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Abstract

Coupled benchmarks

We propose a formulation for non-isothermal two-component two-phase flow through deformable porous
media. The approach covers phase transitions among both phases, i. e. liquid phase components evaporate
into the gas phase while gas phase components dissolve or condensate into the liquid phase. Although these
phase transitions are governed by a simple equilibrium model based on vapor pressures and Henry
coefficients, the set of model equations allows for more sophisticated vapor-liquid equilibrium equations.
Starting from generic balance equations, we show the development of the system of weak formulations of all
governing equations, which are then discretized using Taylor-Hood elements in a standard finite-element
approach. The model equations and the constitutive equilibrium setup is implemented into the open-source
simulator OpenGeoSys, that allows for free use and modification. To verify the implementation, we chose
three well-known problems to set up benchmark tests. The numerical model is tested against analytical and
semi-analytical solutions of these problems as well as against experimental results.
Figure 1: Schematic
representation of the most
important processes in the
partially filled repository for
high-level radioactive
waste: Heating of the
canister causes thermal
stresses in the backfill
material and host rock;
rewetting and desiccation
due to heat generation;
corrosion of the canister
causes build-up of
corrosion gas pressure;
gas transport through
artificial and natural
barriers; displacement of
the canister

Liakopoulos
benchmark:
Multiphase flow coupled
with
consolidation is
tested using the wellknown experiment of
Liakopoulos, one of the
most widely consulted
benchmark
tests
for
multiphase
flow
processes.A sand-filled
column drains due to
gravity. Decreasing pore
water
pressure
consolidates the soil
sample.
Figure 5 (right): Capillary pressure, gas pressure and
vertical displacement along the height of the column;
outflow rate at the bottom of the column.

Model description
The model considers a three-phase body consisting of a
deformable and intrinsically compressible solid skeleton phase
and two compressible interstitial fluid phases. The fluid phases are
composed of the two constituents that are allowed to cross phase
boundaries according to specified phase equilibrium conditions.
To conveniently describe the phase transitions, the fluid-related
equations are developed in terms of these constituents rather than
the actual phases.
Therefore, the equations for the fluid constituents are perfectly
symmetric since both constituents are allowed to cross the phase
boundaries.
Primary variables are gas phase pressure and capillary pressure
for the hydraulic part of the formulation as well asi displacement of
the solid phase and temperature for mechanical and
thermodynamic processes.

Point-heat
source
benchmark:
A point source of heat
increases the temperature within the
area, which leads to an
expansion of the soil
water and the solid
skeleton.
As the expansion of the pore water exceeds the
ex-pansion of the pore space of the skeleton, the
increase in pore water pressure leads to a
reduction in the geomechanically effective stress.
Over time, the outward flow of pore water will lead
to dissipation of the pore water pressure and thus
to relaxation of the effective stresses.
Figure 5 (right): Temperature, pressure, displacement
and principal stresses at a certain point.

Figure 2: Example of constitutive models: an iterative
model for determining the vapour-liquid equilibrium in
gas-water-salt mixtures

Benchmarking Concept
Approximate numerical solutions of coupled, nonlinear problems are usually verified by comparison with
closed-form solutions. These exact solutions exist only for a very limited range of spatial domains or for
simplified constitutive settings. However, there is no closed form solution that covers all aspects of nonisothermal two-phase flow in deformable media as described in this work. Instead, the task of verifying the
developed set of equations must be divided into several parts. This reduces the complexity of the system of
equations to simpler combinations of the individual physical processes.
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non-isothermal, poro-elastic, multiphase flow
Phase change & transition (evaporation & dissolution)

Poro-elastic unsaturated soil
consolidation, Liakopoulos
benchmark

Thermo-elastic plate/cube

Linear/ radial heat
conduction
(partially saturated solis)
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Poro-elastic column
consolidation

Compressible fluid flow

Point heat source consolidation
Booker | Chaudry analytical
solution
●
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Advection/ diffusion
Ogata|Banks benchmark

Incompressible fluid flow

●

Heat pipe problem
Udell | Doughty semi-analytical
solution
●

●

Two-phase flow:
McWhorter benchmark
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Figure 6 (right): Temperature, saturation, liquid & gas
phase pressures vs. distence from the centre.

Linear elastic deformation
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Then each of the reasonable subsets of process combinations can be tested against closed-form solutions or
the results of physical experiments. A whole set of test cases (benchmark tests) was created to verify each
term of the overall system of equations. Three examples of the first level of simplification, i.e. THM, TH2 and
H2M benchmarks are shown below and explained in detail.
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Heat pipe benchmark:
A heat source in the centre of the area causes
pore water to evaporate and flow outwards as
vapor. Due to lower temperatures in the outer
area, the water vapour condenses and flows
back towards the centre in a liquid state.

Grunwald, N., Maßmann, J., Kolditz, O., Nagel, T. (2020): Non-iterative phase-equilibrium model of the H2O-CO2-NaClsystem for large-scale numerical simulations. Math. Comput. Simul. 178 , 46 – 61.
Grunwald, N., Maßmann, J., Naumov, D., Kolditz, O. Nagel, T (2021): Non-isothermal two-phase flow in deformable
porous media: Systemati copen-source implementation and verification procedure. Geomech. Geophys. Geo-energ.
Geo-resou. (submitted).

Acknowledgements:
The authors gratefully acknowledge the funding provided partially by the German Federal Ministry of Education and
Research (BMBF) for projects GeomInt and iCross, grant numbers 03G0866A and 02NUK053E, as well as the Helmholtz
Association (Helmholtz-Gemeinschaft e.V.) through the Impulse and Networking Funds (grant number SO-093).
Furthermore, this work has been co-financed within the framework of EURAD, the European Joint Programme on
Radioactive Waste Management (grant agreement No 847593), German Federal Ministry for Economic Affairs and Energy
(BMWi) for the CLUSTER project (grant number 03ET7031A), and the Federal Institute for Geosciences and Natural
Resources (BGR). The authors deeply appreciate and thank all funding organisations for their support.

Funded by:

