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Fig. 3

Interfaces of the darcyTHFOAM software: login (a), open folder (b), create mesh (¢),

initial value (d), basic properties (e), set fields (), solve (g), and visualization (h)
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Fig. 4 Inter-comparison of the frost depth calculated
using Stefan’s equation and simulated by
the HGS and darcyTHFOAM
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Fig. 5 Melting of ice inclusion case: computational domain,
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initial and boundary conditions'*”’ (gray characters: flow,

black characters : heat transfer)
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Table 3 Parameters used in two benchmark cases
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Simulating thermo-hydrologic processes in cold region soil system :
a computational fluid dynamics study

HU Jinhua'?, LU Zheng'?, TONG Jinhui'?, LI Xiaoyan'?,
LIU Shaomin'?*, YANG Xijaofan'’

(1. State Key Laboratory of Earth Surface Processes and Resource Ecology, Faculty of Geographical Science, Beijing Normal
University, Beijing 100875, China; 2. School of Natural Resources, Faculty of Geographical Science,
Beijing Normal University, Beijing 100875, China)

Abstract: Cold regions, which supply freshwater to downstream communities, have been significantly dis-
turbed by anthropogenic climate change that is pronounced to continue in future. As unique and critical elements
of the cold regions, frozen soil plays a vital role in cold region hydrology. Although frozen soil is considered rel-
atively impermeable to groundwater flow, the freezing and thawing of the frozen soils under seasonal and cli-
mate change may influence the hydrologic components such as surface water infiltration, groundwater recharge,
and hydrogeologic connectivity that are important for water resources. Under the pronounced climate warming,
increased soil temperature expedites the thawing of frozen soil in cold regions. Therefore, understanding the
complex thermo-hydrologic processes in frozen soils is one of key issues in studying cold region hydrology.
However, due to the harsh environment, it is difficult to conduct hydrometeorological and geophysical field ob-
servations yet collect gap-free, high-resolution datasets. With the recent development of computational methods
and resources and based on the observational data in recent decades, it is essential to enable modeling and simula-
tion of the thermo-hydrologic processes in frozen soils to study cold region hydrology. The thermo-hydrologic
processes in frozen soils is fundamentally interpreted into multi-phase flow and heat transfer in porous media
with phase change. The current challenges in simulating such processes, especially in cold regions include but
not limited to the interactions among liquid water, vapor, ice and soil grains and the phase change between ice
and liquid water, which introduce high non-linearities and uncertainties in the processes. However, traditional
distributed or hydrogeological models were limited in terms of resolution, accessibility and capability of solving
the coupled thermo-hydrologic processes with high fidelity. To account for these feedbacks as far as possible, a
physically-based, massively-parallel, fine-resolution and fully-saturated cryo-hydrogeological model was in-
house developed in OpenFOAM (http://www. openfoam. com), an open-source computational fluid dynamics
(CFD) solver, which has been widely used in groundwater modeling and computational hydrology. The cryo-
hydrogeological model, named darcyTHFOAM, was formulated by mass conservation, Darcy’s law, energy
conservation and soil freezing function. To ensure the convenience and joy for users, an interface-based soft-
ware was developed correspondingly using Python 3.5 (www. python. org) and designed with QT Designer
(www. qt. i0) in Linux environment. In general, rigorous validation and benchmarking of the numerical models
are prerequisites and critical for their validation and applications. Hence, a series of benchmarking simulations
under fully-saturated condition were performed to validate the current model, including the classical analytical
solution of Stefan’s equation, two community-recognized benchmark cases (under thawing) using synthetic po-

rous media samples in the Interfrost Project (wiki. Isce. ipsl. fr/interfrost) and laboratory freezing experiment
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with a 25 cm-long soil column. Simulated results include the evolution of temperature, liquid water content and
ice content. Frozen depth, temperature profiles at fixed points or lines, the minimum of the temperature field
were selected for quantitative comparisons. Simulated results were in excellent agreements with those obtained
from the analytical solution, other cryo-hydrogeological models and experimental data, respectively, which
demonstrated the reliability and accuracy of the current model. The study revealed that the proposed model is ca-
pable of simulating coupled thermo-hydrologic processes under fully-saturated condition in cold regions with
high spatial resolutions and efficiency. Overall, the in-house developed cryo-hydrogeological model is expected
to serve as a powerful tool for studying subsurface hydrology in cold regions. Further code developments involve
coupling the surface processes, especially snow, and transport processes (e. g. contaminants) for studying
groundwater-surface water interactions and hydro-biogeochemical processes in cold regions.

Key words: cold region hydrology; groundwater model; coupled thermo-hydrologic processes; computational

fluid dynamics; benchmark case
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