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Preface

Welcome to SITRAM 2021!

It is our great pleasure to welcome you to Paris for the Workshop “Advances in the
SImulation of reactive flow and TRAnsport in porous Media” (SITRAM). We hope you
will enjoy, despite the current context, both the program of the event as well as the beautiful
city of Paris.

The SITRAM Workshop is a forum for discussing recent research on the development
and applications of both modeling and simulation for coupled transport and geochemistry in
subsurface flow. The purpose of this Workshop is to bring together students, researchers and
engineers who are active in the broad area of reactive flow and transport in porous media,
and to create a fertile forum for presenting research results, exchanging ideas, and initiating
collaborations. SITRAM21 is a follow-up to the first edition SITRAM19 that took place in
Pau in December 2019, and gathered more than 40 researchers from eight different countries.
SITRAM19 followed other similar events organized in 2015 and 2018 under the umbrella
of the MoMaS research group and the National French Research Group MaNu/CNRS GdR
2439. As organizers, we hope there will be more to come in the future.

The Workshop will feature presentation on topics including: reactive multiphase flow,
the impact of reactions on mechanics (changes on porosity or permeability), discontinuous
kinetic reactions, numerical methods for coupling flow, transport and reactions and HPC
issues.

A session of the Workshop will be dedicated to a new benchmark targeted towards two-
phase flow with reactive transport in porous media.

This Workshop is jointly organized by the Project-team SERENA of INRIA, the French
National Institute for computer science and applied mathematics, in Paris, the Laboratory of
Mathematics and its Applications of Pau - UMR CNRS 5142 of the University of Pau and
Adour Region (France) and Delft University of Technology, Department of Geoscience &
Engineering, Delft, The Netherlands. This event is held in the framework of the National
French Research Group MaNu/CNRS GdR 2439 and under the auspices of the French Inter-
pore Chapter (FIC).

This book contains the abstracts of the invited lectures and contributions presented at
SITRAM 2021. The scientific program of the Workshop consisted of 22 talks. The Workshop
was attended by about 80 participants coming from 8 countries: France, The Netherlands,
Germany, Italy, Morocco, Norway, Great Britain and Canada. We would like to thank the
speakers and all of you for your participation at the Workshop.

The Workshop could not have been held without the financial support of the organizing
institutions and the following sponsors: the IPRA Research Federation (FR CNRS-UPPA
2952), the French Research Group MaNu/CNRS and the Carnot Institute, ISIFoR project
(Institute for the sustainable engineering of georesources. We thank them for their finan-
cial support. The support of the French Interpore Chapter (FIC), InterPore and Société de
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Mathématiques Appliquées et Industrielles (SMAI) is also greatly acknowledged.

We would like to thank Derya Gök (INRIA Paris) for her active role in the organization
of the logistics of the conference.

On behalf of the organizing committee, we wish you a pleasant and fruitful meeting and
hope you enjoy your stay in Paris.

Etienne Ahusborde and Brahim Amaziane (UPPA E2S & CNRS, IPRA-LMAP)
Michel Kern (INRIA Paris, SERENA)
Stefan de Hoop and Denis Voskov (TU Delft)



Contributors

Ahusborde, E., 1, 13, 15
Ait-Mouheb, N., 2
Al Nazer, S., 4
Amaziane, B., 1, 13
Amir, L., 5
Ataie-Ashtiani, B., 21
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Fully implicit scheme for multiphase reactive flows in porous
media: application to a benchmark for geological

sequestration of CO2

E. Ahusborde, B. Amaziane and M. Kern
Keywords: Reactive Transport Modeling, Fully implicit scheme, finite volume, DuMuX .

Reactive multiphase flows play a significant role for many applications in geological and
reservoir engineering processes. They are modeled by a set of highly nonlinear degenerate
partial differential equations (mass conservation laws governing a compositional two-phase
flow model) coupled to ordinary and/or algebraic differential equations (modeling kinetic and
equilibrium chemical reactions respectively).
In this talk, we present a parallel, fully coupled, fully implicit, finite volume scheme for mod-
eling isothermal reactive multiphase flow based on a Direct Substitution Approach (DSA).
The DSA formulation consists in incorporating the mass actions laws directly in the mass
conservation laws above-mentioned [1]. The method has been implemented in the DuMuX

platform [2], using High Performance Computing. The nonlinear system are solved using an
appropriate Newton’s method with variable time stepping. The linear systems are solved by
solvers provided by DUNE [3]. The method has been validated by numerous 1D, 2D and 3D
test cases. Here, we will focus on a recently proposed benchmark that models scenarios of
CO2 geological storage into a deep saline aquifer. Our results will be compared with those
obtained by other participants for 1D and 2D configurations and preliminary results on a more
complex chemical system will be proposed.

References
[1] E. Ahusborde, B. Amaziane, M. Id Moulay, High Performance Computing of 3D reactive

multiphase flow in porous media: application to geological storage of CO2, 25, 2131-
2147 (2021).

[2] T. Koch et al, DuMuX 3 - an open-source simulator for solving flow and transport prob-
lems in porous media with a focus on model coupling, Computers & Mathematics with
Applications, 81, 423-443 (2021)

[3] P. Bastian, M. Blatt, A. Dedner, N.A. Dreier, C. Engwer, R. Fritze, C. Gräser, D. Kempf,
R. Klöfkorn, M. Ohlberger, O. Sander. The DUNE framework: Basic concepts and recent
developments. Computers & Mathematics with Applications, 81, 75-12 (2021).
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Derivation of reactive transport parameters for the sandy
opalinus clay facies

N. Ait-Mouheb, M. Henkes, Z. Paparigas, G. Deissmann and D. Bosbach
Keywords: Ra-226 migration, reactive transport modelling, Opalinus clay, solid solution
formation..

Opalinus clay (OPA) is proposed as host rock formation for a geological disposal facility for
radioactive waste in Switzerland and is also considered in the newly started site selection
procedure for a high-level radioactive waste repository in Germany. In this context, we eval-
uate the effect of the natural heterogeneity of the sandy facies in the Opalinus clay formation
(OPA-SF) on radionuclide transport. Therefore, this work provides chemical and mineralog-
ical characteristics as well as sorption and transport parameters of Ra-226, determined on
different drill core samples from the OPA-SF extracted from the Mont Terri underground
rock laboratory in Switzerland.

Through-diffusion experiments parallel to the bedding are conducted with a cylindrical
diffusion cell to derive the Ra-226 reactive transport parameters [1]. Three different samples
representative of the heterogeneity of the drill core are being used in these experiments. The
setup consists of a thin OPA-SF sample of 10 mm thickness sealed and mounted between
two compartments filled with artificial clay water. A concentration gradient is maintained
with a constant Ra-226 concentration of 1.86·10−8 M in the upstream compartment and zero
concentration in the downstream compartment. The preliminary experimental results are
supported by reactive transport modelling utilising iCP version 2.0 [2], which couples the
chemistry provided by PHREEQC v3.5.0 [3] and the physics of COMSOL version 5.5 [4].
The model is implemented in 1D and considers the uptake of Ra-226 via cation exchange,
surface complexation reactions [5] and formation of solid solutions of Ra-bearing carbonates
and sulphates.

References
[1] Ait-Mouheb, N., Joseph, C., Schäfer, T., Montoya, V. Multi-method approach for study-

ing HTO and 36Cl− migration through “low-pH” cement pastes and mortars. Cement
and Concrete Research (under review).

[2] Nardi, A., Idiart, A., Trinchero, P., de Vries, L.M., Molinero, J., 2014. Interface
COMSOL-PHREEQC (iCP), an efficient numerical framework for the solution of cou-
pled multiphysics and geochemistry. Computers & Geosciences 69, 10-21.

[3] Parkhurst, D.L., Appelo, C.A.J., 2013. U.S. Geological Survey Techniques and Methods,
book 6, chap. A43, 497 p.

[4] COMSOL 2019. Multiphysics 5.5. Finite-element software package. COMSOL AB,
Stockholm.

[5] Bradbury, M.H., Baeyens, B., 2011. Predictive sorption modelling of Ni(II), Co(II),
Eu(IIII), Th(IV) and U(VI) on MX-80 bentonite and Opalinus Clay: A “bottom-up” ap-
proach. Applied Clay Science 52, 27-33.
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Convergence acceleration of iterative sequences for
equilibrium chemistry computations

S. Al Nazer, M. Jazar and C. Rosier
Keywords: Nonlinear systems, Thermodynamic chemistry, Anderson acceleration, Poly-
nomial vector extrapolation..

The modeling of thermodynamic equilibria leads to complex nonlinear chemical systems
which are often solved with the Newton-Raphson method. But this resolution can lead to a
non convergence or an excessive number of iterations due to the very ill-conditioned nature
of the problem. In this work, we combine a particular formulation of the equilibrium system
called the Positive Continuous Fraction method with two iterative methods, Anderson Ac-
celeration method and Vector extrapolation methods (namely the reduced rank extrapolation
and the minimal polynomial extrapolation). The main advantage of this approach is to avoid
forming the Jacobian matrix. In addition, a strategy is used to improve the robustness of the
Anderson acceleration method which consists in reducing the condition number of matrix
of the least squares problem in the implementation of the Anderson acceleration so that the
numerical stability can be guaranteed. We compare our numerical results with those obtained
with the Newton-Raphson method on the Acid Gallic test and the 1D MoMas benchmark test
case and we show the high efficiency of our approach.

References
[1] Carrayrou, J., Mosé, R., Behra, P., New efficient algorithm for solving thermodynamic

chemistry. AIChE J. 48(4), 894-904 (2002).

[2] Anderson, D. G., Iterative procedures for nonlinear integral equations. Journal of the
ACM, 12 (1965), pp. 547-560.

[3] Sidi, A., Vector Extrapolation methods with applications to solution of large systems
of equations and to PageRank computations. Computer science department, Technion -
Israel institute of technology, Haifa 32000, Israel.
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Simulation of reactive transport in heterogenous porous
media with a Newton-Krylov method

L. Amir and M. Kern
Keywords: Reactive transport, porous media, nonlinear systems, Newton-Krylov method,
preconditioning, precipitation and dissolution reactions.

Reactive transport modeling in porous media involves the simulation of several physic-
ochemical processes: flow of fluid phases, transport of species, chemical reactions between
species. It leads to a highly nonlinear system of partial differential for transport, coupled to
algebraic equations for chemistry.
In [1], we have presented a globally coupled approach, where transport and chemistry are
solved in a fully coupled manner, but that keeps the transport and chemistry modules sepa-
rate. The method uses the same fixed point formulation than the Standard Iterative Approach,
but, at each time step the nonlinear system of algebraic equations that couples all chemical
species at all mesh points is solved by a Newton-Krylov method. The linear system at each
Newton step is solved by the GMRES method, with a Jacobian free implementation where
the required matrix by vector product may be approximated by a finite difference quotient or
computed exactly. Linear and nonlinear preconditioners give a method where the number of
both Newton and GMRES iterations do not grow when the mesh is refined [2].
In this talk, we recall the main features of the method, and we present an extension to handle
mineral precipitation and dissolution reactions using an interior point Newton method [3].
We also study the performance of the method on 2D heterogeneous geometries.
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Error estimate of a gradient discretization method on a
linear poroelasticity system

A. Béguinet, L. Goudenège and D. Hilhorst
Keywords: Error Estimate, Porous media.

n this paper, we study a linear system for flow in porous media coupled to small mechanical
deformations of the ground proposed by Mikelic, Wheeler and Whang. We apply gradient
discretization methods which include numerical methods such as finite element methods and
generalized finite volume methods. We prove the existence of the discrete solution by means
of an iteration scheme and then present error estimates.
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A two-scale phase-field model for reactive transport in
porous media with evolving pore-scale geometry

M. Bastidas-Olivares, C. Bringedal, I. S. Pop and L. von Wolff
Keywords: Reactive transport, evolving microstructure, pase field modelling, upscaling,
two-scale numerical scheme, linear iterations.

We consider a two-scale model for reactive transport in a porous medium. At the pore
scale, a micro-structural evolution can be encountered due to processes like precipitation and
dissolution, which can impact the fluid flow. One encounters free boundaries separating the
space available for flow from the solid, impermeable part in the medium. To avoid difficul-
ties related to the micro-scale free boundaries, we consider a phase-field pore-scale model
[1]. Employing formal homogenization, a two-scale phase-field model is derived, in which
the pore-scale and the Darcy-scale model components are coupled through the cell problems
providing the effective parameters. For the resulting model, we discuss an adaptive two-scale
scheme [2]. It involves iterations between the two scales, linear iterations for solving the non-
linear cell problems, an adaptive selection of the elements wherein the effective parameters
are computed, and adaptive mesh refinement.
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Multiphase Reactive Transport Benchmark and a Connection
With Outcrop Observations

S. de Hoop and D. Voskov
Keywords: Multiphase flow, finite volume method, OBL, LiDAR, fractures..

This talk presents the preliminary results of the proposed multiphase reactive transport bench-
mark. These results consist of both 1D and 2D test cases with equilibrium and kinetic chem-
istry. Furthermore, we link reactive transport simulations to outcrop observations obtained
through a fieldwork expedition in several caves in Bahia, Brazil. The outcrop observations
consist of a high-resolution LiDAR dataset of the interior of the caves. Slices are made
through the surveys after which a projection of the point cloud on these planes results in a
comprehensive shape-analysis. The link between fractures and other sources of heterogeneity
on the dissolution patterns are discussed. One of the main applications of these systems is the
production of geothermal energy, hence, an uncertainty quantification workflow is presented
in which we apply a fracture simplification algorithm to reduce computational complexity
while keeping the main characteristics of the fracture network. Finally, we show some recent
results related to a Carbon Capture Storage project where dissolution occurs in a carbonate
rock layer due to large concentrations in CO2.
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Numerical Simulation of CoupledMultiphase Flow and
Kinetic Reaction in PorousMedia using IFPEN Code

CooresFlow: Application to the 1D and 2D Benchmark test
cases

E. Flauraud, T. Faney and A. Michel
Keywords: Multi-phase flow, phase equilibrium, chemical kinetic reaction, finite volume,
CooresFlow..

In this talk, we will present the formulation used in CooresFlow to simulate multiphase flow
coupled with kinetic reactions. This formulation, known as the Coats formulation, consists
in solving a system of conservation equations coupled with phase equilibrium equations and
kinetic reaction equations. The resulting nonlinear system is discretized by a fully implicit
Finite Volume scheme and is solved using Newton’s method. One of the particularities of
CooresFlow is that new physical laws can be defined directly in the dataset without the need
to make additional developments in the code. In this presentation, we will also illustrate the
application of this concept on the two cases of the benchmark which simulate a two-phase
flow with a single kinetic reaction on 1D and 2D geometries. The results are analyzed and
can be compared with those obtained by the other participants.
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Uncertainty quantification for numerical simulations in
carbon mineralization

A. Fumagalli, S. Ripamonti, A. A. Roknian and A. Scotti
Keywords: Reactive transport, CO2 sequestration, uncertainty quantification, sparse grids,
fractured porous media.

CO2 sequestration is one of the promising technology to mitigate the climate change in the
next decades, by using depleted wells it is injected into the underground and there long term
stored thanks to reliable cap rocks. In [1], it is reported that it is very likely that 99% of
CO2 is retained for the next 100 years in selected and well managed geological reservoirs. To
enhance the security of the system, following [2], the CO2 can be injected in favourable rocks,
rich of CaSiO3 that react with the CO2 creating pore-filling precipitates and thus enhance the
sealing of the system, quite important process especially in presence of permeable fractures
[3].

In the underground uncertainty is ubiquitous and can compromise the predictive proper-
ties of numerical simulations, moreover the measurement of some of the physical parameters
may be rather challenging. In this study, we consider an uncertainty quantification analysis
on the previous system of chemical reactions to estimate, with the Sobol indices, the most
important parameters on the sealing mechanism. To speed up the process, we have employed
the sparse grid technique that substantially decrease the computational burden.
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Open-source solutions for reactive transport problems: from
pore- to field-scale

M. Icardi, E. Pescimoro, F. Municchi and J. J. Hidalgo
Keywords: Reactive transport simulation, OpenFOAM, Homogenization..

In this talk, we will present our recent work on the development of a flexible open-source
simulator for reactive transport problems in porous media. We will first describe the math-
ematical models and the upscaling techniques recently developed [1] that allow to derive
continuous models for arbitrary large reaction kinetics. Extensions to non-linear kinetics and
evolving porous media will be discussed. I will then present some features of the macro-scale
solvers and models in SECUReFoam, the suite of open-source OpenFOAM-based porous
media simulators.
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A fully coupled simulation tool for reactive multiphase flow
with capacity for handling mixed-dimensional geometries

E. Keilegavlen
Keywords: Reactive transport, multiphase flow, finite volume methods, fractured porous
media..

We are interested in including multiphase and geochemical effects into a simulation tool
which is primarily developed for fractured and deformable porous media, motivated by ap-
plication areas such as geothermal energy and CO2 storage. Our starting point is the modeling
and simulation framework PorePy [1], which is based on a mixed-dimensional representation
of fracture networks, and we discuss the implementation of reactive multiphase flow within
the framework. The equations are solved fully coupled, using finite volume methods for spa-
tial terms and a unified treatment of phase transitions and chemical effects presented in [2].
We discuss application of our simulation tool to the SITRAM benchmark, and also discuss
likely challenges in extending the methodology to mixed-dimensional geometries.
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Multiphase Flow with Reactive Transport: Description of
the Benchmark Proposal

M. Kern, E. Ahusborde, B. Amaziane, S. de Hoop and D. Voskov
Keywords: Reactive transport, numerical simulation, benchmark.

Coupling chemical reactions with multiphase flow has become an important topic in subsur-
face simulations, with applications to CO2 sequestration, nuclear waste storage or enhanced
oil recovery.

This talk will describe a proposal for a benchmark problem addressing the numerical
difficulties in the simulation of coupled flow with chemical reactions. Such benchmarks exist
for one phase flow with reactions, and several models have been presented in the literature,
though non is fully suitable as a benchmark. In such a benchmark it is important that the
model be fully specified, so as to ensure that the same problem is simulated by all participants.
This precludes the use of black box models, both for the flow simulations (equations of state,
behavior laws for the fluids) and for the chemistry (all reactions must be explicitly given,
which makes the use of chemical database problematic).

The proposed benchmark starts with a single reaction involving mineral dissolution, either
at equilibrium or kinetic, and addresses the feedback of chemistry on the porosity. Both a 1D
model and a 2D model are proposed. Taking into account more chemical reactions, such as
a complex aqueous phase, will be part of a second stage. Software and network elements
that enable participants to share their results will be presented. This talk will describe the
benchmark so that the following presentations in the session can focus on solutions methods
and discuss their results.
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Coherent diffusion-reaction waves in bioreactive transport
through double-porosity media: example of underground

hydrogen

M. Panfilov and S. Zaleski
The object of research is a system of equations describing diffusion with chemical reactions
caused by microorganisms in a periodically heterogeneous medium (double porosity). The
medium is considered at the macrolevel as two continua interacting with each other. The
reaction kinetics is determined by the kinetics of population growth, which is nonlinear and
non-monotonic in the general case. A typical example of such a system concerns natural
hydrogen reservoirs or underground hydrogen storages, in which the microorganisms con-
sume hydrogen for their respiration and initiate several reactions between hydrogen and other
species, converting them into other species (CH4 or H2S).

The objective was to find various classes of limit solutions at large times (patterns).
The mass transfer term in the equations of double porosity imposes a qualitative difference

on the types of patterns compared to the classical reaction-diffusion system. Along with
steady-state patterns determined by Turing’s instability (diffusion-reaction instability), and
permanent quasi-periodic temporal oscillations caused by the Hopf-Andronov bifurcation,
we have revealed joint temporal and spatial periodic patterns formed by coherent waves, the
frequency of which is determined by the medium heterogeneity (the higher the heterogeneity
degree, the lower the frequency). Coherent waves differ from standing waves that exist in
homogeneous media.

Along with theoretical analysis, the system was analysed numerically both on the macro-
and micro-scales. The results for the microscale case show the occurrence of an additional
pattern in the form of travelling flashes. They correspond to the Hopf-Andronov temporal
oscillations in the blocks and to Turing’s spatial fluctuations in the fractures.

There results were used to analyse the behaviour of an underground storage of hydrogen.
We show various scenarios of the evolution of such a storage and discuss the optimal regime.
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Numerical simulation of multiphase thermo-hydro-chemical
coupling in porous media

N. Pillardou, E. Ahusborde and F. Croccolo
Keywords: Finite Volume, HPC, Nonisothermal multiphase flow, Reactive transport.

Reactive multiphase flows in porous media appear in diverse energetic and environmen-
tal problematics such as geological gas storage (CO2, natural gas and H2), nuclear waste
management, petroleum engineering or geothermal energy production. In this talk, we will
mainly focus on the application of CO2 storage that appears as a promising way to reduce
greenhouse gas emissions. Such storage problems are studied thanks to numerical simula-
tions because of their flexibility to treat large size of reservoirs and span a wide range of
time scales for investigating the behaviour of the injected fluid. Despite the large effort of the
scientific community, simulations of Thermo-Hydro-Chemical (THC) processes in complex
porous media remains a challenge.

Reactive multiphase flows are governed by a non-linear system of degenerated partial
differential equations (flow is modelled by mass conservation laws and an energy balance
equation to take into account temperatures effects), coupled with algebraic or ordinary differ-
ential equations (provided by chemical reactions). Finally, the system is closed by equations
of state and solubility laws characterizing each phase equilibrium.

In this talk, we propose an extension to nonisothermal flows of the fully coupled, fully
implicit scheme developed in [1] for isothermal reactive multiphase multicomponent flows.
Spatial discretization is carried out using a cell-centered finite volume scheme and time dis-
cretization is done by using a Backward Differentiation Formula 2 (BDF2). This THC model
has been implemented in the DuMuXplatform [2] and some preliminary results will be pre-
sented. We also investigated the difference between isothermal and nonisothermal simula-
tions in order to highlight temperature effects on the dissolution of supercritical/gaseous CO2
in liquid phase.
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Experimental benchmarks for the development of conceptual
approaches in reactive transport modelling

J. Poonoosamy, M. Loenartz, Y. Yang, G. Deissmann and D. Bosbach

Keywords: Coupled processes, upscaling, porous media, multiphase flow..

The construction of underground repositories for nuclear wastes and the emplacement of
waste packages will create perturbations in the subsurface induced by chemical, thermal and
pressure gradients at the interfaces of different components of the multi barrier system, lead-
ing to mineral dissolution and precipitation to achieve re-equilibration. Reactive transport
modeling (RTM) can be applied to investigate these perturbations and processes across tem-
poral and spatial scales, from the micro-scale at interfaces via the repository near field to the
entire repository system – information not accessible through experiments alone. Although
RTM is capable of addressing highly complex hydrogeochemical phenomena, the applica-
tion of RTM codes to real systems is impeded by the often simplified description of coupled
processes. To enhance the predictive capabilities of reactive transport models and to gain
fundamental insights into the coupling between solute and radionuclide transport properties
(e.g.,permeability and diffusivity) of porous media and dissolution/precipitation processes,
we conducted experiments on “simplified” chemical systems combined with pore-scale and
continuum-scale reactive transport modelling to study processes in isolation; the final aim
is to improve conceptual approaches for process couplings implemented in reactive trans-
port codes. In this context, we investigated the effects of coupled mineral dissolution and
precipitation in porous media on changes in permeability using flow-through experiments
conducted in a magnetic resonance imaging scanner, which enabled the in situ investigation
of porosity evolution in combination with monitoring changes in permeability and mineral-
ogy. Our observations showed that classical implementations in reactive transport codes such
as the Kozeny–Carman equation (Carman, 1937) failed to reproduce the changes in perme-
ability and that more sophisticated approaches are required [1, 2]. Moreover, we developed
a novel “lab-on-a-chip” setup, i.e., micronized counter diffusion reactors with in operando
3D Raman tomography [3, 4], which enables evaluating the alteration in pore architecture
and studying of the effects of coupled mineral dissolution and precipitation on the diffusive
transport of solutes and radionuclides in porous media. Our diffusion experiments show that
despite a negative molar volume change involved in a mineral replacement reaction, the ac-
cessible porosity and diffusion properties of the matrix decreases. This questions current
implementations in reactive transport models to account for porosity and diffusivity changes
as a result of coupled mineral dissolution precipitation processes. Currently, we focus on the
development of 2D reactive transport experiments involving coupled mineral-dissolution and
precipitation with gas generation to test the conceptual approach for describing multiphase
flow. Our approach enables the development of process-based theoretical models which allow
for improvements in RTM codes and for predicting the evolution of perturbed interfaces in
waste repositories, thus building confidence in the predictive capabilities of reactive transport
models and reducing uncertainties with respect to future repository evolution.
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Multiphase reactive transport benchmark results of HYTEC
I. Sin

Keywords: Reactive transport, multiphase flow, coupled processes, gas storage.

Multiphase reactive transport addresses variable natural and engineered systems covering
complex geochemical processes in evolving porous medium. Various methods of coupling
have been proposed over the last several decades. The reactive transport HYTEC [1] provides
a general multi-purpose flexible framework for solving complex hydrogeochemical problems
both with cell-centered and vertex-centered finite volume schemes. A multiphase flow cou-
pling integrated in HYTEC is based on an operator-splitting approach applying appropriate
equations of state facilitated precise descriptions of the compressible multicomponent phases,
their thermodynamic properties and relevant fluxes [2]. The coupling was verified and val-
idated [3]. The proposed benchmark on multiphase reactive transport consists of gas injec-
tion in saturated porous medium inducing mineral precipitation and dissolution. This work
presents numerical results of HYTEC.
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Multibody approach for reactive transport and
poromechanical modeling in discontinuous porous media

A. Socié, F. Dubois, M. Neji, Y. Monerie and F. Perales
Keywords: Reactive Transport Modeling, Zero-thickness interface, Poromechanics.

In the context of long-term degradation of porous media, the coupling between fracture me-
chanics and reactive transport is investigated. To capture the effect of the discontinuities into
the reactive transport kinetics and the expansion induced by solid precipitation, a reactive
transport model has been developed into the IRSN numerical platform XPER [1, 2]. The
fracture is studied through micromechanical modeling based on a multibody concept and
Frictional Cohesive Zone Model (FCZM). Each mesh of a finite element modeling is consid-
ered as an independent body and the overall behavior is obtained by the coupling of a volume
behavior and a surface behavior respectively inside and between the finite elements. The
volume behavior takes into account the poromechanics and the geochemical behavior of a
porous medium without any damage. The surface behavior describes the fracture mechanics
and the species transport across and along the discontinuities. The first application is dedi-
cated to chemical attack in a pre-cracked concrete where the crack path has been computed
by the mechanical solver [2]. The second application focuses on the expansion of concrete
induced by strong solid precipitation [3].
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Benchmark simulations of CO2 injection into a reactive porous
medium with the compositional flow and reactive transport

simulatorMIN3P
A. Socié and K.U. Mayer

Keywords: Reactive Transport Modeling, Multiphase multicomponent flow, Fully im-
plicit, Global implicit approach.

This talk presents the results for a benchmark on two-phase flow with reactive transport in
porous media applied to CO2 storage. The injection of carbon dioxide both induces the desat-
uration of the porous medium and the precipitation of calcite, requiring the simulation of the
complex coupling behavior between multiphase flow and geochemical reactions. The prob-
lem is tackled through a compositional approach integrated into the existing flow and reactive
transport simulator MIN3P [1]. In this approach, water is considered as a chemical compo-
nent and its mass conservation equation is included in the reactive transport framework. The
method is built on the traditional reactive transport equations (concentration-dependent), but
utilizes molar fractions, liquid phase pressure, and phase saturation as primary unknowns.
The overall system is solved by a fully implicit scheme using a Newton semi-smooth method
to handle the local gas phase appearance/disappearance without a discontinuous switch of
primary variables. The model has been validated for several coupled solute-solvent systems
against the sequential groundwater flow-reactive transport solver previously developed [2].
Current results highlight the ability of the new development to model gas appearance and the
influence of an advancing gas saturation front on calcite precipitation. It is anticipated that the
model will allow considering complex geochemical systems and is particularly suitable for
problems involving strong coupling between multiphase flow and multicomponent reactive
transport processes.
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Robust numerical model for reactive-thermohaline
convection of CO2 in brine saturated reservoirs

S.Tabrizinejadas, M.Fahs, H.Hoteit, A.Younes, B.Ataie-Ashtiani, CT.
Simmons and J.Carrayrou

Keywords: CO2 sequestration, Reactive Thermohaline Convection, Arrhenius equation..

Geological CO2 sequestration (GCS) remains the main promising solution to mitigate global
warming. GCS occurs as a Reactive THermohaline Convection (RTHC) process involving
fluid flow, and mass and heat transfer coupled to geochemical dissolution/precipitation re-
actions. RTHC involves multi-physical processes taking place at different time and space
scales. The numerical models dealing with RTHC play an essential role in the simulations
of GCS, for several purposes, such as the evaluation of reservoir storage capacity, the anal-
ysis of leakage risks, and for predicting the effect of CO2 on in-situ fluids in the reservoirs.
Despite extensive efforts to develop numerical models, current models face deficiencies in
accurately and efficiently simulating this multli-physical problem at relevant scales. Thus,
the development of advanced numerical schemes for improving the applicability, efficiency,
and accuracy of models is of great interest. We develop an advanced RTHC numerical model
based on the combination of the most updated numerical techniques for time and space dis-
cretization. The mixed hybrid finite element method (MHFE) is used for groundwater flow,
the discontinuous Galerkin finite element (DGFE) method for the advective and convective
term of mass and heat transfer, and MultiPoint Flux Approximation (MPFA) for dispersive
and conductive term of mass and heat transfer. The reaction processes are considered with the
sequential non-iterative approach. An adaptive time-stepping approach based on error control
is implemented to manage the intrinsic errors related to operator splitting. The novelty of this
work is the application of the combination of these advanced schemes to RTHC. The advan-
tages of the newly developed model are highlighted by comparison against a standard Finite
Element model (COMSOL), based on common benchmarks. Existing studies on RTHC of
CO2 do not consider the dependency of the dissolution reaction rates on temperature. We
address this gap by taking advantage of the newly developed model. The model is applied to
the Viking field in the North Sea, and the effect of reaction rate-temperature dependency on
reservoirs storage capacity and total flux of CO2 is investigated. Results show that neglecting
the temperature effects on reaction rates leads to an overestimation of the reservoir storage
capacity.
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Application of the projected line search step in solving the
problem of leaching and accelerated carbonation of the

concrete

M. Tóth and P. Bastian
Keywords: Reactive multiphase flow, porous media, finite volume method, projected
Newton method..

We present a simplified model of accelerated carbonation of concrete. It encompasses two-
phase flow in the porous medium, transport of calcium and carbon dioxide, and two reactions
affecting the porosity: leaching and carbonation. The mineral composition of the concrete
changes as it degrades, but this model does not track the mineral concentrations directly -they
are assumed to be in chemical equilibrium with the pore solution. As a result, the leaching
reaction releases different amounts of water and calcium at different levels of calcium con-
centration. The biggest challenge is the progression of the sharp carbonation front. The
position of the front relative to the mesh strongly affects the convergence, though this issue
is addressed through the addition of the projection step into the line search method of the
nonlinear solver.

Additionally, we implement the SiTraM benchmark problem. Both models use a fully
implicit finite volume scheme implemented in the PDELab module of the DUNE project.
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Hydraulic and poromechanical effects of induced calcite
precipitation

Y. Wang and H. Class
Keywords: Poroelasticity, Geomechanics, Precipitation.

This talk presents the preliminary results of a study investigating the hydraulic and poro-
mechanical effects of Enzymatically or Microbially Induced Calcite Precipitation(E/MICP).
At the moment, we focus on subsurface gas-injection scenarios on an E/MICP treated site,
where two-phase (water and CO2) transient flow occurs in a heterogeneous deformable porous
medium under isothermal conditions. A linear poroelasticity model [1, 2] is implemented to
account for the matrix deformation as well as the porosity changes. Additional constitutive
relationships determined by digitial rock physics [3] are tested and applied to estimate the
soil’s improved mechanical properties due to porosity reduction. The numerical model for
simulating the geomechanical hydraulic processes is developed in the Open-Source numeri-
cal simulator DuMuX [4].
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A hybrid pore-scale and continuum-scale model for solute
transport and local precipitation in porous media

Y. Yang, R. Lu, J. Poonoosamy, G. Deissmann, H. Shao and D. Bosbach
Keywords: Hybrid model, precipitation, reactive transport, lattice Boltzmann method,
OpenGeoSys.

Precipitation of minerals and solute transport are involved in many geological and techni-
cal processes. Mineral precipitation changes the solid structures of porous media and thus af-
fects the transport pathways of solutes. When the rate of precipitation is much faster than the
rate of transport, the chemical heterogeneity becomes significant and the continuous medium
assumption fails. In this work, a hybrid pore-scale and continuum-scale model has been re-
cently developed to consider the reactive solute transport with local precipitation in porous
media. In the region with high chemical heterogeneity, a pore-scale reactive transport model
based on the lattice Boltzmann method (LBM) is employed in order to accurately capture
the dynamics of liquid-solid interfacial reactions; in the other regions, it is adequate to apply
continuum-scale standard simulations by using OpenGeoSys (OGS-6). Examples of solute
diffusion in a straight channel with local precipitation are designed to indicate the differences
between a continuum-scale model and the hybrid model. These comparisons are helpful to
understand and improve the applicability of macroscopic reactive transport simulations with
local precipitation/dissolution.
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