if S° < 0.

@ Mineral phase m disappears if n, < 0.

Discretized conservations




Phase appearance and disappearance Discretized conservations

Phase appearance and disappearance

Phase removal
o Fluid phase 3 disappears if S° < 0.

@ Mineral phase m disappears if n, < 0.

Phase appearance with liquid phase
@ A mineral phase appears when its solubility product exceeds equilibrium.

@ A gas phase appears if
ne >0

Zé>1.

for any gas species e in ENQK, or if
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Phase appearance and disappearance Discretized conservations

Phase appearance and disappearance

Phase removal
o Fluid phase 3 disappears if S° < 0.

@ Mineral phase m disappears if n, < 0.

Phase appearance with liquid phase
@ A mineral phase appears when its solubility product exceeds equilibrium.

@ A gas phase appears if
ne >0

Zé>1.

for any gas species e in ENQK, or if

Without liquid phase
A multiphase flash calculation is performed at fixed total composition.
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© Numerical results



Test case: COS injection

. Test case: HJ injection
Numerical results 2

Settings

@ Primary species (4):

EP = {H,0",CO3, H", Ca®"},
@ Reactions (6):

HCO; < H,0% 4+ COL — HT, (equilibrium ag-aq)
OH™ = H,0% — H™, (equilibrium aqg-aq)
CO§_ S H0f + COg —2H", (equilibrium ag-aq)
H.0f < H,0%, (phase change)

CO% s CO%, (phase change)

CaCO; < Ca?t + H,0 + CO% — 2HT, (kinetic min-aq)

@ Phases: P = {{, g, mcaco, }
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Test case: COE injection

. Test case: HJ injection
Numerical results 2

Additional unknowns (CO, test case)

H,Of CO% H' Ca®t HCO; OH™ CO03~ H,0f CO% CaCOs
1 0 0 0 1 1 1 1 0 1\ H0*
e_| © 1 0 0 1 0 1 0 1 1 |COoj
~ 1 o 0 1 0 ~1 -1 =2 0 0 -2 [H*
0 0 0 1 0 0 0 0 0 1 Ca**
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Test case: COE injection

. Test case: HJ injection
Numerical results 2

Additional unknowns (CO, test case)

H,Of CO% H' Ca®t HCO; OH™ CO03~ H,0f CO% CaCOs

1 0 0 0 1 1 1 1 0 1 H,0*
e_| © 1 0 0 1 0 1 0 1 1 |COoj
S ) 0 1 0 -1 -1 -2 0 0 —2 |H*
0 0 0 1 0 0 0 0 0 1 Ca%t
H.0¢ CO3 H,0¢ COf CaCOs
1 0 1 0 1
0 1 . 0 1 1
EQK = 0 0 ’ if QK = {g} EQK = 0 0 ) s if Ok = {g7 mCaCO3}
0 0 0 0 1
e Rank: 2, o Rank: 3

@ Two additional unknowns: ny+ and nc,2+. .\ ~ -
H ca @ One additional unknown: ny+ (or nc,z+).
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Test case: COY injection

. Test case: HJ injection
Numerical results 2 '

Settings

> T

o =P : &
S IquE
— > S
— Q1:{¢1,k1} - ©
o =P ::‘I‘
g - 8
-1

J__, Q> : {¢2, ko }

— 120 — 360 |

—
N
o

= Gas stream (pure CO%): Qgas [m?/day]
= Water stream (pure H,O%): Quat [m3/day]
= Outflow (hydrostatic pressure): pout [bar]
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Test case: COS injection
- Test case:
Numerical results

Results

Code team TS (failed) NI F (failed) CPU Architecture
DuMuX | 17571 (2937) | 3.45 - 66124 Intel i7-8565U ©1.8 GHz
CooresFlow 2008 (0) 4.1

- 10224 | Intel Xeon E5-1620 v3 @3.5 GHz
Coats-RT 2032 (8) 5.2 | 206939 (0) | 6361 | Intel Core Ultra 7 255H ©2.0 GHz

[ —

. : \
: , 1 — —] / \
(d) Gaz Saturation (e) Pressure (f) pH (8) Ceot

Figure: Benchmark — DuMuX, CooresFlow and Coats-RT.
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Test case: C

. Te : H i
Numerical results est case injection

Settings

@ Primary species (7):

"= {H,S’, Hj, CO5, Ha0, H", Ca®* Na'}.
® Reactions (9):

SOZ™ < H,S' — 4HL + 4H,0 — 2HT, (kinetic ag-aq)
HS™ & H.S* — HT, (equilibrium ag-aq)
OH™ < H,O — HT, (equilibrium ag-aq)

HCO; S COZ —H" + H,0, (equilibrium aqg-aq)

CO2™ = CO% — 2H' + H,0, (equilibrium ag-aq)
H2S8 < H.SY, (phase change)

H S H. 2 (phase change)
COE = CO%, (phase change)
CaCOs = Ca®™ + CO[ — 2H" + H,0, (equilibrium min-aq)

@ Phases: P = {{, g, mcaco, }-
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Test case: C

- Te : HE Tnjecti
Numerical results est case: Hj injection

Settings

SO~ = HaS* — 4Hj + 4H,0 — 2H*

@ Monod-type law: (bacterial activity)

—3 ¢ —3 L
4 10-3¢ CSOZ‘;’ + KSOi’ 10-3¢ CHg + KHg
with
1

® Vmax = 1.45 x 1075 mol - L™1 - year—1,
° KS =10"% mol-L!, and Kiye =emol-L1.
2

2
0%




Test case: COS injection

. Te : HE injecti
Numerical results est case: H3 injection

Additional unknowns (Ha test case)

1.0 00 0 0 O0 1 1 0 0 0 1.0 0 O
010 00 OO -4 O 0 0 0 01 0 O
0 01 00 OO O 0 0 1 1 00 1 1
E=|1 0 0 0 1 0 0 0] 4 0 1 1 1 0 0 0 1
oo0o001o00{-2 -1 -1 -1 =200 0 -2
0 0 00O 1 O0|O 0 0 0 0 0 0 0 1
0 0000 O T1I]|oO 0 0 0 0 0 0 0 O
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Test case: COS injection

. Te : HE injecti
Numerical results est case: H3 injection

Additional unknowns (Ha test case)

1 0 00 0 0 0 1 1 0 0 0 1 0 0 O
01 0 0 0 0 0j—-4 O 0 0 0O 01 0 O
0 01 0 0 0 0O 0 0 1 1 0 0 1 1
E = 0 0 01 0 O 0} 4 0 1 1 1 0 0 0 1
ooo0o01o090f{-2 -1 -1 -1 -2 000 -2
0 0 0 OO 1 0O 0 0 0 0O 0 0 0 1
0 0 0 0 0 0 1 0 0 0 0 0O 0 0 0O ©O
» If Ok ={g}:

H.S8 H§ CO%

1 0 0

0 1 0

0 0 1 e Rank: 3,

Eg, = 0 0 0 @ Four additional unknowns: ny,0, Ay+, Nca2+

0 0 0 and A+

0 0 0

0 0 0
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Test case: COS injection

. Te : HE injecti
Numerical results est case: H3 injection

Additional unknowns (Ha test case)

1 0 00 0 0 0 1 1 0 0 0 1 0 0 O
01 0 0 0 0 0j—-4 O 0 0 0O 01 0 O
0 01 0 0O O 0O 0 0 1 1 0 0 1 1
E = 0 0 01 0 O 0} 4 0 1 1 1 0 0 O 1
o o0oo0o01o0®S0}(-2 -1 -1 -1 -2 000 -2
0 0 0 OO 1 0O 0 0 0 0O 0 0 O 1
0 0 0 0 0 0 1 0 0 0 0 0O 0 0 0O ©O
» If Qx = {g, mcaco, }:
H.S8 HY CO5 CaCOs

1 0 0 0

0 1 0 0

o o0 1 1 ° Rank: 4,

Eg, = 0 0 0 1 . @ Three additional unknowns: for example nn,0,

0 0 0 -2 ﬁH* and ﬁNa*-

0 0 0 1

0 0 0 0
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Test case: COS injection

- Te : HE nj
Numerical results est case: Hj inje

220

Q:{¢, k}

120

2222400004

, 600

= Outflow (hydrostatic pressure)pout [bar]

Figure: Configuration of the Ha injection test case.

N
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Test case: COJ injection
Test case: H injection

Numerical results

Simplified vertical well model

AN

[« PN T o PN .

z ~
’ ~
p
W //
PY < Ge frraasaeannaena
N
Y i
AN Ir—w s .
s aLe T
¢ —> e :
Xey X g
<+ : :
(a) Injection (b) Production

Figure: Discretization of the well on a cartesian mesh.
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Test case: COS injection

. Te : HE injecti
Numerical results est case: H3 injection

Simplified vertical well model

@ Injection:

<0,

0 otherwise, —

o {Cg(P,"{)ng(l)kWI min (0, Px — P) if e = HE,
qK,e -

@ Production:
g = ¢ (P @ (Sf;(e))kw max (0, Py — P,“{) >0,
with
o k is the permeability [m?] assuming a homogeneous and isotropic medium (i.e. K = kId),

o Wil is the well index [m].
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Test case: COS injection

. Te : HE injecti
Numerical results est case: H3 injection

Simplified vertical well model

@ Injection:
r—w CE(PX)m8(1)k WI min (0, Py — P}'}’) if e =H§,
dK,e = A S O’
7 0 otherwise,
@ Production:
aics = ¢ OP) ™ (S ) kWi max (0, P — PK) >0,

with

o k is the permeability [m?] assuming a homogeneous and isotropic medium (i.e. K = kId),

o Wil is the well index [m].

Well equation

(Z S Y Eweqil™ —Q)(th—>:o.

KEMY epregprnef ecef

where M"Y is the set of reservoir cells connected to the well and PZ = P, + APYE.
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Test case: COJ injection
. Te : HE injecti
Numerical results est case: H3 injection

Simplified vertical well model — Well Index

--e

wi— _ 2mh
In(rk/re)

Poeee
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Test case: COS injection
Test case: H injection

Numerical results

Results

Débit total Pression de fond
15000 T T T T T T T — T 1.1x107 T T T T T T T T T
Débit total —— Pw ——
7 u
10000 | ] 1.05x10
o —— P ————
1x107 ,
5000 | 4
Z . 95x10° B
s
£ ol 1 =
= 5
2 & 6 4
3 9x10
-5000 [~ 1
8.5x10° b
~10000 s — ax10° - i
15000 , , , . , , , , , 7.5x106 . , , , ,
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 80O 900 1000
tljour] t fjour]
(a) Total molar flow rate (b) PL
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Test case: COJ injection
Test case: H injection

Numerical results

Results

Débit de H2S(g) entrant dans le puits Débit total liquide
800 T T T T T T T 400 T T T T T T T

T
Débit —+—

i

T T
QAH2s(9) —

w
=]
3
T
L

600 - H

Débit [mol/s]
N N
S &
3 3
T T
L

Débit [mol/jour]

-

o

S
T

=

1

5
T

i
H 50 1 1 I
1

0 0
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
t[jour] t [jour]

(c) H2S® (d) Total molar flow rate
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Test case: CO
Test case: H injection

Numerical results

Results — HS

L.

YN

=

20041 £

10641
l”nm

1041
l 008400

(e) t =200 days (f) t =300 days

[ 10841
000400

10041
[ 000+00

(g) t =900 days (h) t = 1000 days
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Test case: CO
Test case: H injection

Numerical results

Results — HyS&

= 14004

L 10ea L 100s

(250

50

l 000100

(i) t = 200 days (j) t = 300 days

5005

l 000+00

14604 14504

L0 L 100a

(250

5065

l 008200

(k) t =900 days (1) t = 1000 days

(H2sto)

5085

I 00400
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Test case: injection
Test case: H injection

Numerical results

Results —

(n) t = 300 days

(m) t = 200 days

nes

[

Lo

[sc(v
700

nés

[

L1000

— 200

[m.
700

(p) t = 1000 days

(o) t =900 days
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Test case: COS injection

. Te : HE injecti
Numerical results est case: H3 injection

Conclusion and perspectives

Conclusion
o Fully implicit multiphase reactive transport model based on Morel's and Coats' formulations.
@ Robust handling of phase appearance/disappearance, including the aqueous phase.
o Validate the method and the implementation on the CO2 benchmark.

o Application to a 2D axisymmetric hydrogen storage with injection/production cycles.

Future work
@ More realistic testcase (pH buffering reactions, methanation, gazeous H2O, ...).

IN — Université Céte d'Azur, Inria, Nice, France , Roland Masson A Coats-Based Formulation for Multiphase Reactive Transport: Application to H



Thank you for your attention!



