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Soil salinization problem across the world
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Motivation

turbulent flow

transfer

aminar processes

_ 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 By U
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Stages of saline water evaporation

S1 52 - S3 .

553

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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Salinization: Interplay between salt transport, evaporation y )
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Macro-scale (REV)
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Saline water

Micro-scale to macro-scale transition
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Micro-scale

Macro-scale (REV)

Solid Saline water Air Salt
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Model Concept

adwvection, convection
conduction, diffusion

transfer
fluxes
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Objectives
Development 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-media interaction physics

— Comparative studies for effects of atmospheric processes and porous
media properties
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Porous-media Equations : (p S, XINaCI )

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

Z 6(¢Qmol,aSa$ Z V. |:

&K(pa Qag)

ot I
e ~ TV TV
storage advection
K] _ E : K
_ Z v me a@mol, avxa} = q,
-~ 87
o dlffusmn source/sink
— Salt precipitation:
( NaCl NaCl
O(Pomot,1S1(z) " =2 poz))
= ¢ et for k = NaCl, a =1
8
\ 0 else
—
“Analytical solution to evaluate salt precipitation during CO2 injection in y nivenaing
saline aquifers”, Zeidouni et al., 2009 %ﬁ Universiceit Utrecht
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Porous-media Equations: (@, K)

— Conservation of precipitated salt: — Porosity change:
(D5 0ars NaCl
ot
— Porosity-permeability relations:
* Kozeny-Carman * Verma-Pruess
WE S
Ko\ 9o 1-9¢ Ko ®o0 — 0.9¢0
* Tsypkin-Woods * Timur
_ p(wo(1—(6,*)) 4.4 2
K _1-e K =0.1369**52
K() 1 — €(w¢)
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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:

=)0 wp=ape f=alHD =

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

Pc — Pg — D1
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Porous-media Equations:(T)

— One energy balance equation:
8(¢Qaua S@) a(¢NaCIQNaCICNaClT) 5’(QSCST)
S S S + 1 —
2 ot 2 ot J zo;f )5, )
sto;arge 1 stor;rge I storage III

convection conduction

a\ _J/ a\

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 <£>

Ao Ao

“High Temperature Behaviour of rocks Associated with Geothermal Type sy
Reservoirs”, Somerton et al., 1974 DS Universiceic
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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:
S =1—-25;

— 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 gNacl = 1
— The fugacity for each component is equal each phase:
fr=1rg

Fluid Properties:
0q(Pg, T)  tu(pr, T, XV ou(pe, T, X ")

hg(pg,T) hi(pr, T, XY hvact)

Batzle, M. L. and Wang, Z. (1992). Seismic properties of pore fluids.
Geophysics, 57:1396—-1408.
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Osmosis: Effect on vapour pressure: (x”z"g )

/- Water-gas interface acts as a semi-permeable membrane
* Chemical equilibrium needed

water

evaporates NaC'l _ NaC'l -
porat w’w(Taplaxl ) _wg(Tapgaxg _O)
membrane H20 H20 H20 H20
< fl — Jg — DPsat L] — Pgxy
salt stays
in water
_ ™V w
Psat = Psat ©XP \ "prp- (Y CERYT
OSMONS 1ﬁ::]33
I KEQTHISH
RT Inx 4
Tw = —
Vo
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1 H . H . ’ 3%\\"% ; i B
Osmotically Driven Water Vapour transport in Unsaturated Soils”, Kelly et.al., 2001 O e
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Free-flow Equations: (v , v 0z P T, X, “)

— Stokes equation: (no turbulence - 1Phase)

9(0gvg)
;t L4V [pgd — pg(Vvg+Vv))] = 048
storage ﬂ‘l;( bOdy force

— Phase conservation:;

o
g
+ V- (ggvg) = dg
\ 8t ; ~ ~" ~ SN—~—
advection source/sink
storage

— Component conservation
a(@mol,gxg)

Ot +V- (Qmol,gxgvg) \ ( pm, ngol gvx;) — q;
-, N\ ~ J/ . ~ s \ ,
Sto;rage advection diffusion source/sink
— Energy balance equation:
9(0gty)
——=+ V- hovg) =V - (AVT) =
o T eahave) =V - AVT) = ar
storage convection conduction source/sink
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Coupling at the ff-pm interface

— Mechanical equilibrium:

Normal Tangential

gas phase

[(ug + ﬁ%rn) -t]if =

Beavers-loseph-Saffman

% Y f47 ’/f' ’f' ”
/ P %/ Pi +Pe /
T d/;/ﬁ?/ hase ” "}I"IIA”A

= pe A,

Pg \

i i \
‘l ! iy = K / K———

pe =2 pe = f(S1)

Si

— Continuity of phase and component fluxes:

LQng ' n]fji — _L(ngg + o1vy) - n]pni

Gas flux Total mass flux

O
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Coupling at the ff-pm interface

— Chemical equilibrium:

as 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/ = [T

 Continuity of heat flux:

_ lff— _ nlpm .Q.
e o &y
heat flux gas phase Total heat flux % T y 7 slteltjit.recht
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Single-domain PM problem: Case |

g =2 % 10~ 5[£%]
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Dissolved NaCl distribution in a fully saturated homogeneous sand column

« Dirichlet BC at the bottom ensures the domain to be fully saturated. g
« Fixed flux BC on top. £ ...l
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Single-domain PM problem: Case I

Py = lbar
Xy =00

T = 318.15K ~
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Initial: E
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A = 0.255 -
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T =313.15K -
[~ a i i H i
0 0.05 [+R| 015 02 0.25

sofidity @) [-]

Evaporation driven NaCl precipitation in an unsaturated homogeneous sand
column

—

No flow BC allows the domain to dry out with evaporation. Pl
Wi,
Far-filed dirichlet BC are used at top boundary. %\G Universiceit Urech
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Single-domain PM problem: Case llI

Solidity_Mag
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Movie: Evaporation driven NaCl precipitation in an unsaturated heterogeneous sand column
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Single-domain PM problem: Case llI

Fy = 15as
.1':' = {1.Q1
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Evaporation driven NaCl precipitation in an unsaturated heterogeneous sand

column .ﬂ.
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Single-domain PM problem: Case IV

1
Tsypkin and Woods
A

1 Kozeny Carman
g /
5‘ /Verma Pruss

0 | % 865 Time(Sec) = Ll26 ~ 1.6ef

* Different models need to be validated against the experimental data. -ﬂ.w

Sy

* For further calculations Kozeny-Carman relationship is used. GoS o
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Mulit-domain: Coupled problem

- Outflow (p -
LA ] i
A3 No flow T xn n X3
L il
Initial:
q;u 1, = lbar §
i X7 = 0002 T | Py
q T = 298.15K =3
y, a
Coupling g, T, X3
L
L
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y [
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:: z Initial- =
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Numerical example
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Evaporation: Pure water

s Evaporation rate for a homogeneous sand columns

X

0.00004

alkg'mz)

0.000032

2p2¢ Mode| -
2pnc_Mode| -

000000

250000 5D[Il'|]-|]-l] a 756000
lirme {s)

le+06

« Comparison for pure water evaporation with the model presented

by Mosthaf et.al (2011).
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Effect of salt : Case |

Evaporation rate for a homogeneous sand columns

6e-05

. Pure water

%

4e-05 |

/

saline water (no osmosis)

_ , pure water -
saline water without osmosis X=0.1% -
saline water with osmosis X=0.1% -

saline water (0smosis)

e(kg/m2)

2e-05¢

0p 250000 2000UU

time (s)

 Effect of salt presence and osmosis.

* No salt is precipitated.
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Effect of salt: Case Il

Evaporation rate for a homogeneous sand columns

0.00006
pure water =
saline water X=1% o
i
fﬁ
»
:IE
\.._ Pure water
0.00004 A /
Salt water
~
£
)
[ ]
0.00002
0.00000 250000 500000 756000 le+06
time (s)

* Osmosis in combination with salt precipitation. wancHiie
* Pore clogging reduces evaporation rate W
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Water(g)

Validation

The experiments are carried by the

group of Dr.

Shokri.

Cumulative Water Loss
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“Pore-scale dynamics of salt precipitation in
drying porous media”, Rad et al., 2013

K = 2.65¢ — 10[m?]

o = 0.37
Qyg = 6.02371e — 4
Nyg = 12.18

X NaCl — 0.20454(3.5M)
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Salt(g)

Validation

Simulations are carried out for
different humidities and temperatures

0.10 | Cumulative Sa}lt Precipitation
» 52 20H 3.5M 305.15K ;
» 52 10H 3.5M 305.15K /
0.08|© * 52 10H 3.5M 298.15K ;
+ expData S
0.06}
0.04
0.02 e
- ] o
00— 10 15 20
Time(Hrs)
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“Pore-scale dynamics of salt precipitation in
drying porous media”, Rad et al., 2013

K = 2.65¢ — 10[m?]

o = 0.37
Qyg = 6.02371e — 4
Nyg = 12.18

X NaCl — 0.20454(3.5M)
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Salt(g)

Validation

Simulations are in good agreement
with the experimental data.

0.10 _ Cumulative water loss Vs. Salt Precipitation

| “Pore-scale dynamics of salt precipitation
P32 20H _3.5M_305.15K | | | | in drying porous media”, Rad et al., 2013
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Conclusion

* With the coupled-model one need not specify BC at the porous-
media surface.

* The model is capable to predict evaporation dynamics for non-
saline, saline and hyper-saline scenarios.

* One can analyse the influence of variation in free-flow and
porous-media parameters on evaporation dynamics and
salinization.

* The leverage of osmosis and salt precipitation on evaporation
dynamics can be studied.

* Validation cases clearly shows that the numerical simulations
are in good agreement with the experimental data.
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Outlook

Future Work:
— Reactive precipitation approach is implemented (under testing)
— Effect of heterogeneities
— Precipitation analysis for different salts (e.g. NaCl and Nal)
— Parameter analysis for free-flow and porous media

—
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Validation
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