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Objectives

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

e Use a Globally Implicit Approach.



Organization

Reactive transport model



EAGE Notations (Morel's formalism)

e Primary species:

pr __ pr pr
E ={el",.... e}
e Secondary species:
Sec Sec Sec
& :{el yee s EN—M T

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

Sec r
e = E Eepr,esec e” N

ePregPr

where
EP'XE
E := [Ecpr c]eprcerrece €R .

o We set £ := EPF U £%°.



EAGE Notations (Morel's formalism)

e Primary species:

pr __ pr pr
E ={el",.... e}
e Secondary species:
Sec Sec Sec
& :{el yee s EN—M T

such that each secondary species is associated to the chemical reaction:
esec = E Eepr,esec e"r,
ePregpr

where
EP'XE
E := [Ecpr c]eprcerrece €R .

e We set £ := EP" U £%€.
e To link a species e € £ to its phase 8 € P:

a:ee€f —ale) eP.



Total conservation equation

Total conservation

> Earedhne+ Y Earediv (¢UOCu*?) =0, Ve € &7,

ec& ecef

where

e n. [mol - m™3]: volumetric molar concentration of e, equals to
ne = (&5, vee £

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

S8 [<]: phase saturation,

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

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



Chemical reactions

e Phase transition: Fugacity equality.

e Chemical equilibrium: Law of mass action,

1 E
Q = | I (aepr) PR — KR.
desec
ePregpr

e Kinetic reaction: Conservation equation with reaction rate T,

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

Orne = T, if e is a solid kinetic species.



Closure equations

e Total volume conservation:

O +FH1-gr=1 & 6+ =0r,
— —
fluid solid

where

> ¢%: volume fraction of reactive rock,
» 1 — ¢1: volume fraction of non-reactive rock.

o Closure relations:

ST sf=1, S CG=1,veP  and ‘155:22%-

gePf eca~1({8}) mePs



EAGE Summary

o #E& + #Pf + 2 equations:
> 4EP': the conservation equations for total primary species,
> #tE%e<: one algebraic or differential equation for each equilibrium or kinetic chemical reaction,
respectively,
> #’Pf + 2: closure equations,

o #& + #P" + 2 natural variables (Coats formulation):
> pressure P,
> saturations S%, j € Pf,
> solid porosity ¢°,
> molar fractions C., e € &f,
> molar concentrations ne, e € £S.



EAGE Summary

o #E + #PF + 2 equations:
> 4EP': the conservation equations for total primary species,
> #tE%e<: one algebraic or differential equation for each equilibrium or kinetic chemical reaction,
respectively,
> 4#Pf 4 2: closure equations,

o #E& + #P" + 2 natural variables (Coats formulation):

> pressure P,

saturations S8, g e Pf,
solid porosity ¢°,

molar fractions C., e € &f,

>
>
>
> molar concentrations ne, e € £S.

Here, we assume that all phases are present!




Organization

Phase appearance and disappearance



EAGE Discretization

e Finite volume with TPFA and upwind scheme,

Discretized conservations of total primary species

for e € £,
Z XK(e,)Ee,e’|K| (ne’,K - "21_7;1
e'e&
’ ’ /
AT Y Y X (@B () Vi) =0,
elcef o=K|LEFKNF), @
where

o Ok = (Qf%, O%): set of present fluid/solid phases in K,
o xk(e) := 1o, (a(e)).



EAGE Discretization

e Finite volume with TPFA and upwind scheme,

Discretized conservations of total primary species

for e € £,
Z XK(e,)Ee,e’|K| ("e’,K - "21_7;
e'e€
+4t" Z Z XKa(e’)(e/)Ee,e’ (Ca(el)ce’ﬁa(e,)) ale’) V;?L(el) =0,
el cef o=K|LeFNFy 7 e
where

o Ok = (Qk%, O%): set of present fluid/solid phases in K,
o xk(e) := 1o, (a(e)).

Singularity issue if a primary species disappears.




EAGE Discretization

e Additional concentration unknowns chosen based on the rank deficiency of the formula matrix
restricted to the present species: B
ﬁesK’ ec SQK)



EAGE Discretization

e Additional concentration unknowns chosen based on the rank deficiency of the formula matrix
restricted to the present species: B
ﬁe,K, e c 8QK,

Discretized conservations of total primary species

for e € EP",
lg,, (K] e + > xk(€)Ee e IKI (ner k —
e'e€f
+ At” Z Z XK;x(e’)(e/)Ee,e’ (Ca(e )Ce”?a(e ))Ka(e’) V}?L(e /=

e'cef o=K|LEFKNF}




EAGE

Discretization

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

ﬁeaK’ ec SQKv

Discretized conservations of total primary species

for e € £,

(e)‘K‘ Ne,k + Z xk(€') ee’|K| (ne’,K e’ K)

e'e€f

+ At" Z Z XKg(e’)(e/)Ee,e/ (Ca(e/)ce,na(e'))

E’ESF o=K|LeEFKNF}

Ka(e’) KL

o

vel) — o

Remarks

e Regularize the Jacobian matrix,

e Track incoming flux from surrounding cells (phases reappearance).

NNaSaaa—__—_— N S =



EAGE Phase appearance and disappearance

Phase removal
e Fluid phase 8 disappears if S® < 0.

e Mineral phase m disappears if n, < 0.



EAGE Phase appearance and disappearance

Phase removal
e Fluid phase 8 disappears if S® < 0.

e Mineral phase m disappears if n, < 0.

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

e A gas phase appears if
ne >0

Y CG>1

for any gas species e in 5QK, or if



EAGE Phase appearance and disappearance

Phase removal

e Fluid phase 8 disappears if S® < 0.

e Mineral phase m disappears if n, < 0.

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

e A gas phase appears if
ne >0

Y CG>1

for any gas species e in 5QK, or if

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



Organization

Numerical results



Settings

e Primary species (4):

T — {H,0 CO% H", Ca®'},
e Reactions (6):

HCO; < H,0" 4+ COL — HT, (equilibrium ag-aq)
OH™ = H,0% — H™, (equilibrium ag-aq)
CO2™ s H,0" + COL —2HT, (equilibrium ag-aq)
H,0f S H,0°, (phase change)
CO% = CO%, (phase change)
CaCOs3 < Ca®' + H,0° + COS — 2HT, (kinetic min-aq)

e Phases: P = {/, g, mcaco, }



EAGE

E =

H,O*
1

0
0
0

Cos
0

1
0
0

Additional unknowns (CO, test case)

H+

o oo

Ca2+
0

= O O

HCO;
1

OH™
1

coz-
1

H20¢

CO%
0

1
0
0

CaCOs
1
1
-2
1

H,0*
Co4

C32+



Additional unknowns (CO, test case)

H,0¢ CO4{ H™ Ca® HCO; OH- CO2 H,0f CO§ CaCOs

1 0 0 0 1 1 1 1 0 1 H,0*
| 0 1 0 0 1 0 1 0 1 1 |Cos
" 0 0 1 0 -1 -1 -2 0 0 -2 |nt -
0 0 0 1 0 0 0 0 0 1 Ca%t
H,08 CO% H,Of CO§ CaCOs
1 0 1 0 1
0 1 - 0 1 1
EQK = 0 0 ’ if Qx = {g} EQK = 0 0 ) ) if O = {37 mCaCO;}
o 0 o o0 1
e Rank: 2, e Rank: 3

e Two additional unknowns: ny+ and nc,2+.

e One additional unknown: Ay+ (or Ac,z+).




Settings

— 120 — 360

= Gas stream (pure CO%):
= Water stream (pure H,O):
= Outflow (hydrostatic pressure):

— 120 —

Qgas [m*/day]
Quat [m*/day]
Pout [bar]
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EAGE

Results
Code team TS (failed) NI LI / NI F (failed) CPU Architecture
DuMuX 17571 (2937) | 3.45 8.37 - 66124 Intel i7-8565U @1.8 GHz
CooresFlow 2008 (0) 4.1 | not available - 10224 | Intel Xeon E5-1620 v3 ©3.5 GHz
Coats-RT 2032 (8) 5.2 11.76 206939 (0) | 6361 | Intel Core Ultra 7 255H ©2.0 GHz
T : —
(d) Gaz Saturation (e) Pressure (f) pH

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



EAGE Settings

e Primary species (7):

P .= {H,S* Hj5, CO5, H20,H", Ca®" Na'}.
e Reactions (9):

SOZ2™ < HpS' — 4HY. + 4H,0 — 2HT, (kinetic ag-aq)
HS™ < H,pS* — HY, (equilibrium ag-aq)
OH™ < H,0 — HY, (equilibrium ag-aq)

HCO; & COL — HY + H,0, (equilibrium ag-aq)

CO§7 = COZ —2HT + H,0, (equilibrium aqg-aq)
Ha2S% = HaSY, (phase change)

HE = H 2 (phase change)
Coé s CO (phase change)
CaCO; < Ca?t + COL — 2H" + H,0,  (equilibrium min-aq)

e Phases: P = {{, g, mMcaco, }-



Settings

SO2™ < HoS* — 4H5 + 4H,0 — 2HT

e Monod-type law: (bacterial activity)

=3¢ -3¢
Tsozf = —Vmax 10 C CSO§7 1 C CH% P
a 10-3¢¢ CSO‘Z‘7 + KSOi’ 10_3CZCH§ + KHg

with
» Vmax = 1.45 % 10~5 mol - L1 .year—l’

> Ksoz- =107% mol - L1, and Kyyy = mol - L1,
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» If Ok = {g, mcaco, }

=N lNololNolNelN

[eNeNolNol Sl el

H,S*

1

O OO oOooOo

HE
0

[eNeNeNoNal S

Additional unknowns (H, test case)

OO oo+ oo

OO0 OmHHOOO

OO+ OOOoOOo
O OO0OO0OOoOOo

CaCO3

H OOOOOoOOo

0 0 0 1 0 0 O

0 0 0 01 0 O

0 1 1 0 0 1 1

1 1 1 0 0 O 1
-1 -1 -2 0 0 0 -2

0 0 0 0 0 0 1

0 0 0 0 0 0O O
e Rank: 4,

e Three additional unknowns: for example nn,0,
ﬁH* and ﬁNa+.




<
(e}

Settings

T

|
|

NN REETRAN

600

= Gas stream (pure H$): Qgas [m®/day]

= Outflow (hydrostatic pressure): pout [bar]

Figure: Radial geometry.




Results

e

_ _ .

) H§ at t = 500 days ) H§ at t = 1000 days

(c) H2S€ at t = 500 days ) H2S® at t = 1000 days

-—l

) pH at t = 500 days ) pH at t = 1000 days



Conclusion and perspectives

Conclusion
e Fully implicit multiphase reactive transport model based on Morel's and Coats' formulations.

e Robust handling of phase appearance/disappearance, including the aqueous phase.
e Validate the method and the implementation on the CO2 benchmark.

e Application to a 2D axisymmetric hydrogen injection scenario.

Future work
e Clay-fluid reactions for pH buffering.

e Injection and production well models.



Thank you for your attention!



EAGE Globally Implicit Approach

At each time step n, the nonlinear system is solved using Newton's method.

e Adaptive time stepping: If Newton converges,
At = min{1.1 At", Atmax}.

If Newton fails, the time step is halved and recomputed.
e At each Newton iteration:

> assembly of the Jacobian and residual,

> relaxed Newton update,

> weighted £°° norm residual based on pressure, saturations, fluid compositions and mineral
concentrations.

e Convergence criteria:
IR[lee <1077  or  [|6U]lee < 107,

e Linear systems are solved using CPR-AMG. Convergence is reached when

lindi2 g7,
[Iroll2



