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1. G.M. Fel’dman (1972, CRREL) (Lunardini, 1998)
e Translated from Russian it o, ol ot o 5175
. . . EFFECT OF CONVECTIVE HEAT TRANSFER ON THAWING OF FROZEN SOIL
« Handwritten, illegible S

2. J.F. Nixon (1975, CGJ)

e Exact solution based on water
sourced by thaw consolidation

o Water flux proportional to thaw
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3. V. Lunardini (1998, 7t Int. Conf. PF)

« Exact solution (Nixon) and two
approximate solutions

e One approximate solution is
Inaccurate (linear temp. profile)

e Third solution (benchmark TH1)
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ARTICLE INFO ABSTRACT

Article history: Numerous cold regions water flow and energy transport models have emerged in recent years. Dissimi-
Received 11 February 2014 larities often exist in their mathematical formulations and/or numerical solution techniques, but few
Received in revised form 11 May 2014 analytical solutions exist for benchmarking flow and energy transport models that include pore water
Accepted 13 May 2014 P . e = : "
; : phase change. This paper presents a detailed derivation of the Lunardini solution, an approximate
Available online 21 May 2014 . . L . . . . : .
analytical solution for predicting soil thawing subject to conduction, advection, and phase change. Fifteen
thawing scenarios are examined by considering differences in porosity, surface temperature, Darcy veloc-
ity, and initial temperature. The accuracy of the Lunardini solution is shown to be proportional to the
Stefan number. The analytical solution results obtained for soil thawing scenarios with water flow and

Keywords:
Analytical solutions
Thawing front

Phase change advection are compared to those obtained from the finite element model SUTRA. Three problems, two
Thermohydraulic models involving the Lunardini solution and one involving the classic Neumann solution, are recommended as
Stefan problem standard benchmarks for future model development and testing.

Freezing and thawing © 2014 Elsevier Ltd. All rights reserved.



TH1: Conceptual Model

Surface temperature

Lack of fidelity
to physical
processes does
not limit ability

to serve as
benchmark
Initially frozen
(with residual liquid
water, T=Ty)
c 8
2 Lf Thermally
N 3 uniform
o (no conductive
flux)

(a) Initial conditions  (b) After thawing period




UNB Governing equations, boundary
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~~~~~~~~~~~~ conditions, and initial conditions

1. Surface boundary condition

T(x=0,t) =T,

2. Governing equation (thawed zone)

3. Interface enerqgy balance
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4. Interface boundary condition
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ung  burther thoughts on interface energy

~~~~~~~~~~~~ balance and resultant solution

1. Kurylyk et al. (2014, AWR) enerqgy balance:
- Lunardini (1998) ignores advection in interface energy balance
- Our AWR presentation assumes water flow only in upper layer (Eqg. 19)

oT (X,1) dX (Advective flux is proportional to
—4 TVC,P,T (X)) =Sy pue Ly IRl temperature, Saar, 2011, HJ;
Kurylyk et al. 2014, ESR;
Domenico and Schwartz, 1990)

2. More general interface energy balance




UNB Accuracy of quasi-steady

assumption (no flow conditions)

1. Can compare accuracy of
TH1 solution by comparing it
to Neumann for no-flow

Relative error =

X (Neumann)

2. Conclusion: choose small
Stefan number (surface
temperature).

X (Lunardini) — X (Neumann)

<> Lunardini or Stefan error - - = Linear best fit

Error = 15.823xS;
R? =0.999
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Results: Influence of downward water
flow on thaw penetration (TH1)

---SUTRA Lunardini ---SUTRA Lunardini

(a) Darcy velocity = 10 m yr-! | (b) Darcy velocity = 100 m yr-*
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UNB Practical considerations for
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~~~~~~~~~~ reproducing TH1 benchmark

- - - Piecewise linear freezing Step function freezing
1. Solil freezing in most ---
' ) ) ) curve (SUTRA) curve (solutions)
solutions is a step function
(dO,../dT = ). Thus, use
steep SFC (small time
steps).

—_—

2. The position of *X’ can be
taken as the shallowest

node that is less than 0°C.
Residual liquid

saturation, S,

3. Residual liquid water must
exist in frozen zone to ——
allow for a medium for / temperature, T;
moving water (otherwise
Ice IS advected).
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UNB— Other Research: Unsaturated Freezing
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e Unsatu rated freezing iS ' Advances in Water Resources
Often mO re Com mon than journal homepage: www.elsevier.com/locate/fadvwatres

Review

Satu rated freeZ| ng . The mathematical representation of freezing and thawing processes in @CmssMark

variably-saturated, non-deformable soils

k**, Kunio Watanabe”

PO Box 4400, Fredericton, NB E3B 5A3, Canada

e There are very few 8
comprehensive resources e e

Recently, there has been a revival in the development of models simulating coupled heat and water trans-
port in cold regions. These models represent significant advances in our ability to simulate the sensitivity

th at ad d reSS th ese i I of permafrost environments to future climate change. However, there are considerable differences in
in n model formulations arising from the diverse backgrounds of researchers and practitioners in this field.

- N - - The variability in existing model formulations warrants a review and synthesis of the underlying theory

he implicit assumptions and limitations of rticular approach. This contribution

e to demons =
ro Cesses % examine: rms of the Clapeyron equation, the rel ip between the soil moisture curve
" Permafrost modeling = 0 apey! qud £ p 50 s

Purpose:
 We provide a synthesis of 1. Explain different forms of Clapeyron
almost a century of equation
multidisciplinary soil . Explain SFC-SWC relationship (unsat)
freezing research. . Detail unsaturated SFCs
Discuss frozen soil permeability




UNB Other Research: Climate
e Change Impacts (2014 ESR Paper)

) Cllmate Change impaCtS On 1a. Global Climate
cold regions hydrogeology
Regional

Is a major selling point for 1 Amospheric ” Ve | Regiona
research (Kurylyk et al., i Downscaling Statistioa

11
[
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2014, Earth SCI ReV) Radiation Precip. Precip. and Rennscene
Air Temp. ; Downscaled :
. . Precip. and !
« We devote a large section | 8 | o sumee | 2 Surtece Eneray Arieme
to the impacts of climate e | e Mode!
change on cold regions AT e e v
4, Integrated Surface
hydrogeology. s summuice | orptge 7] | Sussurtce el
Processes and Heat Transport Fluxes
e Our concluding section Fydhaulic Satos of Subsurface Emvironments
discusses future research (a) Physical Processes (b) Simulation Sequence

directions.
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For more information....
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~~~~~~~~~~~~ ‘Lunardini’s’ 1998 Solutions

) Velocity =C (dX/dt
e Solution1 SIOCy ( )

— Transient heat conduction advection eq. oT  oT
— Exact solution, flux proportion to dX/dt PN T o

e Solution 2 Assume temperature

) i ) gradient is linear
— Transient heat conduction advection eq.

— Approximate analytical solution (HBIM)

e Solution 3 TH1 (INTERFROST)

— Steady-state heat conduction advection eq.

— For every thaw depth X, the temp.
distribution is in equilibrium with surface.
— No derivation presented

Quasi-steady assumption is
more consistent
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