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Coupled TH model, Cast3M code:
... where we want to end up

— Heat transfer
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Program: from simple to complex !

» T1—T3: purely thermal, 1D
» T->P: pressure increases with freezing

» TH1: advective term
» TH2, TH3: coupled cases



T1: Lunardini/Osterkamp

Analytical solution: . - .
1D semi-infinite, purely

thermal (conduction, phase

change, cst. properties

Temperature profiles (Cast3M code vs Lunardini solution)

T2: Heterogeneous

Multi-layered, bounded, with
geothermal flux.

Include field monitoring data.

E: geological times
Heterogeneous, with geothermal flux, long simulation times
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After Régnier, 2012

1D Thermal

Cail{cootngunit)

1D Thermal
with impact
on pressure
(no motion)

Overview

¥

Lekmine et al. 2011

Facility at GEOPS with controlled room temperature

(Coupled system of TH equations )

Darcy water flow equation
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The system is similar to the one of (Mc Kenzie et al., 2007)

1D Thermal with
advective component

Analvti
y

| solutions
including constant advection

12

TH2: Frozen inclusion

TH3: Talik evolution

An initially 2D cold (T < 0°C) permafrost zone is
present within a uniform water flow (T > 0°C).
Imposed T < 0°C for upper and.6Wer boundaries

An initially 2D cold (T < 0°C) permafrostinclusion
is present within a uniform water flow (T > 0°C)

Performance measurements are: 1°) time for the
minimum system temperature to reach 0°C, 2°)
temperature profiles along main axis fora set of
control times

Performance ents are: 1°) equival
permeabllity evolution, 2°) time for the talik to
close forweak advection levels

Tinpona <0°C

T,>0°C

Zero conductive flux

Longitudinal temperature profiles (Cast3M code)

Evolmlon‘,ofmml fempetatyre:{variqus VHTntensities)

2D with full
TH coupling




Overview

1D Thermal with
advective component

Analytical solution: s . . .o

1D semi-infinite, purely
thermal (conduction, phase
change, cst. properties

T1: Cunardini/Osterkamp ~ - ‘Experiments in cold room )

Analytical solutions
including constant advection

Lekmine et al. 2011

TH2: Frozen inclusio - .
An initially 2D cold (T < 0°C) permafrostinclusion TH3: Tal l k eVOI Utl o n

is present within a uniform water flow (T > 0°C)

Facility at GEOPS with controlled room temperature

An initially 2D cold (T < 0°C) permafrost zone is
Performance measurements are: 1°) time for the present within a uniform water flow (T > 0°C).

=
system Of TH eq uations ] minimum system temperature to reach 0°C, 2°) Imposed T < 0°C for upper andower boundaries

Freeing front = temperature profiles along main axis for a set of PeHomatce are: 1°) equival
Mulli-layer‘:d. bo:::ded. with R e Darcy water flow equation control times permeabilty evolution, 2°) ime Hirina :alik to
geothermal flux. Prossure increase due to waterto ice. 3
volume change close forweak advection levels
Linaste Include field monitoring data. [ asp, \ap = = 8S \oT T oc
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v Jat =V LA VPV AK, (ee=P)F |56+
Heat transfer equation T,50°C

Zero conductive flux

is: geological times | (P.8.0,0+pS0e+(1-2p0) T -

Heterogeneous, with geothermal flux, long simulation times
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The system is similar to the one of (Mc Kenzie et al., 2007)
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Longitudinal temperature profiles (Cast3M code)
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After Régnier, 2012 |

1D Thermal
with impact 2D with full

1D Thermal  ©N Pressure TH coupling
(no motion)



Analytical solutions: T1 and TH1

* B. Kurylyk & J. McKenzie



T1: Cunardini/Osterkamp

1D semi-infinite, purely
thermal (conduction, phase
change, cst. properties

Cail{cootngunit)

Freesing frant

Multi-layered, bounded, with
geothermal flux.

Saturated porous mediom
Pressure Incresse due to waterto e
volume change

Include field monitoring data.

Heterogeneous, with geothermal flux, long simulation times
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After Régnier, 2012

1D Thermal
with impact
on pressure
(no motion)

1D Thermal

Overview

1D Thermal with
advective component

H1:

Kurylyk & Lunardini

B

- - ‘Experiments in cold room

Lekmine et al. 2011

Facility at GEOPS with controlled room temperature

Analvti
y

| solutions
including constant advection

i3

TH2: Frozen inclusion

An initially 2D cold (T < 0°C) permafrostinclusion
is present within a uniform water flow (T > 0°C)

TH3: Talik evolution

An initially 2D cold (T < 0°C) permafrost zone is

Darcy water flow equation
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Heat transfer equation
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The system is similar to the one of (Mc Kenzie et al., 2007)

ed system of TH equations )

Q

Q, \\/,

Performance measurements are: 1°) time for the
minimum system temperature to reach 0°C, 2°)
temperature profiles along main axis fora set of
control times

present within a uniform water flow (T > 0°C).
Imposed T < 0°C for upper and.6Wer boundaries

Performance ents are: 1°) equival
permeability evolution, 2°) time for the talik to

close forweak advection levels

Tinpona <0°C

T,>0°C

Zero conductive flux

Longitudinal temperature profiles (Cast3M code)
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Evolutiorf_of minimat tempetature:{variqus VH iitensities)

2D with full
TH coupling



Pure T: T2and T3

» Bounded system, heterogeneity, geothermal flux

— Heat transfer

oT | at
= V.(AVT) + V.[pwcnT.Vp + pyc,T.Vz|

S\ oT
PwIwlwe + piS;iCie + (1 - E)pSCS + €p;L

» T2 In discussion with climate modeling
community



Overview

1D Thermal with
advective component

TH1: Kurylyk & Lunardini
T1: Cunardini/Osterkamp - EpenmEES T Toom ). L Aurylyx S —unarain

1D semi-infinite, purely
thermal (conduction, phase
change, cst. properties

:. 5= v [ T es—— ‘

Analytical solutions
including constant advection

Lekmine et al. 2011

i3

Temperature profiles (Cast3M code vs Lunardini solution)

TH2: Frozen inclusion

—— = - Facility at GEOPS with controlled room temperature TH 3_ T I. k .
T
T2 . Hete rogen eous : Aninitially 2D cold (T < 0°C) permafrostinclusion i all ) m
is present within a uniform water flow (T'> 0°C) An initially 2D cold (T < 0°C) permafrost zone is
B — - Performance measurements are: 1°) time for the present within a uniform water flow (T > 0°C).
ed system of TH eq uations J  minimum system temperature to reach 0°C, 2°) Imposed T < 0°C for upper andJower boundaries
i L = ” temperature profiles along main axis fora set of Petforance ents are: 1°) e
Mulll-l;ieom:},::ragsft with W e Darcy water flow equation control times permeabilty evolution, 2°) time for the talk to

e - i s close fo‘ﬁ)eak advection levels
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Heat transfer equation Ta>0C

volume change

aldponitoring data.

Zero conductive flux
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13 geological times

Heterogeneous, with geothermal flux, long simulation times
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1D Thermal

with impact 2D with full
1D Thermal on pressure TH coupling

(no motion)



T3: long time evolution of permafrost depth

Temperature

0°C Isotherm
depth evolution

Temperature signal (°C)

Permafrost depth (m)

1T 11T 1T 1T T T
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Time BP (Ka)

Signal with rapid variability
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—

Time BP (Ka)

Dry chalk

20% sat. chalk
Sat. Chalk

Sand
Clay

Limestone



Overview

1D Thermal with
advective component

THA: Kurylyk & Lunardini

T1: Cunardini/Osterkamp

Analytical solution: s ’ . .

1D semi-infinite, purely
thermal (conduction, phase
change, cst. properties

Temperature profiles (Cast3M code vs Lunardini solution)

T2: Heterogeneous |

Freesing frant

Multi-layered, bounded, with
geothermal flux.

Saturated porous mediom
Preseure Increase due o water o e
volume change

Include field monitoring data.

E: geological times |

Heterogeneous, with geothermal flux, long simulation times
-]

Moo [

P =

v \[ :

¢
;.’ v
S

After Régnier, 2012

1D Thermal
with impact
on pressure

1D Thermal _
(no motion)

- - ‘Experiments in col

d room
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Lekmine et al. 2011

Facility at GEOPS with controlled room temperature

ed system of TH equations )

Darcy water flow equation

ot oT
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" 2p
Heat transfer equation

oT
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(PSP SCe+(1-2)p L)
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The system is similar to the one of (Mc Kenzie et al., 2007)
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TH2: Frozen inclusion

An initially 2D cold (T < 0°C) permafrostinclusion
is present within a uniform water flow (T > 0°C)

Performance measurements are: 1°) time for the
minimum system temperature to reach 0°C, 2°)
temperature profiles along main axis fora set of
control times

Longitudinal temperature profiles (Cast3M code)
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EVOIuIIOYI!_Of minimat temperatyre:fvarious VH Titensities)

2D with

including constant advection

TH3: Talik evolution

An initially 2D cold (T < 0°C) permafrost zone is
present within a uniform water flow (T > 0°C).
Imposed T < 0°C for upper and.6Wer boundaries

Performance are: 1°) equival
permeability evolution, 2°) time for the talik to
close forweak advection levels

Tinpona <0°C

T,>0C

Zero conductive flux

full
TH coupling
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InterFrost Test Case T->P

dS;\ 0T
(pWSWCWe + p;S;Cie + (1 — €)psCs + €p;L O_TL>E = V.(AVT) + V.| pcu® VD + py,
depy, \ Op aS, \ T
<Sw dp >E =V. [pw p] + V. [pw Z] - (E(pw - pi) W E

Monitoring of temperature (vertical profile) and
Pressure increase due to water freezing. water pressure in the unfrozen porous media

No fluid movement, constant volume
(intended for code validation, not real world)

Coil (cooling unit)

Temperature (°C)

0,0 15,0 30,0 45,0 60,0 75,0 90,0 105,0 120,0

Time (minutes)

Freez,ng front —3cm 6cm —9%cm —12cm 15cm 18 cm 2lcm 24cm —mH20

. Saturatedpoc;ous medium K« ContrO”ed Condltlons ))?
ressure increase due to waterto ice . . . . . . .
volume change Side losses (minimized by insulation & cold room conditions)

Hydraulic head (m)

Total volume constant? (upper surface topography monitoring)



T1: Cunardini/Osterkamp

Analytical solution:

1D semi-infinite, purely
thermal (conduction, phase
change, cst. properties

Temperature profiles (Cast3M code vs Lunardini solution)

ﬁ: Heterogeneous

bry Ok

Freesing frant

Multi-layered, bounded, with
geothermal flux.

Include field monitoring data.

Saturated porous mediom
Pressure Incresse due to waterto e
volume change

E: geological times |

Heterogeneous, with geothermal flux, long simulation times
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After Régnier, 2012

1D Thermal
with impact
on pressure

1D Thermal _
(no motion)

Overview

1D Thermal with
advective component

TH1: Kurylyk & Lunardini

- - ‘Experiments in cold

room

=p3 o

A

Iviti
y

| solutions
including constant advection

Lekmine et al. 2011

Facility at GEOPS with controlled room temperature TH 3 = T - -
alik evolution
.
A AL AN
An initially 2D cold (T < 0°C) permafrost zone is
present within a uniform water flow (T > 0°C).
Imposed T < 0°C for upper and.6Wer boundaries

'An initially 2D cold (T < 0°C) permafrostinclusion
is present within a uniform water flow (T > 0°C)

Performance measurements are: 1°) time for the
minimum system temperature to reach 0°C, 2°)

temperature profiles along main axis fora set of
control times

(Coupled system of TH equations

Darcy water flow equation

Performance ents are: 1°) equival
permeability evolution, 2°) time for the talik to
close forweak advection levels
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Heat transfer equation x‘;
aT :
(PSP SCe+(1-)p L) = &
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The system is similar to the one of (Mc Kenzie et al., 2007)

Longitudinal temperature profiles (Cast3M code)
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2D with full
TH coupling



Coupled TH model, TH2: Frozen Inclusion

« Sensitivity to water flow rates
— Heat transfer

dS;\ 0T
PwSwCwe€ + p;S;iCie + (1 — €)psCs + €p;L aT | ot
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— Water transfer
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TH2, performance measures

MAXTIMUM :
MINIMUM :

-2.0a

-3.0aa

-4.00 |

Min (T)

a.za

a.aa

ag.60 0.8a 1l.ag

Total Downstream Heat Flux (W/m2)
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=180k
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L
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1.80
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~ Lab. Experiment TH2 « Frozen Inclusion »

Monitoring of temperature (in the inclusion & downstream)
Monitoring of water flow rate
Measurement of transport velocity with tracer tests

« controlled conditions »?
Side heat losses (minimized with insulation & cold
room conditions)
Initial conditions « smooth »
Control homogeneity of the porous medium
(saturation & porosity)




T1: Cunardini/Osterkamp

1D semi-infinite, purely
thermal (conduction, phase
change, cst. properties

:. 5= v [ T es—— ‘

Temperature profiles (Cast3M code vs Lunardini solution)

T2: Heterogeneous

Cail{cootngunit)

Freesing frant

Multi-layered, bounded, with
geothermal flux.

Saturated porous mediom
Pressure Incresse due to waterto e
volume change

Include field monitoring data.

13 geological times

Heterogeneous, with geothermal flux, long simulation times

After Régnier, 2012
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1D Thermal
with impact
on pressure

1D Thermal _
(no motion)

Overview

1D Thermal with
advective component

H1:

Kurylyk & Lunardini

| solutions
including constant advection

Analvti
y

Lekmine et al. 2011 S

TH2: Frozen inclusion

An initially 2D cold (T < 0°C) permafrostinclusion
is present within a uniform water flow (T > 0°C)

Facility at GEOPS with controlled room temperature

TH3: Talik evolution

An initially 2D cold (T < 0°C) permafrost zone is
present within a uniform water flow (T > 0°C).
Imposed T < 0°C for upper and.6Wer boundaries

Performance measurements are: 1°) time for the
minimum system temperature to reach 0°C, 2°)
temperature profiles along main axis fora set of
control times

ed sy equations )

Darcy water flow equation

[s oep, ]QP =V -[prw 5p}+ v {p., K, V‘/z}[s(p., fp,)as“ ]g +Q,

Performance ents are: 1°) equival
permeability evolution, 2°) time for the talik to
close forweak advection levels

Tinpona <0°C

v op Jot oT Jat "
| ®
Heat transfer equation T.>0% g
(o, Sc&+pScs+(l—s)pc)gi b — E
— i ~1 6§ o(e,) \ap \'/’
v.[/z VT}V-[hwprWmewprwvz}E(sp,L)— hS, 5 JHM}’ \\

The system is similar to the one of (Mc Kenzie et al., 2007)

Longitudinal temperature profiles (Cast3M code)

D! "

Evolutiorf_of minimat tempetature:{variqus VH iitensities)

2D with full
TH coupling



Experiments

* In cold room at GEOPS (Univ. Orsay)
* VIisit tomorrow, chance to see them
« Still In a preliminary state



T1: Cunardini/Osterkamp

Analytical solution:

1D semi-infinite, purely
thermal (conduction, phase
change, cst. properties

:. 5= w - - Anwycaisohition b

Temperature profiles (Cast3M code vs Lunardini solution)

ﬁ: Heterogeneous

bry Ok

Freesing frant

Multi-layered, bounded, with

Satursedporous mediom
geothermal flux. P e e Sl

volume change

Include field monitoring data.

E: geological times |

Heterogeneous, with geothermal flux, long simulation times
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After Régnier, 2012

1D Thermal
with impact
on pressure
(no motion)

1D Thermal

Overview

- -‘Experiments in cold room

Lekmine et al. 2011

Facility at GEOPS with controlled room temperature

Darcy water flow equation

[s %, )EP v oK 9p)+v oK, Gz}[s(p., )% ]ﬂ +Q,

o

" op ot oT
Heat transfer equation
aT
(PSP SCe+(1-)p L) =
ot
w7, = 5,28 (=)
v {257} v{hp,K Vpih oK V2| ()| n8 =

The system is similar to the one of (Mc Kenzie et al., 2007)

(Coupled system of TH equations )

t

1D Thermal with
advective component

TH1: Kurylyk & Lunardini

Analvti
y

| solutions
including constant advection

TH2: Froze’n inclusion /\

3: Talik evolutio

An initially 2D cold (T < 0°C) permafrost zone is
present within a uniform water flow (T > 0°C).
Imposed T < 0°C for upper and.6Wer boundaries

Performance ents are: 1°) equival
permeability evolution, 2°) time for the talik to
close forweak advection levels

Tunposss <0°C

An initially 2D cold (T < 0°C) permafrostinclusion
is present within a uniform water flow (T > 0°C)

Performance measurements are: 1°) time for the
minimum system temperature to reach 0°C, 2°)
temperature profiles along main axis fora set of
control times

Zero conductive flux

Longitudinal temperature profiles (Cast3M code)
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Evolutiorf_of minimat tempetature:{variqus VH iitensities)

2D with

full
TH coupling



TH3: talik opening/closure

Longitudinal
Timposea < 0°C

impose

Tin > 0°C| —ageon>  Tinitiat > 0°C

Distanca {(m)

EE

Zero conductive flux

Timposed <0°C

No flow / \
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Distance {(m)
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T, >0°C

TH3: talik opening/closure

>

—_—
Heat

Advection

—_—

>

T.

impose

T

4 <0°C

Tinitiar > 0°C

imposed <

0°C

Zero conductive flux

x1.E-4 Keg (m/s) MAXIMUM : 0.4182E-03
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a.aa 1 1 = —— iR
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x1.E5 Time (=)

Steady state 0°C isotherm for opened talil



TH3, performance measures

MA XTMIM
MINIMUM

x1.E-4 Keg (m/s)
4.50

0.4182E-03
a.1237E-08

4.00

1.50

T T T T T T T T

a.aa e L —_ L 1 L
a.00 0.15 0.30 0.45 0.0 0.75 0.80 1.05 1.20 1.35 1.s50
x1.E5 Time (=)
x1.E2 Flux (W/m2) MAXTMUM 334.8
MINIMUM : 50.14
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Convergence studies on TH2&3

« Simulations are converged

* What is the range of variation for the
performance measures vor various
discretisation strategies (spatial and
temporal)? few percents

« Strong sensitivity to the liquid water
saturation interval in the saturation curve!



Sensitivity to liquid water saturation interval
for TH2
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Overview

1D Thermal with
advective component

¥

T1: Lunardini/Osterkamp

Analytical solution: . - .

1D semi-infinite, purely
thermal (conduction, phase
change, cst. properties

:. 5= v [ T es—— d

Analytical solutions
including constant advection

Lekmine et al. 2011

12

Temperature profiles (Cast3M code vs Lunardini solution)

TH2: Frozen inclusion

—— Facility at GEOPS with controlled room temperature - . .
T2: Heterogeneous = An initially 2D cold (T < 0°C) permafrostinclusion TH3: Tal 1 k eVOI Utl on
is present within a uniform water flow (T > 0°C) An initially 2D cold (T < 0°C) permafrost zone is
Performance measurements are: 1°) time for the present within a uniform water flow (T > 0°C).

=
med system Of TH eq uations ] minimum system temperature to reach 0°C, 2°) Imposed T < 0°C for upper andower boundaries

temperature profiles along main axis fora set of

" ; ; 2 Performance \ents are: 1°) ival
Multi- 5 L 7y
ulti ';Y,Z[‘,’.‘Z "::;r:g:d with Darcy water flow equation control times permeabilty evolution, 2°) time for the talk to
close forweak advection levels
Include field monitoring data. [ oep, }ap = - o 88 \oT 5 o
S L] 7:V-[ KV J+V<l KVZ} gp,-p )= |—+ L
o Jat LA VPV RK, (ee=P)F |56+ 1
Heat transfer equation Ta0e g
. . ’ 8
1s: geological times (.80 S0e+1-23p,0) 2L - = m— £
Heterogeneous, with geothermal flux, long simulation times S 5‘(5;) ) = \
- V-I:/I'VT} V-[hvaK Vp+h,p K, VZ} C_—'(EP,L)— hS, LA £+Q, \\
£ - ‘ | = .“\!V\,' [ L - WPty ot V"o Jat
‘ 2 ‘ "AR I | ‘V“w (RS RARsVSS The system is similar to the one of (Mc Kenzie et al., 2007) toenre(VH)
%

Ty
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[arasanaas Longitudinal temperature profiles (Cast3M code)

'}nm‘ Depth 0°C satherm
| /
o | Y

ARter Régnier, 2012 an
Evolmlon‘,ofmml fempetatyre:{variqus VHTntensities)

1D Thermal

with impact 2D with full
1D Thermal on pressure TH coupling

(no motion)







Pressure increase in confined layer
(Task 2)

T<0°C T<0°C
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Associated cold room experiment
at IDES, Paris Sud

I outlet

b

H

=6 ]

vl Slow direction
Iv

IVT - . — - -i g
T Sl —r——1——1T—r /

Lekmine et al 2011
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Task 3: « uniform » water flow
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Ice bubble or frozen water inclusion
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