Formulation of the thermohaline flow problem in FEFLOW
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Equations Of State in FEFLOW: brine density

Brine Density, g/cm?

pr = Pro(1+7(p; = Pro) = BT, =T;p) +a(C, —C,))

Brinedensity as function of
pressure and temperature
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Equations Of State in FEFLOW: fluid viscosity

.uf(C; T)=,u0(1 + aC + b(? T cC? + dT(l _ ekC) a,b,c,d,k are constants
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Figure 1.7 Relative viscosity prf u’; as function of tem-
perature 7[°C] and concentration C[g//] with ui for
the reference temperature of 7, = 10 °C and reference
concentration of C, = 0 (freshwater).



Thermal Rayleigh-Number (Ra;) for
an homogeneous porous media heated from below
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The Engineering ToolBox
The Rayleigh number(Ra) allows to predict the onset of convection:
B Expansion coefficient [©1]
AT temperature difference [O]
K¢ hydraulic conductivity [L*T
d height [L]
D, Thermal diffusivity [L2*T1




Thermal Rayleigh-Number (Ra;) for
an homogeneous porous media heated from below

B.AT.k,.d

Ra; 5
B A
A _
D, =—— [L2+T 1]
p.cl
'\\, /1=}\wnd+?\disp[M*L*T_3*G)_1]
p Fluid density [M*L-3]
C heat capacity [M*L2*T2*@™1)
C specific heat capacity [L2*T2*0™
p(c/[M]) volumetric heat capacity [M*L1*T2*@1)
ke hydraulic conductivity [L*T]
B expansion coefficient [07]
AT temperature difference [O]
d length (height) [L]
Da Thermal Diffusivity tensor [L2*T Y
A hydrodynamic thermodispersion [M*L*T>*0™]
A thermal conductivity [M*L*T3*Q7]
£ Porosity [1]
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Critical Rayleigh-Numbers

2D homogenous medium / infinite porous medium

Racriticall = 4T[2 = 39'48
Ra =240-300

critical2 —

Ra < Racriticau -> pure conduction
Racriticau <Rac< (240-300) - stable convergent solution develops
and various steady-state flows occur
Ra > Racrltica|2 —> convection regime is unstable
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Streamlines for a 2D convective problem (Diersch, 2002)
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Critical Rayleigh-Numbers

Problem: nature is heterogeneous
- Raica = 417 is not indicative of the onset of convection for heterogeneous media
In a fault surrounded by an impervious rock,
the onset of convection occurs for much higher Rayleigh!

Ra;,, = 1054 Rag,, ;. = 2625
Ra =10 Ra =26

surrounding surrounding

Streamline patterns (McKibbin,1986)




McKibbin example nicely reproduced

Temperature Darcy flux (nodal)

- Fringes - - Bullets -
[°C [m/d]
B 44 ... 45 | 0.0204252
42,44 | 0.0183836
40 ... 42 0.0163421
38 ... 40 0.0143006
36 .. 38 [ 0.012259
1 34..36 [ 0.0102175
0 32... 34 [} 0.00817598
1 30... 32 | 0.00613445

B 28... 30 [ 0.00409292
B 26.. 28 | 0.00205139
B 24.. 26 [ 9.86104e-06
B 22 24
B 2. 22

8.8 [d] [m]



FEFLOW Exercise

When will convection occur?
Change B or AT or kf
Compare with Ra theory

e 1st-kind (Dirichlet) heat transport BC
- fixed temperature at the top and the bottom

e 1st-kind (Dirichlet) flow BC
- fixed Hydraulic-Head in the upper left and right corner as a reference value

e (the surrounding bounds are set as No-Flow-BC by default)
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Additional slides



GFZ

— = Critical Rayleigh-Number (zhao et al. 2008)  Frefe niversitst |

Helmholtz-Zentrum
PorTsbpaAam

Fault and surrounding rock

{(E—T)zﬂg—;)%l} 2

"

Ra3l .. = - H3/H1 << 1 H3 eioht) << H1 fongin)
(8)"- ()
(@] = | e g
RGET?:'ML"(:! _ Hl— i (length) (width)
(_) if H1 tends to infinity: Ra_ica12D = Ragitica3D

H1

Y

Geometry of the problem (Zhao et al. 2006)
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G F Z . . o, se '\
Results - 3D homogenous cube Freie Universitat (f

PorTsbpaAam

Same geometry - different Rayleigh-Numbers

Ra

critical ~ 4T(2 = 3915

Ra, = 70 Ra, = 330 Ra, = 1200
y .a:—:- | — :& ! ¥ ‘{\ hfm
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- two stable convection cells - unstable flow pattern ~ radial symmetric
- likein 2D - Nno Symmetry convection cell
=2 #2D - only for a short time stable
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Travel time, forward streamlines
seeded @Current Node Selection
- Traces -

[d]

B 5.65165e+09

B 5.08649e+09

B 452132e+09

B 3.95616e+09

B 3.39099e+09

B 2.82583e+09

B 2.26066e+09

B 1.6955¢+09

[ 1.13033e+09
[ 5.65165e+08
Ho

=
P
FEFLOW (R)

1 node selected
14353 1 [d]



Travel time, forward streamlines
seeded @Current Node Selection
- Traces -

[d]

B 17236

Bl 15512.4

B 137888

B 120652

B 103416

B 8618.02
6894.42
5170.81
3447.21
1723.6
0]
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Homogenous cube
H1=H2=H3=100m
Ra =330

Ra, i 3D = 4,5pi* = 44,4
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Travel time, forward streamlines Darcy flux (nodal)

seeded @Current Node Selection

1 node selected

1802.68 [d]

FEFLOW (R)



GFZ

Helmholtz-Zentrum

PorTsbpaAam

Results - 10 m fault with surrounding rock

Freie Universitat

Same Rayleigh-Number — different geometry

2D 3D 3D
Ra; = Ra; = Ra; =
H1= 100 m H1=1000m
Ra,..., 2D = 1006 Ra,...2D=1006 Ra,....2D = 1006
RacriticaI3D = 1016 RacriticaI3D = 1006
2=10 ey s —— —
H2 = 10m H2=10m A /- f/ 4
A K
éi 4 )q | s |
| | A - UL 1 )
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L
- different mode Ra_ i, 3D # Rais2D h |- 7]

of convection
compared to the 3D case

BUT: 3D and 2D have the same
chance to develop,

if the height to width ratio is small

RacriticaI3D = RacriticaIZD

- H1 tends to infinity
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Temperature Temperature Travel time, forward streamlines

- Fringes - - Continuous -seeded @Current Node Selection
[°C] [°C] - Traces -
44 .. 45 45 [d]
. 42 ... 44 . 425 222333 H
B0 42 I 4 = Sooion need more time to reach the 3D state?
- 38 ... 40 . 37.5 . 177866
W3s..3 W 3b B 155633
. 34 .. 36 B 325 I 133400
32.. 34 30 1 1
= 2.3 WD = phibl idth ratio to small, so 2D
[ 28.. 30 25 7 66699.9
% 28 W 25 - to occur?
24 ... 26 20 222333
22 ... 24 0
20... 22

H1=H3 =100m (cube) <
H2 = 10m fault

Ra=1200
RacriticaI?’D = 1016
RacriticalZD * Racritical3D
»
»
|
FEFI:OV;/(R)
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Temperature Travel time, forward streamlines Temperature
- Fringes - seeded @Current Node Selection- Continuous -

[°C] - Traces - [°C]

44 .. 45 [d] 45
W 42... 44 Il 100120 B 425
= 40 .. 42 Il 20108.1 = 40

38 ... 40 80096.1 37.5
W 3. 38 = 70084.1 M 35 H1=1000 m (|ength)
M 34.. 36 M 60072.1 W 325
W32 34 Il 50060.1 il 30 H2 =10m (fault)
= gg gg = 40048.1 325

30036 = i

26... 28 . 20024 225 H3 - 100 m (h@lght)

24 .. 26 10012 20

22... 24 0 Ra =1200

20... 22

Racritical3D =1016

RacriticaIZD = 1016
RacriticaIZD = R'—"“criticals[)

Cause H1 tends to infinity

Slender typ of convection zhao

FEFLOW (R) 37763.1 [d]
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