International Research o o o
Training Group ° o o o n U PUS

Evaporation-driven transport and
precipitation of salt in porous-
media: A multi-domain approach

Vishal Jambhekar
Karen Schmid, Rainer Helmig

Department of Hydromechanics and Hydrosystemmodeling

CMWR 10" — 13" June, 2014, Stuttgart Ko




Motivation

Qatar desert

Punjab, India

—

WAGENINGERN
UNIVERSITY

/
§U&; Universiteit Utrech
KNy

Jammu and Kashmir, India

International Research O O . n u P u s = UNIVERSITETET I BERGEN  ypiv

Training Group © o o °
Technische Univi
T Delit  TU/e it



Motivation

Soil salinization problem across the world e
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Model concept |
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“A coupling concept for two-phase compositional porous-medium and single-
phase compositional free flow”, Mosthaf et al., 2011 (WRR)
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Stages of saline water evaporation
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Saline Water

—
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(b) SS2 (c) SS3
— Stages of evaporation:
« SS1: High evaporation rate
« SS2: Evaporation rate falls subsequently
« SS3: Constant low evaporation rate
——
Salinization: Interplay between salt transport, evaporation B
dynamics and salt precipitation E
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Model concept Ill: micro- to macro scale
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Micro-scale
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Macro-scale (REV)

Saline water

Micro-scale to macro-scale transition

+ Solid Phase: Matrix and solid salt
+ Liquid Phase : Water, air and salt
 (Gas Phase : Air and water
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Model Concept []]

" interface
roughness

and condensation

small scale
turbulences

A\ = = =
= salt precipitation adwvection, convection gas phase free flow
conduction, diffusion

“A mathematical/numerical

model requires an idealization e
of the physical processes in a
natural system in such a way
that their characteristic
properties are maintained .”

\ direct

%, evaporation
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Porous-media equations : (p , s, X,"*“)

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

Z a(ﬁbgmol aSal ) Z V. |: Omol aaj’{’K(pa Qozg):|

Ot
@ Vv -~ 7
storage advection
o Z V me aO@mol, anﬁg} = (]R
-/ N~~~
d1ffus,1on source/sink

— Salt precipitation:

0 else

T { kp®0mot 151(T] — x?,max) VkKk=s

(¢stol s) L

qS
“Analytical solution to evaluate salt precipitation during CO2 injection in oy
saline aquifers”, Zeidouni et al., 2009 N
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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:

. K K _K.K K __ K ITK
o Zpg pg o xgpsat pg — waw
K

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

Pec = Pg — DI n
&

2 q o0
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Porous-media equations:(T)

— One energy balance equation:
a(¢@aua S@) a(¢NaCIQNaCICNaClT) 5’(QSCST)
S S S + 1 —
2 ot 2 ot J za: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 O Universice
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Free-flow equations: (v , V., P T, X 7)

— Stokes equation: (no turbulence - 1Phase)

0(0,V
% —|—Y pgl — pg(Vvy + va)l = 0,8
storage 1Cl\Uer body force

— Phase conservation:

do
g
+V - (0gvg) = dg
) advection source/sink
storage

— Component conservation

O(0mot,gq)

K kY __ K
+ V- (Qmol,gxgvg) - V- (me ngol QVCCQ) - qg
sto;rage advection diffusion source/sink
— Energy balance equation: n
a( 0. ) “Oniveraie
g9=g _
—— TV (04hgvy) =V - (A VT) = qr &y
at - ~ s . s SN~ %T § Universiteit Utrecht
convection conduction source/sink ‘
storage
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Coupling at the ff-pm interface

— Mechanical equilibrium:

Normal Tangential

— Continuity of phase and component fluxes:
LQng ' n]fji =
Ga;rflux Total mass flux

—(0gVvg + orvi) -]

_J/
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Coupling at the ff-pm interface

— Chemical equilibrium:

ges phase * Continuity of chemical potential
[wp]" =" between phases inside the porous
medium
« Continuity of mass or mole fraction at

the interface

— Thermal equilibrium:

* local thermal equilibrium:
1)/ = [T

* Continuity of heat flux:

_ m i
(04hgvg = AVT) - 0T = ~[(09hgvy + 0thvi = Ay VT) - 1] wascrmaEs
heat flux gas phase Total heat flux %T§ Universiteit Utrecht
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Single-domain pm problem: Case |

o = 1har
Ax =00
T = 318.15K ~
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Evaporation driven NaCl precipitation in an unsaturated homogeneous sand
column

—

* No flow BC allows the domain to dry out with evaporation. e
W?i/
* Far-filed dirichlet BC are used at top boundary. W _
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Single-domain pm problem: Case Il

Py = lbar
X =
T = 31815K
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Evaporation driven NaCl precipitation in unsaturated heterogeneous porous
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Mulit-domain: Case |
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Effect of salt: Case |

5 ‘ | Evaporation Rate

= Pure Water
— X=0.1

3 J 3 = = . .
Pure salvent dutinn with

Rate(mm/day)

Time(Days)

* Osmotic potential combined with pore clogging s

WABENINGEN

reduce evaporation o i
%‘T}§ Universiteit Utrecht

R
PR

° s
. O 0 UNIVERSITETET I BERGEN
International Research e~ e e s
O 0 ,‘ )
L I
O
@

Training Group °e°
° i ° T Delft TU/ Technische
iversity of Technology Unive

ﬂ



0.10

0.08°

0.06}

Salt(g)

0.04;-

0.02}

0.00

0.8

Cumulative Salt Precipitation

» S2_20H_3.5M_305.15K
« 52 10H_3.5M 305.15K
+ expData

10
Time(Hrs)

Cumulative Water Loss

15

20

0.7 -

0.6}

Water(g)
o
N

0.2}

0.1}

0.0

= S2 20H_3.5M_305.15K
= S2 10H_3.5M_305.15K
- expData

W

o

5 10
Time(Hrs)

15

20

14

12

10|

Rate(mm/day)
@®

“Pore-scale dynamics of salt precipitation in
drying porous media”, Rad et al., 2013
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Mulit-domain: Case Il
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Mulit-domain: Case Il

1 Day

00

1298
| 1295

Evaporation Rate

— Random-PM
— Homo-PM

N

15 2
Time(Days)

0 25 30



Conclusions and outlook

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

* Influence of free-flow processes.
* Free-flow porous-media parameters.

« Comparison of numerical and lab experiemnts shows a good
agreement.

 Different porosity-permeabily relations are tried.
* Leverett J-function is used to scale capillary pressure.

* Chemisty driven reactive precipitation approach is implemented
for mixed salt precipitation.

* Comparison against lab data for all the three stages
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Evaporation: Pure water

Evaporation rate for a homogeneous sand columns
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by Mosthaf et.al (2011).
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Single-domain PM problem: Case Il

Ly = 1bar
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Evaporation driven NaCl precipitation in an unsaturated heterogeneous sand

column
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