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Motivation
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Soil salinization problem across the world
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Motivation

turbulent flow

laminar
_ boundary layer | .

x =y o

interface
roughness

S vapozation
small scale and condensation
turbulences

| = salt precipitation

“A coupling concept for two-phase compositional porous-medium and single- * i
phase Compositional free flow”, Mosthaf et al., 2011 PR
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Stages of saline water evaporation

S1 52 - S3 .
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Pu're Water
Salﬁne Water

(W) a3y

(b) SS2 (c) SS3 Time (Hrs)
— Stages of evaporation:

« SS1: High evaporation rate

« SS2: Evaporation rate falls subsequently

« SS3: Constant low evaporation rate
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Macro-scale (REV)
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Solid Saline water Air Salt

Saline water Salt

Micro-scale to macro-scale transition
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Model Concept

adwvection, convection
conduction, diffusion

transfer
fluxes
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Objectives

Developent of the model concept:

— Three-phase-n-component model for porous media flow
— Description of dissolved salt transport and precipitation
— Changes in the porous media properties

— Accounting for osmosis

— Single-phase-n-component model for free-flow
— Free-flow-porous-meida interaction physics

— Comparitive studies for effects of atmospheric processes and porous
media properties
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Porous-media Equations : (Pg S, X,NaCl)

— Multi-phase-multi-component Darcy flow
— Mass conservation for each component :

a(¢@mol aSaZC |: }
’ V. WK (Pa — 0a9
Z \ (‘975 Z ( ) |
Stogge advggtion
- Z v me aO@mol, o ng — Z qg
d Q v
dlffusmn source/sink

— Salt precipitation:

( NaCl_ NaCl
’ = O(Pomol, lSl(at T maz)) for k = NaCl, o = |
“ \ 0 else

“Analytical solution to evaluate salt precipitation during CO2 injection
in saline aquifers”, Zeidouni et al., 2009
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Porous-media Equations: (@, K)

— Conservation of precipitated salt: — Porosity change:
(@7 Omdlis) | nact _g = o — P)"
ot
— Porosity-permeability relations:
* Kozeny-Carman * Verma-Pruess
K 0) ; 1 — ¢ ? £_<¢_O-9¢0)2
KO B qb() 1— qb KO ¢O _ 09¢0
* Tsypkin-Woods * Timur
K 1 elws1—(6N2) K =0.136¢**52
Ko 1 —elw?)
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Porous-media Equations

* Local thermodynamic equilibrium:
— Local thermal equilibrium:

T,=T,=T,=T

— Chemical equilibrium accounts for the mass transfer across different
phases:

Py = > Dy Py = TP py = wHY IT=17rg
IaY%

— Mechanical equilibrium is valid locally. Discontinuities in pressure exists
across fluid-fluid-solid interface:

Pec = Pg — DI n
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Porous-media Equations:(T)

— One energy balance

equation:
8(¢Qaua S@) a(¢NaC1QNaCICNaClT) 5’(QSCST)
s s s 1 —
D AR DN R S
sto;arge 1 stor;rge I stor;gre 111
;\v ( Oir - a)/ N——
convection conduction

Where heat conductivity :

>\pm — >\eff,g + v Sl(>\eff,l — Aeﬂ“,g)

Effective heat conductivity :

0.28—0.757log $—0.057log(As/Aqa)
)\eff,oz ﬁ
Aa Aa

“High Temperature Behavior of rocks Associated with Geothermal
Type Reservoirs”, Somerton et al., 1974
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Porous-media Equations: (S , P, x“ )

Supplementary constraints:

— Total void-space within the porous matrix is occupied by liquid and gas
phases:

— The secondary phase pressure is determined using capillary-pressure:
Pe(S1) = pg — P
— The sum of mole fractions of all components in each phase is one:
x¥ 4 @ + N3l = 1

— The fugacity for each component is equal each phase:

i =15
Fluid Properties:
0g(Dg,T") i (py, T, XN e(p, T, X[
hg(pg,T) hi(pi, T, X[V hvacn) w.ﬂ.
Batzle, M. L. and Wang, Z. (1992). Seismic properties of pore fluids. Geophysics, %j{:%‘ Universicclt B
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Osmosis: Effect on vapour Pressure

water
evaporates

/.

semipermeable

membrane
salt stays
in water
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Water-gas interface acts as a semipermeable membrane.
Chemical equilibrium needed

w’w (T7 YUR xiVaCl) — 2pg(z—'v Pg, xéVaC’l — O)

H20 H20 H20 H20
fl — g :>psatxl :pgxg
_ <7va>
psat — psateXp P
RT (WH YADOESN Ty
(OSMOSISTWORK]
RT Inx 4
Tw = —
Vo




Free-flow Equations: (v, V., P T, X 7)

— Stokes equation: (no turbulence - 1Phase)

0(2gvy)
agt L +V- [ng - ,ug(VVg + VVZ;)] = 048

N—— A ~~ 4 N~~~

storage flux body force

— Phase conservation:
do
a_tg +V - (0gvg) = dg
N _/ \ v

storage advection source/sink

— Component conservation

a(Qmol,ng)

K k) _ K
" ~ J/ ~” -~ SN——~
storage advection diffusion source/sink

— Energy balance equation:

0(04ug) i

+V - (0ghgvg) =V -(AVT) = qr wazEmay

at - - . _ v "‘W"
—~— oc e : £ ot
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Interface

— Mechanical equilibrium:

Normal Tangential

gas phase
n-[((pgl -

I-7
7E
) v
oy =
=

gas phase

)] n-[((p,I — 7)n)]T (o5 527) .t]“ 0

V5

Beavers-loseph-Saffman

Tg

\}

d a% gas phase

— Continuity of phase and componemt fluxes:
09V - n]ff = —[(egvy + av1) - nJ’™

k k k
[(Qmol,gvgxg — Dngol,gvxg) ' n]ff = —|(0mol gVgly — Dg pm@mol, gvx lE
m WABENINGEN
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Interface

— Chemical equilibrium:

gas phase ) « Continuity of chemical potential
between phases inside the porous
medium

« Continuity of mass or mole fraction at
the interface

— Thermal equilibrium:
* local thermal equilibrium:
[T/ = (1]
* Continuity of heat flux:
[(0ghgvg — AgVT) - n]ff = —[(0ghgvy + alivi — ApmVT) - 0™
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Mulit-domain problem
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Numerical example Drying Salinization
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- Evaporation rate for a homogeneous sand columns

- pure water <
saline water X=0.1% =
v l osmo water X=0.1%
4e-05
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Validation

0.8 Cumulative Water Loss
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Validation

0.10 Cumulative water loss Vs. Salt Precipitation
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Outlook

Future Work:
— Reactive precipitation approach implemented and being tested
— Precipitation analysis for different salts (NaCl and Nal)
— Prarmeter analysis for free-flow and porous media
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