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Dynamics of foam flow in a rock fracture: Effects of aperture
variation on apparent shear viscosity and bubble morphology
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Foams are widely used in hydrogeological applications and Enhanced Oil Recovery (EOR) as mobility
control agents for flow in porous media [1-3]. In the particular case of flow through fractured media,
the local aperture distribution strongly influences the effective viscosity of the injected foam and
the distribution of fluxes along preferential flow paths [4]. Although several experimental studies
have been previously performed to study foam flow in fractured porous media, none of them has
specifically addressed the effects of aperture distribution on the rheological behaviour of the injected
foams. The specific objective of this study was to elucidate the effects of aperture variation on the
“in situ” shear viscosity of the foam and the size of the bubbles. To do so, a compressive series
of single-phase experiments have been performed by injecting pre-generated foam at six different
foam qualities and constant flow rate through two types of media: 1) a Hele-Shaw cell with constant
aperture [5] and 2) a replica of a Vosges sandstone fracture of well-characterized aperture map. The
effect of variable flow rate on the “in situ” shear viscosity of a 85% quality foam was also analysed.
To go further, the velocity vector map of the foam flow was computed by capturing the movement
of the bubbles with a digital camera. The effective shear rate map was then calculated from local
velocities and apertures. The results show the significant impact of aperture variation on the the
spatial distribution of the foam flow and bubble dimensions of the foam, echoing the necessity to
take these parameters into account when predicting the pressure drop through the fracture and the
effective viscosity of the foam.
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The use of deterministic approaches that consider hydraulic conductivity (K) as a constant value for
an entire soil layer are usually employed in numerical modeling in geotechnical engineering. How-
ever, K can present high spatial variability and its heterogeneity is important even in apparently
homogeneous soils. Due to this heterogeneity K presents scale effects, that is, the change of support
(from the measurement scale or fine scale to the numerical scale or coarse scale) implies a change in
the parameter. The scale effect is especially important if we consider that those K values are used to
feed the K values of a numerical model, where the discretization support is generally orders of mag-
nitude larger than the measurement support. The objective of this research is to perform stochastic
upscaling for K based on laboratory experiments. We use the theory of stochastic random fields to
deal with the uncertainty associated with having limited information about the spatial variability
of K. The scale effect problem was addressed using upscaling, more precisely, the method known
as Laplacian-with-skin, which transfers the information obtained at the fine scale into the coarse
scale to be used by the numerical code accounting for the heterogeneity within the block being up-
scaled plus a ‘skin’ area surrounding it. The hydraulic conductivity of 55 undisturbed cylindrical
samples of radius 0.10m and height 0.15m was measured in the laboratory using a rigid-wall per-
meameter. The natural logarithm of K (InK) was modeled by a Gaussian distribution with mean of
-0.38 (In(m/d)) and standard deviation of 1.25 (In(m/d)). The best fit to the experimental variogram
of InK was an isotropic spherical variogram model with a range of 4 m and no nugget effect. The
Sequential Gaussian Simulation (SGS) algorithm implemented in the code GCOSIM3D was used to
generate 70 equally likely realizations of the K field at the fine scale (cubic grid of 0.1 m), that were
used as input to 70 numerical models of the groundwater flow. Each of the 70 realizations of the K
fields generated at the fine-scale was upscaled. We performed upscaling with cubic block sizes 2, 4,
5, 8, 10, and 40 times the side size of the block at the fine scale (0.1 m). For each realization at the
fine and at the coarse scales, three-dimensional flow was solved by the finite element method (FEM)
using FEFLOW 7.1. Our results show that the upscaling method is very effective for the purpose of
reproducing the average flux crossing the model despite causing a loss of information because the
small-scale heterogeneity is not preserved. Our results also show that upscaling not only produces
models with a small RBq but also preserves the uncertainty of the specific discharge at the fine scale,
even for a block size equal to the entire domain (12m x 8 m x 4 m).
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One of the most widespread uses for paper-based membranes is in the field of analytical testing and
Lateral Flow Assays (LFA) are probably the most common and relevant exponents. The most impor-
tant component of LFA is a thin porous membrane used to transport a fluid, which may contain an
analyte, through the porous body and to give a clear optical signal by a coloured line (test line) if
the analyte is detected. Thus indicating, the presence of a molecule or substance responsible for a
certain condition or sickness.

Nevertheless, much effort is still being invested regarding the understanding of the transport and
reaction processes taking place in the LFA membrane aiming to improve the design for better assay
results. The enhancement of the test line analyte sensitivity, the reduction of the test time and the
minimization of the sample volume used for the analyte detection are a few of the desired optimiza-
tion outcomes.

It is necessary to emphasize that the development of LFA has been until now, strongly dependent on
experimental results. The use of numerical digital models and simulations is an important asset for
the design and optimization of LFA, which allows more flexibility and the access to design informa-
tion and operational predictions that otherwise could not be possible, or would be very expensive
to get experimentally.

Fluid propagation, analyte diffusion through the porous membrane and analyte-sample surface re-
actions, i.e. adsorption and desorption in the test line volume, depend not just on the fluid but on
the membrane properties as well. The advantage of using a digital model is the possibility to per-
form controlled structural/morphological membrane variations in addition to the variation of the
involved substances parameters and quantities.

Pore-scale and macro-scale numerical models are employed to algorithmically evaluate generated
three-dimensional LFA membranes. Important processes involved in the preparation and utilization
of LFA membranes such as the hydrophobic surfactant coating, the analyte transport and diffusion
through the porous structure, the analyte adsorption at available adsorption sites and the surface
analyte unbinding are taken into account for the simulations.

All these processes together are able to describe the operation and signal quality of a complete Lateral
Flow Assay.

Various approaches providing insight into the propagation, dispersion and reaction processes in thin
porous media are presented in this work.
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The fluid flow in porous media can be highly influenced by capillary forces. It is convenient that
the capillary pressure is considered as a function of the rock and fluid properties and also relative
saturation of wetting phase. However, recent studies have shown that the capillary forces also are
a function of the rate of change of saturation in porous media. This functionality has been investi-
gated in numerous core scale studies and it was proved that the flow in porous media, especially in
low capillary number fluxes, can be heavily affected by these dynamic capillary forces. Moreover,
although it was observed that the dynamic forces are highly scale dependent, the role of these effects
in large scale practices is still unclear. In this study, using a novel simulation approach, the impacts
of the mentioned parameters were studied in a large scale and highly heterogeneous oil reservoir
that is under waterflooding process. At first, the primary investigations showed that the role of
capillary pressure in the considered geometry was significant. Then, it was observed that the role
of dynamic capillary effects in low dynamic capillary coefficient values is not important in large
scale problems. However, it would be important in the high capillary coefficient values that are not
reported in previous experimental studies. Moreover, some noises may be observed in production
curves as it was reported by previous studies. The findings of this work shows that a large unknown
area still exists in this field of study that needs the attention of the researchers in future.
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Proton exchange membrane fuel cells (PEMFC) are low temperature (<90°C) electrochemical devices
which combine hydrogen and oxygen to produce electricity (and heat). The only product of the re-
action is water. An excessive presence of water in the thin (< 10 um) porous catalyst layers (CLs),
where the electrochemical reactions take place, may significantly lower the PEMFC performance and
lifetime. Therefore, a proper water removal from the CLs is crucial. The behavior of liquid water
percolating through the porous CLs is still not well understood. Up to date, no experimental char-
acterization have been made due to the CLs complex structure: mix of a thermally and electrically
conductive support (mostly carbon); dispersed catalyst nanoparticles (typically Pt or Pt-alloys); a few
nanometer thick ionomer film which assures protonic conductivity and a pore phase for reactant and
water transport. An additional complexity is that the hydrophilic ionomer absorbs water and swells
affecting the CLs morphology and therefore transport properties. In this work, we investigate the
relationship between catalyst layer morphology and water transport. A pseudo-Hele-Shaw test has
been developed in which a liquid is injected from the bottom into a catalyst layer under controlled
conditions. The injected liquid displace air to generate an imbibition flow pattern. We showed that
the ionomer swelling caused a shift in the pore size distribution with a subsequent increase in in-
jection pressure during percolation testing. In addition, the Washburn method was used to assess
ionomer water uptake and estimate CLs contact angles to water. Using a Kruss K100 tensiometer, the
samples were attached from the top to a sensitive microbalance and immersed into water to extract:
ionomer liquid uptake and (external) contact angles to water. The results showed that the ionomer
to carbon ratio and the ionomer chemistry have a significant impact on the CLs wettability.
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Abstract. Since long time Conception of thermophysical properties of porous materials has been a
challenging task for scientists to conquer. Knowledge of heat transfer mechanism in porous media
due to developing of various application in industries causes efficiency upgrades. Miniaturization
in technology, energy optimization, multifunctional equipment manufacturing requires engineers
to develop new material that satisfy different functional, thermal, mechanical and physical features.
As a revolutionary idea, open cell metal foams has been great improvement in heat transfer pro-
cess. These materials increase heat transfer while energy dissipation, dimension and density of them
which are constraints for modern technologies significantly reduce. So various numerical, analytical
and experimental efforts have been made to obtain better understanding of their thermo-hydraulic
behavior. In present study a brief history of proposed methods and correlations is presented and fi-
nally a correlation based on experimental data is derived to predict effective thermal conductivity of
open cell metal foams. Presented correlation demonstrates dependency of conduction heat transfer
on pore size, porosity, fluid and solid material properties.

Keyword. Open cell, metal foams, heat transfer, porous media, effective thermal conductivity, poros-

ity.
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A mathematical and numerical model describing a two-phase flow system in porous medium is
treated. For the Darcy flow problem we describe and analyze a volumetric and residual-based La-
grange multipliers saddle point reformulation of the standard high-order finite method, to impose
conservation of mass constraints for simulating the pressure equation on two dimensional convex
polygons, with sufficiently smooth solution and mobility phase. We establish high-order a priori
error estimates with locally conservative fluxes. For the transport problem we employ a new locally
conservative Lagrangian-Eulerian finite volume method. This approach was applied to several non-
trivial examples to show that we are calculating the correct qualitatively good (entropic) solutions
with accurate resolution. We combine these procedures for solving the fundamental two-phase flow
problem with high-contrast discontinuous porous medium. We provide numerical examples for ver-
ifying the theory and illustrating the capabilities of the approach being presented.
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The salinity of the injected water has been shown to have a substantial impact on oil recovery. Vari-
ous experimental studies have concluded that the system wettability is altered when the water ionic-
composition is changed. In this work, a numerical investigation of an oil droplet mobilized by water
is conducted inside a single pore. The presented model studies the synergy effect of multiphase flow
and water salinity at the pore level.

The flow dynamics is modeled by solving the full hydrodynamic Navier-Stokes equations using direct
numerical simulation (DNS), and the fluid-fluid interface is captured by the level-set method. The
effect of brine ionic-composition is examined through the DLVO (Derjaguin, Landau, Verwey, and
Overbeek) theory of intermolecular forces, where experimental values of the zeta potential have
been used in the model. The system (oil/water/solid) wettability is determined by the intermolecular
forces.

The simulation results show that the water wetting film surrounding the oil-droplet collapses to an
adsorbed nanometer water layer when high salinity water is used. As a result, a large pressure gradi-
ent is required to mobilize the oil inside the pore and overcome the attractive surface forces between
the water-oil and water-solid interfaces. In the case of tailored water salinity, the oil/water/solid sys-
tem becomes more water-wet. The wetting film adhered to the solid is stable due to the repulsive
electric double layer force. Therefore, it takes a smaller pressure gradient to mobilize the oil droplet
inside the pore compared to high salinity water, which indicates that waterflooding efficiency in-
creases with tailored salinity water injection. The effect of solid roughness is studied.
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The novelty of the numerical method lies in efficiently capturing the nanoscale effect of the electric
double layer in DNS pore-scale multiphase flow. The new results shed light on the dynamics of smart
waterflooding at the pore level.
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Drops at the interface between a coupled free flow and a flow in a porous medium can significantly
influence the exchange of mass, momentum and energy between the two flow compartments.

A physically correct description of the transfer processes in and around the drops would require a
model on the pore-scale, while averaged macro-scale equations can be used to describe the free flow
and the flow in the porous medium.

Therefore, we develop a coupling concept which takes the drop-related pore-scale processes into
account by upscaling them to the macro-scale. The drops are modeled in a lower-dimensional inter-
face domain. This concept has already been applied to fractures in porous media [2] and allows the
storage of mass, momentum and energy within the interface.
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In the field of reservoir engineering, several solutions to equations that govern transport of fluids
in porous media have been developed. A solution to the diffusivity equation with infinite bound-
ary condition was first introduced into the industry by Everdingen and Hurst in 1949. Furthermore,
Carslaw and Jeagar in their book (conduction of heat in solids) also solved the diffusivity equation
for different boundary conditions. Unfortunately, all these solution are too complex and require a
lot of approximations and assumptions for most practical applications like well testing because they
involve infinite summation of Bessel and Exponential functions and this in turn reduces the accuracy
of their real life applications.

Therefore, this paper presents a novel method called Laplace-Differential Transform Method (LDTM),
which is suitable for obtaining very simple and excellently accurate solutions to equations that gov-
erns fluid transport in porous media. The results show that this technique is very effective, efficient
and convenient.
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A numerical simulator has been developed to model DBD plasma discharges that generate suitable
oxidation processes in the interior of a porous soil structure, as presented in Figure 1. This simulator
assesses the favorable pollutant (atrazine) degradation inside the soil structure, and examines the
transport phenomena inside this specific pore network. The complex phenomena that take place in
the reactor are spanned over two characteristic time scales. The first scale refers to plasma discharge
phenomena extended from a few nanoseconds up to the order of milliseconds, while the second one
refers to the momentum, mass, and thermal transport phenomena that take place at characteristic
timescales on the order of minutes. In the former scale, a 100-reaction model is formulated and the
resulting equations are solved numerically (using commercial CFD software) to assess the oxidized
species generation, as well as the electric power production, under specific DBD operating condi-
tions. For the transition from the micro-timescale (plasma phenomena) description to the macro-
timescale (transport phenomena), the species calculated at the micro-timescale are introduced as
source terms for the description of the degradation of the pollutant inside the soil porous structure.
In this study, the effect of the pore structure on the concentration of the oxidized species at the
micro-timescale is assessed by varying the pore volume. Furthermore, the effect of the heterogene-
ity of the pore structure is estimated by changing the characteristic dimensions of the soil grains.
In addition, the dielectric permittivity and thickness are investigated in order to optimize the reac-
tor characteristics under specific operation conditions. At the macro-timescale level, the transport
phenomena are monitored inside the pore geometry, initially assessing the degradation rate inside
a single pore, and then extending over a pore network. This pore-scale analysis offers the advan-
tage of understanding the degradation process from the level of a single pore up to a complex pore
network, avoiding the use of oversimplifying approximations, such as the Effective Medium Theory
(EMT). Experimental data of a similar DBD reactor setup for the atrazine degradation are used for
comparison with numerical results.

Page 8



InterPore2019 Valencia / Book of Abstracts

Indico rendering error

Could not include image: Cannot read image data. Maybe not an image file?

Acknowledgements
This project has received funding from the Hellenic Foundation for Research and Innovation (HFRI)
and the General Secretariat for Research and Technology (GSRT), under grant agreement No [1754].

Procter and Gamble Student poster award:
I don’t want to compete References:
Acceptance of Terms and Conditions:

Click here to agree

681

Modeling Water Treatment by Capacitive Deionization Using Mul-
tiphysics Pore Network Modeling

Mehrez Agnaou' ; Jeff Gostick'

! University of Waterloo

Corresponding Author(s): magnaou@uwaterloo.ca

Water desalination and wastewater purification by capacitive deionization is a fast-growing water
treatment technology. It is based on ion removal from feed-water through electrosorption in carbon
porous electrodes electrically insulated by a spacer and subject to a low voltage.

The process consists of two half-cycles. The first one, the desalination or ion removal stage, occurs
when the charged ions in the feedwater migrate to oppositely charged electrodes, where they are
electrostatically contained in electric double layers within carbon electrodes micropores. The second
half-cycle, the discharge stage, occurs when the ions are released from the fully charged electrodes
by short-circuiting them.

Whereas many capacitive deionization cell architectures exist in the literature, we focus in this work
on the two most common ones; the flow-by and the flow-through. In both cases, the cell is made
of two porous carbon electrodes separated by a permeable spacer. For the flow-by cell architecture,
the feedwater flows through the spacer. Hence, the macroscopic flow field and the electric field are
perpendicular. On the other hand, in the flow-through architecture, the feedwater flows through the
carbon electrodes macropores, and is thus parallel to the electric field. Each of the two architectures
presents advantages and drawbacks. Chiefly, while the flow-through cell enables the use of spacer of
reduced thickness resulting in more compact cells, it requires a higher pressure difference to induce
water flow compared to the flow-by architecture.

Several studies have focused on modeling and simulation of capacitive deionization processes; how-
ever, due to the high numerical costs of pore-scale simulations, the are typically restricted to the
macroscopic scale and were carried out using averaged models. In this work, a pore network model-
ing approach was adopted to perform pore-scale simulations at lower computational costs compared
to other continuum methods, while still focusing on the key impact of electrode structure. The de-
veloped multiphysics solver consists of three coupled algorithms solved iteratively. In the first and
second steps the flow problem and the Poisson equation for the electrostatic potential are solve,
respectively. The third step solves the Nernst-Planck equation for each of the ionic species using
the velocity and the potential fields produced by the two first steps. The sorption and desorption
occurring in the electrodes is modeled by means of a nonlinear source/sink term.

The developed solver scheme was used to study the adsorption and desorption of ions in the elec-
trodes micropores and a parametric study was performed to analyze the quantity of adsorbed ions
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as a function of the pore-scale parameters, which are easily adjusted in the pore network modeling
approach.
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The dissolution process of calcite mineral is vital in context of several fields i.e. drinking water,
CO2 storage in carbonate reservoirs, enhanced oil recovery from carbonate reservoirs etc. Confi-
dent assessment of these processes requires an understanding of the relationship between dissolu-
tion rate and surface area. Most often, these two are considered to be linearly related. However,
it has been found that dissolution rates calculated using specific surface area (SSA) based on BET
gas-adsorption methods are four orders of magnitude lower than the laboratory-measured batch-
reaction rate (Menke et al., 2014). BET-based rates account for the impact of surface roughness, but
with the assumption that each point at the surface is equally probable to react. It has been shown
at both molecular and pore scale that surface roughness not only increases the surface area but also
alters the overall reactivity of the surface (Fischer et al., 2014 and Jeschke et al., 2002). Consequently,
the concept of rate maps and rate spectra has been introduced in order to quantify the heterogeneity
of crystal surface reactivity (Fischer et al., 2012). Nevertheless, most of such work has been limited
to the respective scale, and not investigated the interplay between roughness, reactivity and hydro-
dynamics. In this study we aim to answer two questions:

1. What is the magnitude of the control of pore scale roughness on overall reactions rate?

2. How do molecular and pore scale roughness, reactivity and hydrodynamics inter-relate?

For the first question, we utilize a multi-component single pore model, in which pore-scale rough-
ness is defined with sinusoidal curves corresponding to a roughness factor f i.e. ratio of amplitude
and wavelength of the curve. We observe that in such converging-diverging pore geometries, recir-
culation zones develop in the trough part of the pore. In these zones, reaction products such as Ca
and CO3 ions get trapped. Their increasing concentrations negatively impact on dissolution reaction
rate. Consequently, the contribution of reaction rate of this point into overall average reaction rate
is lower compare to a point located at the crest part of the pore. This surface reaction rate hetero-
geneity along the pore wall eventually reflects into the relationship between surface area and the
average reaction rate. This impact is, however, a function of the flow rate and the roughness magni-
tude. Deeper the crest or higher the fluid velocity, the heterogeneity in the reaction rate increases
and the RSA based reaction rate has more deviation compare to SSA based reaction rate.

While investigating the impact of molecular scale roughness, which is defined by the distribution
of different structural sites, the hydrodynamic impacts have thus far been neglected. The derived
reaction rate variability across surface is solely a function of density of these different surface sites
and molecular dynamics’ processes such as diffusion and water exchange kinetics. The assump-
tion of a uniform diffusion boundary layer can be valid at the start of dissolution of calcite surface.
We aim to investigate the validity of this assumption through the long-duration of the dissolution
course.
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In reservoir applications, such as groundwater management, waste geological disposal, and geother-
mal energy utilization in particular Engineered Geothermal Systems, a fractured reservoir is often
considered to be an interacting double-continuum medium, where open fractures contribute high
permeabilities and rock matrix bears low permeability. In such a medium, mass and energy are con-
sidered to be transported mainly through the fracture networks. In contrast, the heat is retained
in the rock matrices. Therefore, the efficiency of heat extraction during geothermal applications
largely depends on the fracture-matrix flow interactions. Several physical models (e.g., the flow
transfer function (Kazemi et al., 1976; Lu et al., 2008; Abushaikha and Gosselin, 2008)) have been
proposed in order to describe the fluid flow interactions between fractures and rock matrices. How-
ever, validation of these models requires laboratory experimental observations.

Here we present an experimental study on analysis of fracture-matrix flow interactions in a 3D-
printed fractured porous medium. The 3D-printed medium consists of well-defined heterogeneities,
i.e. two porous matrices with two different pore sizes and one dead-end and one flow-through
fracture in each matrix. The interaction analysis takes the two-dimensional velocity field, which
is delineated using a temporo-ensemble Particle Image Velocimetry (PIV) method (Ahkami et al.,
2018). This temporo-ensemble PIV method is capable of reducing the interrogation window down to
a single pixel. Such small interrogation windows enable resolving velocity fields in micro structures,
while still capturing the flow in larger features, such as fractures with a much smaller overall pixel
number

The fracture-matrix flow interaction of this study focuses on the fluid flow field of each matrix and
embedded fractures. The velocity analyses suggest that the effect of fracture geometry and back-
ground matrices on fracture-matrix interactions can be quantified by the longitudinal and lateral
components of the velocities in fractures. Comparisons of lateral and longitudinal velocities between
different regions indicate that the background matrices have a significant effect on fracture-matrix
flow interactions, which can dominate over the effect of fracture geometry. These results should
facilitate the calibration of numerical simulations on fracture-matrix flow interactions in fractured
porous media.
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The modeling of the drying process in porous media has been a subject of research for decades. For
this purpose, the classical continuum-scale model 1 is widely developed and used in many environ-
mental and engineering applications. This model requires (effective) parameters which depend on
the local saturation. These parameters are often obtained from tedious experiments. Very recently,
a new method was proposed to extract these parameters from numerical pore network simulations
[2]. In this method the entire computational domain is artificially cut into local slices (volumes)
such that each slice may contain hundreds of pores. In fact, each slice represents the local element
of the one-dimensional continuum model and the averaged values of the parameters are obtained
at the scale of these local averaging volumes. The values of parameters are thus calculated in all
slices during the drying process. The parameters, which depend only on the local saturation, are
fed into the one-equation continuum model [2]. The most interesting outcome in [2] was the obser-
vation of a non-local equilibrium (NLE) effect, meaning that the equilibrium condition of the vapor
is established at the meniscus scale, not at the scale of the local averaging volume. In this work,
we push our previous work forward and thus develop a two-equation NLE continuum model that
accounts for the liquid and vapor transport coupled by a source/sink term. As a first step, we chose
a limiting case of immobile liquid phase, where liquid is distributed as isolated clusters in the entire
porous medium, neglecting the capillary pumping in the liquid phase. This regime corresponds to
the last drying period, where the mass transport is dominated by vapor diffusion. In order to solve
the two-equation NLE model, the effective vapor diffusivity and the specific interfacial area (both
are functions of the local saturation), as well as the mass exchange coefficient are required. These
parameters are determined from the pore network simulations. The solution of the two-equation
model reveals that the non-local equilibrium effect can be simulated with a reasonable degree of
accuracy. The source/sink term successfully captures the non-equilibrium mass transfer at the local
scale. The model can independently reproduce drying kinetics, which was not possible with the
previous one-equation continuum model. The effective vapor diffusivity in the unsaturated region
of the pore network is formulated with an expression which depends on the dimensions of pores
(radius and length), the pore-scale binary diffusion coefficient and the network porosity. Our next
step is to move towards further extension of the NLE continuum model in order to simulate the dry-
ing process in a more resolute and comprehensive manner, i.e. not only when the liquid is present
under the form of small disconnected clusters (last period of drying) but also when liquid clusters
spans the entire network (first and second drying periods).
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We develop in this paper adaptive iterative coupling schemes for the Biot system modeling cou-
pled flow and geomechanics in a poro-elastic medium. We particularly consider the space-time
formulation of the fixed-stress iterative scheme, in which we first solve the problem of flow over
the whole space-time interval, then exchanging the space-time information for solving the problem
of mechanics. Two common discretizations of this algorithm is then introduced based on two cou-
pled mixed finite elements methods in-space and the backward Euler scheme in-time. Therefrom,
adaptive fixed-stress algorithms are build on conforming reconstructions of the pressure and dis-
placement together with equilibrated flux and stresses reconstructions delivering a posteriori error
estimate distinguishing the different error components, namely the spatial discretization, the tem-
poral discretization, and the fixed-stress iteration components. Precisely, at the iteration k£ > 1 of
the adaptive algorithm, we prove that our estimate gives a guaranteed and fully computable upper
bound on the energy-type error measuring the differences between the exact and the approximate
pressure and displacement. These error components are efficiently used to design adaptive and
multiscale time-stepping strategy and adaptive stopping criteria for the aforementioned fixed-stress
algorithms. Numerical experiments illustrate the efficiency of our estimates and the performance of
the adaptive iterative coupling algorithms.
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Pervious concrete is a sustainable pavement material that helps revive the natural hydrologic func-
tions in urban watershed. One of its main characteristics is its pore structure, which influences its
capacity to infiltrate stormwater through its layers. The objective of the present study is to utilize
an image processing technique in order to determine the porosity of pervious concrete. 25mm slices
from 20 different pervious concrete mixtures were obtained and scanned at 1200 dpi resolution. Us-
ing Image] software, the 2D scanned images were scaled, cropped, thresholded, and analyzed. The
estimated porosity is the area fraction extracted from the pore structure analysis. From the results
of image analysis, it was found out that the addition of fine aggregates result to a lower porosity for
most test cases. Similar trend was observed when the cement-aggregate ratio was increased.
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Liquids entrapped within a structured solid begin to exhibit unique behaviors often providing the sur-
rounding material with unprecedented properties. Recently we have developed two award-winning
materials platforms (R&D 100 awards in 2012 and 2013), both based on the infusion of a liquid into
a porous substrate. First, we introduced a new strategy to create self-healing, anti-fouling materials
(so-called Slippery, Lubricant-Infused Porous Surfaces, or SLIPS) that outperform state-of-the-art
materials in their ability to resist ice and microbial adhesion and repel various simple and complex
liquids. Second, we pioneered a technique for patterning 3D photonic crystals, generating com-
plex wettability patterns, and illustrated multilevel encryption, with selective decoding by specific
liquids, so-called Watermark Ink, or W-INK. Generalized, low-cost, and scalable methods to man-
ufacture SLIPS and W-Ink on glass, ceramics, polymers, fabrics and metals will be presented. We
anticipate that slippery surfaces can find important applications as antifouling materials in medicine,
construction, fluid handling and transportation, while chemically patterned photonic structures can
serve as colorimetric indicators for liquids, used in encryption and anti-tampering applications, and
provide a novel platform for efficient catalytic materials.
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We present direct multiphase numerical simulations on micro-CT images of a mixed-wet reservoir
carbonate. Our objectives are 1) to accurately model multiphase flow in a mixed-wet rock incorpo-
rating experimentally measured contact angles and 2) to study the impact of enhanced oil recovery
(EOR) applications on the microscopic sweep efficiency using direct numerical simulations.

We used a water-flooding experiment of Alhammadi et al. (2017) in which the fluid configuration
after water-flooding was imaged using a micro-CT. Direct numerical simulations were performed
on a pore structure obtained from segmented micro-CT images using the two-phase colour gradient
lattice Boltzmann method. In the experiment, the wettability of the sample was altered to a mixed-
wet state by aging the sample at subsurface conditions using crude oil from the same reservoir. The
mixed-wettability was confirmed by a range of in situ contact angles measured by an automated
algorithm from AlRatrout et al. (2017). Using a wetting boundary condition presented in Akai et al.
(2018), the measured contact angles were employed in our simulations. We demonstrate how to use
measured contact angle data to improve the predictability of direct numerical simulations, highlight-
ing the difference between the contact angle required for the simulation of dynamic displacement
process and the contact angle measured at equilibrium after water-flooding through the comparison
between the simulations and experiment.

Furthermore, a well-calibrated simulation model to the water-flooding experiment was then used to
study the impact of three EOR schemes on the microscopic displacement efficiency: low salinity wa-
ter flooding, surfactant flooding and polymer flooding. Taking the well-calibrated simulation model
as a base case, rock and/or fluid properties were changed to mimic these EOR schemes. Additional
oil recovery by these EORs were quantitatively evaluated by comparing the remaining oil saturation
of EOR cases to that of the base case. As a result, surfactant flooding showed the highest impact on
microscopic displacement efficiency, while the impact of polymer flooding was not significant in our
case. In addition, we investigated the mechanisms of the additional oil recovery at the pore-scale,
through the analysis of location of remaining oil as a function of pore sizes and as a function of
distance from pore walls.

Overall, we demonstrate a comprehensive workflow for pore-scale modelling from experiments to
simulations to better understand water-flooding and EOR processes at the pore-scale.
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Experimental Analysis and Mathematical Modelling of Inorganic
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A key challenge associated with desalination is inorganic scaling/clogging. These scales deposit
on the thin membrane surface, decreasing the performance of Reverse Osmosis (RO) desalination
plants. It is common practice to use the fouling rates, indices and prediction models that have been
developed in this field. However, inconsistency arise when field measurements are compared with
model predictions making these techniques ineffective in mitigating and controlling industrial scale

clogging.
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Research on the subject has been mostly restricted to individual or ideal solutions with well-controlled
operating conditions. However, this fails to mimic the complex water chemistries and operating con-
ditions found in RO plants. This project seeks to understand scaling of different water chemistries

and the subsequent precipitation on membrane surfaces. The goal is to model inorganic scaling of
RO membranes under industrial scale operating conditions and validate the model developed by

history matching real field data from a RO desalination plant.

A combination of experimental analysis and mathematical modelling is being used in the analy-
sis. As a first step towards quantifying the effects of complex water chemistries, an experimental
study was conducted with mixed salt solution simulating the molar ratio found in natural waters.
The experiments demonstrated co-precipitation of more than one type of inorganic scale, which is
consistent with what is typically observed in RO operations. A mathematical model is currently
being developed to describe the formation of the scales and subsequent co-precipitation observed
experimentally.
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Arda Akyel1 ; Adrienne Phillips2 : Robin Gerlach?

! Ph.D. Student

? Montana State University

Corresponding Author(s): arda.akyel@montana.edu

Microbially induced calcium carbonate precipitation (MICP) is a technology touted for the stabi-
lization of porous media such as soils, sealing of leaky wells and the remediation of contaminants
in water and soil. The application in the deeper subsurface might occur at elevated temperatures
and the most commonly used organism Sporosarcina pasteurii does not appear to grow reliably at
temperatures above approximately 40°C. However, it has been demonstrated that urease can remain
active at elevated temperatures and hence, we assessed the kinetics and thermal stability of urease
produced by S. pasteurii over a temperature range from 20 to 80°C. It was observed by us that the
enzyme half-life decreases with increasing temperature while enzyme activity increases; when both,
enzyme inactivation and activity, are considered, 60°C was determined to be the optimal temper-
ature for the ureolysis reaction over a 2-hour reference timeframe, which is deemed relevant for
field deployment. We have developed a method to produce urease using S. pasteurii, thermally inac-
tivate it and make it available for enzyme-induced calcium carbonate mineral precipitation (EICP)
technology implementation in the field. Column studies demonstrating the successful use of S. pas-
teurii-produced enzyme for the consolidation of porous media will be presented.
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Insight into Influence of Crossflow in layered Sandstone porous
media during Miscible and Immiscible CO2 WAG Flooding

Duraid AI-Bayati1 ; Ali Saeedi' ; Ipek Ktao? ; Matthew Myers3 ; Cameron White® ; Quan Xiel
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Corresponding Author(s): d.al-bayati@postgrad.curtin.edu.au

For the layered system, cross-flow is one of the mechanisms for recovery enhancement during an
IOR/EOR process. Thus, the results from this paper are very important to overcome the current
challenges in capturing the importance of cross-flow influence as well as mitigating the effect of
geological uncertainties on current and future IOR/EOR projects.

This manuscript presents the results of an experimental investigation into the effect of cross-flow
on ultimate oil recovery during miscible and immiscible CO2 WAG flooding in layered sandstone
porous media. A manufactured core sample constructed by attaching two half-cylindrical homoge-
neous natural sandstone plugs of different permeabilities. The core flooding tests using n-Decane
Synthetic brine CO2 were conducted at a constant temperature of 343 K and under two different
pressure conditions, namely, 9.6 MPa and 17.23 MPa to attain both immiscible and miscible condi-
tions, respectively.

The results indicated that cross-flow in the layered sample has a negative impact on the ultimate
oil recovery (i.e. decreasing oil recovery factor). The degree of heterogeneity seems to strongly
influence the effectiveness of cross-flow during CO2 EOR with the oil recovery decreases as the per-
meability ratio (PR) between the two half plugs included in every samples increase. For instance,
during miscible CO2 WAG flooding, a decrease in incremental oil recoveries from 3.3% to 11.3% and
eventually to only 4.8% occurred when the permeability ratios were increased from 2.5 to 5 and
12.5, respectively. Similarly, during immiscible displacement, the recorded oil recoveries were 6.1%,
6.9% and 4.7% reflecting the same increases in permeability ratios as above. These results revealed
that cross-flow works against the influence of the dominant active forces. For instance, in non-
communicating layers, the dominance of viscous forces prevailed while there is a preferential flow
path exists in flow in communicating layers. However, with increasing permeability ratio a consider-
able channelling of CO2 into the high permeability layer leaving the low permeability layer touched
partially, implying that heterogeneity in vertical direction indeed significantly affects remaining oil
saturations, thus oil recovery.
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Immediate release tablets are one of the most common and convenient ways of drug delivery to
the patient. The overall microstructure of the tablet influences the hydration of such formulations
and hence affects the disintegration time and the release of the active pharmaceutical ingredients
(APIs) in the body. The disintegration mechanisms of these drug products are complex and poorly
understood due to the limitation of the appropriate characterisation techniques [I. Terahertz time-
domain spectroscopy (THz-TDS) and terahertz pulsed imaging (TPI) techniques were used as a new
method to measure fast disintegrating tablets and provide a quantitative analysis of the results to
understand better the disintegration process. The terahertz techniques are concerned with charac-
terising the properties of materials using electromagnetic radiation in the frequency range of 0.1-
6 THz [2]. Functionalised calcium carbonate (FCC) based tablets with porosities of 45% and 60%
and microcrystalline cellulose (MCC) based tablets with porosities of 25% and 10% with two differ-
ent APIs, theophylline and paracetamol, were used for the terahertz measurements. TPI was able
to study the liquid penetration and swelling of the tablets with different porosities upon contact
with the dissolution medium. The total duration for the water to fully hydrate the tablet is less for
the FCC and MCC tablets with the higher porosity compared to the tablets with the lower porosity.
THz-TDS and TPI are useful tools for studying the immediate release tablets and fast disintegrating
tablets in particular. Investigating the effect of the microstructure characteristics on the liquid pen-
etration and swelling kinetics is important for a better understanding of the disintegration process
and in turn controlling the quality and improving the development and performance of the drug in
the body.
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Fractures and high permeability zones in oil bearing formations can greatly complicate oil recovery
by creating preferential flow paths which can lead to reduced recovery and the contamination of wa-
ter supplies. Microbially induced calcium carbonate precipitation (MICP) is a technology capable of
modifying the permeability of such zones, wherein ureolytic microbes catalyze the precipitation of
calcium carbonate 1. In deep wells, however, the high temperatures cause rapid inactivation of the
necessary urease enzyme. Fortunately, urea hydrolysis also occurs spontaneously at temperatures
above approximately 1000C. Thus, thermally induced calcium carbonate precipitation (TICP) is pos-
sible for deep wells, such as those in the Bakken fields of North Dakota. While previous researchers
have studied TICP as a sealing method, their experiments focused on the reaction in deionized (DI)
water. Therefore, the existing models might not be adequate for environmental conditions. Bakken
water in particular can have very high concentrations of various ions, including Ca2+ and Na+. (21
g/L and 81 g/L, respectively).

In this study, TICP kinetic studies were performed in Bakken and DI water at 1300C to assess the
influence of dissolved salts on the ureolysis rate and subsequent precipitation of calcium carbonate.
Our data show that ureolysis (and therefore TICP) proceeds at a much slower rate in Bakken water
than in DI water. Approximating the reaction as first-order, the ureolysis rate constants were calcu-
lated to be 0.028 h-1 in the Bakken water versus 0.14 h-1 in DI water (when urea was the only added
solute). High concentrations of calcium had been previously observed to slow the rate of ureolysis,
therefore the rate difference was postulated to be due to the native calcium in the Bakken water.
In follow-up experiments which controlled for calcium concentration, Bakken water samples still
showed a significantly slower reaction rate. Under equimolar conditions (1 M urea and 1 M Ca2+)
the first order rate constants were estimated at 0.028 h-1 in Bakken water versus 0.043 h-1 in DI
water. This discrepancy may be due to the high ionic strength of the Bakken water, for which the
effect on activity is not accounted for in concentration-based kinetics models.

The results of these experiments suggest that while the Bakken oilfields will be more time-consuming
to seal than earlier laboratory models would predict, TICP might be a viable option for deep zones
where microbially or enzymatically induced calcium carbonate precipitation is impossible due to the
elevated temperatures.
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We assess scaling of the probability density of equivalent hydraulic conductivity of a fractured rock
system. We do so upon considering jointly data from an outcrop of a fractured system and their
increments evaluated between two points separated by a given distance (or lag). The study is set
in the context of a geostatistical framework which has enabled us to quantify seemingly random
spatial variations of environmentally relevant quantities such as rock mineral content, permeability,
or porosity. While traditional approaches rely on a view of such quantities as multivariate Gaussian
random functions characterized by well-defined spatial correlation scales, there are evidences docu-
menting that many spatially varying hydrologic (and other) quantities exhibit non-Gaussian behav-
ior over a variety of (spatial and/or temporal) scales. In this context, quantities such as log hydraulic
conductivity and their spatial increments are known to be generally non-Gaussian. Documented
evidences of such behavior include symmetry of increment distributions at all separation scales (or
lags) between incremental values of the given (hydrological) quantity of interest, with sharp peaks
and heavy tails that appear to decay as lag increases. These and other aspects of statistical scaling
are manifest in porous as well as fractured media characterized by either one or a hierarchy of spatial
correlation scales. We illustrate typical aspects of such scalable non-Gaussian behavior upon relying
on data collected across a natural outcrop of a fractured system. Our data-set comprises aperture,
spacing, orientation, and persistency of fractures which are categorized into a collection of families.
Spatial distributions of directional equivalent conductivities are evaluated at two differing observa-
tion scales/windows across the investigated domain. These data and their increments evaluated at a
set of lags are then subject to statistical analysis. They are interpreted through a recent generalized
sub-Gaussian theoretical model that captures scaling behavioral aspects in a comprehensive manner.
Major results of the study include: (i) an accessible high-quality dataset; and (ii) the assessment of
the ability of the considered generalized sub-Gaussian model to characterize the observed statistical
scaling features displayed by sample statistics.

Keywords: equivalent hydraulic conductivity, fractured reservoir, geostatistics, scaling, Generalized
Sub-Gaussian model.
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Conventional ground improvement techniques are energy intensive, highly invasive and require
the introduction of environmentally damaging chemicals or carbon intensive materials. There is a
clear need for the development of sustainable, low-carbon technologies for ground improvement.
Over the past decade, geotechnical engineers have started to consider biological-based solutions
including engineered vegetation/plant root systems, the use of biopolymers, and more recently, bio-
mineralisation (bio-clogging and bio-cementation) for ground improvement. This has resulted in the
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creation of the sub-discipline of biogeotechnics, with the overarching aim of ‘engineering nature’ to
create sustainable geo-structures.

We present here results from investigations of a novel bio-geotechnical technique involving the use
of fungal hyphae to mitigate surface erosion. Fungal hyphae (long filamentous branches) are known
to contribute to soil aggregation and soil hydrophobicity. This study evaluates the influence of dif-
ferent fungal species and treatment strategies on soil erodibility. Sterile sandy soils amended with
known quantities of organic matter were placed in a mould, inoculated with fungal spores of differ-
ent species (including Pleurotus ostreatus and Trichoderma reesei) and placed in incubators to grow
at 25°C. JET tests were performed on treated and untreated specimens with periods of incubation up
to 9 weeks to determine erosion parameters: erodibility coefficient, Kd and critical stress, Tc as well
as volume of soil eroded. Results show that fungal hyphae significantly reduced the erodibility of the
soil. Erodibility is shown to be dependent on the method of inoculation, growth period and nature
of hyphal growth obtained. Erosion resistance of fungal treated soils could be further improved by
optimising and enhancing growth techniques.
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The key parameters describing multiphase flow in porous media are relative permeability and cap-
illary pressure. In this study we use X-ray microtomography combined with high-pressure high-
temperature flow apparatus to conduct co-injection of crude oil and formation brine simultaneously
in a mixed-wet reservoir carbonate while measuring the pressure drop. We are therefore able to
measure relative permeability and the pore-scale arrangement of fluids simultaneously.

We use a carbonate rock sample extracted from a very large producing oil field from the Middle East
saturated with crude oil and formation brine from the same reservoir. The sample was dynamically
aged at 10 MPa and 80 °C to establish the mixed-wettability conditions known to exist in hydrocar-
bon reservoirs (Alhammadi et al., 2017). After completing the aging process, eight water fractional
flows were injected (fw = 0, 0.15, 0.3, 0.5, 0.7, 0.85, 0.95, 1). The relative permeability was measured
from the water saturation obtained on the segmented X-ray images (each image is 10 billion voxels)
and pressure drop from pressure transducer readings. A high concentration of potassium iodide (30
weight %) was used as a dopant in the formation brine to resolve the brine in the sub-resolution pores.
To this end, differential imaging was applied to accurately quantify brine saturation in macro-pores
and micro-pores.

The mixed-wettability conditions of the rock were quantified using an automated contact angle
method (AlRatrout et al., 2017). The carbonate rock found to be mostly weakly oil-wet with a con-
tact angle distribution of 119° + 18° from 194,000 points. In oil-wet pores the brine was found in the
centre of the pores and oil was present in layers. In contrast, in water-wet pores, the brine was in
small crevices and pore corners. Oil layers helped maintain oil connectivity, leading to favourable
waterflood recovery. This has important implications on improved oil recovery and, potentially, on
carbon storage. In future, the measured relative permeability and pore-scale fluid distribution could
be used to benchmark and validate pore-scale models.
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Asphaltene -the cholesterol of crude oil- may negatively affect the oil and gas industry in terms
of production, processing, transportation, economic, and environmental aspects. To obtain a com-
prehensive understanding of asphaltene and its behaviours, a variety of thermodynamic equations
of state (EOSs), particularly cubic-plus-association (CPA) and perturbed-chain statistical associat-
ing fluid theory (PC-SAFT) are used in this research work to investigate the effect of pressure and
solvent ratio on the precipitation phenomena. Association property of asphaltene leads to precipi-
tation and deposition of asphaltene. These two EOSs are able to accurately determine the amount
of asphaltene precipitation on the basis of physical properties and association term, where saturate,
aromatic, resin, and asphaltene (SARA) analysis in the form of solubility fractions, are the input data
to the model. Based on the research output, a good agreement between the modelling results and
real data is noticed. Moreover, a single phase two dimensional lattice Boltzmann method (LBM) in
conjunction with multi-relaxation time collision operator is implemented to simulate permeability
impairment due to asphaltene deposition. A pressure drop and different solvent flow rates were
imposed to obtain asphaltene deposition. The permeability impairment was modelled in different
rates of solvent injection. According to the output of this study, the introduced model (the ther-
modynamic approach in conjunction with LBM) offers a good strategy to assess the permeability
impairment due to asphaltene deposition. It was shown that a decrease in permeability at higher
flow rates is expected due to higher deposition of asphaltene.
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The electrokinetic transport mechanisms of multi-species ions through 3D nanoporous membranes
with chemical reaction at the solid-aqueous solution interfaces are investigated. We systematically
study the multi-physics transport phenomena by considering either inhomogeneous (locally charged
based on local solution pH and ion concentrations) or prescribed homogeneous surface charge at
solid-aqueous solution interface while the pores are screened via electric double layers. To this aim,
a lattice Boltzmann numerical framework is developed to solve the set of coupled multi-physico-
chemical governing equations (PNP+NS). Our modeling results reveal that averaged electric poten-
tial of the membrane is greatly underestimated (about 83%) when the locally acquired surface charge
in pores of the membrane is ignored. It is shown that increasing the porosity of the membrane consid-
erably increases the absolute values and inhomogeneity of the surface charge. The averaging of the
ion concentrations over membrane cross-sections uncovers an internal ion depletion by approaching
toward the outlet which resembles the reverse osmosis phenomenon. The streaming and electrical
conductivity of nanoporous membrane exhibit a nonlinear behavior with porosity. Moreover, the
electrical conductivity demonstrates limiting and over limiting-like regimes with the variation of
the porosity.

Charged porous membranes and ion-selective nanochannels have attracted numerous interests in re-
cent decades owing to their ever-increasing applications for water desalination [1-5], pre-concentration
of species in micro- and nanochannels [6, 7], power generation via reverse electrodialysis [8], molec-
ular sorting, separations, and sensing [9-12]. A crucial common factor among these applications is
the presence of surface charge at the membrane-aqueous solution interface (Fig. 2.1). For instance,
this charge plays a substantial role in the ion selectivity feature of the ion exchange membranes (IEM)
[13-16]. Understanding the physics underlying of the charge acquiring and ion transport through
mechanisms these membranes paves the way for improvements in water treatment and biological-
related technologies.

It is well-understood that a membrane could be locally charged by the chemical reactions of the
solid surface (i.e. silica) with the aqueous solution. The local solution pH, temperature, and ion
concentration (thermos-chemical properties) determine the final acquired surface charge [17]. Mod-
eling the electrokinetic transport phenomena through electrically charged nanoporous membranes
is challenging due to three main difficulties. Firstly, the complex geometry of the membrane which
brings such a great complexity to the governing equations. Essentially, the manufacturing process
of the nanoporous membranes makes randomly oriented pores with various pore size distribution
which cannot be easily manipulated [11]. Secondly, obtaining the local surface charge based on the
local solution thermo-chemical properties which postures as a main bottleneck. Finally, the thick-
ness of the electric double layer (EDL) within the pores of the membrane. The thickness of the
EDL in comparison with the representative pore size of the nanoporous membrane has a key role
in electrokinetic transport phenomena. For instance, when the thickness of the EDL is compara-
tive with the pore size (or even larger), the whole pore space would be electrically charged. This
means that the ion selectivity of the nanoporous membrane is significantly enhanced. However, the
conventional theories which lied on the Helmholtz-Smoluchowski equation are failed to predict the
behavior of the nanoporous membrane for when the pores are screened via the EDLs. For sake of
simplicity, the previous works tried to model ion transport through homogeneously charged nan-
otubes and nanochannels [18-21] or structured straight nanochannels [22]. Moreover, except a few
studies which relaxed the assumption related to the thickness of the EDL [18, 19, 21, 23, 24], the
majority of the literatures investigated the ion transport under the assumption of thin double layer
thickness; where and denote the reverse of Debye length and the average radius or height of the
nanopores, respectively [25-28]. In this relation, denotes the vacuum electrical permittivity, the rel-
ative permittivity of the solution to the vacuum, the Boltzmann constant, the elementary charge
of the electron, the number density of the bulk ions, and the absolute temperature of the solution.
The assumption of the thin double layer lets us use the electroosmotic velocity at the edge of the
diffuse layer and as a result, one can ignore the presence of the EDL. This assumption justifies the
employing of the Poisson-Boltzmann equation instead of the complex advection-diffusion (Nernst-
Planck) equation. Only a few studies in history tried to tackle the electrokinetic transport through
the porous membranes under the thick double layer conditions (e.g. [29, 30]).

Evidently, the surface charge within a complex geometry like nanoporous membrane could not be
considered as homogeneous, namely, constant surface charge medium. Essentially, the surface
charge heterogeneity within the nanoporous membrane arises from the local solution properties
(pH, ion concentration) or even chemically or structurally inhomogeneity in solid surfaces which
are in contact with the solution.

Despite the aforementioned attempts, one can deduce that two main bottlenecks have not been tack-
led yet: taking into account the effects of the inhomogeneous structure of the real nanoporous mem-
brane on the electrokinetic transport mechanisms and the local surface charge in the pores due to the
local pH and ion concentration. For understanding the physics underlies ion transport mechanism
through the charged nanoporous membranes, one has to solve the coupled Poisson, Nernst-Planck,
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and Navier-Stokes equations within a randomly-generated nanoporous membrane. By utilizing a
randomly-generated porous medium, Wang and Chen [31] investigated the electro-osmosis in a ho-
mogeneously charged porous medium. Recently Zhang and Wang [25] studied the ion transport
through the inhomogeneously charged randomly-generated porous medium by the aid of a simple
1-pK model [32] for very thin electric double layers (). In their work, the effect of the thin electric
double layer has been introduced to the hydrodynamic equations by considering a slip velocity based
on the Helmholtz-Smoluchowski classical equation [33].

In this paper, for the first time, we conduct a pore-scale study of the nonlinear electrokinetic trans-
port phenomena for a 3D randomly-generated nanoporous membrane which acquires local surface
charge due to chemical adsorption of the ions. Regarding the local surface charge, a representative
bulk layer (RBL) model [17] has been recently introduced to take into account not only the effects of
the electric double layers (EDLs) interaction (overlapped EDLs regime) but also the complex geome-
try of the randomly-generated nanoporous membrane. Introducing the obtained local zeta potential
to the Poisson’s equation coupled with the Nernst-Planck and Navier-Stokes equations enables us
to study the electroosmotic permeability and tortuosity for inhomogeneously charged nanoporous
membrane with overlapped EDLs. It is noteworthy that, although in the present contribution we
do not consider the inhomogeneity of surface chemical properties (i.e. pure silica), the proposed
numerical framework can be simply extended to consider the chemical inhomogeneity within the
synthesized nanoporous membrane. In terms of the electrokinetic conductivity of the nanoporous
membrane, we obtained the total streaming and electrical conductance of the nanoporous membrane
as a function of the porosity and compared with when the membrane is assumed to be homoge-
neously charged.
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The accurate coupling of geomechanics and flow in poroelastic media plays an important role in
modeling surface subsidence, reservoir production, ground water remediation, hydraulic fracturing,
and CO2 sequestration. In addition, such an accurate and precise coupling is needed for uncertainty
quantification in applications incorporating geomechanical parameters. Since fractures have signif-
icant effects on reservoir flow profiles, incorporating a realistic model for fractures when studying
the coupled geomechanics and flow problem is a must. The main objective of this work is to estab-
lish the convergence of an adaptation of the fixed-stress split coupling scheme (for coupling flow
with geomechanics) in fractured heterogeneous poro-elastic media. In our approach, fractures are
modeled as possibly non-planar interfaces, and the flow in the fracture is described by a lubrication
type system [I. The flow in the reservoir matrix and in the fracture are coupled to the geomechan-
ics model through a fixed-stress split coupling scheme, in which mass balance equations (for both
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flow in the matrix, and in the fracture) are augmented with fixed-stress split regularization terms.
The convergence proof, based on a Banach contraction argument, shall determine the appropriate
values of these regularization terms, which ensure the convergence of the coupling scheme in hetero-
geneous media. Geometric convergence to the unique solution of the system follows immediately
as the sequence of iterates represents a convergent Cauchy sequence. To the best of our knowledge,
this is the first time in literature a rigorous convergence result is established for coupling flow with
geomechanics in fractured heterogeneous poroelastic media.
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Understanding the mean and turbulent flow structures existent within pore spaces is important in a
wide variety of engineering fields as mechanical, chemical, oilfield, environmental, geological among
others. For example, network modeling is making progress towards predictive capabilities and ab-
solute and relative permeability, among other flow-based characteristics, are required for static and
dynamic oil-field modeling. In this sense, when high inertial effects drive the flow displacement in
porous media, the values of permeability should be corrected by introducing non-linear terms in the
pressure gradient (Forchheimer relation). Thus adequate predictions of flow turbulence are impor-
tant. For its capabilities and reasonable computational requirements, the Reynolds Average Navier
Stokes (RANS) based turbulence models are extensively used in the engineering fields to account
for turbulence at macro-scale. However, at micro-scale, a complete assessment of the particular
strengths and weaknesses of the RANS models has not been performed under the same framework,
and it is important, as the theoretical basis of such models obeys to deep physical assumptions. Ac-
cordingly, this work presents an evaluation the Low-Re (Yangh-Shi, Lam-Bremhorst and Launder-
Sharma) and the classic (Standard k-¢, RNG, Realizable and k-w) RANS based turbulence models in
pore domains defined by periodic arrangements of squares and circles. The Reynolds number (Re)
was varied from 100 — 40000 and the porosity ¢ was fixed to 0.3. The grids were built in 2d domains,
using triangular cells, as this kind of elements are especially suited to map complex geometries, as
those required to represent realistic scenarios. Grid independence analysis was completed, and the
validation was made by comparing turbulence kinetic energy (TKE), dissipation rate (¢) and pressure
gradients with experimental data and other numerical studies reported in the literature. Results show
the existence of a critical Re where all models predictions are independent of Re. Strong differences
in the TKE and ¢ predictions were found for the Low-Re models below such critical Re, suggesting
the existence of a strong flow transition, and peculiar flow patterns.
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Thermally Induced Nanoparticle Delivery to Porous Media via
Emulsions
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Corresponding Author(s): uamanam@stanford.edu

We have developed a novel payload delivery technique to transport nanoparticles deep into geo-
logical formations. Such nanoparticles are useful for facilitating oxidation of organic phases, such
as crude-oil, and enabling gas-phase reactions. Flow rate, solution ionic strength, particle surface
charge, pH, and the interaction with inorganic colloids, among other factors, affect the mobility
of nanoparticles (Petosa et al., 2012; Heidmann, 2013). The number of variables makes it difficult to
predict how particles will respond to a complex hydrocarbon reservoir environment, and for most ap-
plications, this understanding is critical for maintaining the nanoparticle size distribution necessary
for success. While the size of primary nanoparticles improves their transportability, it also makes
them susceptible to agglomeration as a result of increased attractive van der Waals (vdW) forces.
This can lead to premature settling, pore plugging, and a subsequent critical loss in the available ac-
tive surface area. Our technique decreases particle interactions with other elements in the reservoir
by providing a protective microcapsule that releases nanocatalysts at specified conditions (e.g., tem-
perature). The capsules are the dispersed phase of an oil-in-water emulsion and move through water
pathways in the porous medium. We use an established empirical formulation to manage and plan
for different reservoir conditions that affect capsule stability and visualize pore-scale nanoparticle
delivery using microfluidic devices with representative sandstone pore network patterns.

Here, we report fundamental colloidal calculations, corrected for size, quantify particle-particle in-
teractions experimentally, and observe payload delivery using experimental microfluidics. We show
that Lifshitz and Derjaguin-Landau-Verwey-Overbeek (DLVO) theory are useful to screen poten-
tial encapsulating mediums to limit interparticle interaction within the capsules. These calculations
provide insight into the relative strength of net attractive/repulsive forces of particles in different
solvents. Zeta potential and dynamic light scattering measurements presented quantify these inter-
actions in the colloidal system by computing the effective surface charge of particles and the associ-
ated mean size, respectively. Our microfluidics results show that delivery occurs by destabilizing the
emulsion at temperatures near or slightly greater than formation temperature. Once the emulsion
breaks, particles move freely in a continuous oil phase and mix with the in-situ crude. Moreover, we
show that an essential benefit is that the temperature that triggers the release is tunable to reservoir
conditions with the appropriate choice of solvent, surfactant, and fluid ratio. Our work also leads us
to believe that in the absence of an easily accessible crude-oil phase, particles will deposit on grains
or clay minerals at or above the saturation temperature of the encapsulating medium.
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A posteriori error estimates for flow modeling using an Enhanced
Velocity scheme
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A novel and an efficient method, adaptive numerical homogenization, is used for modeling of flow
and transport in the heterogeneous porous media 1. The key component of method is a selection of
appropriate adaptivity criteria to achieve better accuracy of simulation. In the flow, the traditional
error indicator relies on pressure error indicator, however, most of the previous studies do not take
into account velocity error in the adaptivity strategy. The velocity plays important role in the cou-
pling flow and transport problems.

We investigate a posteriori error estimator for the Darcy flow using Enhanced Velocity Mixed FEM
[2]. We show the error indicators for pressure error and velocity error. Residual-based error indica-
tor and implicit error indicator will be derived theoretically and will be demonstrated numerically.
In the implicit error analysis, we used the post-processing of pressure from [3] to achieve better in-
dicator of flux. The residual estimators are better indicators for pressure error in the incompressible
flow. Moreover, we show the advantages of the implicit error estimators with postprocessing in the
detection of velocity error numerically. Numerical experiments are also presented. The proposed in-
dicators can be successfully used for a number of adaptive methods with Enhanced Velocity scheme
in subsurface simulations.
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Multiscale modelling of NAPL dissolution in porous media in the
presence of pore and continuum scale heterogeneity

Morteza Aminnajil : Masoud Babaei® ; Arash Rabbani!

! University of Manchester
* The University of Manchester

Corresponding Author(s): morteza.aminnaji@manchester.ac.uk

Dissolution coefficient of non-aqueous phase liquids (NAPL) is one of the most important parameters
in predicting the transport in porous media for contaminant removal from the aquifers. A multiscale
(pore-to-continuum) numerical method is developed in which the dissolution coefficient has been
derived from pore scale physics for heterogeneous pore network models. The method replaces the
need to use commonly applied empirical correlations for dissolution coefficient. To this end, a three-
dimensional pore-scale model is developed to simulate interphase mass transfer over different syn-
thetic and extracted pore network structures. Using pore network modelling, both NAPL dissolution
rate coefficient (i.e., interfacial area is explicitly taken into account) and lumped dissolution rate co-
efficient (i.e., interfacial area is incorporated in dissolution coefficient) are calculated for the various
pore network structures. Sherwood and modified Sherwood numbers are formulated for different
rock types. Additionally several unstructured pore networks are extracted from micro-tomography
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images of rock samples using watershed segmentation algorithm. In parallel, continuum scale mod-
elling is conducted for NAPL removal in porous media. Dissolution rate coefficients calculated using
pore network are used as an up-scaled mass transfer coefficient for simulation of NAPL removal at
continuum scale. Therefore, the impacts of pore network heterogeneity, pore scale parameters (e.g.
throat diameter, pore diameter, and coordination number), NAPL saturation/distribution and aque-
ous phase velocity on NAPL dissolution coefficient are underpinned.
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A universal law for slip flow in tubes and porous media
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Slip flow due to wettability effects has significant potential applications in industry, with flow en-
hancement ratios observed in nanotubes up to several orders of magnitudes. Our simulation results
using lattice-Boltzmann method in porous media and tubes considering different wettability condi-
tions are collapsed as a universal law for slip flow. With a nondimentioanl number defined, we show
that the flow enhancement is governed by physical parameters attributed to the hydrodynamics of
small-scale flow systems. We show the agreement of the model with the experimental and numerical
data from literature.
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GPU-based pore-scale transport modelling in heterogeneous rocks
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The structure with all length scales existing in geological media is an inherent natural, and the scale
of a few pores is no exception. Herein, we incorporated heterogeneity into the microscale advection-
dispersion simulation using correlated random pore network. Anisotropic exponential variogram
is used to generate random auto-correlated fields with different correlation length, considering the
mean and variance value of Berea sandstone. These fields are superimposed on one same unstruc-
tured irregular topology network, which only has pore locations and throat connection relation-
ship. Lognormal distributed pore body radii can be mapped form the radius fields. Setting pressure
boundaries, we designed the GPU accelerated preconditioned conjugate gradient algorithm with
data optimization to solve the diagonal dominant symmetric matrix Hagen-Poiseuille flow equa-
tion. The transport equation containing advection and dispersion is solved explicitly after solving
the pressure distribution. As high-density iteration calculation, the transport evolution is ideally
suitable for GPU parallelization by allocating different pore into different calculation kernels. With
one-time input and output data transformation, the transport modeling for about 1.2 million pore
bodies can be finished in 2 minutes. Our simulation results show an increase in the magnitudes
of the estimated dispersion coefficients in correlated networks compared to uncorrelated ones in
the advection-controlled regime. The range of the Péclet numbers which dictate mixed advection—
diffusion regime considerably reduces in the correlated networks. The findings emphasize the critical
role of correlation length illustrated by pore-scale models.

Procter and Gamble Student poster award:
I would like to compete in the Procter and Gamble Student award References:
Acceptance of Terms and Conditions:

Click here to agree

953
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Traditional approaches to the prediction of effective properties from porous media focus on coupling
the 3D structural imaging of porous media with numerical simulation of the partial differential equa-
tions governing the property of interest[1,2]. Such an approach has at its heart the idea that a single
emergent “steady state” will arise, given the defined domain and conditions — there is a single map
which deterministically predicts effective property from structure. The past 10 years have seen an
explosion in the availability of open-source machine learning tools, allowing for an both in-depth
multivariant analysis of porous media structure[3] and powerful new regression techniques, allow-
ing for the usage of such multivariant statistics for effective prediction. In this study a new technique
for prediction of permeability from pore scale images of rocks using multivariant statistical regres-
sion is presented.

A series of over 2,000 synthetic pore networks were generated using object-based techniques. Flow
was simulated on these synthetic volumes using traditional digital rock techniques, giving the per-
meability of each network. The networks were then analyzed for the statistics of their structural
properties and these statistics were used to construct a multivariant feature vector for each network.
This feature vector set was then extended using the Hagen-Poiseuille equation, creating an ultimate
training set of over 10,000 permeabilities and rock structures. The multivariant structural statis-
tics were then regressed against permeability using open-source machine learning tools to create
a predictive model, with predicted values varying over 10 orders of magnitude with a Root-Mean-
Square-Fractional-Error (RMSFE) of <4% in the test set. This predictive model was then validated
using a composite set of real digital rock images (using both open source datasets from the Digital
Rock Portal (www.digitalrocksportal.org), previously published data, and new nano-CT datasets of
micritic carbonate microporosity) ranging in voxel size from 10pm, to 32nm. Permeability was pre-
dicted on these data using the trained model, with predicted values ranging from 10uD to 10D. These
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predictions were then compared with full-physics simulations with a RMSFE of <25%.

Such a technique offers significant advantages of traditional (full physics) simulations. It is signifi-
cantly faster than traditional techniques, with a large volume prediction taking less than a minute
on standard computational resources, where a full physics simulation might take many hours. Per-
haps the most important potential this technique is that the features used for both regression and
prediction can be extracted in 2D as well as 3D. This allows for effective property prediction from
structural analysis of 2D data (e.g. light or electron microscopy), which can be acquired over much
larger areas at high resolution (allowing a better characterization of heterogeneity), can be acquired
faster, and offers qualitatively richer data (potentially including mineralogical or textural informa-
tion not present when in 3D). This approach was validated using a correlated light, electron and (3D)
nano-CT data. Future work will focus on the examination of the usage of such large area predic-
tive statistical techniques to validate and inform upscaling techniques, allowing for integration of
multiple scales of data in single predictive models.
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Wettability refers to the relative preference of a solid material for one fluid in a diphasic or multi-
phasic system. As this property greatly affects the distribution of fluids in the pore space, it has a
critical influence on the oil recovery. Despite the great importance of wettability for the oil indus-
try, its experimental characterization and its exact impact at the pore scale remains poorly known.
The wettability of a reservoir rock is generally determined on centimeter-sized samples through re-
covered fluids volumetric measurements, and expressed by a parameter such as the Amott index.
The current study aims at establishing a correlation between such macroscopic measurements and
physical characteristics at the pore scale. We focus on a Bentheimer outcrop sandstone, saturated
with brine and oil. Two twin samples with equal length but different diameter are subject to the
classical Amott procedure: a sample of 36mm in diameter enables to obtain the Amott index by vol-
umetric measurement of the produced fluids, while a sample of around 5mm in diameter enables
direct observation of the fluids distribution inside the sample’s pore space. This observation is done
by acquiring tomographic scans with a typical resolution around 2pm to 3pm. As both samples are
subject to the same constraints, we impose the same capillary pressure, and should obtain the same
saturation state at each phase of the test. For time considerations, and as we are mostly interested
in Amott Indexes, we only record saturation states at the endpoints, i.e. after primary drainage,
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spontaneous imbibition, forced imbibition, spontaneous drainage, and forced drainage. When equi-
librium is reached, we perform X-ray computed tomography on the small sample. The bulk part
of this work focuses on the adaptation and validation of the Amott procedure on the small sample.
We first applied this methodology to extremely water wet cases, i.e. Bentheimer “as received”. The
indexes calculated by means of recovered volume on the centimeter-scale and through saturation
profile in the millimeter-scale sample proved to be consistent. Moreover, a good agreement was
found between the observed behavior of the fluids in the rocks, the expectations from the literature,
and the macroscopically measured Amott Index. Future work will focus on moderately water wet
to oil wet cases.

Keywords: Wettability, X-Ray microcomputed tomography, Pore scale
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Waterflood optimization for mature North Sea fractured reservoirs requires more accurate fracture
representations and improved abilities to model rock-fluid interaction in dynamic reservoir models,
as compared to industry-standard approaches. We gain insights into waterflood performance by
considering a 2D model of an outcrop at Lagerdorf quarry in northwest Germany, which reveals an
extensive fracture network together with several major faults, see [Koestler and Rekstein 1995]. The
model is populated with rock and fluid properties, representative for North Sea chalk reservoirs (see
[Graue et al, 1999]).

We assess the waterflood efficiency using low-salinity water (LSW), which is an emerging IOR tech-
nique that aims at improving microscopic sweep efficiency by changing the reservoir wettability
towards more water-wet state. We study the dependency of oil recovery factor with respect to wa-
ter injection rate under uncertainty in fracture apertures and orientations, and compare the results
to the case of conventional sea water (SW) flooding.

The domain is discretized using a Discrete Fracture Matrix (DFM) approach so that the fractures
are represented as low-dimensional finite volumes, see [Gléser et al 2017]. Low salinity waterflood
is modelled as a two-phase immiscible displacement, whereas the water phase is represented with
two components — brine and low-salinity injection water. The phase relative permeabilities are then
modified as a function of the salinity. This model was implemented in DuMuX, a free and open-
source simulator for flow and transport processes in porous media, see [Flemisch et al 2011].
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Key observations are the following:
« Oil recovery is slower if fractures are mostly aligned with waterflood direction as compared to
the case of water injection in the perpendicular direction to major fractures orientation;

+ Depending on the shape of relative permeabilities curves, SW may initially yield faster recovery
than LSW; as oil saturation approaches the residual value, the trend reverses and LSW leads to
improved recovery;

» For high permeability fractures, high injection rates lead to lower oil recovery with respect to
water pore volumes injected; for low permeability fractures the flow tends to be matrix dominated
and high injection rates lead to higher oil recovery;

« Even relatively poor connected fracture network can yield early water breakthrough;

« Large fractures apertures lead to better sweep efficiency due to more pronounced water imbibi-
tion effects as compared to the case of small fractures.
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Anthropogenic earthquakes induced by pore pressure changes associated with the injection or ex-
traction of fluids have recently become a major concern in subsurface energy technologies. When
hydromechanical and frictional conditions lead to fault reactivation and unstable slip, rupture prop-
agates across the fault with a pattern analogous to two crack tips spreading from the hypocenter.
The final magnitude of the earthquake is in part determined by the symmetry of the rupture process:
whether rupture fronts propagate with equal speeds in all directions or, in contrast, a preferred
directionality emerges during rupture.

Here we study how poroelastic coupling controls rupture directivity in injection-induced earth-
quakes in rate-and-state faults embedded in poroelastic saturated media. Previous studies have
shown that a contrast in material properties across the fault may explain some of the directivity
biases observed in earthquakes ruptures. We show that pore pressure and stress changes induced
by fluid injection prior to rupture, together with the undrained pressure response during coseis-
mic slip, may lead to rupture asymmetries. Using fully coupled hydromechanical simulations, we
observe that, depending on the fault stress state and flow conditions, rupture patterns range from
almost-symmetric to almost-unilateral.

We characterize the rupture directivity bias in terms of the conditions of fault confinement, pressure
evolution and fluid flow. We identify two mechanisms that govern the symmetry of the rupture.
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Firstly, there is an undrained effect due to coseismic fault slip that leads to an increase or decrease of
pore pressure on either side of the fault, which is directly related to the initial confinement. Secondly,
the pore pressure distribution prior to earthquake rupture, which depends on the injection protocol
and on the distance between the injection well and the fault, controls the heterogeneity of fault
strength along and across the fault.

Our results help to understand the poroelastic impact on rupture directivity in injection-induced
seismicity, offering a feasible explanation of the predominance of unilateral rupture patterns in global
catalogs of large earthquakes.
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Biomineralization carried out by bacterial biofilms can lead to formation of conglomerates consisting
of biofilm-produced minerals and the surrounding biological materials. Such biomineral conglomer-
ates can be used for the consolidation of soils, improvement of wellbore cement integrity and to seal
subsurface fractures. The composition, spatiotemporal distribution, and interaction of the biofilm
and mineral components will affect the material and mechanical properties of biofilm-mineral com-
posites, which will likely determine the mechanical properties of e.g. consolidated porous media.
The study of structural and mechanical features of biofilm-mineral composites has been limited,
and we are striving to relate the microscale properties of biofilm composites to macroscale proper-
ties such as bulk strength and stiffness of consolidated porous media. In this study, spatiotemporal
distribution as well as cohesive and adhesive strength of biofilm-mineral composites produced by
Sporosarcina pasteurii strain ATCC11859 and Escherichia coli strain MJK2 biofilms are being as-
sessed. The structural features of and the mineral distribution in biofilm-mineral composites grown
in Drip Flow Reactors (DFRs) are observed using Confocal Laser Scanning Microscopy (CLSM) and
Field Emission Electron Microscopy (FE-SEM). The composition of the biofilm-mineral composites
is analyzed as a ratio of organic to inorganic content using Thermogravimetric Analysis (TGA). The
analyses show that the structure, composition and distribution of the minerals varies with the bacte-
rial strain and the availability of calcium chloride and urea. Dynamic Mechanical Analysis (DMA) in
compression and tension modes are being optimized to measure elasticity and ductility of samples
while a Double Cantilever Beam (DCB) method is being optimized to measure the fracture strength
of biofilm composites grown between two flat plates. We have demonstrated that the mechanical
and structural properties of biofilm-mineral composites can be varied with operational parameters
such as availability of calcium and urea, and the bacterial strain used. We are striving to develop
relationships between biofilm structure, composition and mechanical properties (such as elasticity,
ductility and toughness) to aid in the design of engineering applications in porous media and else-
where.
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Exploration of phenomenon as evaporation and imbibition for small droplets have great importance
in many application, especially in the printing industry. Employing the techinque of Laser Speckle
Imaging (LSI) it is possible to acheive the dynamic of te porous media beneath and in proximity of the
drop. Pico-liter drops are ink-jetted on a pourus substrate: in this study we used different types of
common printing paper, both coated and uncoated. After the deposition of the droplet a fast camera
(20.000 fps) records the speckle pattern, which is analyzed by means of home-made MATLAB script.
Experimental results will be compared with numerical simulation.
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It is well-known that reaction rates measured in the lab under well-mixed conditions significantly
overpredict reaction when applied directly at the field scale. Effective reaction dynamics are a result
of the interplay between fluctuating physical and chemical properties and their impact on transport
and local reaction. They are impacted by mass transfer limitations, especially when transport is slow
compared to the chemical kinetics at the scales of interest, and the resulting chemical rate laws may
be fundamentally different from the classical mass-action laws. We consider diffusive solute trans-
port under broadly distributed retention times, which are often at the root of anomalous transport
and typically result from stagnation regions and low-permeability inclusions at the Darcy scale. We
then study different chemical heterogeneity scenarios corresponding to the spatial reaction rate dis-
tribution for first order, irreversible decay kinetics. This type of kinetics may describe, for example,
reaction in dilute solutions that do not lead to appreciable depletion of a mineral phase. In contrast
to most available stochastic models, the disorder is taken to be quenched, i.e., the reaction rates and
retention times result from local physical or chemical properties and are fixed at each spatial loca-
tion. We derive the late-time behavior of the evolution of the total solute mass in transport-limited
conditions. We find asymptotic power-law decay as a result of the heterogeneity, in sharp contrast
to the classical exponential decay.
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Understanding the diagenetic evolution of carbonate sediments and their pore system is essential
to evaluate the potential of reservoirs for oil and gas recovery, thermal energy storage or CO2 trap-
ping. Crystal nucleation and ion transport in the pore volume are competitive processes that occur
during chemical diagenesis and greatly influence the pore sizes and shapes. Greater knowledge of
the factors that influence the growth and dissolution rates as well as the diffusion and dispersion
rates in the porous domain will lead to more accurate prediction of porosity and permeability in the
forming rocks.

In this work, microfluidic experiments were conducted either at constant flowrate or pressures to
observe diagenetic cementation in homogeneous and heterogeneous micromodels. The micromodels
were printed using Formlabs Form 2 3D printer, which employs stereolithography (SLA) printing
techniques. Clear resin was used in the printing to enable visualisation. The pore networks for the
homogeneous and heterogeneous micromodels were obtained from the Digital Rocks Portal. Two
incompatible brines were injected into the micromodels to precipitate calcium carbonate. Acid Red
18 and Acid Blue 9 dyes were used to: 1) track the mixing zones in the micromodel, and 2) control
the rate of crystal growth due to their chemistry. The results of the experiment were modelled using
OpenFOAM.

The results highlight how cementation occurs in an oil-free environment in a way that has not
been illustrated before, and promise to pave the way to forming a more concrete understanding
of the fundamental processes governing diagenetic cementation and the role of the oil once it has
been introduced to the mix in future experiments. The experimental techniques are also unique in
providing additional parameters for controlling and fine tuning the carbonate system by exploiting
the chemistry of the dyes, thereby enabling more accurate experiments to be conducted.
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Solid nanoparticles (NPs) has been extensively used to produce novel soft materials such as Picker-
ing emulsions and bicontinuous interfacially jammed emulsion gels (bijels). In this study, the contri-
bution of NPs in hydrodynamics of multi-phase systems and formation of bicontinuous multiphase

systems was studied. The free energy Lattice Boltzmann Method was used to solve the Cahn-Hilliard
convection-diffusion and the Navier-Stokes equations in a two dimensional Cartesian domain. The
NPs were added to the system as hard spheres and their spatial location was traced individually by
Newton’s laws of motion. A potential function was assumed to represent the chemical potential
alteration of the multi-phase system due to the presence of NPs. Attractive and repulsive particle-
particle interaction was entered into the model by a Morse potential function.

Two particle collision models were tested in this research. The first model was the classic elastic
hard sphere collision model. In this method the particles move freely, collide with each other elasti-
cally and exchange momentum. Using this collision model, the particles could be packed to occupy
the minimum space. A second collision model was developed where the particles collide with each
other and form permanent bonds. This model represents the particles that form permanent bonds
by van der Waals or electrostatic forces. Such bonds approximate interparticle stickiness that arises
for some types of nanoparticles but does not lead to large-scale aggregation of the particles.

The two collision models were coupled to the multiphase simulator and were used to study the for-
mation of the newly discovered bicontinuous intraphase jammed emulsion gels (bipjels). Bipjels
are cocontinuous multiphase systems that are formed when spinodal decomposition is arrested by
the solid nanoparticles that stay in one of the phases. The simulations showed that simultaneous
spinodal decomposition and particle aggregation can arrest the phase separation and preserve cocon-
tinuous gels when the new bonding collision model is used. In contrast, simulations with the elastic
particle collision model always leads to formation of emulsions with only one continuous phase. The
results also showed that spinodal decomposition and interface movement has a prominent effect on
the collision process: particles are forced to form stretched structures instead of packed structures.

The effect of particle size distribution (normal, bimodal, linear and constant) on the structure of the
cocontinuous gel was observed to strongly affect bipjel characteristics such as cocontinuity extent,
domain size and curvature. The fractal dimension of the particle aggregates was calculated and it
was shown that it can be used as the main indicator for bipjel formation criteria. The particle struc-
tures formed in bipjels have lower fractal dimensions comparing to the ones formed in single-phase
systems.

The developed simulation model can be used for optimal design of porous materials, such as aerogels,
manufactured by aggregation of nanoparticles in fluid systems.
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Liquid foam has been studied as a blocking agent in porous media, especially for Enhanced Oil

Recovery applications 1. Initially, the goal of foam injection consists to block high-permeability
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layers in the media in order to reach the oil in low-permeability layers. This approach can also be
applied in the remediation field to allow the accessibility of low permeability layers that are usually
more contaminated and difficult to treat [2] as reaching pollutants in low-permeability layers can
also be difficult during remediation processes. However, contrary to the deep stratums in oil industry,
upper soils are non-consolidated porous media with high permeability as well as low pressure and
temperature operational conditions. These differences present specific challenges regarding stability
and flow of the foam, as there is still little literature on these issues.

The main goal of this study is to isolate the pollution treatment zone downstream of the groundwa-
ter flow by diverting it upstream. This study aims to give a better understanding of foam flow in
heterogeneous and high permeability (100-10 000 darcys) porous media, with competition of high
velocity groundwater flow (10 m/day).

Two different experimental setups were used to obtain the results. The first one is composed of a
column of sand or glass beads, instrumented with pressure sensors to monitor the pressure gradient
during foam flow. Mass balance was also conducted to measure the water saturation in the column.
The second one is composed of a thin 1 m large and 50 cm high tank to model a 2D flow. The
tank is instrumented with pressure and water saturation sensors. In addition, an imaging technique
is used to measure the evolution of foam volumes, streamlines and water saturations. During the
experiments, foam is injected from the bottom of the tank and water is injected from left to right to
model a groundwater flow. Finally, the experimental results are compared with numerical models
in order to validate them. The validated model can be then used to simulate foam injection for field
scale studies.

The surfactant has been chosen based on foamability and foam stability tests. Then, thanks to the
column experiments, specific behaviors of foam in high permeable porous media was identified
with two successive different regimes of foam flow (“weak” and “strong” foam) as well as neces-
sary injection conditions for its generation. Finally, the influence of injection parameters on foam
blocking properties, such as the “Resistance Factor”, the residual water saturation, the radius of in-
fluence or the stability under a groundwater flow, has been investigated. The parameters studied
are the injection method (gas and surfactant co-injection, Surfactant-Alternating-Foam (SAF), foam
pre-generation), the flow rates, and the foam quality. The macroscopic experimental observations
have been correlated to pore-scale phenomenon such as bubble generation and destruction, and vis-
cous interactions between bubbles and pores or between bubbles themselves (several bubbles in one

pore).
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Low field nuclear magnetic resonance (NMR) relaxometry and diffusometry techniques are widely

used for the characterization of porous materials. NMR relaxometry techniques exploit the propor-
tionality between the relaxation rate of the confined molecules and the surface to volume ratio of
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the investigated pores. The proportionality constant, also called relaxivity, is determined by the ad-
sorption properties of molecules on the pore surface [, the magnetic impurity content of the solid
matrix [2] and the magnitude of the external magnetic field [1-3]. Consequently, the relaxation ex-
periments provide access to the pore size distribution and the wettability of the confined molecules
[1-3]. NMR diffusometry techniques [4] use pulse field gradients to encode and decode position of
the investigated molecules and thus allow determination of the effective diffusion coefficients as a
function of the diffusion time. This in turn provides information about the transport properties of
the pore system.

In our contribution, low-field NMR relaxometry and diffusometry techniques are employed to extract
information about the effects introduced by the interaction with the surface on the rotational and
translational dynamics of molecules confined inside mesoporous carbon xerogels. The molecules un-
der study were water, cyclohexane and hexane. They were chosen due to their different interaction
strength with the carbonaceous matrix [3]. Frequency dependent longitudinal relaxation measure-
ments, using the fast field cycling technique [5], allowed extraction of the fractal dimension for
the carbon xerogel surface. It was observed that the measured value is influenced by the molecule
affinity to the surface. Diffusion measurements, using the pulse field gradient technique, have re-
vealed that the stronger interaction with the surface of cyclohexane and hexane molecules leads to
an increased diffusive tortuosity, as compared with water.
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The wetting condition of surfaces is one of the key parameters controlling their behaviour towards
fluids. That holds in particular for porous systems subjected to immiscible fluids such as membranes,
filters and natural porous media. So far there is no satisfactory definition of wettability for porous
media. At the pore scale the concept of contact angle is used providing a consistent link with surface
science and thermodynamics, but it fails to capture the chemical heterogeneity, e.g. for rock consist-
ing of complex mineralogy with spatially varying wetting properties. At the Darcy scale wettability
indices defined in an arbitrary way via capillary pressure-saturation relationships are used. They do
capture the effective behaviour of spatially varying systems but are not unique and do not provide a
consistent link to the pore-scale contact angles and their spatial distribution. In this work, we close
this gap by describing the wetting state of porous systems in terms of the geometrical state of immis-
cible fluids that co-exist within the pore space. The concept is based on integral geometry principles
where contact angle is related to deficit (integral) curvature caused by the intersect of fluids and solid.
For geometry consisting of many pores it provides geometrical and topological constraints for the
movement of the fluids. It describes the range of possible contact angles and interfacial curvatures
that can exist even in the case of a chemically homogeneous systems. For homogeneous surface
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energies, the range of possible contact angles are narrow. However, for more heterogeneous distri-
butions of surface energies, the range of contact angles are broader, which resulting in more degrees
of freedom for possible dynamics. This demonstrates that geometric/topological description unifies
the thermodynamic picture of the intrinsic contact angle and spatial variations in heterogeneous
systems. The concept is universal and applicable beyond porous media.
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The contribution of micro-porosity in carbonates to hydrocarbon recovery is not easily quantified,
yet is of considerable impact in the context of enhanced oil recovery. Of particular importance
is the level of connectivity of fluids under mixed-wet conditions. While resistivity measurements
can be utilized to characterize the connectivity of the water phase, the oil-phase is non-conducting.
In this work we introduce a framework to test fluid-connectivity for single- and two-phase fluid
distributions under water-wet conditions on a heterogeneous limestone sample, utilizing the much
faster diffusion and higher solubility of oxygen in oil. The framework consists of a combination of
micro-CT imaging, image-based computation, and NMR relaxometry to measure tortuosity in the
long-time diffusion limit.

We consider a 25.4mm diameter plug (~50mm length) of Mt Gambier limestone. The sample exhibits
a measured permeability of 4.5 Darcy. Oxygen dissolved in water or oil affects NMR relaxation due
to the effect of oxygen paramagnetic enhancement as compared to oxygen-free fluids. We initiate
an oxygen-free initial fluid state by purging the fluids with nitrogen, then allowing oxygen to enter
from one end of the cylindrical plug (inlet). The propagation of oxygen is then dynamically resolved
using NMR 1D low field T2-weighted imaging at 2MHz.

The full plug is imaged via micro-CT at 11 micron resolution. We solve the concentration-diffusion
equation with constant concentration boundary conditions of full oxygen saturated oil at the in-
let of the cylindrical core and closed boundary conditions otherwise. Different discretisation levels
(original 11um, 22um, 44um) and both single-phase and two-phase fluid distributions are considered.
When the rock is only saturated with oil, we observe a strong dependence of the computed effective
diffusion coefficient on discretisation. Counter-intuitively, resolution reduction increases the mea-
sured diffusion coefficient by a factor 2 for a 4x coarsening. For two-phase calculations we consider
the solubility and exchange of oxygen between fluid phases by including a partition coefficient and
notice strong fingering of oxygen through the well-connected oil phase, before water residing in
small-scale porosity is also saturated.
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An accurate mathematical description of multiphase flow in porous media is essential in many practi-
cal applications, such as environmental remediation of the vadose zone and mitigation of greenhouse
effects by geological storage of CO2 in saline aquifers and depleted petroleum reservoirs. Macroscale
models, which are indispensable for simulating flow through porous media in large-scale systems,
often suffer from lack of predictive capabilities due to flow instabilities. This work proposes a physics-
based, macroscale formulation of multiphase porous-media flows that honors the validity of Darcy’s
law in steady or near-steady flows. The new formulation recognizes the multiscale nature of vari-
ous parameters that characterize the system and the nonlinear nature of these flows. Constitutive
relations operate under length scales that are dynamic, may be extracted directly from experimental
observations, and are different from the length scale associated with the static Representative Ele-
mentary Volume used to define variables such as porosity and saturation. Weighted local upscaling
of instantaneous local saturation data over the appropriate dynamic length scale, informed by the
direction of the propagation of information, will honor the fundamental premise underlying the for-
mulation. The proposed formulation is validated by comparing highly accurate, numerical solutions
against core-scale displacement experiments. The classical multiphase Darcy formulation represents
a limiting case of the proposed formulation with the size of the dynamic length scale approaching
the static ones used to define macroscopic properties such as porosity.
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Matrix acidizing is defined as injection of corrosive fluid into near wellbore porous area that its
permeability is declined by induced damage, in order to dissolve the material presence and pore

walls to create more efficient path for oil production 1. Presence of immiscible crude oil with injected
acid in pore space and interaction between them may result destructive side products which leads
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the operation to failure. Asphaltene molecules as one of the main oil sub-fractions are susceptible to
interact with acid and create a third phase named as asphaltic sludge [2]. The formed phase alters the
rock properties like permeability and wettability by settling on pore throats and rock surface. Volume
of formed sludge and quantity of wettability alteration are directly depend on acid and asphaltene
content percentages in medium [3]. In this work the influence of oil and acid properties on three
types of rock (sandstone, fractured and vuggy carbonate rocks) is investigated. Then a model is
suggested to determine the rock permeability and induced skin factor in case of sludge formation.
Also a novel bio-surfactant is extracted from Zizyphus spina-christi shrub leaves, is used to control
and inhibit changing in rock wettability and pore plugging.

Measured volume results indicate that sludge and emulsion volume is increased 113% by 28 wt% HCl
acid while this value was 7% for 15 wt% HCl acid one average for all asphaltene concentration. It is
noticeable that used bio-surfactant avoids any sludge formation on the interface between oil and acid.
The increase in sludge concentration in media from 1 wt% to 2 wt% leads to an increase in contact
angle and alter the surface wettability oil-wetted for every aged time and rock type indicating that
more sludge structures are adsorbed on rock surface. The highest contact angle was observed for
vuggy carbonate samples. Existence of large pore space in this rock type encourages sludge phase
to settle in and alter the wettability. In case of bio-surfactant ZDCE utilization, no significant sludge
phase is created on oil and acid interface. Also it was able to keep the rock wettability water-wetted
and contact angle lower than 60 degree. Since ZSCE molecules compete with sludge structure for
adsorption onto rock surface by their hydrophilic part.
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Wetting phenomena play a crucial role in applied surface science and molecular thermodynamics. In
this study, the Lattice Boltzmann Method (LBM) is used to investigate the effect of disjoining pressure
on the structure and stability of nano-droplets formed on a solid substrate. The pseudo-potential
method is implemented to incorporate the interparticle potentials in the interface modeling. Multi-
Relaxation Time (MRT) collision operator is utilized to decrease the spurious current and to enhance
the numerical stability at low values of viscosity. A new stability criterion is thus introduced and
examined in terms of applicability and reliability. The interfacial region is then determined, and the
smoothing splines method is applied to attain a continuous interfacial profile. Based on the profile,
the adsorbed layer is determined, and the magnitude of the macroscopic contact angle is obtained.
Through calculating the curvature of the droplet, the disjoining pressure is evaluated. Finally, the
role of thin liquid film in the multiphase flow is modeled at the pore scale. According to the output
of this study, the introduced model offers a better strategy to assess the microscale wettability at the
multiphase pore scale, compared to conventional methods.
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Hydraulic fracturing is a widely applied strategy to enhance permeability in geological reservoirs,
e.g. to create enhanced geothermal systems (EGS) or to increase the production rates of oil and gas
reservoirs. Here we focus on EGS, where shear slip in preexisting natural fractures is triggered by
high-pressure fluid. As a consequence of these shear failure events, new fractures are created adja-
cent to the tips of the preexisting ones due to tensile failure.

Thus, numerical studies of EGS require efficient modeling of the coupled solid and fluid mechanics
including shear and tensile failure. We employ an embedded discrete fracture representation, where
large fractures are described by discrete manifolds embedded in an elastic damaged matrix domain.
To properly account for the displacement discontinuities due to irreversible failure of fractures, we
employ a previously developed extended finite volume method (XFVM) 1. For each fracture segment,
a discontinuity function is introduced; similar as in the extended finite element method (XFEM), but
with less additional degrees of freedom.

Fluid flow is computed within both the damaged matrix and the fractures, while mass exchange is
accounted for by modeled transfer rates. Failure and fracture propagation is based on the local me-
chanical stress situation and on the fracture fluid pressure. To reduce computational cost, resolving
the timescale of individual slip events is avoided by directly solving for the final slip displacement.
This is achieved based on the requirement that the local shear force matches the local shear strength
limit. New fracture segments are initiated once the principle stress at the crack tip exceeds the
strength of the material, and the orientation of a new fracture segment is based on the principle
stress directions.

The accuracy of the new model is demonstrated for various test cases involving tensile failure and
fracture propagation. Especially if considering its low computational cost (compared to alternative
models), the results are very promising.
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Fractured porous media can exhibit complicated multiscale, multiphysics behaviours due to their in-
herent heterogeneous nature. The focus of this work is on dual-continuum modelling of poromechan-
ically coupled fracture systems at the field scale. Continuum modelling approaches are attractive
for developing insight into first order behaviours, as well as having lower requirements on compu-
tational power and data compared to explicit modelling methods. The primary goal of this work is
to introduce a poromechanical dual-continuum model that can account for anisotropic behaviours.
Such a model is beneficial, as it is well known that fractures can be preferentially aligned within
the subsurface due to mineralogy and stress history. The poromechanical dual-continuum models
introduced in the literature to date have seldom incorporated anisotropy within their formulation.
To derive this model we make use of approaches developed within the field of microporomechanics.
Within this theoretical framework we are also able to derive explicit equations for intrinsic matrix
and fracture strains. Having access to such quantities is desirable for developing our understanding
of the processes occurring within these complex systems. Further, isolation of fracture strain could
be useful when trying to incorporate non-linear stress dependent fracture permeabilities within the
model. Finally, we compare both isotropic and anisotropic dual-continuum models to fine-scale
numerical equivalents.
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Continuum-scale modeling of fluid flow in Thin Porous Layers (TPL) are usually doubtful since they
do not fulfill the enough REVs (Representative Elementary Volume) requirement along the cross
section of layer. Therefore, pore-scale modeling approaches are needed in case of flow modeling
into thin layers. In this work, pore-scale modeling of ink droplet movement into a thin CaCO3
layer was done using OpenFOAM CFD toolbox. The effect of contact angle, droplet impingement
velocity, and droplet fluid properties impact on final distribution were studied. Later on, the results
of the modelling work was validated comparing with imaging results. For the imaging, a novel
combination of FIB-SEM and confocal laser microscopy were used. The results comparison showed
a good match between modeling and imaging works. Therefore, the developed modeling tool can be
used for further studies of droplet movement in thin porous industrial layers such as paper, diaper,
and fuel cell GDL layers.
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Density Functional Theory for Fluid Adsorption on Rough Sur-
faces
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Random Surface Density Functional Theory (RSDFT) allows to describe the fluid distribution near
rough surfaces. The major difference of our theoretical approach from existing ones is stochastic
model of solid surface which takes into account the correlation properties of geometry. Efficiency
of RSDFT is demonstrated in calculation of argon and nitrogen low temperature adsorption on real
heterogeneous surfaces (BP280 carbon black). These results are in good agreement with experimen-
tal data published in the literature. Also this approach is used as the part of the workflow allowing
to analyse surface geometry from experiments with simple gases (/V2, Ar) and then to predict ad-
sorption properties of more complex fluids such as n-alkanes [2].

1 Aslyamov, T. and Khlyupin, A., 2017. Density functional theory formulation for fluid adsorption
on correlated random surfaces. The Journal of chemical physics, 147(15), p.154703.

[2] Aslyamov, T., Pletneva, V. and Khlyupin, A., 2018. Random Surface Statistical Associating Fluid
Theory: Adsorption of n-Alkanes on Rough Surface. arXiv preprint arXiv:1808.05876.
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velocity and temperature measurements
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Natural convection in porous media has been widely studied due to its many applications in steel and
iron production, geothermal energy, chemical industries, oil production, and hydrogeology. How-
ever, these studies have been based almost exclusively on Darcy’s model for porous media, assuming
that the porous length scales are small compared to the flow and thermal length scales. This paper
reports on an experimental study of natural convection in an enclosure filled with a packed bed
of relatively large solid spheres, heated at the bottom and cooled at the top for Rayleigh numbers
varying between 107 and 109. Global heat transfer measurements showed that at lower Rayleigh
numbers, the heat transfer is lower than that for pure Rayleigh-Bénard convection, with the differ-
ence depending on packing type and size of the spheres. However, at high Rayleigh numbers, there
exists an asymptotic regime where the heat transfer for all sphere sizes and packing types collapse
on a single curve which is very close to the curve for pure Rayleigh-Bénard convection.

To better understand the physics of natural convection flow in coarse-grained porous media and
enhance knowledge of the mechanisms influencing the heat transfer in the two regimes, velocity
and temperature fields need to be visualized. Optical flow measurement techniques such as Particle
Image Velocimetry (PIV) and Liquid Crystal Thermography (LCT) can be used in porous media, only
if the refractive index of a (transparent) porous medium matches that of the liquid. Refractive index
matching has been used in several studies to visualize fluid flow in porous media. However, the
refractive indices of all frequently-used refractive index matched liquids are strongly temperature
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dependent. This adversely affects the refractive index matching and causes optical distortions in
non-isothermal flows. In this study, water was chosen as the liquid since its refractive index has
the lowest sensitivity to temperature variations among all other refractive index matched liquids.
Polyacrylamide hydrogel spheres were used to match the refractive index of water.

Refractive index-matching of the fluid and the solid spheres enabled the use of PIV and LCT to obtain
highly resolved velocity and temperature fields. Visualization of the velocity and temperature fields
of the two heat transfer regimes showed that in the reduced heat transfer regime, the flow hardly
penetrates into the pores, and it is mostly confined to a (thin) region along the periphery of the cell.
However, in the asymptotic regime, since the thermal boundary layers become sufficiently thin, the
flow penetrates considerably into the porous layer leading to much higher velocity magnitudes in
the core region, a deeper penetration of hot and cold fluid up to the opposite solid boundaries, and
consequently higher heat transfer across the porous medium. The obtained results confirm that the
comparison between thermal length scales and porous length scales determine the flow structure
and the corresponding heat transfer in natural convection in porous media.
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The PIVOTS (Environmental Technology Innovation, Development and Optimization Platforms) pro-
gram is a coordinated set of experimental and analytical platforms focused on environmental qual-
ity monitoring and sustainable management of natural resources (soil, subsurface, surface water,
groundwater, sediment and air) within a context of global change. The observatory (O-ZNS plat-
form), a part of this family, aimed to understand the water-rock-biosphere interactions and the mass
(water and contaminants) and heat transfers in the unsaturated zone (UZ). This observatory, devel-
oped around an exceptional well dimensions (depth - 20 m & dimeter — 4m), offers a unique support
for deciphering, at the relevant scales, coupled phenomena in the environmental geoscience. This
project goal is the understanding of the vadose dynamics, from the ground to the groundwater ta-
ble, throughout the entire vadose zone. The long-term objective is to identify the key processes
promoted by the anthropogenic pressure along the soil-aquifer continuum, founding stone of a new
generation of predictive modeling tools efficient for policy makers and industrials decision.

The design of the well associated with laboratory experiments and numerical models allows the de-
velopment/adaptation of innovative geophysical and physico-chemical sensors for quantitative wa-
ter transfers in UZ, redox barriers, capillary fringe, in a porous/fissured carbonated structure. The
research field aimed identifying the level of coupling between the interfacial properties of phases,
and the electrical/electrokinetic/electrochemical properties associated with moving fluids and bio-
geochemical reactions. Interestingly, an important amount of knowledge’s have been shared over
the last 15 years bringing together electrokinetic characterizations (redox potential, electron activity,
chargeability, etc.) and geophysical techniques including mainly Spontaneous Potential (SP), Spec-
tral Induced Polarization (SIP), etc. A field observatory, associating geochemical and geophysical
processes, thanks to the O_ZNS observatory, gathering geophysicists, geochemists, microbiologists,
and numerical modelers is the action asset of the project.

The preliminary studies carried out with the aim of characterizing the initial state of the O-ZNS site
in Villamblain (35 km north-west of Orléans, Centre Val de Loire, France) through three core drill
holes allowed the collection of soil, sediment and rock samples every meter over the entire 20 m
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depth of the vadose zone. The geophysical measurements, made from the surface as well as in bore-
holes, consisted in particular of the realization of wall imaging, logging (zamma-ray, gamma-gamma,
neutron) and tomography (electrical, seismic, radar). All of these prospections made it possible to
obtain information on the lithology as well as on the presence of clay levels, the density, the porosity
and the resistivity of the vadose zone. The laboratory tests carried out on selected samples, made it
possible to obtain information on the physical, petrophysical and mechanical properties of the sam-
ples. The hydric properties (water retention and saturated or unsaturated hydraulic conductivity) of
the vadose zone materials were also determined.

During its exploitation (planned for several decades), the project will allows acquiring original and
unique data on the mass (water, solutes, organic and inorganic contaminants, gases, etc.) and heat
(induced by gradients temperature, microbiological reactions, etc.) transfers across the continuum
“Soil-UZ-Capillary Fringe — Aquifer” for environmental issues and georesources needs (water, en-
ergy, etc.).
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Preparation of porous and magnetic carbon from waste cellulosic cloth by microwave irradiation,
and its application as an adsorbent for dye removal from water

Saeid Azizian*, Mohamad Reza Khodadadian

Department of Physical Chemistry, Faculty of Chemistry, Bu-Ali Sina University, Hamedan, Iran
*E-mail address: sazizian@basu.ac.ir

Magnetic, porous and low cost carbon is a promising adsorbent for pollutant removal from water
[1,2]. In the present work, waste cellulosic cloth was used as the raw material to prepare porous
and magnetic carbon by microwave irradiation, as a source of energy. To optimize the synthesis of
nanostructured graphitic carbon, the effects of different parameters on the removal efficiency, such
as the power of microwave radiation, the duration of microwave irradiation and the exposure time
of cellulosic cloth to the pyrrole vapor were investigated. The prepared sample was characterized
by different techniques such as scanning electron microscopy (SEM), energy dispersive X-ray spec-
troscopy (EDX), elemental analysis map, transmission electron microscopy (TEM), X-ray diffraction
(XRD), thermo gravimetric analysis (TGA) and N2 adsorption/desorption methods.

Also adsorption of methyl violet was performed from both equilibrium and kinetics point of views.
The effect of various parameters (such as adsorbent mass, temperature and pH) on the removal effi-
ciency of the prepared graphitic carbon was studied for removal of methyl violet from water.

TEM and SEM images showed that the prepared carbon has graphitic structure with iron oxide parti-
cles, deposited on its surface. Based on BET analysis, the synthesized carbon has a high surface area
around 452 m2/g. Total pore volume of the prepared sample is 0.27 cm3/g with pore size distribution
within the range of 1 to 100 nm and average value of 2.4 nm.

The obtained results from adsorption experiments were fitted with appropriate isotherm equations
and also kinetics models. By regarding the obtained results, surprisingly, the prepared porous and
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magnetic carbon adsorbs most of the dye molecules from water within few minutes.

The most important advantages of the prepared magnetic carbon are easy separation from the so-
lution (just by using a magnet), low cost, noticeable adsorption capacity and high rate of adsorp-
tion.

References
1 C. Wang., D. Ma, X. Bao, Journal of Physical Chemistry C 112 (2008) 17596.
[2] M. Khoshnood, S. Azizian, Journal of Industrial and Engineering Chemistry 18 (2012) 1796.
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We investigate solute mixing in a porous medium in the presence of turbulent flow conditions. Our
setup is representative of mixing processes taking place within the hyporheic zone and considers
transport of dissolved chemicals close to the interface between a free fluid system and a porous
medium. Turbulence is assumed at the boundary between the free fluid and the porous column in
order to simulate the effect of the river flow. Interaction and mixing between surface water and
groundwater takes place in such a critical area, where key processes can contribute to decreasing
contamination in surface waters. In general, mixing smooths out non-uniformities in fluid systems,
such as gradients of concentration. Quantification of mixing is particularly critical for the assess-
ment of reactive processes taking place in the porous domain.

Our study is grounded on the use of an appropriate fit-to-purpose Lagrangian mixing model. Resort-
ing to the latter enables us to predict the temporal evolution chemical concentration in the hyporheic
zone, as driven by mixing. We benchmark our theoretical and numerical results against recently pub-
lished experimental results (Chandler et al., 2016), quantifying the vertical variation of the effective
dispersion coefficient with depth below the sediment-water interface. The available data display an
exponential decrease of the dispersion coefficient with depth. Our study is keyed at providing a
proof-of-concept by assessing the ability of our modeling strategy to reproduce solute breakthrough
curves observed at various depths as well as the documented variation of the diffusion coefficient.
Our results will provide additional information on solute mixing and its temporal evolution and will
be relevant to the parameterization of reactive transport processes in the hyporheic zone.

Keywords: solute transport, mixing model, hyporheic zone, porous media
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We have established a framework for fluid adsorption and the deformation that it induces in a porous
medium. The model establishes a fundamental link between the thermodynamics of adsorption and
the mechanical response of the porous media. This is based on the total energy (Hamiltonian) of
the system that takes into account the interaction between the solid matrix of a porous medium and
the adsorbing fluid, as well as the elastic energy stored in the material, and the interaction energy
between the adsorptive fluids themselves. Finite-element computations are applied in order to com-
pute fluid adsorption isotherms along with the induced strain in the medium. The simulations are
performed directly on realistic 3D image of the porous samples, therefore, no assumption is made
regarding the shapes and sizes of the pore bodies and pore throats of the pore space.

To show the versatility and capability of the proposed framework in predicting the adsorption-
induced deformation in porous materials, we applied the model for gas adsorption in metal-organic
frameworks (MOFs), geological formations such as clay materials and sandstone reservoirs.
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Wetting properties of reservoir rocks and caprocks can vary remarkably, and these variations have
a significant effect on the performance of CO2 sequestration in deep saline aquifers. Understanding
the effect of wettability on pore-scale fluid displacement is crucial for prediction of large-scale flow
models and improving storage efficiency and security. The objective of this study is to investigate
the effect of wettability on pore-scale characteristics of CO2 displacement dynamics and its capillary
trapping mechanism during CO2/brine drainage and imbibition cycles. A multiphase lattice Boltz-
mann (LB) model is adopted to simulate CO2/brine two-phase flow in rock samples, by employing
three-dimensional micro-CT images of Tuscaloosa sandstone taken from the Cranfield CO2 injec-
tion site. The LB model that has been applied in this study is an extended Colour-Gradient approach
with improved numerical stability and can handle multiphase flow simulations with low capillary
number and high mobility ratio. To improve the computational efficiency of the LB simulations, the
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model has been applied to a parallel scheme written in C++ using the Message Passing Interface
(MPI).

Various sets of CO2/brine drainage and imbibition simulations have been performed in rock samples
with both uniform and non-uniform (fractional) wettability conditions and the effect of wettability
on CO2 migration patterns, its capillary trapping and storage efficiency has been investigated. To
gain a better insight into the effect of wettability on the CO2 displacement patterns during drainage,
the evolution of CO2 interface with brine and rock surface is quantified by calculating CO2 interfa-
cial area for rock samples with various wettability preferences. The results show that the wettability
controls CO2 entrapment pattern and spatial distribution of residual CO2 clusters during brine flood-
ing. For fractional-wet conditions, the fraction of CO2-wet regions plays an important role in CO2
sweep efficiency and its capillary trapping.
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The effect of wettability on waterflood oil recovery in a reservoir of varying temperature using pore-
scale structure was investigated numerically. Three different cases of the two-dimensional geometry
comprising varying sizes of pore spaces and interconnected pore-throats was used for the study. The
Volume of Fluid approach in ANSYS-FLUENT® was used to simulate the two-phase flow and heat
transfer physics. The configuration involves the injection of relatively cold water into a reservoir of
varying temperature under different wettability condition in order to study the flow behaviour, the
wettability effect and temperature on the oil recovery processes. Also, the wettability contact angle
for each of the three different cases of the two-dimensional geometry was simulated for water-wet,
oil-wet and intermediate-wet.

The result showed that in the oil-wet system the displacement behaviour was affected by the contact
angle and then a significant effect on the oil recovery factor. In the water-wet system with the water
wetting the matrix wall and the oil phase surrounded by water, more oil was relatively displaced from
the domain thereby improving the oil recovery factor. The water-wet system resulted in about 25-
35% increase in oil recovery than with the oil-wet system, with the unrecovered oil mainly adhering
to the wall region of the pore bodies for the oil-wet system. For the intermediate wet system, initial
fluid distribution is seen to have a more significant effect on the displacement behaviour than the
contact angle in the study.

The general observation is that by altering the wettability from oil-wet to water-wet condition, the oil
recovery rate can be improved. The results from this study are consistent with reported experimental
and numerical studies in literature and offer a better understanding of the phenomenon which is
critical for other recovery mechanisms such as surfactant and polymer flooding process.
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Gas diffusion layer (GDL) is a critical component in proton exchange membrane (PEM) fuel cells for
diffusion of reactants and removal of by-product water in the pore space. Numerical simulations with
volume of fluid (VOF) method are applied to investigate the dynamic liquid transport process in a
micro gas channel in fuel cells. The liquid is injected from a single inlet in GDLs with different surface
roughness, generated by gaussian height distribution function and correlation function, comparable
to commercial carbon paper GDLs. The surfaces are characterised by root mean square height of
surfaces and roughness wavelengths. The simulation results show that surface roughness, liquid
injection rate, and air flow rate can influence the transport of water droplets. The increase of surface
roughness generally assists the transport of the droplet inside the gas channel. The droplet radius
at the time of detachment is dominated by air flow rate, and two types of movement mechanism,
i.e., rolling and sliding, are identified for droplets with different volume. In addition, the volume of
remaining liquid water on GDL surface and pressure drop in the gas channel are investigated under
different conditions. The amount of remaining liquid water decreases as GDL surface roughness
increases, and the pressure drop increases when the GDL has a rougher surface. Furthermore, an
analytical model is proposed to predict the detachment and movement of the droplet by considering
the detachment and retentive force of the droplet in the channel, and the solutions are compared
with simulation results.
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Gas transport in micro/nano-pores deviates from classical continuum calculations due to non-equilibrium
in gas dynamics. In such a case, transport can be classified by Knudsen number (Kn) as the ratio of
gas mean free path and characteristic flow diameter. The well-known Klinkenberg correction and
its successors estimate deviation from existing permeability values as a function of Kn through a
vast number of modeling attempts. However, the non-equilibrium in a porous system cannot be
simply modeled using the classical definition of Kn number calculated from the Darcy’s definition
of pore size or hydraulic dimeter. Instead, a proper flow dimension should consider pore connec-
tivity in order to characterize the rarefaction level. This study performs a wide range of pore-level
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analysis for gas dynamics with different porosities, pore sizes, and pore throat sizes at different Kn
values in slip flow regime. First, intrinsic permeability values were calculated without any rarefac-
tion effect and an extended Kozeny-Carman model was developed by formulating Kozeny-Carman
constant by porosity and pore to throat size ratio. Permeability increased by increasing porosity
and decreasing pore to throat size ratio. Next, velocity slip was applied on pore surfaces to calculate
apparent permeability values. Permeability increased by increasing Kn at different rates depend-
ing on the pore parameters. While the characterization by Kn value calculated with pore height
or hydraulic diameter did not display unified behavior, relating permeability values with the Kn
number calculated from the equivalent height definition created a general characterization based on
porosity independent from pore to throat size ratio. Next, we extended the Klinkenberg equation by
calculating unknown Klinkenberg coefficients which were found as a simple first order function of
porosity regardless of the corresponding pore connectivity. The extended model as a combination
of Kozeny-Carman for intrinsic permeability and Klinkenberg for apparent permeability correction
yield successful results.
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Mesoporous silica is an emerging technology to solve existing problems and support projected revo-
lutionary applications ranging from targeted drug delivery to artificial kidney. However, one of the
major driving mechanisms, electric charging of internal mesoporous surfaces, has not been charac-
terized yet. In the nanoscale confinements of mesoporous structures made of pore throats and pore
voids, surface charges diverge from existing theoretical calculations and show local variation due to
two occurrences. First, when the size of pore throat becomes comparable with the thickness of ionic
layering forming on throats’ surfaces, ionic layers from opposite surfaces overlap so that ionic con-
centration on the surface becomes different than Boltzmann distribution predicts, and there will no
longer be an equilibrium of zero electric potential at pore throat centers. Second, when this non zero
potential inside throats becomes different than the potential of pore voids, ionic diffusion from void
to throat creates axial ionic variation on surfaces. For such a case, we performed a pore level analysis
on mesoporous internal surface charge at various porosities and ionic conditions. Pore parameters
strongly affected the average internal charge which we characterized as a function of overlap ratio
and porosity, first time in literature. Using this, a phenomenological model was developed as an
extension of the existing theory to include nano-effects, to predict the average mesoporous internal
surface charge as a function of EDL thickness, pore size and porosity.
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Ion-exchange membranes (IEMs) are used in many applications in different fields such as sustain-
able energy generation or separation techniques. The resistance to ion transport in the membrane
is a key parameter that contributes with a major portion of the overall internal resistance of the
system, strongly affecting the performance of the IEM-based process. The membrane resistance is
affected by the concentration and composition of solutions near the solution membrane interface
and the development of techniques for separating the different contributions is necessary to im-
prove the understanding of the relationship between electrolyte and IEM resistance. We present an
electrochemical impedance spectroscopy technique applied to a modified coaxial line enclosing, the
membrane under investigation, to be characterized in the frequency range from 100 kHz to 100 MHz.
The text fixture consists of a brass coaxial air-filled transmission line of length 67 mm and radii for
inner and outer conductors of 1.75 mm and 4 mm respectively. The cell consisted of two separate
compartments filled with the solution and in direct contact with the membrane holder. The inner
conductor of the coaxial line is fixed at one end whereas it can be dismantled at the opposite end so
that the system can be easily filled with the different solutions. The main advantage of this proposed
setup is the relatively small membrane area required. To validate the performance of the system, we
have used deionized water as a test standard of well-known conductivity value. The final value of
the resistance of the different ion-exchange membranes was determined by means of an iterative
process so that the simulated impedance spectra (real and imaginary parts) of the equivalent circuit
matched the experimental one. The analysis of the experimental data allows the determination of
the different contributions to the overall electrical resistance, membrane and solution contributions.
Financial support from Banco de Santander and Universidad Complutense de Madrid under Projects
PR26/16-20296 and PR75/18-21589 are gratefully acknowledged.
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Thermal conductivity of polymeric membranes is a critical property for thermal management in
membrane-based applications. However, scarce information is available in the literature about this
property in ion-exchange membranes. An experimental investigation has been performed to mea-
sure the through-plane thermal conductivity of polymeric membranes. A simple experimental ap-
paratus based on the steady state method was designed consisting on two cylindrical copper setups
with the test sample placed between them, with or without membrane holder. A Pt-100 sensor array
inserted in the cylinders permitted to measure the temperature profile long them at both sides of
the test sample. This experimental temperature profile together a numerical simulation permit to
determine the through-plane thermal conductivity of the test sample. The numerical simulation was
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performed using Comsol (Comsol Multiphysics®, Los Angeles, CA). A simple cylindrical setup with
no isolation, was designed to validate the experimental setup. Thus, the thermal properties of the
solid materials used in the experimental model were characterized. This process leads to have, as
the only unknown variable for the simulation, the membrane thermal conductivity. Different tests
were carried out to verify the known thermal properties of each one of the different materials: Cop-
per, cork and the pla filament used in the 3D printer to design the membrane holder. We used an
iterative process to derive the thermal conductivity of the membrane sample fitting the numerical
temperature profile to the measured one. To test the applicability of the method in the determina-
tion of the thermal conductivity of polymer membranes, it was applied to determine the thermal
conductivity of a Nafion membrane. Values according to the values found in the literature for this
same membrane were found.

Financial support from Banco de Santander and Universidad Complutense de Madrid under Projects
PR26/16-20296 and PR75/18-21589 are gratefully acknowledged.
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The advances in micro-CT imaging and other techniques have improved our knowledge of the in-
ternal structure of porous materials. Currently, most of the efforts in digital porous media and pore
network extraction are focused in using the digital data as a tool for estimation of parameters such
as permeability and capillary pressure curves of the rock cores. We show in this work that pore-
network extraction can be used for analyzing the morphology and topology of the internal pore
structure as well. The main impediment to the application of the pore-network parameters on the
topology characterization of different samples is that different algorithms of pore-network extrac-
tion can lead to different networks describing the same sample. The purpose of this work is to
present a method that can overcome this issue through a simple algorithm that unifies the Max Ball
and medial axis approaches. The network extraction method maps the pore space into a network of
spheres of different sizes and interconnected based on the Maximum Spheres Algorithm (MS). The
final mapping procedure is an accurate method to separate the medium into pores and throats, and
an efficient procedure to extract a medial axis network that can map structures such as fractures and
channels. The recovering of the pore’s local geometry is done by applying graph theory analysis
of the centrality of the nodes and efficiency of its connections, instead of a geometrical definition.
This way the pore-space separation is governed by the sample’s intrinsic morphology. These net-
works can provide important data to better understand the morphology and topology of the samples.
This method was successfully applied to samples of sandstones, carbonates, and to characterize the
morphology of processes of acidification.
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We present a micro-continuum approach to simulate interfacial mass transfer across two fluids in-
terface. We used the Continuous Species Transfer method (Haroun et al., 2010) for interfacial mass
transfer along with the Phase-Field method (Yue et al., 2006) as the interface-capturing technique
for the two-phase flow system. The main objective is to investigate the multicomponent multiphase
flow at the pore level during geological storage of CO2. The model has been applied to simulate the
interfacial mass transfer in a single pore and 2D porous media under various flow conditions. The
results show that the model can capture the mass transfer between the two phases and at the same
time the interface adjustment.
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Non-linear and multi-scale models are encountered in many real-life applications, ranging from oil
recovery and environmental pollution to biosystems and fuel cells. Direct simulation of models
involving behavior over multiple scales are challenging due to the need of a very fine grid.

In this context, multi-scale techniques are a good strategy for the numerical simulations of non-
linear, multi-scale models. Here we present a numerical strategy based on the classical homoge-
nization theory and the mixed finite element formulation combined with a-posteriori indicators for
mesh refinement. Next to deriving the effective (homogenized) models at the macro-scale, we de-
velop an efficient numerical method employing adaptive grid refinement base on a-posteriori error
estimates.

Subsequently, this scheme is combined with a linearization technique for solving the non-linear,
homogenized models. The main idea is to apply a non-linear solver that takes the advantages of
the standard Newton’s method combined with the unconditional convergence of the modified L-
scheme.
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Finally, we present some numerical examples to show the efficiency of the adaptive strategies. In
particular, for some of these cases the classical schemes and non-linear solvers either fail to converge
or become inefficient.
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Enzyme-induced calcite precipitation (EICP) is a promising soil improvement technique. There are
a couple of advantages in using EICP: (1) there is no need to grow bacteria in soils, (2) the process of
mineral precipitation is quick compared to microbial-induced calcite precipitation, and (3) the treat-
ment can be repeated until a target mineral concentration is reached. The shear strength improved
by EICP is dependent on the concentration of calcite precipitated in soils and the precipitation pat-
tern in pore space. The shear strength of sediment increases with increasing concentration of calcite.
And at a given calcite concentration, if the precipitation is concentrated on the contact between soil
particles, the increase in the shear strength is greater than the case of the precipitation by coating on
soil particles. In this study, the pattern of mineral precipitation is explored by using transparent mi-
crofluidic chips. The precipitation characteristics is investigated under different conditions including
the concentration of EICP solution, wettability of pore surface, and the use of nucleating minerals.
The nucleation pattern and growth pattern is monitored as a function of those variables.
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Today, liquid aerosols are produced in many industrial processes like machining, manufacturing of
catalysts or in pneumatic compressors. While the harmfulness of fine dust aerosols is well known
the equally dangerous liquid aerosols (mist) receive less attention. In order to be prepared for future
legal regulations we develop efficient mist filters with less energy consumption.

In our research, we couple micro-scale simulations of two-phase flow in a fibrous porous medium
with macro-scale simulations to develop efficient filters for a stationary (oil mist separator) and a
mobile (pneumatic truck compressor system) application. Because the computational effort to simu-
late mist deposition in a whole filter on the micro-scale would be much too high, on the macro-scale,
the information of the micro-scale is adopted and the whole filter is considered as porous continuum.
In other words, the output of the micro-scale becomes the input of the macro-scale. Specifically, pa-
rameters like porosity, intrinsic permeability as well as relative permeability - and capillary pressure
— saturation relationship determined from micro-scale simulations are used as input to the macro-
scale to simulate the filtration process on the domain of the whole filter. Furthermore, a source term
of the liquid (oil) phase is derived from micro-scale simulations which may depend on parameters
such as velocity and initial saturation. Thanks to this multi-scale coupling, it is possible to predict
the pressure drop and the separation efficiency of a filter and figure out the factors to optimize these
two properties.

A sensitivity analysis is made to find out which parameters have the strongest influence on pressure
drop and separation efficiency. Furthermore, different parameterizations of the capillary pressure
— and the relative permeability - saturationships (e.g. Brooks & Corey and Van Genuchten) are
compared. We also present the validation of our simulations by comparing both pressure drop and
separation efficiency to measurement results. Using this validated model it is possible to predict
both the pressure drop and the separation efficiency for the unsteady as well as for the stationary
phase. In the first step, deposition on existing filters is simulated. In the second step, the filter setup
is optimized with respect to both reduced pressure drop and enhanced separation efficiency.
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INTRODUCTION

To achieve a continuous downstream manufacturing process with in-process quality monitoring and
real-time release testing capabilities, different process analytical technologies (PATs) such as laser
scattering methods, near-infrared (NIR) spectroscopy, and Raman spectroscopy can be deployed to,
for example, measure the particle size of raw materials and powder blends as well as detect the
content uniformity of powder blends and tablets. However, the use of the above-mentioned PAT
methods to directly measure and quantify the bulk properties of tablets, e.g. porosity, that govern
the mass transport processes and mechanical changes in tablets during disintegration and dissolution
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is limited. For example, NIR typically probes surface properties only and these measurements are
not necessarily representative of the bulk tablet property, hence the need for suitable analytical
technologies, such as terahertz time-domain spectroscopy (THz-TDS), that can reliably measure the
porosity (volumetric property) of tablets [1, 2].

This study showcases the robustness of the use of a terahertz-based approach [1- 4] in the extraction
of the porosity of several batches of tablets with and without embossment. To achieve a minimum
measuring time for possible in-line application of the terahertz porosity method, the study further
investigates the minimum average waveforms required to extract porosity values with maximum
acceptable error.

METHOD AND MATERIALS

Terahertz time-domain measurements of the batches of tablets were acquired using a TeraPulse 4000
(TeraView Ltd., Cambridge, UK). The porosity was extracted from neff based on the Bruggeman’s
effective medium theory 1. Several batches of biconvex tablets with different porosities within the
range of 10 - 26% that are either embossed or unembossed were used for the study.

RESULTS AND CONCLUSIONS

A comparison made between the terahertz porosity values of the embossed and unembossed tablets
with respect to their respective nominal porosity has proven that the presence of the embossment
has a negligible effect on the porosity measurement. Despite the use of biconvex tablets, the excellent
linear correlation observed between the nominal and the terahertz porosity manifests the robustness
of the terahertz approach for tablet porosity measurement. It is also observed that terahertz porosity
with a root mean square error (RMSE) value of less than 0.006 with respect the nominal porosity can
be achieved under one second of signal measurement.

Acknowledgments: The authors would like to thank Innovate UK for funding and value contribu-
tions of our collaborators from the GlaxoSmithKline (GSK).
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Slippery liquid-infused membranes (SLIMs) have been introduced to membrane technology recently
[1, 2]. The liquid-filled pores can be opened and closed in response to system pressure giving rise
to the formation of pore-sized gates (gating mechanism). In the open state, the pore wall is covered
with the infusion liquid forming the so-called liquid-lined pores. Liquid-lining is expected to give
anti-fouling properties to SLIMs. The pressure responsive pores can be used for efficient sorting of
fluids from a mixture. For example in a two-phase mixture of immiscible liquids, the required sys-
tem pressure, i.e. breakthrough pressure, is different for the constituent liquids. As a consequence,
by setting the pressure properly, liquid-gated pores can let one phase through while retaining the
other phase. Here, we investigate the capability of SLIMs for gravity-assisted permeation of the
dispersed phase, i.e. oil from the oil-in-water (O/W) emulsion. The separation experiments are con-
ducted in a dead-end pressure controlled filtration cell using liquid-infused and non-infused (dry)
membranes. In order to permeate oil, oil droplets should migrate through the bulk of the O/W
emulsion and come in to contact with the membrane surface. Our results reveal that by setting the
system pressure between the breakthrough pressure of oil and that of the surfactant solution, oil
can be successfully permeated. The experimental findings are complimented with multi-body dissi-
pative particle dynamics (MDPD) simulations [3]. In the simulations, piston induced penetration of
immiscible multi-component mixtures (surfactant-solution and oil) into non-infused (dry) and liquid-
infused cylindrical pores is investigated. Subsequently, the amount of water permeating the pore in
the non-infused (dry) and liquid-infused case is measured, and, compared to experiments.
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The increase of extreme weather events, both in frequency and magnitude, is a well-established
trend observed as a consequence of climate change. In the management and mitigation of flood risk
earthen structures, such as dikes and levees, are the essential barriers to prevent inundation. Govern-
ment policies on flood defense now tend toward the design of flood-able areas, where embankments
can be overflown and the safe discharge of excess water managed, instead of continually raising the
crest.

The understanding of the onset of breaching induced by surface erosion is thus fundamental to defin-
ing the levels of protection afforded by embankments and to provide standards for the design of new
structures and strategies for upgrading existing ones.

Almost all earthen structures are built by soil compaction to improve their mechanical properties;
therefore, it is important to understand how compacted soil responds to the load posed by flood wa-
ter. At the onset of the overflow process, compacted embankment materials are generally partially
saturated. The degree of saturation at overflow start, and change in saturation of the outer portion
of the embankment slope during overflow, controls its resistance to erosion.

The focus of this research is to understand the interplay between hydraulic conditions and surface
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loading, in the prediction of clay erosion with the analysis of the scour acquired via laser scanner.
Erosion behavior is known to be a counterbalance between gravity forces and shear erosion forces.
As the particle size decreases, electrochemical interaction between soil particles become more and
more relevant, while gravitational forces become negligible. Particle configuration and inter-particle
forces in clays are known to change with hydro-mechanical stresses history (i.e. compaction and
water content). We investigate the erosion behavior of Speswithe kaolin clay by means of the Jet
Erosion Test (JET). Experiments are designed to mimic erosion of soil on the landward slope of an
embankment during overflow; scour profiles are acquired via laser scanner.

The role of clay microstructure on erosion mechanisms and scour evolution in kaolin have been
investigated in terms of at formation conditions (i.e. dry and wet side of compaction optimum), hy-
draulic conditions (i.e. wetting and drying cycles) and surface loading imparted by the jet (i.e. the
fluid induced tangential and normal stresses). Results of these JET tests show that the different mi-
crostructures (i.e. aggregated structure or matrix-like structure) control the erodibility of the sample.
We propose a conceptual model to explain counterintuitive findings. For example, samples with the
same density but compacted on the dry side of optimum are more erodible than samples compacted
on the wet side; samples with the same formation conditions, but with a different hydro-mechanic
history (i.e. swelling upon wetting) produce different erosion behavior. Our results contribute to
the fundamental understanding of the time-dependent mechanisms that influence erosion of clay
embankments (i.e. the progression of the saturation front) during overtopping and, hence, to em-
bankment failure. In addition, these tests show how basic concepts of unsaturated soil mechanics
can serve as a guidance to ‘design’ the compaction of embankment material.
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Ion conducting membranes are of interest for various energy applications including fuel cells and
artificial photosynthesis systems. Membranes in such systems are required to facilitate the ion trans-
port necessary to feed the electrochemical reactions while meeting various additional selectivity and
permeability demands depending on the application. Accurate descriptions of transport of species,
and in many cases simultaneous transport of multiple species, in these hydrated polymer membranes
is thereby critically important for a range of membrane separations and fuel cell operation. The trans-
port of solutes through these dense, hydrated polymer membranes is described by the well-known
solution diffusion model, Pi = (Ki) x (Di), where Pi is the apparent permeability of the membrane to
component i, Ki is the solubility of component i in the membrane, and Di is the apparent diffusivity
of component i in the membrane. Transport behavior of small-molecule solutes in these systems is
typically characterized in single-component permeation experiments where permeation of the solute
through the membrane is often monitored using chromatographic techniques that require periodic
aliquot sampling. Here, we utilize in-situ ATR FTIR spectroscopy to quantify solution concentrations,
preempting the need for aliquotic sampling and ex situ analysis. We apply this technique towards
understanding how the presence of co-permeants impact solute uptake and permeability in Nafion,
a commonly used ion exchange membrane. In particular, we examine the permeation of a series of
single solute and multicomponent solute mixtures of both charged and uncharged species through
Nafion. Membrane permeabilities extracted from in situ monitored diffusion cell experiments are
coupled with solute solubility measurements to fully describe the permeability, solubility and dif-
fusivity in these systems. Critically, we find substantial deviations in transport behavior between
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ideal permselectivities calculated from single solute diffusion cell experiments and real permselectiv-
ities extracted from multicomponent diffusion cell experiments. For instance, in the case of acetate
and methanol co-diffusion this deviation is found to be driven by changes in solubility selectivity
attributed to the screening of electrostatic interactions between acetate and Nafion’s pendant anions
by methanol.
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Reactive transport modeling is a powerful means of enhancing understanding of mineral reactions
and reaction rates in porous media. Imaging has emerged as a valuable tool to characterize geological
samples and parameterize reactive transport simulations. Analysis of scanning electron microscopy
(SEM) and X-ray computed tomography (CT) images of rock samples can provide information on
porosity, mineral composition and mineral accessible surface area at the pore scale. These data can
be upscaled and applied in continuum scale modeling of mineral reactions. Images can be collected
using a variety of techniques and at a range of resolutions, yet the impact of image resolution on mea-
sured mineral properties, and simulated mineral reactions and reaction rates, is largely unknown. In
this work, the impact of 2D image resolution on the calculated porosity, mineral volume fractions,
accessibilities and effective surface areas were evaluated for a sample from the Paluxy formation,
Kemper County, Mississippi. SEM backscatter electron (BSE) images of thin sections were captured
under resolutions ranging from 0.3 pm to 6 um and used to calculate mineral volume fractions and
mineral accessibilities. This was combined with 3D X-ray CT imaging to calculate mineral accessible
surface areas. Minimum variations in mineral volume fractions occurred with changing image reso-
lution. For high resolution images, 0.3 um to 1 pm, mineral accessibilities agreed relatively well. For
images with resolutions from 1 pm to 6 pm, the calculated accessibility of smectite/illite and mus-
covite decreased with decreasing resolution while the accessibility of quartz increased. This in turn
resulted in higher estimated effective surface areas for quartz with decreasing resolution. No signifi-
cant variations were observed for calcite, siderite and K-feldspar. The impact of observed variations
in mineral properties on simulated mineral reactions and reaction rates will be assessed through
continuum scale reactive transport modeling in the context of geologic CO2 sequestration. Contin-
uum scale models will be developed using data from each image resolution and results compared to
assess variations in simulated dissolution rates and the overall evolution of mineralogy and poros-
ity. The “Establishing an Early CO2 Storage Complex in Kemper, MS” project is funded by the U.S.
Department of Energy’s National Energy Technology Laboratory and cost-sharing partners.
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Alot of works are dedicated to study a rate of liquid flow in porous media 1. And now, actively devel-
oped a new field of mechanics of liquid as nanofluidics, especially in case of damping of mechanical
energy by intrusion of non-wetting liquid in nanoporous media process [2-5]. Some of authors are
modeling fluid flow in a one channel by a molecular dynamics method [3], another authors are cal-
culating the rate of fluid flow from experimental data by the recalculating the time dependence of
force (acceleration) [4]. But the direct volume measurements in experiments with impulse (impact)
pressure change are not presented, except of work [5].

In this work we present results of experimental study of non-wetting liquid intrusion in nanoporous
media under the impulse pressure change obtained by an experimental method presented in work
[5]. This experimental method and experimental setup allow to obtain measurements both of pres-
sure and volume changes in experimental cell in time during external impact. Pressure and vol-
ume changes dependence on time analyzing allow calculating the flux of non-wetting liquid in
nanoporous media under the impulse pressure change.
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Poultice technology is currently mainly used for the desalination of masonry structures in the field
of architectural heritage conservation 1. Wet poultices are spread on the porous material surface to
be treated, and kept in place before being removed when dry. The efficiency of the process depends
on the capability of the paste to saturate the substrate before the system dries. However, little is
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known concerning porous substrate imbibition when put in contact with a soft porous material (a
kaolin paste for example).

We followed the imbibition of an initially dry substrate (glass microbeads packing) whose top surface
is coated by a wet kaolin paste. Nuclear Magnetic Resonance (NMR) was used to follow liquid
distribution in time inside the system. This provided us the evolution of key internal characteristics
in time: 1) the water saturation distribution along the sample axis and 2) the shape of the shrinking
paste.

In contrast with classical imbibition from a free water reservoir where a saturated front progresses
inside the substrate and which may be described by the Washburn model [2], here the liquid is
observed to invade the porous medium while maintaining a partial saturation. In a first period, a
liquid film progresses inside the substrate until reaching substrate bottom. Then, during a second
period, the saturation in the substrate increases homogenously and stops before full saturation. We
explain this remarkable behavior by the development of a precursor film during the first regime that
would progress faster than the extraction of the main liquid amount from the paste. In the second
regime the slow liquid extraction from the paste then goes on filling the medium and capillary effects
can now ensure a homogeneous distribution of the concentration. The process stops when the stress
associated with capillary effects is insufficient to further compress the paste.
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with fully described velocity and diffusion. Both models use the same thermodynamic reaction rate,
because the rate is not forced to absorb the loss of information upon upscaling. Analytic and semi-
analytic upscaling is also performed using volume averaging and ensemble streamtube techniques.
Volume averaging does not perform as well as the RPT, while the streamtube approach (using an
effective dispersion coefficient along with macro-dispersion) performs almost exactly the same as
RPT.

Procter and Gamble Student poster award:
I don’t want to compete References:
Acceptance of Terms and Conditions:

Click here to agree

669

Lagrangian Mass Transfer/Reaction Models: Is Probabilistic Mass
Transfer Numerically Equivalent to SPH?

Guillem Sole-Mari' ; Michael Schmidt? ; David Benson?

! Universitat Politécnica de Catalunya

% Colorado School of Mines
Corresponding Author(s): dbenson@mines.edu

Some of the existing Lagrangian techniques for simulating solute transport in fluids represent dif-
fusive processes as proximity-based mass exchanges between numerical particles. Two main ap-
proaches of this kind can be distinguished in the hydrology literature: (a) Smoothed Particle Hydro-
dynamics (SPH), which can be derived from the assumption that each particle’s mass can be projected
on the continuum according to some smoothing kernel (e.g., Herrera et al., 2009), and (b) probabilistic
motion-based formulations, often referred to as Mass Transfer Particle Tracking (MTPT), which can
be derived heuristically by considering the probability of collocation of any pair of particles accord-
ing to the Green’s function of diffusion in a time step (e.g. Benson and Bolster, 2016). Here, we show
that MTPT can be numerically equivalent to (i.e., a specific case of) SPH for specific kernel choices.
Following this key finding, we perform a numerical study to shed some light on the influence of
the kernel bandwidth (related to the mass and time discretization) on the results of SPH transport
simulations (MTPT here being a specific choice of bandwidth), for different spatial distributions of
particles. We also consider a hybrid Random Walk / SPH approach. We discuss the trends observed
in the deviation from the analytical solution for the different scenarios. This deviation from the an-
alytical solution can be interpreted simply as an error or as a representation of incomplete mixing,
as has been traditionally done by SPH and by MTPT modelers, respectively.
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A mixed MoL-TMoL approach for solving 2D Richards’ equation
in layered soils
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Water infiltration into layered soils is studied, considering a two dimensional spatial domain. The
physics of the problem suggests a subtle analysis of discontinuity at the interface between different
soils, which is carried on by means of Filippov theory, a sophisticated tool developed in the contest
of control theory that is now spreading out also in the PDEs framework.
The novelty of our approach is based on a mixed MoL-TMoL approach, which merges desirable
features of both the classical Method of Lines (MoL) and Transversal Method of Lines (TMoL), a
numerical scheme originally proposed for the 1D Richards’ equation modeling the case of two lay-
ered soils. The numerical method numerical, together with corresponding numerical simulations
are provided.
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Bundles of polymeric materials play essential and ubiquitous roles in biological systems, and often
display remarkable mechanical properties [I. By utilizing non-equilibrium molecular dynamics simu-
lations to preform force controlled and length controlled virtual stretching experiments of polymeric
fibre bundles one may get valuable insight into the mechanical properties of nanofibrous materials.
A minimalistic reactive force field is constructed from existing force fields to investigate the yield
behavior of the samples [2]. The supra-molecular structure of fibrils in nanometric bundles is stud-
ied, which have been shown experimentally to have great impact on e.g. the Young’s modulus of the
bundles [3]. The chains in the bundle typically self organize to a semi-crystaline hexagonal pattern
with entropically induced defects due to non-zero temperatures, with higher degree of amorphicity
for low external forces.

The main material investigated here is polyethylene oxide (PEO), a polyether compound with ap-
plications ranging from industrial manufacturing to medicine. The simple chemical composition
makes it well suited as a starting point for the study of the general behavior of polymeric fibre bun-
dles, and this procedure of virtual stretching is directly applicable to more complex structures such
as cellulose or collagen with and without the presence of third species, such as room temperature
ionic liquids and aqueous environments. The simulations are carried out for a range of sizes to study
finite size effects.

The thermodynamic potentials of the bundles are studied in more detail. The smallest systems under
investigation consists of single molecules of PEO with 32 units, and on this scale it is still debated
whether a non-equilibrium thermodynamic description even exists. According to the theory of Hill
(small system thermodynamics), the thermodynamic functions cease to be extensive at small length
scales. They obtain additional terms, from surface or line energy contributions. Strem, Schnell and
Kjelstrup have previously found a scaling law between the thermodynamic and the molecular limit
[4]. This indicates that the thermodynamic laws will indeed apply to the molecular level, provided
that we use the additional terms arising from the system smallness. It is an aim of the project to verify
the theoretical formulation of Rubi et al. 5. This may have a large fundamental impact on how one
can describe biomolecular and other events related to energy conversion on the small scale.
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We investigate the effects of high velocities (inertial effects) in various heterogeneous porous me-
dia on fluid flow and tracer transport. We generate three pore-scale configurations that differ in

terms of their structural complexity, and investigate 10 realizations of each type. For each realiza-
tion, we solve the Navier-Stokes equations to obtain the spatial flow field; tracer transport is then
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modeled by a particle tracking algorithm that uses a semi-analytic, streamline-based method to sim-
ulate advective motion. At a sufficiently high Reynolds number (within the laminar regime), inertial
effects become relevant, and we observe a transition from linear to nonlinear flow that deviates
from Darcy’s law. The sensitivity to this transition and the strength of the nonlinear behavior are
controlled by the structure of the medium: higher complexity tends to amplify effects of inertia,
which lead to spatial homogenization of the flow field. In the context of transport, at increasingly
high Reynolds numbers, the portion of the velocity field that actively contributes to tracer transport
exhibits increasingly narrower distributions of velocity values. This result leads to more uniform
tracer transport, reducing the degree of anomalous behavior. We interpret the effects of high veloc-
ities in porous media on transport within the Continuous Time Random Walk (CTRW) framework,
using the spatial distribution of the kinetic energy within the fluid — which is itself a function of
the Reynolds number - as a characteristic measure. Finally, we investigate the effects of the Péclet
number (Pe) on tracer transport in heterogeneous porous media. With increasing Pe, anomalous
transport becomes enhanced as the host domain becomes more heterogeneous, due to the increas-
ingly dominant effects of the complex velocity field. We quantify the effects of Pe by interpreting
the numerical simulations within the CTRW framework, and incorporate Pe within the underlying
tracer transition time distribution.
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In the talk the issue of reliable and efficient flow simulations in large scale Discrete Fracture Net-
works is tackled. The stochastic generation of DFNs introduces fractures sampled from given distri-
butions for position, orientation, dimension, and hydro-geological properties. From a computational
point of view, among the several numerical difficulties of these simulations, reliability and efficiency
of numerical solutions, as well as mesh generation, take a relevant rule. Recently, a new approach
has been proposed, based on a reformulation of the flow problem as a PDE-constrained optimiza-
tion problem and capable to circumvent mesh generation problems avoiding any mesh conformity
requirement among the fractures.

Thanks to its robustness with respect to mesh generation problems, the method has proven to allow
for very general Uncertainty Quantification analyses, also in the case of geometrical stochasticity,
resorting to suitable Multi-Level Monte Carlo methods. Moreover, a tailored parallel approach has
been derived and very high parallel efficiency has been obtained allowing very large scale simula-
tions.

For this recasting of the flow problem, reliable a posteriori error estimates have been derived. Their
application to flow simulation in realistic DFNs yield a large improvement of the quality and relia-
bility of the solution.

The automatic choice of a suitable computing mesh can be useful to ensure, for a fixed level of ac-
curacy, the same precision in the large number of simulations needed in Uncertainty quantification
analyses, reducing the effect on UQ analysis of numerical noise in the solution. Moreover, adaptive
mesh refinement can take advantage from the mesh independence between intersecting fractures,
making the mesh adaptivity easier and computationally faster, providing a suitable mesh with an

Page 69



InterPore2019 Valencia / Book of Abstracts

equidistributed and controlled error. The great advantage of the adaptive mesh refinement with re-
spect to uniform refinement is proven on realistic networks with tens of thousand fractures.
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Soil monitoring is necessary in the surrounding of the industrial sites impacted by geological gas
storage. Measuring the physical and biochemical reactions is a typical tool to ensure storage integrity
from industrial sites. Measurements of natural gas flows between the soil and the atmosphere can
be used to detect eventual abnormal emissions. Indeed, it is possible to distinguish natural flows
(soil respiration considered as soil natural emissions from additional gas flows that have migrated
from deep reservoirs, allowing thus to detect leaks).

A prototype station (ESCORT®) for monitoring the temporal evolution of gas emissions (qualita-
tively and quantitatively) has been developed at IFPEN (Rueil-Malmaison, France). This station
records gas concentrations (CO2, CH4, 02) in soil at four different depths (in this study : on the
ground’s surface, at 60 cm, 120 cm and 180 cm of depth). ESCORT® also integrates meteorology
data as temperature, atmospheric pressure and rainfall to correlate the meteorological conditions
with gas variations in the soil. During 2 years, from 2016 to 2017, measurements have been acquired
providing thus a rich database of CO2 and O2 measurements that allow to model the soil respiration
of the site.

Several soil respiration models were tested to predict natural CO2 emissions. This paper presents
the approach proposed to validate the soil respiration model, using available weather data from 2017
year to estimate the CO2 fluxes. In addition CO2 injections experiments in soil were also carried out
to mimic leaks and test the model in such a context. Results show that the CO2 flow during injection
period is higher than the flux calculated from the natural flow of soil respiration. The distinction be-
tween natural emission and leak was observed. Furthermore a mobile station is now developed and
provides on map a real-time measurements of abnormal CO2/CH4 concentrations on the ground’s
surface.
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A posteriori error estimation by stress and flux reconstruction
for Biot’s consolidation model
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Flux and stress equilibration procedure for the Biot’s consolidation (see 1) problem using Raviart-
Thomas elements with weakly symmetry as in 2 are proposed and analyzed. The stress tensor is
reconstructed from a displacement-pressure approximation computed with a stable finite element
pair. The Darcy velocity is reconstructed in the Raviart-Thomas finite element space, such that both
reconstructions are H(div)-conforming, and the equilibration procedure offering serveral advantages
(see 3) can be used. In particular, these reconstructions are build on vertex patches (see also 4) such
that they lead to a local efficient a posteriori error estimator for the Biot’s consolidation problem,
involving constants that depends only on the shape regularity of the triangulation.
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Swelling is a process in which a porous material grows spontaneously by absorbing additional pore
fluid. Polymeric hydrogels are highly deformable materials that can experience extreme volume
changes during swelling, allowing a small amount of dry hydrogel to absorb a very large amount of
fluid. This feature makes hydrogels extremely useful in applications ranging from moisture control
to drug delivery. The effective use of hydrogels in these applications requires a detailed character-
isation of their constitutive properties, including osmotic pressure, stiffness, and permeability as
functions of water content. Permeability is particularly important for applications that are sensitive
to the rate of swelling and drying. The constitutive properties of hydrogels are typically measured
at equilibrium, but equilibrium states provide no information about permeability. Measurement of
the permeability of hydrogels is further complicated by their extreme softness, and by the transient
nature of swelling. Here, we address this difficulty by studying the swelling of a hydrogel rod that is
suspended in dry air and has one end in contact with a water bath. The rod evolves from a uniform
initial state to a non-uniform (non-equilibrium) steady state in which the rate of water imbibition
from the bath and conduction through the rod is exactly balanced by the rate of water loss through
the sides via evaporation. We study this steady shape with laboratory experiments and a dynamic
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model based on large-deformation poromechanics. This shape is easy to measure and also very sen-
sitive to the permeability function, making it a novel and convenient method of characterising the
permeability of hydrogels.
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Quantification of capillary pressure scanning curves is important in estimating the efficacy of porous
absorbent structures when operated under reversals of scanning direction in partially saturated con-
ditions. Experiments for thin fibrous deformable porous media are difficult. This work details a
coarse-grained approach to study the scanning behavior in such porous media and identify its qual-
itative features.
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Reactive transport plays an important role in changing flow behaviour during carbon dioxide (CO2)
injection into carbonate aquifers for sequestration or oil recovery. In-situ brine is acidified by the
injected CO2, which may lead to a more rapid mineral dissolution. However, the manner in which
dissolution occurs could be strongly influenced by the physical and chemical heterogeneities inher-
ent in the host rock (Al-khulaifi et al.,2017).

We apply a combined experimental and modelling approach (Al-khulaifi et al., 2018). to study the
coupled impact of physical and chemical heterogeneity on reaction rates and dissolution patterns.
We use micro-CT to image in situ dissolution of carbonate rocks flooded with supercritical CO2
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saturated brine at reservoir conditions. We select two pairs of mixed mineralogy rock samples with
similar physical heterogeneity characterised by velocity distribution obtained by a Navier-Stokes
flow solver (Raeini et al.,2012; Bijeljic et al., 2013). All four samples have approximately 8:1 ratio of
dolomite to calcite, which are non-uniformly distributed, having different chemical heterogeneity.
We run experiments at two flowrates associated with different transport conditions.

Distinct physical heterogeneity (initial pore structure and associated velocity field) and chemical het-
erogeneity (intrinsic reaction rates and mineral distribution) exhibit a markedly different impact on
the effective reaction rates and dissolution patterns. Average reaction rates for calcite and dolomite
are an order of magnitude lower than the corresponding batch rates due to mass transfer limitations.
The calcite effective reaction rates in proximity to fast flow channels are initially higher than those of
dolomite. However, after the formation of a single dominant channel, the dolomite rates are higher,
since calcite becomes shielded by dolomite. The latter is also true for the dolomite effective reaction
rates in proximity to slow regions.

We introduce a new metrics quantifying coupled reactive transport behaviour, which describes prox-
imity of reacted minerals to the fast channels and slow regions. Overall, a higher degree of physical
and/or chemical heterogeneity promotes the preferential channelling effect, as opposed to uniform
dissolution.
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The era of “easy oil” production is ending, and it is necessary to develop new enhanced oil re-
covery (EOR) technologies to run the production economically. Previous studies have shown that
hydrophilic silica nanoparticles can improve water-flooding performance significantly due to their
small size (1-100 nm) and high surface area-to-volume ratio. However, the major challenge is the
development of the nanoparticle types capable of meeting the oil field screening conditions while
providing the highest oil recovery. In addition, a proper understanding of the underlying EOR mech-
anisms of the nanoparticles is needed.

In this work, we experimentally investigated four different types of silica nanoparticles as additives
to injection water for oil recovery applications. The nanoparticles were developed to remain stable
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in the injection water and the hypothesis is that the particles improve the performance of water
injection in a specific oil reservoir.

The nanoparticles were prepared to 0.1 wt.% concentration in synthetic North Sea water. Crude oil
was obtained from a field in the North Sea. Two-phase flow experiments were conducted, at surface
conditions, to verify the oil recovery potential of the nanoparticles at the breakthrough point and at
the end of flooding in water-wet Berea sandstone rocks. The best injection scheme were also eval-
uated. 1) The prepared nanoparticles were injected from start (at Swir) and the EOR performance
evaluated with respect to reference water flood; 2) the nanoparticles were injected after reference
water flood; and 3) the displacement mechanisms of the nanoparticles were investigated by inter-
facial tension measurements between the nanofluids and crude oil, Amott-wettability test and by
analyzing the differential pressure across the core and the nanoparticle size distribution.

Our experimental results from core floods show that the silica nanoparticles can boost oil recovery.
The secondary recoveries ranged from 44.4% to 55.7% of original oil in place (OOIP) compared to
39.7% of reference water flood. Oil recoveries of nanoparticles applied after water flood varied from
4.6% to 9.8% of OOIP. The presence of nanoparticles in the injection water delayed the breakthrough
point and resulted in addtional oil recovery over water flood. The results suggest that it is preferable
to inject the nanoparticles from start, rather than the injection of nanoparticles after the water flood.
Oil displacement studies showed that oil recovery is affected by a contribution of interfacial tension
reduction and wettability. However, the increased differential pressure observed throughout the
nanoparticle injection and the particle filtration may support the log jamming effect in the recov-
ery of oil. High flowrate applied at the end of low rate generated nanoparticle-stabilized emulsions,
which is also thought to contribute in the reduction of residual oil saturation.
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Contaminants such as chlorinated solvents, pharmaceuticals and pesticides, as well as emerging mi-
cropollutants are released to streams from multiple point and diffuse sources. Sustainable manage-
ment of water resources requires assessment of multiple contamination sources within a watershed
in order to assess their direct impact on water quality. Determination of flow paths and groundwater
fluxes are essential for evaluating the transport, fate and potential impact of contaminant plumes
discharging to streams. This implies that investigators have the tools to evaluate the governing pa-
rameters, including an appreciation of the scale of variability, as well as conceptual and numerical
models that incorporate the various mechanisms affecting flow, transport and fate.

A major multidisciplinary field-scale investigation of the Grindsted stream area was carried out
in 2012-2018 to develop the scientific basis for conducting risk assessments for contaminated sites
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impacting groundwater and stream water. The contamination originating from a former pharma-
ceutical industry discharges into a multilayered aquifer system and a downgradient stream (1). The
groundwater plume contains high concentrations of pharmaceutical compounds, chlorinated ethenes
and benzene. The contamination in the source area has been depleted and today the main challenge
is related with the complex plume discharging into the stream. The main impact zone is located
within a mixed land-use stream system, comprising urban areas and agricultural production, with
multiple chemical stressors impacting the stream corridor (8, 9).

Our overall aim of the field investigations was to (i) advance our understanding of transport and fate
of chlorinated ethenes and pharmaceutical compounds in a multilayered aquifer-stream system; (ii)
test the applicability of different methods for mapping groundwater flow and pollution as it enters
streams at a complex site, (iii) perform a risk assessment of the stream using the contaminant mass
discharge approach; and (IV) assess the stream’s chemical and ecological status in a multiple stressor
context.

The study included development of geological and hydrogeological models, geophysical measure-
ments, numerical modeling of the flow and transport, mapping of the contaminant plume at vari-
ous scales, and detailed field investigations at the main entry point of the plume into the stream.
We quantified the flow, contaminant mass discharge (CMD) and attenuation of the plume at the
groundwater-surface interface using different approaches and innovative tools. This included for
example:

- high resolution groundwater sampling in a control plane at the stream bank in conjuction with
application of Point Velocity Probes for determination of flow velocities and directions at the stream
bank (2, 7)

-identification of inflow zones using traditional and innovative tools e.g sediment bed Passive Flux
Meters and streambed Point Velocity Probes (3, 4, 5, 7, 9)

-Comparison of CMD estimates at control planes in stream bank, stream bed and in- stream (5, 7, 9).
-geophysics based quantification of CMD by use of geostatistical methods (2,6)

Our current understanding of the attenuation processes for key contaminants at the groundwater-
surface water interface and the value of innovative field methods for quantification of CMD will be
discussed in the presentation.
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Recently, the in situ contact angle estimated from the geometry of the fluid/fluid interface where it
meets the solid has been used to characterize wettability. This geometric contact angle is normally
measured from segmented pore-scale X-ray tomography images with interface identification, mesh-
ing and smoothing. However, the quality of the contact angle directly measured from voxelised
images is highly dependent on image quality and resolution, which is related to the pore/throat size,
and segmentation method. Furthermore, the contact angle may be an equilibrium value, or repre-
sent a pinned interface, and so is not necessarily representative of a displacement process. We have
developed an alternative approach to obtain the thermodynamic contact angle based on the interfa-
cial energy balance during fluid displacement (brine displacing oil). This angle can be determined
from the local capillary pressure through measuring the interfacial curvature, the changes of fluid
saturation, and the change of interfacial areas between different phases. We validate this approach
by simulating immiscible two-phase flow at the pore-scale in a water wet Bentheimer sandstone
using the colour-gradient lattice Boltzmann method. Simulations with both geometric and thermo-
dynamic contact angles were performed and compared with a steady-state two-phase flow experi-
ment on the same sample. The results show that the simulation using the thermodynamic contact
angle consistently gave better agreement for the fluid distribution and capillary pressure . This ap-
proach has also been further applied to porous media with more complex wettability (a Bentheimer
sandstone with altered wettability) to provide a more representative wettability input for pore-scale
modelling
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Our work deals with the investigation of particle transport and deposition in porous media, a prob-
lem with practical implications in many processes, concerning both natural and engineered systems:
aquifer remediation for freshwater extraction, packed bed chemical reactors, enhanced oil recovery
are some examples. In all of these cases, it is of the utmost importance to analyse the transport
of particulate matter in the porous medium and investigate their evolution due to deposition and
aggregation phenomena, in order to eventually obtain an upscaled transport model employable at
the macroscopic scale.

The deposition of particles through the system is quantitatively expressed by the deposition effi-
ciency in the porous bed, whose theoretical reference lies in the classical colloid filtration theory
(CFT), and for which the the most important parameter is particle size.

Theoretical works based on the CFT studying particle deposition at the pore-scale suffer a big disad-
vantage: mainly, they ignore the effect of packing randomness on macroscale fluid flow behaviour,
or are limited to very simple particle shapes, thus neglecting the effects of the grains roughness and
shape on mass transport. Moreover, no comprehensive pore-scale study of the influence of the geo-
metrical features of the porous medium on particle removal mechanisms is still available, whereas
both the packed bed porosity and tortuosity have been shown to have a marked influence on particle
deposition efficiency. Last but not least deposition involving a population of particles characterized
by a particle size distribution has not been studied before.

Thus, our novel approach relies on the construction of an array of 3D realistic models using the
open-source code Blender, which allows for a fast and robust modelling of packings of arbitrary
grain size distribution and grain shape. Having obtained the geometrical models of the porous me-
dia considered, flow field and particle transport were then investigated using a finite-volume CFD
code (OpenFoam). This methodology allowed us to perform a comprehensive study of all the rele-
vant geometric and fluid dynamic variabilities at the pore-scale and obtain the particle deposition
efficiency for each case.

Another important innovation in our work is the introduction of the population balance equation,
whose solution is dealt with using the Quadrature Method of Moments (QMOM). This approach
allowed us to consider the evolution of a non-uniformly distributed population of particles which
remains unexplored in the current state of the art regarding particle deposition and will allow for a
description of aggregation phenomena at the macroscopic scale.

The effects of these innovations are made apparent by the results of this work, which clearly show
how the standard CFT theory fails to correctly describe particle deposition in realistic, random,
packed beds.

Other important differences are highlighted between studying an uniform particle distribution and
non-uniform ones. For instance, the deposition process will remove preferentially the smaller par-
ticles, increasing the average particle diameter during the evolution of the dispersion process. This
has an effect on reaction rates, dispersion coefficient, et c. that would be impossible to estimate with
the classical methodology.
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In the upscaling from pore to continuum (Darcy) scale, reaction and deposition phenomena at the
solid-liquid interface of a porous medium have to be represented by macroscopic reaction source
terms. The effective rates can be computed, in the case of periodic media, from three-dimensional
microscopic simulations of the periodic cell. Several computational and semi-analytical models have
been studied in the field of colloid filtration to describe this problem. They typically rely on effective
deposition rates defined by complex fitting procedures, neglecting the advection-diffusion interplay,
the pore-scale flow complexity, and assuming slow reactions (or large Péclet numbers). Therefore,
when these rates are inserted into general macroscopic transport equations, they can lead to several
conceptual inconsistencies and significant errors. To study more accurately the dependence of de-
position on the flow parameters, in this work we advocate a clear distinction between the surface
processes (that altogether defines the so-called attachment efficiency), and the pore-scale processes.
With this approach, valid when colloidal particles are small enough, we study Brownian and gravity-
driven deposition on a face-centered cubic (FCC) arrangement of spherical grains, and define a robust
upscaling based on a linear effective reaction rate. The case of partial deposition, defined by an at-
tachment probability, is studied and the limit of perfect sink is retrieved as a particular case. We
introduce a novel upscaling approach and a particularly convenient computational setup that allows
the direct computation of the asymptotic stationary value of effective rates. This allows to drasti-
cally reduce the computational domain down to the scale of the single repeating periodic unit. The
savings are ever more noticeable in the case of higher Péclet numbers, when larger physical times
are needed to reach the asymptotic regime and thus, equivalently, much larger computational do-
main and simulation time would be needed in a traditional setup. We show how this new definition
of deposition rate is more robust and extendable to the whole range of Péclet numbers; it also is
consistent with the classical heat and mass transfer literature.
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The Vanadium Redox Flow Battery (VRFB) is one of the most promising Electro-Chemical Device
(ECD) technologies for large scale local storage of renewable energy, such as wind and solar. Com-
mercial exploitation of this technology has emerged, but a lack of fundamental understanding of
VREFB operation is limiting the development of this new technology. In particular, battery longevity
is a problem due to degradation of the porous graphite felt carbon fibre electrode material under
electrochemical cycling. In addition, the energy density must be improved, as this is low com-
pared to Li-ion battery performance. For these reasons, we investigated here the performance of
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micro-porous carbon fibre electrode materials using a combination of computational modelling and
experimental characterisation. In particular, the surface area of the porous electrode is critical to
the device performance. To optimize electrochemical reactions in the electrode, the reactive surface
area has to be as large as possible. In terms of micro-structure, this means that the felt fibres must be
distributed homogeneously. In current VREB technology, however, the felts are woven bundles of fi-
bres yielding a large local variation in voids and bundles. Recently, synchrotron micro-CT scanning
was used 1 to image the 3D pore structure of a graphite felt in-operando. However, the resulting
alteration of the actual flow field could not be quantified, as it was very difficult to measure in-situ
due to limited spatio-temporal resolution. Also, it is difficult to obtain the altered flow field from
average tortuosity and porosity calculations, as the relation between permeability and tortuosity /
porosity is only known empirically. Here we calculate, for the first time, the relation between flow
and altered micro-structural properties using direct flow calculations in pore space images of a rep-
resentative volume of a carbon fibre material obtained from micro-CT imaging. We present detailed
spatio-temporal pore space images of a representative 3D fibre felt geometry, and the corresponding
flow field. The flow field was calculated using our home-grown Lattice-Boltz-mann (LB) code (see
[2], [3] and [4]) on a big data set of 15 billion voxels using HPC facilities.

Our simulations show that the electrolyte is concentrated in local areas (“hot spots”), thus limiting
electro-chemical reactions. The heterogeneity of the commercial carbon fibre material therefore re-
duces the efficiency of the electrode, as it may cause high voltage spots and therefore damage in the
electrode. To mitigate problems associated with the heterogeneous nature of carbon fibre graphite
felts, we propose a rational design approach to develop new fibrous carbon materials with superior
properties.
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I will discuss the rheology and mechanical properties of wet granular materials, and show why the
behavior can be very subtle. Once one understands the mechanical properties, I will show that
one can use this knowledge to construct the perfect sandcastle, or to understand why the ancient
Egyptians wetted the desert sand with water before sliding heavy stones over it (Figure).

I will then go on to show some new results on friction at the microscopic scale, between 2 grains.
Amonton’s famous friction law states that the friction force is proportional to the normal force since
both are proportional to the area of contact. However for spherical grains, the contact area is not
proportional to the normal force, as shown by Hertz long ago. We use a new fluorescence technique
that allows us to probe the real area of contact between 2 rough surfaces. In our case, we conclude
that important deviations from Amonton’s law are observed.
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The calcite surface plays an important role in the development of hydrocarbon reserves, since this
mineral is the main constituent of the carbonate reservoirs, which are estimated to hold more than
60% of the oil reserves. Although initially water-wet, most of these reservoirs become neutral to pref-
erential oil-wet during the oil migration due to the adsorption of acidic groups from the oil on the
calcite surface. It is observed that by altering the brine composition, the wettability of the rock shifts
towards more water wet for certain brine composition. The phenomenon is called modified salinity
water flooding. Despite many efforts, the modeling of this phenomenon is still based on simple cor-
relations (i.e., interpolation of relative permeability curves as a function of brine salinity) that poorly
reflect the physicochemical interaction in the chalk/brine/oil system. Moreover, the role of the crude
oil composition has been traditionally completely disregarded. However, new experimental evidence
suggests that the fluid-fluid interactions can even outweigh the role of the rock-fluid interactions on
the wettability alteration. Therefore, in this work we first review the few available thermodynamic
(surface complexation) models (SCM) for the brine-oil interface. We found that these models have
important limitations: the chemistry of each crude oil is not considered, they cannot capture the
water/non-polar hydrocarbons surface charge, the interactions between Na+ and the acid sites are
not included, and the equilibrium constants for the adsorption reactions are not validated against
experimental data. We address the mentioned shortcomings by proposing an improved diffuse-layer
SCM for the oil-brine interface. The new model accounts for the chemistry of crude oils by consider-
ing surface sites that are linearly dependent on the total acid number (TAN) and total base number
(TBN). We define weak sites to account for the negative surface charge observed for non-polar hy-
drocarbons in water. We optimize the parameters of our model by fitting the model to reported
zeta potential measurements of oil in aqueous solutions. We validate the optimized model against
different experimental data sets, which generally shows a good performance in predicting the sur-
face charge of oil in different brines with different pHs. We show that the acid and base numbers
are only useful as a qualitative estimation of the distribution of polar groups at the oil surface, and
more sophisticated analysis is necessary to quantify the chemistry of the oil-brine interface. Later,
we couple the optimized oil-brine diffuse layer model to a CD-MUSIC (Charge Distribution Multi-
Site Complexation) model for the calcite-brine interface, to investigate the interactions between the
negatively charged carboxylic acids (dependent on the TAN) and the positively charged carbonate.
These thermodynamic models are coupled to a finite volume solver, providing a numerical approx-
imation of the transport of species and fluid and energy flow. The model is then validated against
core flooding experiments that monitor the acid number at the outlet, which gives an indication of
the extent of polar components adsorption/desorption on/from the surface of calcite.

Procter and Gamble Student poster award:
References:
Acceptance of Terms and Conditions:

Click here to agree

462

The impact of small-scale rock heterogeneity on CO2 plume mi-
gration and residual trapping
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The lateral migration of the CO2 plume is often not well predicted by reservoir simulators where
small-scale rock heterogeneity is not taken into account. Moreover, small-scale rock heterogeneity
has a significant impact on the residual trapping potential of reservoir rock. In this research, we
have measured and characterized the impact of small-scale rock heterogeneity on multiphase flow
parameters and residual trapping of CO2. Furthermore, we have developed methods to find upscaled
effective parameters that can be used to incorporate the effects of small-scale heterogeneities into
larger scale models. This could significantly improve the prediction of plume migration which will
increase our confidence in assessing storage capacity and leakage risks.

For this purpose, we performed experimental and numerical CO2/water core-flood tests at reservoir
conditions for a range of sandstone rock cores (including the Fontainebleau, Bentheimer, Massillon
and several cores of the Paraatte formation) containing different degrees and types of heterogeneity.
The experimentally obtained CO2 saturation distributions, visualized with the use of a medical X-ray
CT-scanner, were used to construct models of the sub-core scale permeability fields of the rock cores
studied.

For each rock sample, accurate petrophysical properties such as porosity, permeability, degree of
sub-core scale heterogeneity were extracted. The degree of heterogeneity, measured by the vari-
ance of the saturation distribution during drainage, proved to be the best predictor of residual gas
trapping. By extrapolating the correlation relationship between the degree of heterogeneity and the
linear trapping coefficient, we were able to show that pore-scale trapping mechanisms account for
47-99% of the residually trapped CO2 and capillary heterogeneity trapping mechanisms accounts for
1-53% of the residually trapped CO2 for the samples we tested. This suggests that capillary hetero-
geneity trapping has great potential in contributing to CO2 residual trapping.

The interplay of gravitational, viscous and capillary forces determines the CO2 saturation distribu-
tion and the amount of residual trapping that takes place. The relative permeablity function is flow
rate dependent as a result of this. We used the models of the rock cores to simulate the core-flood
tests for a range of flow rates and quantified the relative importance of each of the forces at the
scale of the heterogeneity. The results show that the direction, magnitude and spatial extent of the
heterogeneity impact the local capillary forces and, therefore, the capillary pressure and saturation
distribution. Furthermore, our experimental and numerical results indicate that for layered rock
with small variations in permeability, lamination direction has minimal impact on the local capil-
lary forces and does not affect the residual trapping potential.

From the numerical simulations, upscaled flow-rate dependent effective relative permeabilties were
obtained which can be used to incorporate flow rate dependency into larger scale models. In addi-
tion for the special cases of horizontally and vertically layered systems, analytical solutions were
derived to obtain relative permeability as a function of flow rate and fractional flow. These solutions
provide an easy way to investigate the impact of using multiple characteristic relative permeability
curves, and different permeability ratio between layers, on the upscaled effective relative permeabil-

ity.
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Mixed-dimensional modeling has become an active field of research, especially in the context of
porous media applications. These models arise whenever thin structures such as fractures or faults,
as well as subsurface layers such as aquifers, are represented as lower-dimensional manifolds em-
bedded within the computational domain. In turn, the resulting model typically consists of coupled
equations defined on manifolds of different dimensions, referred to as mixed-dimensional partial
differential equations.

We focus on a subclass of such problems, namely those concerning mixed-dimensional H(div) spaces.
These problems are common due to their direct connection to conservation laws, with examples
including mass conservation in fracture flow and momentum balance in linear elasticity. One of the
key challenges in this field is that the inherent scaling with small length parameters often leads to
an ill-conditioned system of equations.

To tackle this problem, we introduce function spaces and differential operators on the mixed-dimensional
geometry which ultimately leads to the formation of a mixed-dimensional de Rham complex. With
the use of this complex, we prove that well-known decompositions of functions including the Hodge
decomposition exist in the mixed-dimensional setting. Such a decomposition, which uses an auxil-
iary space corresponding to H(curl), then serves as the main ingredient for the proposed precondi-
tioner.

By employing conforming, mixed finite elements of lowest order, we show both theoretically and
numerically that these decompositions translate directly to discretized systems. To conclude, we
present numerical experiments showing the performance of the mixed-dimensional auxiliary space
preconditioner.
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The Metropolis algorithm (Metropolis et al., 1953) and its variants have been used extensively in
many areas to generate target distributions. However, the convergence of this kind of method can
be extremely slow due an inappropriate selection of shape and size of the proposal distribution used
to generate trial moves in the Markov chain Monte Carlo methods, becoming the bottleneck of this
methodology, mainly in high-dimensional problems. To overcome such problem several adaptive
methodologies have been proposed in order to choose (or tuning) the proposal distribution (Haario
et al., 1999, 2001; Mira, 2001; Haario et al., 2006). In this work we compare the classical random walk
Metropolis algorithm, Differential Evolution -DE- (Ter Braak, 2006) and Differential Evolution Adap-
tive Metropolis -DREAM- (Vrugt et al., 2008) to draw samples from high-dimensional permeability
fields in a two-phase flow problem.
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A key challenge for modelling reactive transport in porous media is to upscale the effect of solute
concentration fluctuations at the pore scale on effective macroscale reaction kinetics (Battiato et al.,
2009, Dentz et al. 2011). Experimental observations have shown the effect of solute mixing on reac-
tions in mixing limited reactive fronts where reactions occur in the fluid phase (e.g. Gramling et al.,
2002, Knutson et al. 2007, de Anna et al., 2013). However, investigating the control of solute mixing
on fluid-solid reaction, which concerns a large spectrum of natural dissolution, adsorption or com-
plexation reactions, requires new experimental approaches allowing the joint characterization of the
pore scale distribution of solute concentrations and reaction rates at solid-fluid interfaces. Here we
develop a three-dimensional experimental set up to image the pore scale distribution of solid-fluid
reaction rate in order to explore the link between concentration fluctuations induced by mixing and
effective reaction rates.

To quantify reaction rates at the solid-fluid interface, we graft fluorescence probe molecules on the
functionalized surface of glass beads. Pore scale imaging is then obtained using laser induced fluo-
rescence in optical-index matched porous media. Image processing provides quantitative pore scale
measurements of key properties including the PDFs of concentration and reaction rates in three-
dimensions. Results are interpreted by developing recent mixing theories (Lester et al., 2016, Le
Borgne et al., 2017, Souzy et al. 2018) to link the dynamics of fluid mixing in porous media to effec-
tive solid-fluid reaction kinetics.
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The simulation of flow and transport phenomena in poro-fractured media is a very challenging task,
mainly because of the high geometrical complexity of the domains, that introduces great difficulties
to the efficient generation of good quality computational grids. The reliability and computational
efficiency of these kind of simulations is of crucial importance for uncertainty quantification tech-
niques, were many computations have to be performed on networks of fractures that are randomly
generated from soil property distributions. To circumvent these issues, we propose a series of ap-
proaches [1-5] that exploit the flexibility of the Virtual Element method in dealing with polygonal
and polyhedral meshes. We consider a fractured medium represented as a 3D Discrete Fracture net-
work immersed in a rock matrix and discretize the domain by a minimal mesh where polyhedra
are delimited by the polygons representing the fractures. Such approach guarantees a conforming
mesh where the continuity of the solution and the balance of fluxes can be imposed strongly, thus
obtaining good quality solutions.
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Gradient flow perspective on poroelasticity and energy minimiz-
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Irreversible, dissipative processes can be naturally modeled as gradient flows; flow in deformable
porous media modelled by the Biot equations is such a process. In this talk, we exploit the gradient
flow structure of poroelasticity in order to analyze well-posedness of the problem and to accelerate
classical splitting schemes — undrained split and fixed-stress split — using abstract gradient flow
theory and convex optimization, respectively.

After time discretization, a gradient flow structure translates to an optimization problem, allowing
the use of mature optimization theory to construct numerical solvers. For the particular case of
the linear Biot equations, its time-discrete version translates into a quadratic optimization problem
subject to linear constraints. Furthermore, the standard classical splitting schemes can be identified
as alternating and hence successive minimization. Based on these observations, we propose two
novel techniques to improve the performance of classical splitting schemes while reducing user-
input:

« The stabilization parameter included in the splitting schemes is chosen such that energy is re-
duced maximally. This thereby resolves the question of optimal splitting parameters in the split-
ting scheme

+ By exploiting the quadratic structure of the optimization problem, we note that the optimal damp-
ing factor can be calculated explicitly, thus accelerating convergence.

Both techniques are cheap and can be build in on top of existing implementations of splitting schemes.
We note, acceleration via line search increases robustness and can be also applied to other iterative
solvers than the classical splitting schemes, ensuring energy minimization. We also discuss the ap-
plicability of the approach for nonlinear processes in deformable porous media.
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Highly conductive fractures through porous media may dominate fluid flow, hence injected fluids
mainly channel through the fracture network without contacting large portions of the matrix volume.
Establishing fluid flow within the porous matrix is important in many applications, e.g. during oil
or natural gas recovery from, and CO2 storage in, geological structures. Several options exist to
minimize fracture flow, therein the placement of polymer gel in the fracture network. With polymer
gel in place, subsequently injected fluids may be diverted into the porous matrix. Polymer gel may be
perceived as a flexible porous medium in itself, where the polymer structure of the gel constitutes a
matrix of constant solid volume and the gel porosity is defined by the volume fraction of solvent. The
behavior of polymer gel after placement in a fracture is complex and largely controlled by external
conditions. We used core scale experiments and high-resolution Positron Emission Tomography
(PET) to investigate the behavior of gel during water injection into gel-filled fractures through porous
rock. The properties of water injection were varied, applying either: 1) a stepwise variation in the
imposed pressure gradient (i.e. external mechanical stimuli), or 2) injection of low-salinity water,
where the salinity of the injected water phase was decreased compared to the gel solvent (i.e. a
change in external chemical composition).

The structural integrity of gel placed in a fracture may often be maintained at low differential pres-
sure gradients. An increase in the pressure gradient may cause the gel to rupture, creating a pattern
of void space, often termed wormholes. Injected fluids may resume flow through the partially gel-
filled fracture, preferentially flowing through wormholes. A significant reduction in fracture con-
ductivity may be maintained over an extended period of time due to the elasticity of gel, where the
wormholes collapse or expand depending on the imposed pressure gradient. PET enabled visualiza-
tion of dynamic wormhole development as a function of imposed pressure and water throughput.
The blocking capacity of a ruptured polymer gel is expected to decrease with water throughput, i.e.
the wormholes are expected to increase in size during water injection. However; gel also has the
ability to shrink and swell. Volumetric changes in gel may occur due to changes in a number of exter-
nal conditions. Recent work shows that a salinity contrast between the gel solvent and surrounding
brine implemented volumetric changes; gels generally swell in lower salinity water and shrink in
higher salinity water. We show that injection of low-salinity water may reverse the damages of
gel rupture, thus increasing the blocking capacity of gel with water throughput, contradictory to
previous findings. Visualization by PET was used to search for the mechanism behind improved gel
blocking.
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Effective behavior of an upscaled phase field model for reactive
transport
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Reactive flow with mineral precipitation and dissolution includes an evolving interface at the pore
scale as ions precipitate and minerals dissolve, affecting the pore scale structure. Large-scale prop-
erties such as the effective diffusivity and the permeability of the porous medium is affected. Such
a problem is difficult to handle numerically, both due to the evolving interface but also due to the
difference in scales and the highly oscillatory behavior at the pore scale. A direct simulation would
require a very fine grid to resolve the oscillatory behavior.

We here consider a phase field formulation for the coupled flow and reactive transport resolving
the evolving interface at the pore scale, which, using periodic homogenization, is upscaled to Darcy
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scale. The upscaled model provides the effective behavior and introduces Darcy velocities where the
permeability is found through a cell problem incorporating the phase field at the pore scale.

In a numerical simulation the Darcy-scale equations are time-stepped, where they in each time step
receive information from the updated cell problems as the phase field evolves. However, the cell
problems are decoupled from each other through the periodicity assumption and can be solved in
parallel. Hence, the upscaled model is much faster compared to a direct simulation.

Procter and Gamble Student poster award:
References:
Acceptance of Terms and Conditions:

Click here to agree

470

The effect of saturation dependent capillary diffusion on radial
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One-D Water oil displacement in porous media is usually described by the Buckley-Leverett equa-
tion or the Rapoport-Lease equation when capillary diffusion is included. The 1-D geometry is
not representative of a general oil displacement problem. It is therefore of interest to describe the
Buckley-Leverett or Rapoport-Lease equation in radial geometry. We can show that under appro-
priate conditions one apply a similarity transformation n= r"2/2t that reduces the PDE in radial
geometry to an ODE, even (as opposed to the situation in the linear geometry) when capillary dif-
fusion is included. We consider two cases (1) where the capillary diffusion is constant independent
of the saturation and (2) when we include saturation dependent capillary diffusion. It turns out
that the solution with a constant capillary diffusion coefficient is fundamentally different from the
solution, with a saturation dependent capillary diffusion. The most conspicuous difference is the
behavior around the dispersed shock, where we obtain a smoothly dispersed “shock” in the constant
diffusion case and a power-law behavior around the shock for a saturation dependent capillary diffu-
sion. We compare the numerical solution of the initial value problem obtained with a finite element
software package to a partially analytical solution of the problem in terms of the similarity variable

1.
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This work is concerned with iterative solution procedures for coupled thermo-poroelasticity. The
thermo-poroelastic model problem we consider is formulated as a three-field system of PDE’s, con-
sisting of an energy balance equation, a mass balance equation and a momentum balance equation,
where the primary variables are temperature, fluid pressure, and elastic displacement. Due to the
presence of a nonlinear convective transport term in the energy balance equation, it is convenient
to have access to both the pressure and temperature gradients. Hence, we introduce these as two
additional variables and extend the original three-field model to a five-field model. Based on this for-
mulation, we propose six different iterative algorithms, where we at each iteration either split the
problem into several subproblems, or solve monolithically a linearized system. These methods are
based on the well-known ‘fixed stress splitting algorithm’ from poroelasticity, extended to also in-
clude thermal effects, and also capable of resolving the nonlinearity in the model. We also provide a
convergence proof for the algorithms, and validate our results through numerical examples.
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Simulation of multiphase flow parameters needs to be carried out in domains that are large enough
for capturing the representative pore connectivity. For pore scale imaging of chalk nanometer res-
olution is required. Reconstructed domains of chalk from nanotomography barely meet the con-
nectivity requirement. Such simulations are performed on limited size volumes and therefore only
provide snapshots of the larger scale properties, which implies that statistical significance can only
be achieved by repeated sampling.

Until recently the computational burden associated with multiphase simulations prohibited com-
prehensive studies on the pore scale without the use of supercomputing facilities. With up to 32
GB of memory modern graphic card technology is now capable of handling large scale domains in
multiphase Lattice Boltzmann simulations enabling the computation of results within a reasonable
timeframe of days or even hours.

We developed a three-dimensional phase-field Lattice Boltzmann solver for GPUs, which is fast and
memory efficient. Here we present benchmarks for the solver and initial results obtained from simu-
lating drainage and imbibition processes in samples of Upper Maastrichtian chalk. The samples were
extracted core plugs and imaged by X-ray nanotomography. For each core plug several samples were
evaluated with respect to relative permeability and capillary pressure. Finally, we discuss different
drainage protocols and the influence of finite size effects on the estimated water saturation.
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Fourier-Transform Laser Speckle Imaging for fast, quantitative
and real-time flow imaging
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Laser Speckle imaging (LSI) is a very powerful imaging technique that visualizes flow. Compared
to other optical imaging techniques it has several advantages: it works well within turbid materials,
has very high spatial and temporal resolution, is sensitive to extremely small displacements and
set-ups are generally very low-cost. However the two existing data analysis algorithms each have a
serious drawback. One algorithm gives quantitative results but takes a huge amount of calculation
time, while the other algorithm is fast but not quantitative.

We propose a new algorithm that is both fast and quantitative. This new algorithm uses the fast
Fourier transform to quantify dynamics and visualize flow. The existing quantitative method is
based on the auto-correlation function which mathematically holds the same information as the
Fourier spectrum. However the Fourier spectrum is up to 500 times faster to calculate! We have
implemented this new algorithm on a portable LSI set-up where the real-time analysis is performed
on a tablet. This set-up increases the accessebility and applicability of LSI for imaging flow.
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Two-phase fluid flow in rocks depends crucially on the underlying pore-scale physics. While nu-
merical modelling at this scale has received great attention in recent years, it has remained un-
clear whether simulation discrepancies derive from a lacking description of the physics or from
other sources. In this work, we investigate this by directly comparing the sequence in which pores
are invaded during imbibition in numerical models to experimental observations based on fast syn-
chrotron micro-computed tomography. Our methodology allows to compare models to experiments
on a pore-to-pore basis in sandstone and carbonate samples, and captures the importance of filling
discrepancies on the averaged flow properties. The analysis proves that quasi-static physics which
take capillary dominated pore filling and throat snap-off into account can provide a good first-order
approximation of imbibition in strongly-wetted rocks at low capillary numbers. Furthermore, we
investigate how this experimental analysis can be extended into data-assisted pore-scale models,
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aiming to make pore-scale models with low computational cost more reliable and more broadly ap-
plicable.
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The mutual interaction between the fluid flow in fractured porous media and propagating, possibly
bifurcating fractures is important for the overall systems’ behavior in many natural and technical
applications.

We consider porous media where dominant fractures are kept in the mathematical model as ge-
ometric structures up to the Darcy scale. Those will be understood as sharp interfaces and will
be represented by dimension reduced manifolds. Incompressible two-phase flow formulated in the
fractional flow formulation will be considered in the bulk as well as in the fracturing domain.

We propose a fully conforming Finite-Volume approach where all fractures coincide with volume
edges. For the fracture network we rely on a Finite-Volume scheme formulated on manifolds. Ap-
propriate coupling conditions are used to fix numerical fluxes orthogonal to the lower-dimensional
fracture network. To track fracture propagation we will employ a moving-mesh concept that re-
stricts the topological changes to locally marked regions.
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The terrestrial ecosystems in arid, semi-arid and Mediterranean areas are characterized by extended
periods of drought followed by rainfall events, creating pronounced cycles of drying-rewetting
(DRW). As a consequence, the resident microorganisms need to respond to these extreme dynam-
ics in environmental conditions, which is known to induce some of the most dynamic patterns of
microbial growth and respiration documented. Thus, DRW events can account for the dominant frac-
tion of carbon dioxide emissions to the atmosphere in ecosystems affected by drought, with strong
implications for the global carbon cycle and climate change.

Despite their great significance, the mechanisms underlying microbial metabolic dynamics induced
by DRW in soils are still debated and several questions remain open — What is the carbon source
sustaining the increased proliferation of microbes? Which mechanisms control the intensity and
duration of the respiration pulses? How the growth and respiration rates are connected after rewet-
ting? Specifically, two categorically different microbial responses to rewetting have been identified;
a more efficient way of growing where microorganisms start growing immediately upon rewetting,
coinciding with respiration rates that peak immediately and then decrease exponentially (“Type 17),
or more ‘wasteful’ response in which bacteria grow exponentially after an extensive lag period (up
to 20 h), with a sustained period of elevated respiration, sometimes followed by a further increase
coinciding with the emergence of bacterial growth (“Type 2”). Previous studies have suggested that
the response upon rewetting could be related to the harshness of the disturbance as experienced by
the microbes, with more “harsh” (i.e. longer or more severe) drying resulting in a Type 2 response
[Meisner et al., 2017]. However, the specific underlying mechanisms remain unknown.

Empirical evidence and theoretical work point to several potential processes and mechanisms that
strongly influence the nature of microbial dynamics. On the one hand, the amount of labile carbon is
increased after rewetting because the organic matter accumulated during the preceding dry period
becomes available, sourced from e.g. dead microbial biomass and extracellular microbial products,
and previously physically protected soil aggregates are disrupted during intense dry periods. On
the other hand, microbial physiological processes such as osmoregulation, dormancy/reactivation
of cells, and synthesis/reuse of extracellular polymeric substances are activated as a direct response
to the extreme environmental changes from wet to dry, or dry to wet, conditions.

In this work, we address the hypotheses proposed and formalize them via a modeling approach
built on the process-based soil biofilm model by Brangari et al. [2018]. Specifically, we evaluate the
simplest scheme that allows capturing the general microbial patterns observed after rewetting of
dry soils. We also identify the environmental and microbial factors that can trigger a switch from
the type 1 to the type 2 response to rewetting, and vice versa. These scenarios allow disentangling
the putative drivers of microbial growth and respiration pulses in a set of virtual experiments that
subsequently can be interrogated by empirical experiments.
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Shale gas, an unconventional energy resource, has proven to be a boon in many ways. Its reservoirs
have extremely low permeability, low porosity, are rich in organic matter, and have complex pore
structures. Many models have been proposed to describe gas flow in shale reservoirs where all the
models account for some additional flow mechanism besides the viscous flow (Darcy’s law). In this
work, a model for gas transport in shale is proposed by accounting for three major fluid flow mecha-
nisms in shale stratum, which is modeled as a 3D fractal media. The proposed apparent permeability
of shale is an analytical expression that also accounts for heterogeneous pore sizes in shale stratum,
and is verified using experimental datasets for methane and helium flow in shale. Results of sensi-
tivity analysis indicate that surface diffusion of adsorbed gas plays an important role, specifically
in smaller pores, while surface diffusion would be negligible in larger pores. Further, the proposed
model shows that flow due to surface diffusion decreases moderately with the increase of isosteric
adsorption heat, while it increases significantly with the increase of the maximum adsorption ca-
pacity. One of the key novelties of the proposed permeability model is that it accounts for pore
size distribution to reveal novel insights on gas transport in shale that can be used to optimize gas
production by operational controls (e.g. controlling reservoir pressure) as flow regimes change with
time.
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Due to the multiphase nature of porous media, pore fluid redistribution induces a variation of strains
in the solid matrix according to the theory of effective stress [1, 2]. In cement-based materials, this
phenomenon is related to the change of volume at early states because of thermal shrinkage, auto-
genous and drying shrinkage. In the presence of restraints (self-, internal or external), cracks may
develop [3, 4]. Such early-age cracks can affect the durability of the material as they facilitate the
transport of harmful chemical substances into the medium. Objective of this work is to describe
drying shrinkage and cracking in cementitious materials with the theory of porous media and the
phase-field approach to fracture. The phenomenon of drying is modeled within the poromechan-
ical theory of 5, where the average properties of the solid and the fluid water phases are taken
into account. Crack initiation,propagation and branching can be numerically modeled by the phase-
field approach, which describes cracks as diffusive interfaces and offers an unprecedented flexibil-
ity in describing crack patterns with arbitrarily complex topology. The poromechanical-phase-field
framework in the context of variable saturation [8] is calibrated with original experimental data. We
present the calibration procedure and validation of the framework with some examples of shrinkage-
induced cracks observed experimentally.

Keywords: phase-field modeling of fracture, shrinkage, drying, cement, mortar.
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Abstract: With the rapid increasing demand of energy in the world, unconventional oil and gas re-
sources have received more and more attention, especially the tight oil —it has become a hot spot
in global oil and gas exploration, and an important replacement resource for the future oil and gas
production. In recent years, tight oil exploration and development has been extremely frequent and
active. As an important form of energy supply, most countries and regions in the world have dis-
covered this resource.

Tight oil reservoirs of Chang 7 Formation in the Ordos Basin are abundant, but the reservoir physical
property is poor and the formation pressure is insufficient, so there are many complicated problems
for its exploration and development. In order to achieve the goal of profitable production, we selected
the Hua H6 platform as a case study, planned to forecast and evaluate its productivity, and further
to optimize its productivity— based on the condition that we have determined the main control fac-
tors. Eventually, suitable tight oil exploration and development program for Chang 7 Formation was
established.

Key word: tight oil; productivity evaluation; development optimization; Hua Hé platform
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Unraveling the interplay of different sorption-induced deforma-
tion mechanisms in a slit pore: an atomistic simulation approach
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Common phenomena in porous materials ranging from nano- to meso- and macro-pore scale are
sorption hysteresis and sorption-induced deformations. In this paper, we focus on meso-porous ma-
terials and analyze sorption hysteresis and sorption-induced deformations in a slit pore. Sorption-
induced deformations are generally attributed to the interaction of three mechanisms: a disjoining
pressure, a surface stress in the film forming region, as described by Bangham or Shuttleworth, and
a Laplace pressure when capillary condensation occurs and menisci between liquid and vapor phase
appear.

Several studies have been conducted on the different mechanisms at play of sorption-induced defor-
mations, as well as their interplay both experimentally and theoretically, but an integrated approach
is still lacking. Since the origin of these phenomena arises from the atomistic/molecular level, where
intermolecular forces are induced due the fluid-solid and fluid-fluid interactions, we perform hybrid
atomistic simulations including both Grand Canonical Monte Carlo (GCMC) and Molecular Dynam-
ics (MD). In this study, we aim to characterize the contributions of different mechanisms at play
that explain the sorption-induced deformation when argon atoms ad- and desorb in an academic,
but realistic slit pore model.

The simulated sorption isotherms, characterized by first a film thickening and then a capillary filled
regime, are consistent with experimental and theoretical studies. They show hysteresis, attributed
to the capillary condensation and evaporation process at different relative pressures. With respect
to deformation in the film thickening region, the slit pore shows negligible deformation in nor-
mal direction, while a significant shrinkage occurs in longitudinal direction at very low absorbed
amount. This longitudinal shrinkage is generally explained by the surface stress, but we show that
this deformation already occurs much before a single film layer is formed. The shrinkage is found
to result from isolated adsorbed fluid atoms trying to attract the surrounding solid atoms, making
the solid substrate to shrink. This shrinkage can turn over to swelling when the first adsorbed layer
is formed and becoming repulsive, turning to the classical Bangham effect. When capillary conden-
sation occurs, a sudden shrinkage occurs in normal and longitudinal directions as explained and
properly modelled by the Laplace pressure. During further adsorption, the menisci at the ends of
the slit pore flatten, decreasing the shrinkage as the relative pressure increases. The small mismatch
between deformations predicted by Laplace law and atomistic simulations is attributed to the disjoin-
ing pressure. Analysis of isosteric heat of adsorption shows that the deformation-related isosteric
heat is relative small compared to sorption-related isosteric heat, which indicates that the influence
of deformation on the sorption process is limited. Finally, the effect of temperature on the different
mechanisms is analyzed.
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The various scenarios of liquid water formation in the cathode
gas diffusion layer of PEM fuel cells.
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The cathode Gas Diffusion Layer (GDL) is considered as a critical component as regards the water
management in Proton Exchange Membrane Fuel Cells (PEMFC), a key issue in order to improve
the PEMFC efficiency and durability. In this context, the identification and the understanding of the
exact mechanisms responsible for the liquid water formation in cathode GDLs are therefore of the
uttermost importance for improving the water management.

This topic has been widely studied through experimental works and pore network model (PNM) sim-
ulations. So far, two liquid water formation scenarios have been considered in the PNM models. In
the first scenario, referred to as the liquid invasion scenario, the produced water enters the GDL in
liquid phase and crosses it finding paths of lower capillary resistance. In the second scenario, namely
the condensation scenario, the produced water enters the GDL in vapour phase, diffuses through it
and condenses in colder areas, e.g. . However, those PNM models are only valid for very specific
conditions and are therefore not able to simulate the whole range of fuel cell operating conditions.
In particular, none of them are in agreement with the observations in fuel cells operating with a
reactant gas high relative humidity (~100%) at standard temperatures (~80°C), which are conditions
very frequently encountered in PEMFC.

To overcome these limitations, we present a new pore network model [2] aiming at simulating the
full range of operating conditions. This model combines the main features of previous models: evap-
oration condensation phenomena are taken into account and water can enter the GDL both in liquid
and vapour phases.

Good agreements with experimental observations are obtained over an extended range of PEM fuel
cell operating conditions. As a result, the new model can simulate not only the operating conditions
for which the previous models were satisfactory but also the conditions that could not be adequately
simulated with previous models. This leads to identify three main liquid formation scenarios depend-
ing on the operating conditions: the liquid invasion scenario where liquid — vapour phase change
phenomena are negligible, the condensation scenario where phase change phenomena control the
liquid water formation and the mixed scenario where the invasion in liquid phase from the catalyst
layer and the condensation — evaporation phenomena are both important.

The model can also take into account wettability heterogeneities in relation with the study of degra-
dation mechanisms in GDLs (loss of hydrophobicity) or for optimising the GDLs (in terms of mi-
crostructure and/or heterogeneous wettability properties).

1 B. Straubhaar, J. Pauchet, M. Prat, Pore network modelling of condensation in gas diffusion layers
of proton exchange membrane fuel cells, Int. J. Heat and Mass Transf. 102, 891-901 (2016)

[2] P. Carrere, M. Prat, Liquid water in cathode gas diffusion layers of PEM fuel cells: Identification of
various pore filling regimes from pore network simulations, Int. J. Heat Mass Transf. 129, 1043-1056
(2019)
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A Multiphase Darcy-Brinkman-Biot Approach to Modeling the
Hydrology and Mechanics of Porous Media Containing Macrop-
ores and Deformable Microporous Regions

Author(s): Francisco Carrillo’
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The hydrology of soft porous materials such as clays, hydrogels, membranes, or biofilms is an active
research area with important implications in water and energy technology as well as biomedical
engineering. A key challenge in these areas is that many soft porous materials (including clay-rich
sediments and sedimentary rocks) contain both macropores and micropores, i.e., they are inherently
multi-scale structures. Well-established models based on poromechanics theory exist for describing
the hydrology and mechanics of soft porous materials, but these models are not adapted to describe
systems with more than one characteristic length scale. In this paper, we expand upon the well-
known Darcy-Brinkman formulation to develop a “Darcy-Brinkman-Biot” formulation, i.e., a gen-
eral coupled system of equations that resemble the equations for poroelasticity in the microporous
regions and approximate the Navier-Stokes equations in fluid-filled macropores. Previously we have
shown that this model can be used to model single-phase flow within both plastic solids (swelling
clays) and elastic solids (membranes) by comparison to experimental and analytical data. More re-
cently, we have expanded this modeling framework to capture porous media dynamics driven by
multi-phase couplings through the inclusion of capillary forces, wettability effects, and relative per-
meabilities. We will show that the resulting model can be used as a tool to simulate and characterize
complex dynamic systems and phenomena: from reservoir fluid injection to clay-soil drying, and
from fracture propagation to viscous fingering. This is an exciting development, since, to the best of
our knowledge, this is the first CFD model to capture the dynamic couplings between a deformable
porous medium and multiple fluid phases in a manner compatible with Digital Rock Physics.

Sample Images:
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Removal of organic pollutants from water by non-thermal plasma
techniques
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The uncontrolled management of water resources for agricultural and industrial uses has caused sig-
nificant problems of water quality (e.g. pollution of groundwater, rivers and lakes by organic com-
pounds) thatbmay cause diseases either directly through human consumption, or indirectly through
the food chain.

The removal of contaminants by modern wastewater treatment plants is often incomplete. With
stricter current and anticipated regulations, more efficient and cheaper removal technologies need
to be developed and optimized.

Low temperature plasma technologies have been proved to be sustainable and efficient alternatives
amongst the different proposed water treatment methods. During non-thermal plasma treatment,
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highly reactive oxidative species (OH, H202, O3, atomic O, singlet O2 and UV/VUV photons) of
short life-time (order of milliseconds) are generated in the neighborhood of the water-gas interface.
These species are capable of oxidizing a wide variety of organic molecules ranging from viruses and
bacteria to poly-aromatic hydrocarbons, insecticides, and endocrine disruptors .

Nevertheless the energy cost for the direct treatment by non-thermal plasma of organic pollutants is
of the order of 30Wh per liter of treated water. Also because of the dielectric constant of the water
which is 80, while that of air and other gases is 1 and of solids like, Alumina, glass, PTFE is between
4 and 5, the voltage to maitain the discharge is above 15kV, which can lead to strong instabilities.

A viable option for water and wastewater remediation is based on the development of adsorbents
to trap the pollutants. The adsorbents can be treated by non-thermal plasma that can oxidize the
pollutants, converting them into less complex and less hazardous intermediates or even fully miner-
alizing them to CO2 and H2O. As the dielectric constante of the adsorbants, in this case the view is
slightly greater than 5, the power to maintain the discharge and the energy consumption are much
lower..

In this paper we review the possibilities of treatment of pollutants by non-thermal plasma and we
demonstrate that the treatment of pollutants adsorbed on porous materials is much more economical
than the direct treatment in the liquid.

Procter and Gamble Student poster award:

References:

Acceptance of Terms and Conditions:

Click here to agree

772

CO2 injection impairment: simple model for fracturing risk as-
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Several CO2 sequestration pilots and demonstration projects have been compromised by injection
impairment, decreasing injectivity, and influencing the shape of the CO2 plume in the reservoir.
The latter effect also potentially reduces the total storage capacity of the reservoir by leaving large
swathes unexplored by the injected fluid. Loss of injectivity is usually associated with super-critical
injected CO2 drying the reservoir formation inducing salt precipitation from resident brine. On the
other hand, mixing of the CO2 with resident brine results in a lower pH, low enough to dissolve
certain minerals acting as cement at formation grain contacts. These dissolved minerals will be
transported outwards from the well until they are deposited due to lowered superficial flow velocity
or aggregation and trapping at pore throats. A simplified model is constructed simulating dissolution
and precipitation without going into detailed geochemical reaction descriptions; instead, adjustable
coeflicients specify increase or decrease in pore radius, influencing local velocity in the different pore
volumes. The evolving pore throat size distribution in turn influences the stability of the injected
fluid front, potentially leaving areas behind with no or less CO2 saturation. A similar simplified
representation of the local effective stresses is established in terms of the pore pressure, whereby
criteria are established based on pressure difference between neighbor pores for fracture opening
and propagation. The fluid pressure in each pore being a function of flowing velocity, in turn itself a
function of pore throat radius and thus of the competition between dissolution and precipitation. The
mineral transport along the flow direction also implies that the competing chemical effects are not
occurring at the same distance from the injection point, instead separated by a distance depending
on the local velocity field. Variation in dissolution and precipitation propensity thus also leads to
different fracture patterns.
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Modeling solute transport in segregated porous media: sensitivity-
driven calibration of a new double continuum model
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Some real porous media, such as carbonates, show very complex structures characterized by the pres-
ence of poorly connected cavities which impacts on flow and transport leading to stagnant zones
formation and solute segregation. The double or multiple continua approach is appealing for pore
to continuum upscaling of transport in these scenarios.

We present the derivation and the calibration of a novel double-continuum model, which explicitly
accounts for the exchange process between high and low-velocity regions but avoids cumbersome
non-local formulations. Our modeling approach relies on the simplification of the porous medium
system into a unit cell made up of an immobile continuum and mobile one, where a uniform shear
flow is present. The numerically resolved pore-scale velocity distribution in the porous medium is
employed to characterize the volume fraction assigned to each continuum and the velocity profile
in the unit cell. Using the simplified unit cell, we derive a closed-form model, which includes two
effective parameters that need to be estimated: a characteristic length scale (L) and a ratio of wait-
ing times RD which lumps the solute segregation effect defined as the time required by the solute to
escape/explore the stagnant regions of the porous medium to the characteristic diffusive time scale.
We explore the impact of the two effective parameters on the solute concentration profile shape.
Our results showecase the flexibility of the model using global sensitivity analysis (GSA) consider-
ing three different initial conditions for solute transport. These results are then used to define a
tailor-made objective function for optimizing the efficacy of model calibration compared to classical
calibration approaches. To calibrate and validate our model, we rely on a set of pore-scale numeri-
cal simulations performed on a disordered segregated periodic porous medium and the same initial
solute distributions investigated in the sensitivity analysis.

Our results show that our model can predict both symmetric and highly skewed solute concentration
profiles. Using a sensitivity analysis driven calibration, our model provides a good interpretation of
the solute concentration profile evolution independent of the given initial condition relying on a
unique set of effective parameter values. These results support the robustness of the approach pro-
posed and allow better understanding the solute transport phenomena itself, particularly on the
influence of the mass exchange process between mobile and immobile regions and how it impacts
on solute profile shape, depending on the initial condition.
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Force chain analysis during particle migration using community
detection
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In the last decade, the study of the behavior of granular materials, such as dense packing of spheri-
cal particles and particle migration process, etc., has great important significance for chemical engi-
neering and petroleum engineering. However, it mainly focuses on the macroscopic performance of
granular materials, but there are few reports on the mechanism of microscopic mechanism such as
the mechanism of rupture and evolution. To address this challenge, we treat granular materials as
spatially-embedded networks in which the particles (nodes) are connected by weighted edges. We
use community detection network analysis method to find sets of closely connected particle clusters
and extract chain-like structure that are reminiscent of force chains. We investigate the packing
granular material in three dimensional which is compressed by fluid with different pressure. The
results show that Granular contact network exhibit a very clear community structure and network
analysis method provide new viewpoints to underlying and generate new perspective of describ-
ing granular material problem compared with traditional methods. The distribution of force chain
community size is consistent with an exponential distribution and the high-pressure force chain
network exhibit compact instead of branching communities. And granular matter displays traits
of self-organization forming complex force network which arrange in response to applied load or
compression and more specifically force network rearranges prominently when applied pressure is
disturbed.
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A Dynamical System for Gas Phase Cycling in Porous Media
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Compositional flow involving a gas phase is of importance in many areas, including oil reservoir
production, pipeline transport, CO2 sequestration, and the disposal of radioactive waste. Composi-
tional flow involves the inherent possibility of phase creation and its subsequent transport. Keeping
any potential gas components dissolved in the brine phase is important for efficient extraction in
reservoirs; the presence of gas bubbles and the resultant fluid-gas menisci complicates flow and can
compete with brine movement.

A challenge to the numerical simulation of compositional flow in porous media is the change in
the system of equations that accompanies the appearance and disappearance of a gas phase. We
developed a network flow model that checked on the flow condition (two-phase, single-phase under-
saturated, single-phase over-saturated) in each pore to determine the appropriate equations to ap-
ply. In our computations of two-phase, two-component (H20, CO2) flow in a 3D pore networkl. We
noted the periodic appearance and dissolution of the gas phase in certain pores. Intensive evaluation
of our algorithms led us to conclude that the phenomenon was not numerical in origin. We develop
and analyze a 2 x 2 dynamical system describing flow through a single pore to study the dynamics
of the appearance and dissolution of gas bubbles during two-component (CO_2, H_2 O), two-phase
(gas, liquid) flow.
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Dynamics of water imbibition through paper
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Paper is one of the most widely used typical porous media for absorbing liquid, and accurate control
of water imbibition in paper is crucial in developing paper-based microfluidic devices. Washburn
equation is usually used to describe the dynamics of the liquid flow through the cellulose matrix of
paper. However, it is well known that this equation has limitations in predicting water flow in paper.
We report that swelling and intra-fiber pores that have not been considered in developing Washburn
equation are mainly responsible for the limited accuracy when predicting imbibition length of water.
We demonstrate that cellulose fibers have significant internal voids that absorb water. In addition,
we quantify water induced swelling that leads to the expansion of inter-fiber space. We develop a
hydrodynamic model of water imbibition with the consideration of intra-fiber voids and cellulose
fiber swelling that well explain experimental observations. Our study provides a new insight into
not only porous media flow with intra-void structure and swelling effects, but also a theoretical
background to design pPADs.
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Unconventional oil and gas production from shale has revolutionized the world energy landscape,
and particularly within the united states where unconventional gas represents today more than
50% of U.S total production, as compared to 1% in 2000. Shale is a fine-grained sedimentary rock,
composed of solid organic matter (OM) scattered in a mineral framework. The decomposition of
this OM at high temperature leads to the generation of hydrocarbons during a process known as
maturation. The resulting organic matter develops a network of nanoscale pores that governs the
ability of a shale petroleum reservoir to store and ultimately yield oil and gas. The mineral matrix
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may also contribute, mainly through inter-particle voids, to the overall porosity leading to a pore
size distribution spanning from a few A to the pm range. It is therefore crucial to develop accurate
tools to characterize the multiscale pore network of shale rocks in order to better understand the link
between their texture and their adsorption and diffusion properties controlling the efficiency of a
production well. In this work, we have combined adsorption of multiple gases (N2, Ar, CO2, H2 and
02) with Mercury Intrusion Porosimetry (MIP) to study the pore system of 5 samples from the Vaca
Muerta Shale formation in Argentina. While the combination of low-pressure adsorption enables
probing the micro and meso-porosity (from a few A to ~ 50 nm), MIP allows for characterization of
the meso and macro-porosity (from 3 nm to ~ 500 pm). Rather than using a fragmented approach of
simple overlays from individual techniques, a unified approach utilizing a kernel constructed from
model isotherms and model intrusion curves is used to calculate the complete pore size distribution
and the total pore volume of the material. This technique has then been used to follow the evolution
of the porous network over the course of the demineralization of the original shale rocks by various
acid treatments, ultimately leading to isolated OM. This sequential approach gives insights of the
contribution of the different mineral phases to the overall porosity and makes the link between the
textural properties of these samples and their high-pressure adsorption properties.

Procter and Gamble Student poster award:
References:
Acceptance of Terms and Conditions:

Click here to agree

636

Characterization of sands and sandstones using electrical impedance
spectroscopy

Alex Kirichek™" ; Claire ChassagneI

' TU Delft
Corresponding Author(s): c.chassagne@tudelft.nl

The low-frequency dielectric spectroscopy of granular material, where the porosity is representative
for sands and sandstones, is until now always modelled using theories based on the work of Schwartz
(Schwartz, 1962). The theory for the low-frequency dielectric spectroscopy of suspensions, on the
other hand, has been developed much further over the last decades both numerically and analyti-
cally.

We present new analytical expressions for the complex conductivity of granular material, such as
sands and sandstones in an electrolyte solution, adapting the theories developed for suspensions
(Kirichek, 2017). We show that the new expressions enable to predict the measured complex conduc-
tivity of various granular material, such as packed glass beads, sands and sandstones. Because of the
typical grain size of sand and sandstone particles, for any ionic strength the double layer is much
thinner that the particle size. Contrary to existing theories for granular materials, the expressions
we derived are valid for any ionic strength and no adjustable parameters are required.

Figure 1 : Equivalent circuit representation of the measured electrical impedance for a sandstone. Left:
the sandstone (white) saturated with electrolyte (red and blue) in between two electrodes (grey). Right:
the equivalent circuit where Rb, Cep and Cb are resistance and capacitances of the EP and bulk. L is a
fitting parameter.

We furthermore demonstrate that the measured impedance of an electrolyte bearing sandstone can
correctly be modelled using an equivalent circuit approach (Kirichek, 2018), see Fig.1. The following
impedances of the circuit can be mathematically correlated to a polarisation phenomenon: elec-
trode polarization (EP) at low frequencies and bulk polarization at middle frequencies (kHz). EP is
correctly predicted in our case using the model presented in (Chassagne, 2016) for all investigated
concentrations. The bulk contribution is derived from the model we present here and requires no
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adjustable parameter in the case of fully electrolyte-saturated pores when all material properties
(porosity, salinity, dielectric constants) are known.

In the measurements, an additional polarization effect appeared at higher frequencies. We defined it
as a “pseudo-inductance” in the model and it is symbolized by L in Fig.1. We show that even though
this pseudo-inductance might be of parasitic origin and originate from an unwanted interaction
between the electric circuit and the sample it can be used to our advantage in the case of sandstones
saturated with a complex fluid. In the case of a sandstone saturated with a mixture of electrolyte
and supercritical CO2 we indeed demonstrate that two of the system parameters (the electrolyte
concentration and the CO2 saturation) can be uniquely determined by simultaneously fitting the
bulk polarization and the pseudo-inductance polarization. The fits are given in Fig.2.

Figure 2 : Magnitude |o] and phase conductivity spectra in a sandstone saturated with 10 mmol/L NaCl
for different CO2 saturation . The CO2 saturation is given by (1- Swn) where Swn is given in the figure.
Using the electrolyte concentration and Swn as adjustable parameters, the data could be uniquely fitted
and the found parameters corresponded to the expected ones.
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Identification of fractures in porous medium
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Fractures can drastically affect the flow patterns in porous media.

We propose a new iterative algorithm for the identification of a small number of large fractures in a
porous medium from given distributed measurements.

This algorithm is based on the use of fracture indicators that give a first order information concerning
the effect of the addition of a new fracture. As these indicators are cheap to compute, a large number
of configurations of new fractures is tested at each iteration.

This algorithm gives very satisfactory results for a series of numerical examples representative of
typical situations, although this problem is considered difficult.
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Geologic CO2 sequestration sites usually have large uncertainty in geological properties, such as
uncertainty in permeability fields. Geological uncertainty leads to significant uncertainty in the risk
metrics such as CO2 plume stability in storage reservoir, CO2/brine leakage rates through wellbores,
and impact to drinking water quality (such as total dissolved solid (TDS) and pH) in groundwater
aquifer due to CO2/brine leakage, all of which would have large impact on the post injection site care
(PISC) and the determination of the storage site closure time. Recently, a CO2 stability evaluation
approach and Integrated Assessment Model (IAM) have been developed by National Risk Assess-
ment Partnership (NRAP) to quantify the uncertainty of risk metrics. However, these models do not
account for the potential value of monitoring data (e.g., CO2 saturation and pressure measurements)
acquired during the operation of CO2 storage.

In this study, we integrate monitoring data into a reservoir model(s) using a novel data assimilation
approach called Ensemble Smother with Multiple Data Assimilation (ES-MDA). With the integration
of monitoring data, reservoir model(s) are calibrated. Based on the calibrated reservoirs, three sets
of uncertainties, i.e., uncertainties in the risk metrics for CO2 plume stability, uncertainties in CO2
and brine leakages from potentially leaky wellbores, and uncertainties in groundwater aquifer im-
pact (TDS/pH plume size), are quantified using the CO2 stability evaluation approach and IAM. We
demonstrate how assimilating monitoring data into reservoir models can reduce the uncertainties
in different risk metrics of interest using the Rock Spring Uplift site at southwestern Wyoming in
US as a field case. The value of information (VOI) for monitoring data over time is also quantified
in this study. To the best of our knowledge, this is the first study in geologic CO2 sequestration
to comprehensively quantify the uncertainty reduction in all risk metrics of interest from storage
reservoir to wellbore to groundwater aquifer.
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Reservoir management is critical for the petroleum industry, CO2 sequestration, and groundwater
quality evaluation. By understanding the effect that particulates have on the permeability of reser-
voirs, we can better evaluate field performance, as well as the concentration of contaminants in
aquifers.

The aim of this research is to investigate the effect of rock structure and particle properties on forma-
tion damage to sandstone reservoirs. It has been shown both experimentally and numerically that
permeability reduction can occur when particles such as sand grains or fines travel through the reser-
voir and clog the pore spaces. Pore clogging is predominantly initiated due to size exclusion for sand
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grains, which comprise of larger quartz particles. However, with shaly sandstone, pore clogging can
also be a result of electrostatic forces between the clay fines and the porous medium.

In this research, we study the phenomenon numerically in three dimensions and validate the results
with experiments. In order to obtain the porous media structure, X-ray microtomography (micro-
CT) scans are taken of sandstone samples to obtain realistic pore geometry. The micro-CT images
are then meshed in preparation for numerical simulation. In order to solve both the fluid and par-
ticle flow, the mesh is smoothed for increased accuracy before being imported into the numerical
simulator. For the numerical simulations, we use an opensource numerical package to simulate the
particle transport and retention through porous media. The software couples the Lattice Boltzmann
method for fluid flow with the discrete element method for particle-particle interactions. For the
particle-fluid interactions, the immersed boundary method is used for both dilute and dense particle
flow scenarios.

The experimental work verifies the physics of the phenomenon and validates the numerical results.
Firstly, a micro-CT image of the rock is taken as a reference geometry. Particles are then injected at
selected fluid rates and in specified numbers. For each case, steady state is reached before obtaining
a second micro-CT image. The fate of the particles within the samples are observed and compared
against the reference image. From this, the physics of the phenomenon is verified through observ-
ing size exclusion, amongst other secondary trapping mechanisms, and the permeability reduction
obtained experimentally is used to validate the numerical model.

The pore-scale numerical model can provide the basis for more realistic reservoir models through
upscaling to field scale. The outcome of this work is a dynamic skin factor, which is a function of
rock geometry and particle properties. This information can be fed into reservoir models to account
for particle retention during production or injection. Furthermore, the resultant reservoir model
can be coupled with a geomechanical model to obtain the concentration of sand particles travelling
through the porous media under different operating conditions. This coupling would also enable
a more accurate sand production rate prediction due to the inclusion of particle retention. The
significance in this work lies in the improvement of production forecasting, injectivity estimation,
sand production prediction. Our results show that the rock structure and particle properties play an
important role for determination of formation damage.
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The analysis of oil and water content in the cores is of great significance for the exploration and
development of tight oil reservoirs. Online nuclear magnetic resonance (NMR) technology combines
low field NMR spectrometer with high temperature and high pressure displacement technology,
and NMR testing can be carried out in core displacement experiments. In this study, online NMR
technology was used to test T2 spectra, stratified T2 spectra and Magnetic resonance imaging (MRI)
of tight oil sandstone cores during deuterium water flooding. Through the analysis of the measured
T2 spectra data, it can be concluded that the injected deuterium water preferentially entered the
macropores. When the proportion of pore with inner diameter greater than 1 pm in tight core
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exceeded 30%, it was difficult to displace oil in small pores for waterflooding development. It can
be seen from stratified T2 spectra that with the injection of deuterium water, the right peak of T2
spectrum at the injection end decreased significantly, which indicated that the injection medium
preferentially enters the large pores. By adding fake colors to MRI images, the displacement process
can be seen intuitively. With the amount of deuterium water injected from 0.2 pore volume (PV) to
5 PV, the core color begins to darken from the injection end, and the whole core color darkens later,
indicating that the oil in the cores was continuously expelled.
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The lattice Boltzmann method has become very popular for pore-scale flow simulations in micro-
models and real rock samples, thanks to its high fidelity and high efficiency on Manycore proces-
sors such as graphics processing unit (GPU). However, the current color-gradient multiphase model
suffers from large spurious currents and low numerical stability, leading to a very limited range of
surface tension to viscosity ratio. These have hindered the predictive capability of the color-gradient
model. For example, recent studies have confirmed that inertial effects impact the invasion patterns
during the process of scCO2 displacing brine in a heterogeneous micromodel 1. However, the exist-
ing color-gradient model failed to match the capillary number and Reynolds number simultaneously
due to the limited range of surface tension to viscosity ratio, thus cannot fully reproduce the inva-
sion patterns observed in the experiment.

In this work, we employ the CSF (continuum-surface-force) based color-gradient model and geomet-
rical wetting model to reduce spurious currents and eliminate artificial films, thus we are able to
match both the Reynolds number and capillary number of the scCO2 and brine displacing process.
The simulations show good agreement with micromodel experiments and fully reproduce the inva-
sion patterns. With efficient implementation of the code on Manycore processors, we are also able
to study the inertial effects on a real rock sample during fluid displacing process.
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An improved LBM-DEM model for hydro-mechanical coupled pro-
cess
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Hydro-mechanical coupled processes are considerably prevalent in petroleum industry such as hy-
draulic fracture in unconventional reservoirs and sand production in sandstone reservoirs. Owing
to the high cost of experiments, numerical study has been an efficient way to explore the underlying
physics of hydro-mechanical coupled process. Generally, there are two kinds of methods to sim-
ulate this process, continuum-based models and discontinuum-based models. In continuum-based
models, different nonlinear equations based on continuum theory should be solved iteratively, so
fully hydro-mechanical coupled schemes are difficult to be achieved. In addition, little information
can be provided by continuum-based model to understand the mechanism at particle scale. Thus,
discontinuum-based models are developed, and among them LBM-DEM is a popular one. Compared
with continuum-based models, DEM can capture the discrete nature of rock by treating it as an as-
sembly of discrete particles. Secondly, the influence of micro parameters on the macroscopic behav-
iors can be considered, which is important for understanding the mechanism of hydro-mechanical
coupled process.

In LBM-DEM model, rock deformation and fluid flow are simulated by discrete element method
(DEM) and lattice Boltzmann method (LBM), respectively, and then DEM and LBM are coupled to
capture the fluid solid interaction. There are some schemes to couple these two methods, such as
bounce-back scheme (BB), immersed boundary method (IBM) and immersed moving boundary (IMB).
Among them immersed moving boundary is commonly used to explore hydro-mechanical coupled
processes involved in geophysical system such as hydraulic fracture and sand production, because
this scheme is computationally efficient especially in dense particles cases. However, a limitation
of original immersed moving boundary exists that is the hydraulic force calculation is not accurate
enough. Thus, the purpose of this work is to overcome this limitation and simulate hydro-mechanical
coupled processes with improved LBM-DEM model.

In this work we develop an improved LBM-DEM coupled model, which can give more accurate hy-
draulic force calculation than original IMB method but with little additional computational cost. To
validate current model, sphere particle sedimentation in Newtonian fluid is simulated, and better
agreement with FEM results can be obtained. Finally, hydro-mechanical coupled process is simu-
lated, which gives an understanding of this process at particle scale.
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The normal-score ensemble Kalman filter (NS-EnKF) has been proven to work well for the identifi-
cation of a contaminant source in an aquifer together with the estimation of the spatial variability
of hydraulic conductivity, even for highly heterogeneous, non-Gaussian conductivity distributions,
in synthetic aquifers. In this work, the NS-EnKF is tested with real data coming from a sandbox ex-
periment with a binary spatial distribution of conductivities. The sandbox contains patches of high
conductivity mixed with patches of low conductivity. The main difference with the synthetic cases
in which the technique had been tested previously is that no piezometric head data are available, and
therefore, an important amount of information regarding the spatial distribution of conductivities
will be missing. After some preliminary tests, it was found that for the filter to meet the goal of
jointly identifying the contaminant source parameters and the non-Gaussian conductivities, it was
needed to use a large number of members in the ensemble or with inflation techniques to prevent
filter inbreeding. The best results were obtained with a large ensemble size or with the Bauser’s in-
flation method. The results show the ability of the NS-EnKF method to jointly identify contaminant
source and conductivities in a sandbox experiment.
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A unified model for liquid rise in a single capillary tube
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The study of the dynamic capillary rise is crucial for many industries and applications, such as flip-
chip encapsulation, design of micro-/nanoelectrical mechanical systems, fluid flow in porous media,
as well as enhanced oil recovery.

A comprehensive study of liquid penetrating into capillary tubes is of great significance and neces-
sary. Based on the energy balance theory, a normalized governing equation for the capillary rise
was derived in this paper, which accounts for the kinetic, gravity, viscous force, and capillary tube
effects. Among them, the friction dissipations of gas resulting from long capillary tubes are usually
ignored by previous research.

This model was validated the by comparing the results with some published experimental data. Then,
the origin of capillary oscillation phenomena and some relevant effects on it were investigated in
detail. The results show that this model can accurately capture characteristics of rebounds of liquids
in a cylindrical tube. As the capillary tube’s length increases, the magnitude of capillary oscillation
is weakened owing to the resistance of air. Theoretically, the capillary oscillation would vanish if
the length of the tube is infinite. In addition, the liquid viscosities also pose a remarkable effect on
the oscillating behavior, increasing the viscosity of liquid leads to a greater viscous resistance of the
wetting liquid, thus the oscillation behavior is inhibited and even disappears. Moreover, as there is
a positive relationship between the liquid density and the inertial force. Therefore, a more drastic
oscillation behavior will emerge when using a higher density of liquid for simulation. Overall, the
capillary oscillation is controlled by a variety of factors. The inertial force of the liquid is the primary
reason that gives rise to the oscillation of liquid column. We suggest that the unified mathematical
model could provide us new insights into the capillary rise of liquid, and it can be readily upscaled
into porous media using homogenization techniques, fractal theory, statistical models, etc.

References:

Acceptance of Terms and Conditions:

Click here to agree

Page 109



InterPore2019 Valencia / Book of Abstracts

30
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In this talk, we present upscaling methods for nonlinear multiscale problems. We use recently de-
veloped multiscale concepts for linear problems and extend them to nonlinear problems. The main
idea of these approaches is to use local constraints and solve problems in oversampled regions for
constructing macroscopic equations. These techniques are intended for problems without scale sep-
aration and high contrast, which often occur in applications. In our method, the local solutions are
used as a nonlinear forward map from local averages (constraints) of the solution in oversampling
region. This local fine-grid solution is further used to formulate the coarse-grid problem. Our ap-
proach is discussed on several examples and applied to single-phase and two-phase flow problems,
which are challenging because of convection-dominated nature of the concentration equation. The
numerical results show that we can achieve good accuracy using our new concepts for these complex
problems. This research is partially supported by Hong Kong RGC General Research Fund (Project
14304217) and CUHK Direct Grant for Research 2017-18.
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Traditionally, direct numerical methods are widely used to solve for flow on micro-computed tomog-
raphy (micro-CT) images of rock samples. However, it is computationally demanding, especially on
large micro-CT images (10003 voxels and more). We introduce a fast and robust approach in order
to solve the elliptic flow equation and estimate the absolute permeability of micro-CT imaged rocks.
The approach involves a common technique in computational fluid dynamics, an agglomeration. By
allowing specific locations of pore voxels to be agglomerated, number of pore voxels or active cells
in a sparse matrix can be reduced by approximately 60% to 80% depending on the type of rock and
its pore size distribution. Meanwhile, the fine details obtained from micro-CT scan are maintained.
The results compared with Pore-scale finite volume solver (PFVS) are within 1.6% difference (3.7%
difference for carbonate sample) on level 1 agglomerated grids and 1.9% for level 2 agglomerated
grids while fluxes are being conserved. Moreover, the computation time reductions are at least 59%
from all the micro-CT image tested in this study. This approach is suitable for a rapid estimation of
an absolute permeability from micro-CT images of rocks, especially on the system with more pore
voxels.
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Recently, Coal seam gas (CSG) has recently been globally gaining interests, because its environmen-
tal benefits compared to traditional hydrocarbon sources, as well as its abundance. Nowadays, direct
flow simulations are widely used for simulating flow on microcomputed-tomography (micro-CT) im-
ages of conventional reservoir rocks. However, not many have been done on micro-CT images of
coal, due to the complexity that makes coal images difficult to characterise.

In this work, we use Lattice Boltzmann Methods for Porous Media (LBPM) in order to study for fluid
flow (both single-phase and multiphase) on coal images. The coal images we use in this study are
reconstructed using a discrete fracture network (DFN) model from the actual micro-CT images of
coal. The results are compared with the laboratory experiment results. Understanding of absolute
and relative permeabilities and other petrophysical properties from coal images in pore-scale will
lead to better development of larger scale simulation for CSG
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Parameter of the pore tortuosity is a basic parameter characterizing macroscopic pore space structure
of permeable porous materials. This parameter plays important role in all transport processes tak-
ing place in porous materials (Carman 1937, Clennel 1997). In spite of its fundamental character and
great number of publications devoted to its definition and analysis of the physical and geometrical
meaning and the methods of determination, there is still no commonly accepted general definition
of this macroscopic notion and its microscopic representation. This problem becomes even more
complicated in materials with anisotropic pore space structure.

The aim of the paper is to present the general solution of the problem of macroscopic description
of the anisotropic pore space structure, which allows precise and consistent formulation of defini-
tions of macroscopic parameters of pore space structure: pore tortuosity and surface porosity, and
also their natural introduction into macroscopic description of processes occurring in porous mate-
rials. Considerations have been based on the model assumptions presented in the papers Cieszko
2005 and Cieszko 2009. It was assumed that at the macroscopic point of view interconnected pores
in permeable porous materials form anisotropic space, the structure of which is determined by its
metric and this space is modelled as Minkowski metric space. Such approach to this problem re-
sults in a number of consequences: a) modelling of the pore space structure is a primary problem
in comparison to the modelling of processes occurring in the pore space; b) parameters of the pore
space structure are defined by the metric of the space; c) pore structure parameters co-determine the
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course of each process occurring in the pore space and are independent of them. It was shown that
pore structure parameters and their tensor characteristics are directly defined by the metric tensor
of the pore space. This means that character of these parameters is purely geometrical.

The proposed definition of the pore tortuosity parameter based on the concept of Minkowski met-
ric space is also the basis for precise determination of their relation with quantities characterizing
microscopic pore structure. General form of such relation for pore tortuosity have been obtained
requiring the full representation of macroscopic density of fluid kinetic energy in the potential flow,
by microscopic velocity field. It was shown that such approach is directly related with the varia-
tional problem of minimization of scalar field inhomogeneity defined in the pore region the measure
of which is the integral of square of gradient of this scalar field, called Dirichlet integral or Dirichlet
energy. Euler equation for this problem takes form of the Laplace equation that is the basic equa-
tion describing various types of potential transport. This equation does not contain any material
characteristics, and due to the pure geometrical character of the variational problem, its solutions
are contingent also upon geometry of the region on which it is defined.

Procter and Gamble Student poster award:
I don’t want to compete References:

Carman P., Fluid Flow through Granular Beds, Trans. Inst. Chem. Engng, 15, 150-166, 1937.

Clennel M., Tortuosity: A Guide through the Maze, in Developments in Petrophysics, eds Lovell M.A.
& Harvey P.K., Geological Society London Special Publication No 122: 299-344, 1997.

Cieszko M., Extended description of pore space structure and fluid flow through anisotropic porous ma-
terials. Application of Minkowski space. Eds: Wang Y., Hutter K., Trends in Application of Mathematics
to Mechanics, Shaker Verlag 2005.

Cieszko M., Description of Anisotropic Pore Space Structure of Permeable Materials Based on Minkowski
Metric Space, Archives of Mechanics, 61, 6 (425-444), 2009. Acceptance of Terms and Conditions:

Click here to agree

782

Limit Models of Pore Space Structure of Porous Materials for De-
termination of Limit Pore Size Distributions Based on Mercury
Intrusion Data

Author(s): Mieczystaw Cieszko'

Co-author(s): Marcin Kempiniski ' ; Tomasz Czerwinski 2

! Kazimierz Wielki University

? Kazimierz Wielki Uniwersity
Corresponding Author(s): cieszko@ukw.edu.pl

This paper proposes application of capillary and chain random models of pore space structure for
determination of limit pore diameter distributions of porous materials (Cieszko et all 2018), based on
the mercury intrusion curves. Both distributions determine the range in which the pore diameter
distribution of the investigated material occurs and defines the degree of inaccuracy of the method
based on the mercury intrusion data caused by the indeterminacy of the sample shape and its pore
space architecture.

We derived equations describing the quasi-static process of mercury intrusion into the porous layer
and porous ball with a random chain pore space structure and analysed the influence of the model
parameters on the mercury intrusion curves. It was shown that distribution of link length in the
chain model of the pore space, random location of chain capillaries in the sample and the length
distribution of the capillaries do not influence significantly the intrusion process. Therefore, a simple
model of the mercury intrusion into the layer is proposed in which chain links of the pore space
have random diameters and constant length. This model is used as a basic model of the intrusion
process into a sample of any shape and size and with homogeneous and isotropic chain pore space
architecture. The thickness of the layer then represents the mean length of chain capillaries in the
sample. It was also proved that the capillary and chain models of pore space architecture are limit
models of the network model identified in this paper with the pore architecture of the investigated
sample. This justifies application of both models for determination of limit cumulative distributions
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of pore diameters in porous materials based on the mercury intrusion data.

The limit distributions are compared with distributions determined from microscopic image analysis
of samples obtained by the micro computed tomography (XCT) method. These distributions are
considered as actual distributions of the pore space and are determined by prescription to each point
(voxel) of the pore space of porous material, the diameter of the maximal sphere that contains this
point and is completely inside the pore space (Hildebrand and Ruegsegger 1997).
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Nowadays, the applications of polymeric sponges are extensive, ranging from classical uses in clean-
ing 1 and filtration tasks 2, to more advanced uses in sampling devices [3] or eye surgery [4]. Ir-
respective of its actual application, characterisation of a sponge’s properties is fundamental to its
application. These properties, such as pore size and connectivity, which influence liquid uptake, re-
tention and transport, are dependent on production methods and can change over time, depending
on the way they are used 5. However, in order to gain a better understanding of sponge proper-
ties and behaviour, new methodologies are needed that allow the characterisation of these systems,
preferably in situ, enabling a more complete characterisation. Magnetic resonance imaging (MRI)
and High resolution X-ray Tomography (LCT) offer complementary information about the structure
and properties of porous media [6, 7]. pCT provides precise information about the 3D structure of
porous media, due to the typically high resolution of the technique, which can go down to the pm
scale [6]. While MRI is unable to achieve the same spatial resolution, it can probe the 3D structure
of porous media at a resolution of 10-100 pm and is also able to probe the diffusion and flow of fluid
within the system, providing an understanding of transport within the pore network [8]. Thus, by
combining pCT and MRI, a more-complete understanding of the relationship between structure and
transport becomes possible. While pCT has been used to study sponges [9], MRI has mostly studied
porous media composed of inorganic materials, such as rocks or glass [10] and limited studies have
been conducted on polymeric porous system. In this study, we have employed MRI, in combination
with pCt, to study the structure and properties of a polymeric open—cell foam. T2 nuclear magnetic
resonance (NMR) relaxation times of water have been measured for a range of open-cell sponges and
correlated with the average pore size distribution determined by pCt. This methodology is found to
demonstrate the complementarity of MRI and pCT, leading to new insight in the characterisation of
polymerics open-cell sponges.
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Efforts to develop next-generation energy technologies in the subsurface hinge on the ability to se-
lectively control fluid migration in heterogeneous formations. In this work we report on the use of
pseudowollastonite carbonation as a means to dramatically reduce the permeability of porous media
in situ. Pseudowollastonite is a polymorph of calcium silicate (CaSiO3) with a strained ring crystal
structure. It has been found to generate layered crystalline calcium silicates in addition to calcium
carbonate when reacted at elevated pressures, temperatures, and pH conditions with CO2. The re-
action products are noteworthy because they are extremely hard and resistant to acid attack, unlike
carbonates and the calcium silicate gels that form cement, but also because they could precipitate
selectively within pore throats, which would maximize their efficiency in controlling permeability
in porous media. A series of sand column experiments were carried out in which pseudowollastonite
was injected and then reacted with CO2. The reacted columns were then characterized using a suite
of micro- and macroscale techniques including air permeability, scanning electron microscopy and
energy dispersive X-ray spectroscopy (SEM-EDS), synchrotron pX-ray diffraction (uXRD), and syn-
chrotron pX-ray fluorescence (XRF) mapping. To fully describe the reactive transport occurring in
the column experiments, small powder batch experiments were conducted with pseudowollastonite
and were analyzed via SEM-EDS and transmission electron microscopy (TEM). The results suggest
that in subsurface applications the chemistry reported here may react in ways that are highly de-
sirable for controlling the fate of fluid. The gas permeability of experimental columns was found
to drop by three orders of magnitude before and after reaction. MicroXRF analysis of the columns
reveals the ways in which the precipitated phases seem to crystalize in pore walls as opposed to
pore bodies. The samples were doped with strontium to differentiate the carbonate and hydrated
calcium silicate precipitates and bromide was added to the water to evaluate its penetration into
the column. When these columns were exposed to acidic solutions the carbonate-based cements
dissolved and the reaction front of precipitation followed be redissolution and precipitation further
downstream. In columns containing pseudowollastonite on the other hand, very little change to
the column was observed before and after exposure to the acidic solution. Additional experiments
were carried out to evaluate the temperature sensitivity of these reactions, which are slower but still
observed at temperature below 120°C. Silicon to calcium ratios of the CCSH phases suggest that the
reaction products are likely a combination of products including phyllosilicates, inosilicates, nesosil-
icates, and sorosilicates. These results could enable new techniques to deploy targeted deployment
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of permeability control in the deep subsurface for geologic carbon storage, enhanced geothermal
energy, compressed air storage and other similar technologies.
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Mass transport, fluid flow, evolving pores, mineral crystallization and dissolution, pore clogging and
micro-fractures propagation of are all important phenomena closely related to durability studies of
geomaterials. The study of these phenomena bears importance to a variety of real-world problems.
To fully comprehend the impact of these processes on geomaterials in general, a good understanding
of the underlying pore scale dynamics is vital. In this context, 4D pore-scale X-ray imaging offers
new and exciting insights and the resulting 4D datasets are valuable to complement modelling stud-
ies. Besides providing input, 4D X-ray CT is also a valuable tool for validation of theories and models.
We will discuss some of the current possibilities and challenges related to 4D imaging. Examples will
be given of different experiments related to the imaging of dynamic pore scale processes in geoma-
terials.

Procter and Gamble Student poster award:
I don’t want to compete References:
Acceptance of Terms and Conditions:

Click here to agree

797

Investigation of fluid/fluid couplings in two-phase flows: appli-
cation to soil remediation

Author(s): Maxime Cochennec'

Co-author(s): Hossein Davarzani % . Yohan Davit * ; Stéfan Colombano ? ; Ioannis Ignatiadis * . Michel Quintard
3

' BRGM
% BRGM (French geological survey)
* Institut de Mécanique des Fluides de Toulouse

* BRGM
Corresponding Author(s): m.cochennec@brgm.fr
The main objective of this work is to derive effective parameters (e. g. permeabilities and additional

coupling terms) for two-phase flows in highly permeable porous structures. We are interested here
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in the transport of Non-Aqueous Phase Liquid (NAPL) in groundwater and soils that have large
permeabilities, such as sands with a permeability of 107! to 10~ 1%m?.

The derivation of effective parameters is well known for creeping single-phase subsurface flows in
low permeability media. Phenomenological relationships combined with extension of the law ob-
tained for single-phase flows are mainly used to model two-phase flows in low permeability system.
These classes of models are generally termed generalized Darcy’s law. Inherent assumption of such
models is that, locally over a Representative Elementary Volume, phase configuration can be consid-
ered as quasi-static and therefore, the capillary pressure defined as the pressure difference between
the averaged pressures is mainly determined by the averaging of Young-Laplace equation assuming
a constant curvature.

Multiphase flows in highly permeable structures, such as coarse sands or distillation columns, re-
quires a specific treatment due to the fact that, when the pore size becomes very large, Reynolds
number, capillary number and Bond number attached to the flow can no longer be considered small,
as it is assumed for the quasi-static assumption, i.e., the system can no longer be described as mainly
controlled by capillarity. As a consequence, the classical generalized Darcy’s law model must be
adapted. While this is largely an open question, experimental and theoretical evidence suggest that,
at least, terms representing the drag force between the two phases must be added to the generalized
Darcy’s law. This has been emphasized in recent studies showing, for instance, a deviation from
the hydrostatic pressure drop in water observed in a vertical column subject to an upward gas flow
1.

Models exist to take into account the coupling between phases and are written, for a creeping
flow

Vo= _%Kaa : (Vpa - pag)
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where 3 and +y label fluid phases and K g, and K., 3 are permeability cross terms .

For flows with strong inertia effect, one can derive the following generalized form accounting for
inertia effects
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where Fg, and F. 5 are cross terms associated with the inertial correction and Fggz and F.,, refers
to terms similar to those appearing in the generalized Ergun’s law. Such models can be derived, for
instance, from upscaling procedures such as volume averaging applied to systems respecting the
quasi-static hypothesis 2.

By conducting direct numerical simulations in cylinder bundles, we investigate the sensibility of
the effective parameters on capillary length, capillary number and permeability within the limit
of creeping flows. Numerical simulations are based on the Boundary Element Method, which is
particularly suitable for modeling creeping flow with free boundaries. A Brinkman formulation
is used to include some of the 3D effects on the flow. This work provides information about the
dependency of effective terms for flows that challenge the assumptions underlying the construction
of conventional macroscopic models.
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Most porous natural or synthetic materials possess a multiscale structure that have a major impact
on large scale transport properties. In particular, the large scale effective conductivity associated to
thermal, electrical or hydraulic fluxes depends on the media microstructure as well as on the spatial
scale considered.

In this talk, the potential field that solves the up scaling closure problem for a single large realization
(4096 2grid blocks) of a 2D media sample (a Log normal with Gaussian or exponential covariance,
or binary media of high conductivity contrast of 10"4) is first determined.

Then, using two different post treatment of that potential, we calculate two descriptors of the equiv-
alent conductivity for any subsample. These descriptors correspond to the evaluation of the viscous
dissipation and of the average flow rate in that subsample, both estimators requiring negligible extra
cost once the full potential has been determined.

The probability density function (pdf) of these descriptors are studied as a function of the subsample
size and are compared with reference pdf determined by directly solving the subsample up-scaling
closure problem by a complete and far more expansive Monte Carlo study. Each descriptor con-
verges towards the full sample value if the REV size is smaller that the full sample size. Numerical
results are compared in the asymptotic case to analytical estimations. For log normal media, these es-
timations are found to be accurate, even for large input Log k variance. This also happens for binary
media, except near percolation , where slow convergence to the asymptotic regime is observed.
These post-treatment strategies are discussed for the REV determination, as well as for a deeper
understanding of the convergence of the effective properties distribution to a limiting one.

Future work using 3 D cases, power law conductivity distributions and long ranged correlations will
be discussed, as well as applications of such finding to uncertainty quantification.
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The Soil-Atmosphere Interface: Numerical Analysis of Coupled
Free-flow Porous Media Flow Systems
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Mass, momentum, and energy exchange processes at the soil-atmosphere interface depend on the
dynamics of flow both above, below, and at the surface interface. This leads to a strongly coupled
behavior across flow domains.

In the free-flow domain, the development of boundary layers in free-flows depends largely on the
momentum, energy, and compositional content of the atmosphere. In the subsurface, diffusive evap-
oration and capillary effects will dominate the thermo- and multi-phase flow dynamics in the subsur-
face. The size of the boundary layers developed in the free flow will define the primary evaporation
rate at the surface, exchanging mass and energy and altering the rates beneath the surface. Changes
to the subsurface saturation and the undulating shape of the interface will influence momentum ex-
change from one domain to the other, further modifying the exchange rates between the domains.
In this work, a coupled turbulent free-flow and multi-phase, compositional, non-isothermal porous
media flow model has been developed, where soil-water evaporation across undulating surfaces is
simulated on the REV scale. This simulation data has been compared to experimental work, and the
validity of the model concept evaluated.
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Solute transport in porous media generally exhibits a non-Fickian character that can be traced back
to multi-scale heterogeneity. This anomalous character manifests itself in heavy-tailed breakthrough
curves and non-Gaussian solute concentration plumes.

Understanding and predicting these transport behaviours is crucial for several environmental is-
sues, including aquifer contamination remediation and risk assessment in nuclear waste reposito-
ries.

In order to develop a predictive large-scale transport formulation, it is essential to understand the
relationships between transport features, and medium and flow attributes, as well as the impact of
the injection conditions on early- and late-time dynamics. We investigate these relationships by
considering different scenarios of Darcy flows in porous media characterised by spatially-varying
hydraulic properties. In particular, we consider broad distributions of hydraulic conductivity with
point values spanning over several orders of magnitude.

We propose a correlated continuous time random walk model (cCCTRW) to describe and predict trans-
port in several scenarios of increasing heterogeneity. In the spirit of the recent works by Dentz et
al. (2016) and Hakoun et al. (under review), this cCTRW is based on a Markov velocity process
which accounts for injection conditions that lead to non-stationary Lagrangian velocity statistics.
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The effective transport model that we propose is parameterised in terms of the velocity correlation
length, which relates to the correlation length of the hydraulic properties, and of Eulerian statis-
tics, i.e. in terms of transport-independent quantities, which provides the model with a predictive
character.

The presented approach allows us to quantify the impact of advective heterogeneity and of different
injection conditions on average transport behaviour. We show that both processes are crucial for
the fate of effective transport characteristics such as the moments of particle displacements and the
breakthrough curves.

Within our modelling framework, we derive analytical predictions that show good agreement with
cCTRW and direct numerical simulations.
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Understanding the properties of reactive transport in porous media is crucial for several environmen-
tal issues, including carbon dioxide sequestration and aquifer contamination remediation, among
others. In particular, the bimolecular irreversible A + B -> C chemical reaction is ubiquitously ob-
served in nature and the properties of the related reaction-diffusion fronts have been the subject
of intense investigation from both theoretical and experimental points of view since the founding
paper of Galfi & Racz (1988), describing their scalings in a rectilinear geometry.

Most of the studies since then have focused on the case of a reactant A being injected into a region
filled with a reactant B along a rectilinear front. In contrast, only few recent works (Brau et al.
2017, Trevelyan and Walker 2018) have investigated the properties of A + B -> C fronts in radial
symmetries. In 2D systems where the reaction front is subjected to passive radial injection, the
front position, its width and the reaction rate keep the same asymptotic temporal scaling as in the
rectilinear case. However, the proportionality constants depend on the injection flow rate, which
means that the front position and the reaction production rate can be tuned by the injection flow
velocity.

Here, we extend the results from Brau et al. to d=3 dimensions. Analytical results for the asymp-
totic regimes are provided and compared to the results of numerical simulations. We show that the
properties of the radial front in 3D in presence of advection are quite different from those in 2D.
We discuss the consequences of these properties on the production of C and their implications on
remediation strategies.
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Enhanced solubilization of entrapped DNAPLs has emerged as one of the most effective techniques
for the remediation of subsurface DNAPLs zones. A key process governing the effectiveness of these
remediation techniques is the interphase mass transfer. Multiphase flow models can be used to es-
timate the interphase mass transfer coefficient from effluent concentration data. The calibration of
such models is a challenging task due to the lack of detailed data describing the DNAPL spatial distri-
bution and the governing the fate and transport processes. In this study laboratory scale experiments
were conducted to evaluate reagent-enhanced DNAPL solubilization in saturated heterogeneous me-
dia. The DNAPL consisted of both pooled and residual forms. To gain insight into the influence of
various input parameters on effluent concentrations, sensitivity coefficients of key parameters were
numerically computed. The sensitivity coefficients were, in turn, used to underpin the difficulties
associated with the calibration of multiphase flow models, most notably the non-uniqueness of cal-
ibration process when partial input data are available. To alleviate this uncertainty and provide
additional constraints, the conducted flushing experiments were jointly used in the calibration pro-
cess. The calibrated model was then used to estimate the interphase mass transfer coefficient. The
results suggest that the interphase mass transfer coeflicient is also dependent on the flushing solu-
tion viscosity and the interfacial tension between the DNAPL and aqueous phase.
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In 1 a new computational model is developed to solve three-phase immiscible compressible flow
in strongly heterogeneous poroelastic media where, within the context of an iterative coupled for-
mulation based on the fixed stress split algorithm, the governing equations are decomposed into
three subsystems associated with the geomechanics, hydrodynamics and transport problems [2,3].
The proposed methodology gives rise to a new pressure equation supplemented by a source term
involving the time derivative of the total mean stress with more complex coefficients, dependent
on pressure and saturations that extends the two-phase incompressible model discussed in [4]. The
hydrodynamics subsystem involves an overall compressibility which plays an essential role in the
magnitude of the additional source in the pressure equation associated the time derivative of the
total mean stress. The additional coefficients in the source can be decomposed into a rock/grain and
fluid components involving the formation volume factors of each phase. In this work, by using the
one-way and the two-way numerical methodologies proposed in 1, we study the influence of the
fluid and rock properties on the total compressibility and study the numerical dependence of the
sequential iterative scheme on the saturations of the phases. Numerical results illustrate the role
of the transient nature of the total compressibility upon subsidence, rock compaction, oil and gas
production and finger grow in primary and secondary recovery regimes.
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Basic phenomenological mechanisms of drying in simple solid porous systems initially filled with

pure liquid and in the absence of gravity effects have been identified 1. First, a constant (drying)
rate period (CRP), with a homogeneous desaturation of the medium, occurs. In this regime capillary
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equilibration processes allow for water redistribution throughout the medium so that the saturation
decreases uniformly. This is followed by a falling-rate period (FRP) associated with the development
of a heterogeneous profile of saturation. It is generally considered that the onset of this results from
a demand of liquid, through the imposed evaporation rate at the free surface, larger than the liquid
transport within the porous system induced by a gradient of capillary pressure 2. The mechanism
assumed to govern this second regime is the inward growth of a dry region from the sample free
surface, through which vapor diffuses before reaching the free surface. However, existing internal
observations do not provide unambiguous evidence that such a dry region effectively develops [3-4].
Moreover, it was shown that, surprisingly, as it dries, a model porous medium with pore size of the
order of a few nanometers, desaturates almost homogeneously [3, 5]. This suggests that some kind
of continuous molecular liquid film remains present along the (hydrophilic) solid surface in that case,
to allow the liquid transport towards the sample exit.

To clarify this problem, we look at the mechanisms of liquid extraction under different boundary
conditions. The fundamental observation is obtained from the “drying” of a model (hydrophilic)
porous medium covered with a wet paste. NMR measurements show that the resulting extraction
rate and the liquid distribution in the porous medium in time, are similar to those for drying of
the same porous medium directly submitted to a dry air flux, whereas in the former case air is
saturated with vapour so that vapor diffusion is a priori absent. This suggests that a continuous,
molecular liquid film exists throughout a hydrophilic porous medium and this at any time during
its convective drying at any stage. This contrasts with the usual assumption of dry front formation
in the last stages of the process. This leads to a change of paradigm: drying simply results from
the suction of liquid imposed by the evaporation of the molecular film along the available liquid-air
interface at the sample free surface. As a consequence, the drying rate of a material with a given
structure type can be described by a unique master curve for the saturation vs time scaled by initial
drying rate, whatever the pore size (or, equivalently, the permeability), the sample height and the
air flux velocity, and whatever the resulting liquid distribution in the porous medium (more or less
heterogeneous).
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The mechanical stresses on a rock in the subsurface depend on reservoir depth and pore pressure.
The resulting over-burden pressure (often referred to as Net Confining stress NCS) can affect rock
properties, such as porosity and permeability. Reservoir conditions, and in particular variations of
reservoir conditions are often not matched in laboratory testing.

Most commercial micro-CT scanners operate at ambient conditions when taking a digital 3D image
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of a pore space. This may lead to some differences in pore space geometry when the effect of com-
pression is not modeled.

We present a digital workflow to simulate both, the compaction of an unconsolidated sand using a fi-
nite element (FE) method as well as the permeability for various NCS levels using a lattice-Boltzmann
(LB) solver. An in-depth analysis of the porosity and permeability variation is provided to provide
better understanding.

We create a finite element mesh for each individual grain of a sand pack, and initialize all grains
randomly within a test container, modeled as a FE mesh, in such a way that they do not touch each
other. Gravity is applied to simulate the movement of all grains falling into the container using a
finite element solver. The process of obtaining the initial location and orientation of all grains is
finalized when all grains are not moving anymore. A rigid plate FE model is put on top of the sand
pack within the container. We then perform a second FE calculation to simulate the effect of over-
burden pressure, by defining a step-wise translation of the rigid plate and measuring the resulting
force on the rigid plate. During the compaction we observe relocation of sand grains and some
elastic deformations.

For every NCS we derive a pore space from the compressed grain space and perform pore scale
single-phase flow and multi-phase flow simulations 1 to study the impact of NCS on absolute and
relative permeability.

We observe that the stress dependent porosity is consistent with laboratory data of an unconsoli-
dated sand reported in 2. The slight under-prediction could be related to the lack of modeling of
plastic deformations such as grain crushing and grain-grain penetration.

The reduction of absolute permeability for various NCS levels follows the trend of weakly consoli-
dated sandstones up to 3000 PSI. For stress levels above 3000 PSI, we observe larger deviations which
we associate with not including plastic deformation in the compaction process, which would likely
lead to a stronger pore space alteration.

In summary, the presented compaction process models grain relocation and elastic deformations.
For moderate NCS the simulated porosity and permeability trends compare well with published
data. Large NCS levels require to include plastic deformation in the FE calculation.
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The combination of high-resolution visualization techniques and pore-scale flow modeling is a pow-

erful tool to understand multiphase flow mechanisms in porous media and their impact on reservoir-
scale processes. Phase-field, or diffuse-interface, modeling is an effective framework to construct
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multiphase theories that capture interfacial and wetting phenomena in flow through porous me-
dia.

In the context of a recent benchmark study on pore-scale models for multiphase flow in porous media,
we compare the flow processes and displacement patterns predicted by three different modeling
approaches of increasing complexity. The problem under study is the viscously unfavorable fluid-
fluid displacement in a microfluidic flow cell patterned with vertical posts. By varying flow rates and
wetting conditions, the experimental results explore a rich phase diagram of displacement patterns
and processes.

We consider three approaches to simulate this flow problem: a purely 2D phase-field formulation,
where flow is assumed to be uniform in the gap; a quasi-3D formulation that partially captures the
3D viscous and capillary coupling between fluids in the cell gap, in the context of a 2D, gap-averaged
Darcy formulation; and, finally a fully-3D Cahn-Hilliard-Stokes formulation that is conceived as a
high-fidelity flow model for this problem. We discuss the range of applicability of each modeling ap-
proach, depending on the capillary number and wetting conditions, and discuss the open challenges
in modeling unstable imbibition processes in porous media.
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The IFBattery flow-battery system is very different from a classical system—power, internal resis-
tance and energy density are nonlinear in the number of cells in series. In a classical battery system,
each cell is isolated, possessing its own anode, cathode and electrolyte, and the only motion interior
to the cell is diffusion of ions on an electrochemical gradient. In the IFBattery system all cells are
immersed in a common electrolyte that is in rapid convective motion relative to the anodes and cath-
odes. As we next illustrate, this makes the internal resistance a nonlinear function of the number of
cells in series, which in turn makes specific energy and power a nonlinear function of the number
of cells in series—and fortunately for the I[FBattery battery, the nonlinearity works very positively
in favor of the IFBattery battery relative to classical systems.

The battery produces electricity directly, and by judicious choice of the chemistry, can simultane-
ously produce vast quantities of hydrogen gas (no Oxygen) that can be directed at low pressure to a
fuel cell. Here we focus on only the direct electricity generation.

Increasing the convective flow velocity from zero to some critical value increases power and de-
creases internal resistance. Beyond this critical value, further increases in convective velocity de-
creases the power and increases internal resistance. For this presentation, two types of flow cells
have been employed to create convective flow: one uses a rectangular acrylic flow cell, open at the
top to allow Hydrogen to escape, and mounted on an orbital shaker; the other uses stationary, sealed,
clear, PVC tubes with the flow directed vertically upwards and driven by a pump, Hydrogen is re-
moved at the pump instead of directly from the cell. The later design produces higher power with a
3-cell system reaching 30 Watts.

Typical statistics are presented below for the orbital shaker system:

Specific energy (Wh/kg), direct electric only, cells arranged in series in common electrolyte:

1-cell 273

2-cell 544

4-cell 1140
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9-cell 1365

Max power and internal resistance with cells in series arrangement:

Cells, max power, internal resistance

1, 3.16W, 0.435 Ohms

2,9.01W, 0.517 Ohms

3, 19.0W, 0.515 Ohms

5, 32.5W, 0.532 Ohms

Using the above data for max power, Wn ,for an n-node series arrangement of the cells on the 3- and
5-cell systems we find Wn ~ n"1.84 and n"1.86, respectively, which is quite close to n"2. The punch
line is that classical systems have power scaling with n and for the IFBattery system in this example
power scales with n"1.85, a very favorable result.
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The decision making process in many geoengineering applications has to be supported by accurate
numerical models that help to predict how fluids displace in the underground and the geomechanical
response of the surrounding rock. For some systems the geomechanical and the flow and transport
problems are only loosely coupled and can be solved separately. However, in fractured natural
formations the coupling is much stronger since the hydrodynamical properties (i.e., aperture, con-
ductivity) of the fractures are highly dependent on the geomechanical configuration. Thus, accurate
simulation requires to solve the coupled system of equations describing flow and geomechanics.

In this work, we employ a finite-volume discretization for the flow equation coupled with a finite-
element scheme for the geomechanics. A friction model is also considered to describe the contact
behaviour at the location of closed fractures. Fractures are embedded in the rock matrix grid and
their effect is captured by employing the embedded discrete fracture model (EDFM) [1,2] and the
Assumed Enhanced Strain (AES) method [3,4], to represent their contribution to the flow and the
mechanics, respectively. This embedded discretization reduces considerably the complexity of the
grid and allows for different grids to be used for the fractures and the matrix. EDFM considers frac-
tures as lower dimensional entities which exchange a mass flux with the rock matrix. The discrete
representation of the flux between the two media is directly related to how the fractures cells inter-
sect the matrix ones. The AES method, on the other hand, assumes a local enrichment of the FEM
solution space inside each matrix cell cut by a fracture element.

Numerical experiments are presented to study the convergence and the accuracy of the proposed
method.
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A local time-stepping (LTS) strategy for fully-implicit simulation
of multiphase flow in porous media
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Most challenges of simulating multiphase flow in natural porous media derive from the variety of
length and time-scales involved. While a considerable effort has been done by the scientific commu-
nity to deal with the disparity of length-scales by introducing, for example, multiscale methods and
adaptive mesh refinement techniques, less attention has been given to how to tackle the different
time scales.

In this work, we propose a local time-stepping (LTS) method for fully-implicit (FIM) simulation of
multiphase flow in natural porous media. The application of local time-stepping techniques to hy-
perbolic problems has been thoroughly studied. However, the fully-coupled system of equations
describing flow and transport in porous media has a mixed elliptic (or parabolic) — hyperbolic na-
ture. As such, it is more challenging to devise a LTS method for such a system. Here, we propose to
employ a predictor-corrector strategy. Starting from simulation time ¢, first, the full system is solved,
implicitly, with the use of a coarse time-step dt.. Then, based on an error criterion, the regions of
the domain where a smaller time-step should have been employed are identified (e.g., around the ad-
vancing saturation front). Finally, the non-linear coupled system of equations is solved with a much
finer time-step, dt; in these regions until the time ¢ + dt. is reached. A flux boundary condition
that ensures mass conservation is applied at the interface between the fine and the coarse time-step
regions.

Numerical test cases are presented to demonstrate the accuracy and the efficiency of the method.
The LTS solution is compared against a reference one obtained by employing a uniform high reso-
lution time-step. It is shown that results are in good agreement even though LTS only employs the
smaller time-step in a small fraction of the domain.
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The most distinctive characteristic of a shale gas reservoir is its extremely low permeability and
porosity. Therefore, multistage hydraulic fracturing and horizontal wells (MHFHWSs) are widely
used to enhance the production. Many previous study have revealed that the spatial extent and
properties of hydraulic fracture was critical to MHFHWS’ production. However, limited informa-
tion of activated natural fracture in the formation leads to high uncertainty of stimulated area as
well as the well performance. History matching is always used to determine the uncertain data in
reservoir simulation and it could be a feasible way to determine the extent of hydraulic fracture
network.

In this study, we proposed a new method for history-matching of the Hydraulic fracture by use
of Ensemble Kalman Filter(EnKF) coupled with embedded discrete fracture modelingKEDFMK. For
each hydraulic fracturing stage, the fracture network is parameterized by a set of uncertain param-
eters including main fracture length, width of stimulated area, fracture density et al. With these
parameters, the fracture network in which each fracture is treaded as a discrete fracture embedded
into the background can be generated stage by stage. After parameterization, EnKF is applied to
perform the history-matching. As each fracture is treaded as embedded fracture, ones do not need
to adjust the background grid system during the history-matching which make the approach much
more convenient in some case with the complex geologic structures. As Microseismic surveillance is
used quite often in field nowadays, we also consider the prior constraint in our proposed approach.
We first define the effective microseismic events area for each stage. Then, the events within the ef-
fective area are used to generate discrete fracture while events without the area are abandoned. The
length, width and height of the effective microseismic events area are adjusted gradually by history-
matching and the reasonable effective area is provided with the assimilation of all production history.
In this study, both synthetic and real case are proposed to validate the approach. The numerical re-
sults show that by use of the proposed approach, the extent of hydraulic fracture network can be
well recognized and the production history can be well matched.
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This work focuses on the impact of concerte early age behavior and structure service-life condi-
tions on an accidental condition such as a fire or a Loss-of-Coolant Accident. Concrete structure
exposed to fire or, more generally, to high temperatures/high pressure, are sensitive to spalling, i.e.
the violent detachment of flakes that exposes steel reinforcement and may lead to structure failure.
Numerical experiments are performed using a fully coupled multi-phase model based of porous me-
dia mechanics taking into account dependencies of material parameters on hydration advancement
degree. Concrete hydration at early age and dehydration/degradation due to high temperature ex-
posure are here treated by means of an original unified approach.The mathematical model is based
on general conservation equations of mass, energy and linear momentum: the explicit introduc-
tion of the stoichiometric model of Powers allows deriving some of the needed closure relationship;
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a new constitutive model is also proposed for the desorption isotherm. The paper underlines the
importance of describing a more realistic condition to properly gather local phenomena (moisture
accumulation, gas pressure increase) that might trigger spalling.
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Li-Ton batteries are commonly used in portable electronic devices and state-of-the-art electric ve-
hicles due to their outstanding energy and power density. A typical Li-Ion battery electrode is a
porous composite consisting of active material (particle diameter ~10-20 pm), conductive carbon
(particle diameter ~100 nm), and polymeric binder. The carbon black and binder form a microporous
phase (CB domain) which is distributed in the macro-pores of the active material network and en-
sures mechanical stability and electrical contact. However, at high current densities, e.g. during fast
charging, the transport of Li-ions in the electrolyte is decisive for the performance of the battery
cell and the CB domain increases mass transport limitations. Furthermore, it was shown that the
production process, e.g. harsh drying conditions cause binder migration to the electrode surface
which enhances performance losses 1.

In our presentation we will show results of pore-scale simulations of Li-Ion batteries 2 which addi-
tionally take into account the morphology and distribution of the CB domain. In order to assess the
effect of the CB domain we performed intensive simulation studies on reconstructions of NMC elec-
trodes with different thickness and density which were created with the help of synchrotron tomog-
raphy and a 3D stochastic microstructure generator[3]. The simulations are in quantitative agree-
ment with galvanostatic cycling data and impedance measurements on symmetrical cells [4] which
are especially advantageous for the characterization of electrode tortuosity. Based on these results
different electrode configurations were evaluated regarding their performance improvements at high
C-rates. This virtual screening provides material-structure-function relationships which are a help-
ful tool for the development of improved functional materials and electrochemical devices.
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Nowadays global warming is known as one of challenging problems which threat human future on
the earth. The main reason of global warming refers to carbon dioxide emission so the researchers
attract to the study of carbon dioxide capture and storage (CSS) process. Accurate investigation of
vapour liquid equilibrium (VLE) of impure carbon dioxide system has dominant impact on design-
ing CCS process such as injection and storage in porous media. In the present study, multi-layer
perceptron artificial neural network (MLP-ANN) algorithm was developed to forecast VLE data of
binary system of carbon dioxide with oxygen, Nitrogen and Argon. ANN algorithm is proposed
based on statistical learning methodologies, which has wide applications in different sciences [1, 2].
According to this end, a reliable source of experimental data was gathered to train and test the pro-
posed algorithm. a comprehensive experimental data which contains 191 experimental vapor liquid
equilibrium data for CO2+N2, CO2+02 and CO2+Ar were assembled from a reliable paper [3]. The
actual dataset contains 57 data points of CO2+N2, 68 of data points CO2+02 and 66 of data points
CO2+Ar. The utilized MLP-ANN algorithms were developed for determination of vapor and liquid
mole fraction of carbon dioxide separately. The accuracy of predicting models were investigated by
graphical and statistical manners. The determined error indexes lie near the zero and predicted VLE
data has great agreement with experimental data. The comparison of MLP-ANN outputs and experi-
mental VLE data showed that predicting algorithm has great potential to predict behaviour of binary
system of impure carbon dioxide so MLP-ANN can be used as applicable method for prediction of
carbon dioxide phase behaviour in porous media.
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In the recent years, earth surface temperature have elevated significantly. One of the dominant rea-
sons of this elevation is emission of carbon dioxide so the importance of carbon dioxide capture and
storage (CCS) technology has been growing recently. As the storage of carbon dioxide is a complex
process especially in porous media and accurate knowledge about vapor liquid equilibrium (VLE)
and phase behavior of impure carbon dioxide has noticeable effect on designing CCS processes. The
impurities of carbon dioxide has vital effect on CCS technology however as the impurities of carbon
dioxide streams increase the cost of capturing process decreases but it causes further problems in
other processes of CCS such as storage and transportation phasesl. In the current work, a novel
computational method namely least square support vector machine (LSSVM) optimized by genetic
algorithm (GA) was used to predict VLE data of binary system of carbon dioxide with Nitrogen, Oxy-
gen and Argon. The LSSVM approach was prorogated by Suykens as a form of SVM method [2, 3].
The LSSVM method can be considered as a simple computational method because it has two optimiza-
tion parameters. To this end, two models based on LSSVM-GA were developed for vapor and liquid
phases. The accuracy of predicting models were investigated by different graphical demonstrations
and statistical indexes such as determination of coefficients of determination near one for training
and testing phases. The results express that the proposed algorithms are dependable for estimation
of phase behavior of impure carbon dioxide. Due to obtained results and analysis, LSSVM-GA can
be considered as an accurate tool for prediction of phase behavior and thermodynamics of carbon
dioxide.
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Fluid flows in a porous media have been widely studied due to their importance in a variety of fields
including oil recovery, solute transport (e.g. groundwater contamination) and biological applica-
tions (e.g. flow of nutrients in capillaries). Flow in porous media can be influenced by variations
in the microscopic pore throats, which lead to a range of invasion patterns and flow distributions.
Here we use numerical and experimental methods to investigate flow distributions for a range of
Péclet numbers with increasingly disordered porous media at a micro-scale. We examine the result-
ing effect that disorder has on the dispersion and diffusion of solutes at the macro-scale. For this,
soft lithography is used to create PDMS chips (micro-models) that contain an array of microscopic
pillars and channels for fluid injection. We use particle tracking to determine the distributions of
flow speeds through the disordered pores throughout a sample of our system, which are then com-
pared to numerical and theoretical models of the flows. These measurements are complemented by
fluorescence imaging to track dye concentration across the system as a function of time, and hence
to evaluate the effect of pore-scale disorder on how a contaminant or nutrient is transported through
a porous body.
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The displacement of immiscible fluids in porous media affects processes in both industry and natural
environment, such as geological CO2 sequestration, hydrocarbon recovery and water infiltration in
soil. As these processes are determined by pore-scale physics, the distribution of pore and grain sizes
have a significant impact on the observable behaviour of fluid displacement. Here we investigate
how a correlation length, i.e. the length over which nearby particle sizes are similar, impacts drainage
patterns at the pore-scale using experimental methods. We saturate PDMS micromodels, containing
thousands of microscopic pillars, with different concentrations of a water and glycerol mixture at
various viscosities. This mixture is then withdrawn from an outlet to either side of the chip so
that air enters through a central inlet and invades radially outwards at different capillary numbers.
Images are studied at the moment when the air exits the porous medium (breakthrough). These
results coincide with work done numerically, where simulations of the same correlation lengths are
undertaken. We find that as the correlation length is increased, the invaded volume and trapping
fraction at breakthrough decreases, whereas the asymmetry of the patterns increases. Our results
show that the structure of the porous medium is an important factor controlling fluid displacement,
and should be considered when modelling and predicting flow and transport behaviour.
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The main goal in the development of any upscaling method is to capture the flow physics as closely as
possible while reducing the computational cost. Upscaling of immiscible multiphase flow is still chal-
lenging, mainly due to instabilities occurring especially at the fluid front. We propose an adaptive
upscaling approach, using robust mathematical homogenization theory and high order discontinu-
ous Galerkin numerical modeling while minimizing the computational time. This approach involves
modeling the position of the fluid interface in a multiphase flow problem, at the coarse scale, without
running the time-consuming full-field simulations. The proposed method for modeling the interface
of flowing fluids don’t have any restriction regarding the complexities of multiphase flows at the
interface. The computational efficiency is achieved by solving a coarse scale problem away from
the front, in the single-phase regions, where homogenization is used appropriately to obtain the
macroscopic equations and effective parameters at the coarse scale, with minimum loss in accuracy.
Local flow details close to the fluid interface which gives rise to the complexities of the multiphase
flow problem is taken into account using more advanced higher order discontinuous Galerkin meth-
ods. We present some numerical results to show the accuracy and computational efficiency of the
approach in comparison to the fine-scale flow simulations.
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CO2 enriched brine interaction with reservoir minerals and the subsequent mineral trapping of CO2
alters the morphology of pore structure. Such changes in the pore space modify the storage capacity
of reservoirs and increases the long-term security of CO2 storage. The extent of pore space modifi-
cation depends on the relative weight of advection, diffusion and reaction mechanisms. We present
a general framework for direct simulation of reactive transport in digitized reservoir rock samples
based on pore-scale modeling in 2D and 3D pore throat networks. We examine the impacts of trans-
port properties such as Peclet (Pe) and Damkohler (Da) numbers, on the petrophysical properties
and dissolution of mineral in pore space. We implement a modified version of the marker-based
watershed segmentation to extract pore-network of 3D micro-CT images. The extracted network is
used to simulate the reactive solute transport and dissolution in real rock samples. We implement
our approach to study the CO2 injection in Cranfield site, Mississippi, U.S.A. We show the effect of
PeDa number on the spreading of solute and found that high diffusion rates enhance the dispersion
of concentration in porous media and results in higher porosity alteration rates.
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Recent advances in 3D imaging allow us to get high resolution geometry of different porous media.
However, 3D imaging is expensive and time consuming compared with 2D imaging. 2D imaging
gives us high resolution and quality, quickly and with little economical investment.

In this work we propose a geometrical transformation of thin slices to a 3D volume. This trans-
formation is unique, isotropic, analytical, and enables us to compute physical properties such as
permeability, bulk modulus, and conductivity. We rely completely in the geometrical information
available in 2D images, and use this information to construct a 3D volume that preserves the geo-
metrical measurements in 2D. The result is a 3D volume that has the same porosity as the 2D image,
as well as a well connected pore-space, geometrically isomorphic to the pore space of the original
sample.

We test the success of this 2D to 3D transform in its ability to predict the physical properties of
the sample, in our case the bulk and shear modulus, conductivity and permeability. Obtaining and
excellent match of properties computed in volumes obtained from micro-CT, and those properties
obtained just from 2D thin slices.
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Understanding thermo-chemo-mechanical processes with fluids in porous media and rocks is impor-
tant. Because of the likelihood of fluid-rock chemical interactions, and our limited ability to decipher
the mechanical, and fluid flow effects of these coupled processes. One of the missing links is under-
standing the evolution of elastic and transport properties together with reactive transport. Because
the properties of porous media evolve as a result of chemical reactions and vice versa. Capturing
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this coupling experimentally and theoretically is one of the missing elements in the existing liter-
ature. We describe here recent advances in theoretical modeling and simulation of reactive fluids
processes in rocks with complex pore structure, in order to understand the effects of dissolution-
induced changes on acoustic velocity, porosity, permeability and electrical properties.

To deal with the problem of modeling the effects of reactive fluids in porous media properties, we
adopt the approach by Osher and Sethian (1988) - a conceptual framework for using level sets as a
tool for numerical analysis of surfaces and shapes - together with 2D and 3D scanned and segmented
pore structure images. The advantage of the level-set approach is that one can perform numerical
computations involving complex curves and irregular surfaces on a fixed Cartesian grid without
having to parameterize these objects. With this we have already shown how material evolution
problems can be mathematically/computationally solved accurately, efficiently (fast), while honoring
the coupling between physics and chemistry.

We can get different versions of the pore geometry by using the Osher’s approach with the simplest
velocity field to change the pore-space interface. Properties such as permeability are then calculated
using the Lattice-Boltzmann method (Keehm, Mukerji, and Nur 2001), for each change in the geom-
etry. The results of the calculated permeability are compared with the experimental observations
(Bourbié 1985) for Fountainebleau sandstone. Thus the method used in our work is the enabling
technology to model and simulate the structural changes of the different components of the porous
media, under different physical and chemical processes.
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Within the shallow subsurface, soil, rock, fluids, gases and living organisms are in close interaction:
the macroscopic resulting phenomena derive from the coupling between fluid flow, solutes mixing
and microorganisms displacement, growth and adaptation. The common challenge in all these pro-
cesses is their spatial variability (heterogeneity). The consequent complexity that rises from the
coupling of these processes makes predictions, based on rates measured under homogenized, well-
mixed, conditions, different by orders of magnitudes from laboratory and field observations. Using
microfluidics and time-lapse video-microscopy we investigate the coupling between non uniform
nutrient transport through confined micro-structures and the microbial growth of an isolate popu-
lation.
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The macroscopic properties of fluid flow and transport through porous media are a direct conse-
quence of the underlying pore structure. However, precise relations that characterize flow and
transport from the statistics of pore-scale disorder have remained elusive. Here, we investigate
the relationship between pore structure and the resulting fluid flow and asymptotic transport be-
havior in 2D geometries of non overlapping circular posts. We derive an analytical relationship
between the pore throat size distribution f ~ and the distribution of the low fluid velocities f,, u /2,
based on a conceptual model of porelets (the flow established within each pore throat, here a Hagen-
Poiseuille). Our model allows us to make predictions—within a Continuous Time Random Walk
(CTRW) framework—for the asymptotic statistics of spreading of fluid particles along their own tra-
jectories. These predictions are confirmed by high fidelity simulations of Stokes flow and advective
transport. The proposed framework can be extended to other configurations which can be repre-
sented as a collection of known flow distributions.
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Over the past years, 3D image analysis based on computed tomography data has become a stan-
dard method in many fields of porous media research. The technology is used to calculate volume
fractions of ingredients, pore and particle size distribution, connectivity and many more parame-
ters.

One important field in particular, is core analysis based on 3D models, or digital rock physics. As-
sessment of transport phenomena through digital rock physics has the advantage of being faster
than traditional laboratory measurements. Furthermore, it is not needed to take expensive cores
from the well, but small drill cuttings can be enough to obtain petrophysical properties of reservoir
rocks.

As in most cases models derived from micro-CT scans are used as a basis for transport modelling,
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the rapidly increasing availability of micro-CT scanners means that more and more researchers can
benefit from this type of data.

These micro-CT scanners come in many different makes, shapes and sizes, but the overall technol-
ogy is in general the same. Although the maximum X-ray energies, scan times or key components
can differ from model to model, the one key parameter for adequate digital rock measurements is
resolution. Although this resolution is one of the most important scanner specifications, it is also
one of the hardest to quantify. In micro-CT terminology, resolution is often put identical to ‘voxel
size’. This voxel size is the real physical size of one voxel, but can in practice be much smaller than
the resolution. It is therefore more correct to refer to the smallest achievable voxel size, limited by
the system’s geometry, as the ‘nominal resolution’ of a micro-CT system. True spatial resolution on
the other hand is limited by the focal spot size of the X-ray source on one side, and the physical size
of the pixels in the X-ray detector on the other side.

In this experimental study, we assessed what is the real difference between high-resolution micro-
CT systems with a true sub-micron spot size and a 2-3 pm spot size. The experiment was performed
using an open-type X-ray source, where different focal spot modes allow scanning using the same
nominal resolution, but different spatial resolution. All other system components (X-ray detector,
rotation stage, etc.) are kept the same. This experiment allows to quantify in which cases it is needed
to take the extra hours of scanning, as small, submicron spot sizes are typically only reached at low
X-ray power and flux, therefore drastically increasing scan time. In the study, several well-known
reservoir analogues are used, with different porosity and composition characteristics. The GeoD-
ict software package is then used to calculate relevant flow parameters on these samples. The first
results indicate that — especially for sandstones — similar results are reached with a lower spatial
resolution but the same voxel size, in roughly 4 times less scan time.
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The assessment of hydrodynamic properties of an aquifer is usually carried out by pumping test
in which the hydraulic responses to a constant or an harmonic pumping flow are analyzed by the
analytical equations to only get the average values of the transmissivity hydraulic and storativity
coeflicient. In this work we have developed the harmonic pumping test as an interesting and innova-
tive approach to characterize spatially the heterogeneities of a contaminated aquifer by identifying
the preferential paths of the groundwater flow and contaminants. The approach relies on a har-
monic extraction of the water at the pumping well and recording the piezometric fluctuations in
many neighboring wells. The use of such a tool permits: i) to limit the quantity of pumped water in
particular if it is contaminated; ii) to analyze and exploit even the hydraulic signals with the small
amplitudes; iii) to facilitate the extraction of hydraulic oscillations due to harmonic pumping test
from other hydraulic fluctuations such as tide; iv) to reduce the computing time needed to interpret
the hydraulic signal in term of hydraulic properties by solving the hydraulic diffusion equation in
frequency mode instead to the transitient mode; v) to image the spatial heterogeinity of the hydraulic
properities.

This approach was successfully applied in reconstruction of hydraulic parameters of an experimen-
tal site located in Rouen (France), in which 30 wells were placed on a hydrocarbon-contaminated
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alluvial aquifer in order to improve and study the effectiveness of hydrogeophysical tools to monitor
the remediation activities.
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The results of energy systems modelling used in the IPCC synthesis reports on mitigating climate
change identify carbon capture and storage (CCS) as essential in technology pathways limiting global
warming to less than 1.5°C and 2°C. Energy system models including CCS usually assume unlimited
storage capacity or very few constraints on rates of injection. However, pressure limitations arising
from the risk of induced seismicity or fracturing of sealing caprocks may significantly limit rates at
which CO2 may be injected over regional and global scales. The adoption of simplified analytical
solutions to pressurisation with subsurface injection can provide dynamic estimates of the rates at
which regional storage resources may approach these limits. The analytical models are computa-
tionally inexpensive and may be included in energy system models to identify potential bottlenecks
to CCS deployment. Analytical solutions for the pressure response to the injection of CO2 into a
single well exhibit accurate estimation of pressure build-up. However, large scale carbon storage in-
volves more complex features, like injection into multiple wells, variable injection rate and presence
of structural barriers to flow. In this work, we investigate if the traditional procedure of superpos-
ing effects, valid for linear single phase flow, can be extended to the case of multiphase flow. We
evaluate the error associated with the application of superposition to the case of CO2 injection. For
the multiple well scenario, the application of superposition overestimates the pressure build-up be-
cause it neglects the presence of multiple CO2 plumes that increases the total fluid mobility in the
reservoir. This error increases with time and with the number of wells, as the dimension of the
CO2 saturated area increases. The adoption of a novel non-dimensionalization allows us to define
a general model for the error which can be used to correct the pressure estimated by superposition.
By means of this corrective factor we define a simplified procedure for the analytical assessment
of reservoir pressurization during multiwell CO2 injection that can be included in regional energy
system models.
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Experimental observations of coupling of free flow and non-uniform
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The exchange of momentum of a free flow fluid and a fluid in a porous structure is a common phe-
nomenon in e.g. river beds, air-soil interactions, cooling applications, and petrochemical riser reac-
tors. We present our experimental observations of a PDMS (poly-dimethyl-siloxane) micro-model,
where single-phase flow in a channel and single- or two-phase flow in a porous structure is consid-
ered.

The semi-3D PDMS models consist of a 10-cm long free-flow channel (about 2 mm wide and 0.15
mm deep) and a network of pores with overall dimensions of 0.25 mm by 0.25 mm, representing a
porous medium. The micro models have a depth of 0.01 - 0.25 mm and pore sizes vary between 0.005
mm and 0.5 mm. The pores are shaped and positioned in a regular or random pattern. The porous
structure is in contact with the free channel over a length of about 20 mm.

The PDMS model is fully or partially saturated prior to the experiment. Saturation levels less than
100% add to the heterogeneity of the pore structure, due to the randomness of the locations and
shapes of the blobs, droplets and ganglia of, for instance, air. Then, once (partially) saturated, a fluid
(water or oil) is injected at a constant flowrate into the free flow channel using a syringe pump. The
fluid is laden with fluorescent nanoparticles with average diameter of 0.75 um. In case of two immis-
cible fluid phases (water-oil), both phases can be loaded with fluorescent particles with a different
color.

The fluorescent particles can be observed in a confocal scanning laser microscope (CSLM). Time
series of images are recorded with a sufficient number of frames per second to observe the movement
of individual particles. Particle Image Velocimetry (PIV) is applied to the image series to extract the
spatial distribution of flow velocities and directions.

The field of view of CSLM is not large enough to view the entire PDMS model. Therefore, mapping
of the entire PDMS model is achieved sequentially with an array of observations (each observation
represents a time series of images). A full PIV map is stitched together after post-processing the
individual observations.

The number of data points per PDMS model and the required number of post-processing steps
per data point are considerably large. Hence, a reliable automation of the acquisition and post-
processing steps is crucial. In particular, when investigating a non-uniform network of pores, as the
effect of non-uniformity can only be characterized when performing a sufficient number of experi-
ments.
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In order to decrease the amount of greenhouse gases in the atmosphere and reduce global warming,
carbon capture and sequestration (CCS), whereby COs is injected into geological formations, is re-
ceiving increased attention. To explore the influence in CCS of a mineralization reaction between
dissolved CO4 and calcium ions on the convective transfer of CO, towards a saline aquifer, the con-
vective dissolution of CO; into aqueous solutions of Ca(OH); and CaCl, is analyzed experimentally
at the laboratory scale.

We show that different precipitation patterns develop in the aqueous solution depending on the
nature and concentration of the reactant in the host phase. In the case of Ca(OH), precipitation
coupled to convection leads to vigorous convective mixing in the host phase and sedimentation of
solid particles of CaCOg down to the bulk of the reservoir. Conversely, dissolution of CO5 in buffered
CaCls solutions leads to a stabilisation of the buoyancy-driven convection due to a decrease in den-
sity and the adherence of the precipitate to the cell walls.
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We propose a set of new metrics to assist global sensitivity analysis (GSA) in the presence of data
allowing for interpretations based on a collection of diverse models whose parameters could be
affected by uncertainty. Our GSA indices enable us to assess the sensitivity of diverse features of
the probability density function (pdf) of a quantity of interest with respect to imperfect knowledge
of (i) the interpretive model to be employed to characterize the system and (ii) the ensuing model
parameters. We exemplify our methodology for the scenario of heavy metal sorption onto soil, for
which we consider three interpretative models (i.e., isotherm models) widely used in the literature.
We perform our analysis considering (a) an uninformed scenario, i.e., when no data are available to
constrain parameters uncertainty and to evaluate the (relative) plausibility of each considered model,
and (b) an informed scenario, i.e., when the analysis is constrained against observed experimental
data. Our Moment-based indices are structured according to two major components: (a) a between-
model contribution, which takes into account the possibility of analyzing the system of interest
by taking advantage of diverse competing model conceptualizations (or mathematical rendering);
and (b) a within-model contribution, due to the uncertainty in the parameters of a selected model.
Our results indicate that a given parameter can be associated with diverse degrees of importance,
depending on the statistical moment of considered for the target model output (y). The influence
on y of parameter uncertainty evolves according with the available level of information about the
modeled system behavior.
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Feed-Forward Neural Networks for Flux Regression in Discrete
Fracture Networks

Stefano Berrone! ; Francesco Della Santa® ; Sandra Pieraccini¥°™ ; Francesco Vaccarino®

! politecnico di Torino, Italy

? Politecnico di Torino
Corresponding Author(s): francesco.dellasanta@polito.it

Characterization of flow and transport through fractured media in the subsurface is a crucial issue
in many applications concerning civil, environmental and industrial engineering, e.g. in oil and gas
extraction or in avoidance of drinking water pollution due to industrial waste. All these applications
require models that can accurately simulate flow through networks of subsurface fractures.

Unfortunately, there is a lack of full knowledge of the topology of these sparse systems of fractures,
since usually exact position, size, orientation and hydrogeological properties of all fractures (located
hundreds of meters below the ground) can’t be determined. Statistical representations of fracture
networks (the so-called Discrete Fracture Networks - DFNs) are then introduced and used to simulate
flow and transport through fractured media.

Due to the probabilistic nature of DFNs, flow and transport characterization in a real fractured
medium usually requires a statistical analysis of thousands of DFNs simulations; therefore, in or-
der to speed up simulation processes and to build alternative model reduction methods, it is worth
considering the application of machine learning (ML) techniques and, more specifically, Neural Net-
works (NNs).

NN are a particular kind of ML algorithms that were born more than fifty years ago but only in
the last decade they started to be used in practice, due to computer hardware improvements and
increasing amount of data of these years. The most interesting property of such a kind of algorithms
is their ability to approximate functions through a training (or learning) phase.

In this work, the application of Neural Networks to flux regression problems in a DFN will be de-
scribed. We will discuss the behavior of the regression quality with respect to the number of stochas-
tic fractures and to NNs regularization and architecture; after this discussion we will also study how
regression outputs and errors could help in the understanding of the given DFN hidden proper-
ties.

Procter and Gamble Student poster award:

References:

Acceptance of Terms and Conditions:

Click here to agree

551

Numerical simulations of underground carbon dioxide storage
with hydrogen impurities

Anwar Al Assadi® ; Joan Delort Ylla? ; Beatrix Becker® ; Allan Leal™™ ; Holger ClassN°" ; Martin Saar? ; Anozie

Ebigbo*

' University of Stuttgart, Swiss Federal Institute of Technology Zurich
? ETH Ziirich - GEG Group

® University of Stuttgart

* ETH Zurich

Page 140



InterPore2019 Valencia / Book of Abstracts

Corresponding Author(s): joan.delort@gmail.com

Natural gas reforming combined with carbon capture and storage (CCS) or carbon dioxide (CO3)-
plume geothermal (CPG) can be a means of accelerating the use of hydrogen (Hs) as a low-carbon
fuel 1. CO2 emissions can be captured at power plants, while clean energy is distributed, e.g., for
transportation, heating/cooling etc. For process-related reasons, the CO; that is to be stored will
contain impurities, such as Ho, methane, and nitrogen. Hy, in particular, may change the behavior
of the system in the subsurface. A Hy concentration of 2 % lowers the density of a CO2—Hg mixture
at depth by as much as 25 % compared to pure CO2 2. High concentrations of dissolved Hy are
a driving factor of hydrogenotrophic microbial activity in the subsurface [3], which can lead to a
reduced reservoir permeability. An accumulation of Hy in the CO2-Hs mixture at the CPG produc-
tion borehole can enhance the corrosion of steel borehole casings. Numerical simulations can help
to understand and quantify the effect these factors have on CCS and CPG operations.

This work is divided into two parts. In the first part, we use a 3D numerical model of a saline aquifer
at a depth of 2\km. The simulations were conducted using the open-source multiphase-flow simu-
lator DuMu®™ [4].

We observe that the injection of supercritical CO5 containing 1 %, of H can lead to an accumula-
tion of Hs in the CO,-rich phase, locally up to 5.5 %m0 However, this accumulation tends to be at
the fringe of the CO; plume, in areas where the COz-rich phase is immobile.

Nonetheless, this accumulation of Hy in the gas phase leads to an increase in concentration of dis-
solved H, in the liquid phase of an order of magnitude, up to values of 0.023 %,

In the second part, we assess the consequences of the increased dissolved concentrations of H, on the
activity of methanogens and acetogens/acetotrophs using the numerical framework for modelling
reactive systems, Reaktoro 5.
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We propose a conservative multirate multiscale method, which allows for simulation of multiphase

flow in heterogeneous media adaptively in time and space. Motivated by the co-existence of fast
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and slow processes, the multirate method constructs an adaptive conservative time discretization
scheme which imposes different time steps in different sub-domains. Yet, these sub-domains are
consistently integrated with a conservative flux partitioning strategy. On the other hand, to resolve
the challenge of imposing fine-scale spatial grids, to heterogeneous fine-scale properties, we inte-
grated our multirate approach with the multiscale finite volume method. The multiscale method
allows for construction of coarse-scale systems while the fine-scale heterogeneity is being captured
by using local basis functions. To this end, we develop a sequential simulation approach where we
solve the pressure equation with the multiscale technique and then advance the phase saturation
adaptively by solving the transport equation using multirate approach. Preliminary numerical re-
sults show that the proposed adaptive strategy yields efficient and accurate solutions. In the talk,
we will illustrate the numerical procedure and the latest developments.
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We present an approach to upscale solute dispersion in porous media from the pore to the Darcy
scale. We use a particle based point of view to model the impact of medium geometry, flow hetero-
geneity and diffusion on average solute transport. In this framework, the solute is represented by
an ensemble of solute particles, whose distribution is equivalent to the solute distribution. The fluc-
tuating microscopic particle motion is formulated within a stochastic modeling framework, which
allows to systematically derive the average macroscopic transport dynamics. Particle motion is con-
ditioned by the pore geometry in two ways. Firstly, it provides the characteristic length scale for
the evolution of particle velocities, and secondly, it determines the distribution of flow velocities in
the medium. Also diffusion has a dual role. It allows individual particles to sample flow velocities
across streamlines, and causes the trapping of particles in low velocity zones in the wake of solid
grains. These mechanisms are studied through high performance numerical flow and transport sim-
ulations in 3-dimensional porous media for different Peclet numbers. We observe deviations from
the hydrodynamic dispersion paradigm, which predicts linear growth of the particle displacement
variance and inverse Gaussian breakthrough curves. For a sand-like porous medium we identify two
distinct transport regimes. The first regime is characterized by advective heterogeneity, the second
by retention through diffusion into low velocity regions. Particle motion is modeled as a stochas-
tic process that moves particles over the characteristic pore length at transition times, which are
determined by advection and diffusion. A purely advective transport models fails and significantly
overpredicts the breakthrough curve tailing. At the Peclet numbers under consideration, particles
can sample the intrapore velocity by diffusion and the interpore (mean) velocities due to advection.
In order to quantify this mechanism, we develop a model for the statistics of the Eulerian velocity
magnitude based on Poiseuille’s law for individual pores, and for statistics of the mean pore velocity,
both of which are linked to the distribution of pore diameters. Diffusion across streamlines into low
velocity zones is characterized by an exponential distribution of residence times, which can be de-
termined by solving a local diffusion problem. The trapping frequency is related to the low velocity
end of the Fulerian velocity distribution. The resulting stochastic transport model is parameter-
ized by the medium and flow properties and captures non-Fickain transport in both pre-asymptotic
regimes, and the transition to the Fickian regime. It quantifies the physical non-equilibrium that
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is caused by a broad distribution of advective and diffusive mass transfer time scales on the rep-
resentative elementary volume. Based on this stochastic model for particle motion, we derive the
non-local advection-dispersion equation governing the evolution of the average concentration dis-
tribution.
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Wood is a well-used material, in buildings, furniture, art artefacts, etc., where its capacity to absorb
water is not only an issue of dimensional stability and modified material properties, but also of dura-
bility. Wood is a hierarchical material, where the configuration at different scales (lumber, growth
ring, cellular and cell wall material) plays different roles in adsorption/desorption and also in the
resulting swelling/shrinkage and mechanical softening. Different modeling approaches are required
at different scales. As well, upscaling between models is required. This approach allows us to study
holistically this material hygromechanical hysteretical behavior.

Clearly, the origin of swelling lies at the nanoporous material scale. As water molecules are ad-
sorbed into the hydrophilic matrix in the cell walls, the induced fluid-solid interaction forces result
in swelling of these cell walls. The interaction of the composite polymeric material, that is the layer
S2 of wood cell wall, with water is known to rearrange its internal structure, make it moisture sensi-
tive and influence its physical properties. The in-depth study of the coupled effects of water sorption
on hygric and mechanical properties of different polymeric components is performed with atomistic
modeling. Our aim is to understand all the ramifications of this intricate nanocomposite, with the
specific aim of upscaling the results to cellular and macroscopic scales. In order to study the be-
havior of S2 layer, we analyse the different configurations of cellulose microfibril aggregates and
S2 matrix using Molecular Dynamics (MD) and Grand Canonical Monte Carlo (GCMC) simulations.
Atomistic simulations are used to mimic water adsorption and desorption in amorphous cellulose,
make observations on hysteresis and relate this hygromechanical behavior as observed from the
breaking and reforming of hydrogen bonds to the hysteretical behavior of more complex polymeric
composites.

We upscale the hygromechanical observations using a poromechanical constitutive model. Further,
upscaling to cellular scale is informed through accurate geometrical description using X-ray CT at
different relative humidity, at different scales, namely sub-cellular, cellular and growth ring scales.
The ensemble of results documents the full co-occurrence of sorption and swelling. Swelling is
shown to undergo constraints by the multilayer wall composition and the cellular structure of wood.
This modeling methodology provides new insights in understanding wood behavior and its material
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properties. Such insights cannot be directly determined from experiments. This multiscale method-
ology allows to explore new pathways for material development and durability of wooden compo-
nents.
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Time-resolved 3D imaging with X-rays has rapidly emerged as an essential technique to understand
materials evolution, facilitating in situ investigations ranging from mechanical deformation to fluid
flow in porous materials and beyond. This push toward time-resolved dynamic studies has been
spearheaded by synchrotron radiation facilities, with temporal resolutions going below 1 second for
a full 3D acquisition. Meanwhile, in the laboratory X-ray imaging spatial resolutions and image
quality have continued to improve significantly 11, often at a significant cost of temporal resolution
however.

Recent advances in laboratory-based approaches have pushed achievable temporal resolutions from
hours down to seconds, enabling the visualization of dynamic processes and real-time imaging 2.
Dynamic in situ studies represent some of the most important scientific drivers of this technology,
however, their widespread adoption has been limited to proof-of-concept excursions due to signifi-
cant technical barriers preventing routine use.

Here we present progress in our approach to dynamic tomography workflows, intended to facilitate
more routine application of such 4D experiments. Dynamic acquisitions do generate vast sums
of raw projection data, which need to be reconstructed and further post-processed and quantified.
It is therefore essential to devise workflow strategies to quickly identify the interesting moments
prior to reconstruction to optimize the amount of data that is generated, but also incorporate the
added time dimension in the 3D analysis workflow to improve image quality. Here we present
challenges and possibilities for dynamic micro-CT imaging related to acquisition, reconstruction and
analysis. The methodology and dedicated workflow from acquisition through analysis is illustrated
by way of example through a foam collapse study. Formation and movement of individual bubbles
are monitored and analyzed over time, providing valuable insights on the stability of the overall
foam structure.
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In this work, biological tissues are studied as fibre-reinforced biphasic media, filled with an intersti-
tial fluid and exhibiting remodelling [3, 2].

The latter, understood as the structural reorganisation of the tissue, is characterised by the onset
and evolution of irreversible strains, which accompany the tissue’s overall change of shape as well
as the flow of the intertistial fluid 2.

Furthermore, remodelling is the result of the adaptation of the tissue to external stimuli, and our aim
is to try to understand in which way the mechanical properties of the tissue are influenced when
structural rearrangement occurs [2, 4].

To this purpose, by taking inspiration from the Theory of Elastoplasticity, remodelling is regarded
as the production of anelastic distortions. To keep track of these, a new kinematic variable is added
to the standard ones and a suitable evolution law for plastic-like distortions is derived [1, 4].
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solubility trapping, is a non-isothermal two-phase two-component flow in porous
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media, which is governed by a system of coupled nonlinear partial differential
equations. In this model, the water-rich phase (brine) and the carbon
dioxide-rich phase (

CO3) consist of two components (water and

C Oy component), as the solubility of the components in the phases has

to be taken into account. Local equilibrium phase exchange of the components in the

phases is assumed to hold.

To close the system, the fluid properties of

C' Oy are calculated as functions of pressure and temperature. The properties of brine additionally
depend on the salinity and on the mole fraction of

COs in brine.

For simulations purpose, a reservoir composed of two aquifers separated by an aquitard is considered.
The leaky well is modelled as a porous medium with higher permeability compared to the formation.
We count the effect of uncertainties in reservoir porosity, reservoir absolute permeability, and per-
meability of the leakage well, on the model response. Also, we consider spatial heterogeneity only
through the different layers according to different geological media, and we count the changes in
fluid properties of

CO3 and that the

CO4 and brine fluid properties (e.g., density and viscosity) depend on the aquifer conditions, the
temperature, the

C'O4 pressure, the brine salinity, and the mass fraction of

CO3 in brine.

In the considered Benchmark,

C'Os is injected to be stored in the lower aquifer and the injected

C O, spreads within the aquifer and once it reaches the leaky well, it connects the two aquifers and
rises to a shallower aquifer.

The following sketch summarizes the model geometry and illustrates a 2D section of the 3D do-
main.

\begin{figurej[h]

\centering
\includegraphics[width=1\textwidth]{geometry_new.pdf}

% \caption{Schematic view of the benchmark problem setup.}
\label{fig:Bench}

\end{figure}

We address an optimal experimental design problem under uncertainties with the main objective of
searching the optimal injection rate of
CO, for the learning of the leakage rate in order to consistently maintain the harmful leakage
risk.
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Water retention models have traditionally been formulated as a unique relationship between suction
and the degree of saturation or water content. Accordingly, materials compacted to different dry
densities and which exhibit different water retention properties have been described using different
sets of model parameters. If this approach has been successfully applied for granular soils and low
activity clay materials, it cannot describe accurately the water retention behaviour of smectite-rich
materials. Indeed, these expansive materials swell significantly upon wetting, resulting in important
changes in dry density. Consequently, the dependency of the water retention curve on the dry
density of the material is a major issue and explains why classical water retention models have
failed in describing the water retention properties of expansive materials.

This paper presents an experimental study conducted in order to characterize the water retention
behaviour of compacted bentonite. Water retention curves under constant volume and free-swelling
conditions were determined. The results show that, for high suction values, the wetting branch in
terms of water ratio appeared to be density-independent. On the contrary, the boundary conditions
significantly influenced the water uptake capacity of the bentonite in the lower suction domain.
The quantity of water stored under free-swelling conditions is much higher than under constant
volume.

In terms of degree of saturation, the samples at high initial density wetted under free volume con-
ditions do no exhibit significant changes of degree of saturation. This is explained by the important
competing effects of bentonite swelling and water uptake along wetting paths, as a consequence
of strong hydro-mechanical coupling in compacted bentonites. Indeed, the high-density samples
exhibit important swelling, i.e. mechanical drying when suction decreases.

In order to complement the interpretation and model the experimental results, a water retention
model was developed. This model explicitly takes into account the aggregated and evolving dou-
ble structure of compacted smectite-rich materials. The model is calibrated and validated against
the experimental data. The model succeeds in reproducing the stability of the degree of saturation
upon wetting under unconfined conditions. The model provides a better understanding of the influ-
ence of the complex hydromechanical processes on the water retention curve. The influence of the
microstructure evolution is highlighted.

While classical water retention models relating suction to the degree of saturation are generally used
in numerical modelling (their parameters being determined from constant volume water retention
curves), they are not able to represent the observed behaviour. In this case, the predicted degree of
saturation of a bentonite plug under in situ conditions can be considerably overestimated if techno-
logical voids are important and not taken into account in modelling. A good representation of the
water retention properties of compacted smectite-rich materials is thus a fundamental issue.
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We study the flow dynamics of Non Aqueous Phase Liquid residuals within stochastically recon-
structed porous domains over a typical range of Capillary, C'a, and saturation, Sy,,,, values where
both mobile and stranded ganglia coexist. Using an elaborate Lattice-Boltzmann immiscible two-
phase flow simulator, we monitor the dynamics of mass re-partitioning between the mobile and
stranded ganglia populations at the pore scale and at steady-state flow conditions, i.e. when the
volume-averaged phase velocities and ganglia size distributions reach an ’apparent’ dynamic equi-
librium state (starting from a sufficiently disordered initial size distribution). Our analysis reveals
the existence of a Non-Darcy flow regime, spanning over a non-trivial range of C'a values, where the
non-wetting phase flux, t,,,,, is a linear function of the non-wetting phase saturation (for S,,, < 0.4)
and exhibits a power-law dependence on the applied body force difference (Bo — Bo,). We show
that this regime is related to the gradual mobilization of stranded ganglia and the formation of new
two-phase flow paths that are increasing in number as the body force, Bo, increases above a clearly
identified threshold value, Bo. (which is independent of S, ,,). Our study also focuses on the size and
velocity distributions of mobile and stranded populations at steady-state. Both populations exhibit
distinct statistical characteristics which evolve with Bo in the capillarity-dominated regime.
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Huff-puff is a good solution to improve the oil recovery of tight reservoirs, which are typically
characterized by low permeability (<1 mD). In this study, the N2 and CO2 huff-puff characteristics
in simulation oil (10.5 cp, 0.821 g/cm3) saturated tight sand plugs are experimentally investigated
using NMR (Te=60 us, Tw=10 s). A dual T2 cutoff model is constructed to illustrate the dynamic
distribution of oil in a full pore scale of cores. For a typical T2 spectrum of 100% saturated tight
sand, the movable fluid T2 cutoff (T2C1) and unrecoverable fluid cutoff (T2C2) are derived from
centrifuge and heat-treated experiments to distinguish the unrecoverable fluid (T2 < T2C2), capillary
bound fluid (T2C2 < T2 < T2C1) and movable fluid (T2 > T2C1). The moveable fluid corresponding
to seepage pores can be drained, whereas the bound fluid cannot be easily drained due to capillary
forces in small pores and clay particle pores.

Our results on the investigated aliquots show that the T2C1 locates around 10-30 ms, and the T2C2
range at about 1 ms.

About 3 rounds of individual N2 and CO2 huff-puff can basically stable the residual oil saturations
in tight sand samples. The oil displacement laws in the full-scale pores are similar in N2 and CO2
huff-puff processes. The moveable oil is recovered first and then followed by the capillary bound
oil. Note that not all moveable oil can be recovered. After rounds of individual or alternative N2
and CO2 huff-puff, the right edge of all T2 spectrums do not move close to the T2C1 simply, but
shrink gradually and remain stable at about 110-140 ms. The right boundaries of residual oil in
moveable pores will not be obviously changed by the gas or injection mode used in huff-puff. But
the amplitude of the residual peaks can be decreased obviously when the CO2 is injected. The peak
represents the residual oil adhered to the surface of the particles in the form of film, which is resulted
by the wettability differences between the gas and oil to the matrix. The stability of T2 spectrum
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on the left of T2C2 (T2 < T2C2) in the whole process means the N2 or CO2 huff-n-puff is unable to
recover the oil in clay particle pores (namely the unrecoverable pores). The enhanced recoveries in
the last rounds of N2 and CO2 huff-puff are both mainly contributed by the oil recovered from the
capillary bound pores. CO2 huff-puff can furtherly enhance the oil recovery rate about 12%. Most
of it is consisted by the capillary bound oil, and also includes a small amount of oil films that can
be weakly recovered by the N2 huff-puff. The dual T2C mode based on NMR described in this study
provides new insights into the understanding of the dynamic distribution of oil on the N2 and CO2
huff-puff processes in the full pore scale of tight oil reservoirs.
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Understanding the transport of nanoparticles (NPs), such as nanoscale zero-valent iron (nZVI) parti-
cles, through water-saturated porous media has important implications for many natural and engi-
neered systems. Compared to traditionally used high-field Nuclear Magnetic Resonance (HF-NMR),
low-field NMR is considered to be more suitable for characterization of transport processes in rocks,
because it is less subject to the impacts of internal gradients. In this study, we used the spin-echo sin-
gle point imaging (SE-SPI) sequence of LF-NMR to monitor nanoparticle transport processes through
a heterogeneous porous medium for the first time. This method has the advantages of fast data ac-
quisition and being able to measure paramagnetic NP concentrations in low permeability porous
media. In the experiments, a solution of modified nZVI particles was injected into an artificial sand-
stone core initially, and NMR data were acquired at regular time intervals to quantify concentration
profiles. The concentration data were used to constrain the modeling in HYDRUS-1D software to
evaluate transport parameters at multiple slices along the sandstone core. Two sets of simulations
were performed. One assumed spatial homogeneity and a single set of the transport parameters was
fitted using the concentration data at the outlet, similar to standard breakthrough curve (BTC) anal-
ysis. The other simulation considered spatial heterogeneity by dividing the core into four regions,
each with a distinctive set of transport parameters. This was made possible because the NMR data
provided the evolution of NP concentration at multiple points along the core. A significant role of
spatial heterogeneity in NP transport was proved that the simulation with a homogenous assumption
failed to predict BTCs of interior slices due to variations in pore structures. In addition, the impacts
of pore structure properties, obtained by means of micro X-ray Computed Tomography (uCT) im-
ages, on transport behaviors were discussed in terms of transport parameters. Simulation results
showed that dispersion coefficient D decreased, attachment rate coefficient Kac increased, while de-
tachment rate coefficient Kdc varied in a narrow range with the decreasing porosity. Consequently,
it may lead to a misunderstanding of transport behaviors on the basis of fitted transport parameters
when neglecting the influences of spatial heterogeneity. With the successful application of SE-SPI
sequences in detecting transport processes affected by spatial heterogeneity, it becomes possible to
explore more transport mechanism of NPs in a multi-dimensional and complex system.
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Granular porous materials subjected to shear stress are involved in many geological catastrophes
including earthquakes, landslides and avalanches. The dynamics of a sheared granular layer is con-
trolled by its particle properties, loading configuration, temperature and pore fluids. While field and
laboratory experiments have studied the role of pore fluid in granular interactions within geolog-
ical systems, they lack detailed information about pore- and grain-scale mechanisms that dictate
mechanics of deformation and evolution of macroscopic characteristics. Here a 3D coupled Compu-
tational Fluid Dynamics-Discrete Element Method (CFD-DEM) is used to model stick-slip dynamics
in a granular porous system, saturated with fluids, aiming to better understand the hydro-mechanical
influence of fluid flow. Our focus here is dedicated to the effect of fluid flow on the characteristics
of slip events i.e. friction coefficient drop, potential energy drop, thickness change etc. that are
measured and analysed statistically using information of hundreds of slip events in a drained sys-
tem. Our results show that, slip events are characterized by a higher drop in friction coefficient, in
potential energy and thickness of the granular porous layer compared to the dry conditions. Our
results show a fluid-assisted type of particle mobilization in the fluid saturated system, where the
high dynamic fluid pressure is found to stem from the fast fluid flow during slip caused by particles
rearrangements. The spatial correlation of regions with high fluid velocity, particle-fluid interaction
and particle kinetic energy during slip demonstrates the strongly coupled mechanisms of particle re-
arrangement, increase of fluid pressure and particle-fluid interaction forces. This study emphasizes
the important role of fluid-particle interactions at play in sheared granular porous media present
at tectonic fault damage zones showing how numerical models, and in particular the coupled CFD-
DEM approach, can help understand the hydro-mechanical processes that dictate fault slip from a
grain-scale point of view.
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in throat-pore body systems: an assessment of the volume of
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Flows driven by capillary forces are observed in a broad range of porous media applications. While
modelling capillary flows, parasitic currents are generated around the interface due to the difficulty

in accurately approximating the capillary forces. To alleviate parasitic currents, several volume of
fluid (VOF) formulations have been proposed on top of the standard Continuum Surface Force (CSF)
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model, namely the Sharp Surface Force (SSF) and the Filtered Surface Force (FSF). In a previous re-
lated study, we have demonstrated analytically the occurrence of a dynamic capillary barrier zone
during spontaneous imbibition in throat-pore body systems when the contact angle is larger than
a critical value 6_c, which depends on the sharpness of the transition zone. In the present study,
we investigate the capability of the different VOF formulations to model accurately the imbibition
in such systems. We observe that all formulations struggle to capture the process while using the
conventional curvature computation. To solve this issue, we propose to apply a curvature correc-
tion which insures that the norm of the interface normal vector remains equal to one during the
computation. Using this correction, the numerical estimation of the critical contact angles using
the CSF formulation for various shape of the transition zone is in close proximity to the analytic
expression. However, sharpening and filtering may result in wrong prediction of 6_c. Our results
suggest that it is more important to accurately compute the interface curvature than to eliminate
parasitic velocities. Finally, we investigate spontaneous imbibition in a pore network comprising of
ten pores having different aspect ratios and shapes of the transition zones. For the pore network,
using CSF, we notice a capillary barrier zone that is overcome by the meniscus after stopping at the
expected position temporarily. This could potentially occur due to numerical diffusion. Applying
a minimal amount of sharpening helps to prevent this numerical artefact and capture the accurate
flow dynamics.
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The effective thermal conductivity (ETC) of a porous media reflects the interaction of the matrix
thermal conductivity and the pore fluid thermal conductivity, therefore its successful prediction
relies heavily on the exact description of the microscale structure of the porous medium. In recent
years, Digital rock physics (DRP) technology for simulative analysis of rock physical properties based
on extracted CT scanning images plays more and more important roles in geosciences, soil science,
petroleum engineering and many other fields.

In this paper, a novel procedure is proposed for accurate reconstruction of the 3-D internal skeletal
structures, based on which the solid part of the porous medium is successfully meshed for detailed
numerical studies on the thermal conductivity properties. The first step is to determine the REV of
the studied rock after processing all the CT images with the software of Image]J®, with which the
image noise reduction, threshold segmentation and binary processes are performed. The second step
is to transform the binary black and white series of rock images into a digital 3-D matrix consists
of 0 and 1 with Matlab® software. Then reconstruction of the rock frame is performed through
the software of ProE® to supply the compatible format of the Fluent® software for heat conduction
analysis.

Simulations are carried out to anticipate the ETC of a porous medium along different directions with
fixed heat flux and temperature at the upper and lower boundaries respectively. Numerical results
reveal obvious anisotropy characteristics with distinctively different ETC values along different heat
flux directions. It is concluded the exact description of the skeletal structure is essential on successful
ETC predictions and the novel methods proposed in this paper have practical significance for the
accurate characterization of thermal properties of porous media materials.
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Foam technology has found wide applications in enhanced oil recovery (EOR) and greenhouse ge-
ological storage practices. In this paper, a numerical simulation is carried out with the stochastic
bubble population balance model on the foam three phase displacement process in a homogeneous
oil/water/gas coexistence porous media. The effects of the maximum equilibrium bubble density
nmax and the foam generation rate Kg on foam displacement process is discussed and the simula-
tion results are validated with corresponding experiments. Following conclusions are obtained:
(1)Foam could produce extra oil component from oil/gas/water pre-saturated porous media due to
its high apparent viscosity;

(2) Elevated maximum foam density value leads to higher pressure drop along the sample and there-
fore results in higher liquid phase recovery rate;

(3)Higher bubble generate rate Kg values could generate fully developed foam in a shorter distance
after gas injection, however shows little effect on total liquid phase displacement efficiency of the
foam flooding process.

(4) Numerical results could qualitatively reproduce the experimental observations.

It is expected the reported work could improve the understanding of the EOR mechanism of the
foam flooding processes in porous media.
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Bare nanoscale zero-valent iron (NZVI) particles in aqueous suspensions aggregate into micron to

submicron sizes. The transport process of enlarged aggregates or multi-sized aggregates is different
from that of nanoparticles. In this work, we performed aggregate size distribution analysis of NZVI
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suspension using a laser grain size analyzer and conducted a series of continuous injection column
experiments with different injected NZVI concentrations. The results show that aggregates in NZVI
suspensions range from submicron to submillimeter size and are mainly distributed around 5-9 pm
and 50-100 pm. Quantitative calculation of iron transport and retention showed that the retained
iron linearly correlates with injected concentration. The cross-section images revealed that clogging
weakened from inlet to outlet. Further, larger aggregates (40 pm) appeared more often in the rising-
declining stages of breakthrough curves, whereas small aggregates (<30 pm) dominated the steady
stage. Indeed, relatively preferential flow facilitated the transport and discharge of both large and
small iron aggregates. Straining of grains especially for the large iron aggregates resulted in a decline
in breakthrough. Moreover, the blocking of attached and plugged iron prevented later retention of
iron, resulting in certain concentration of iron in the effluents. Our study provides greater insight
into the transport of NZVL

Procter and Gamble Student poster award:
References:
Acceptance of Terms and Conditions:

Click here to agree

912

Modelling of nanochannels imbibition with Smoothed Particles
Hydrodynamics method

Magdalena Dymitrowska' ; Aliaksei Pazdniakou'

' IRSN
Corresponding Author(s): magdalena.dymitrowska@irsn.fr

A large number of natural and engineered porous materials present a part of their pore space with
nanometric pore sizes. This is the case for example for natural indurated clays, which are studied in
several countries as potential hosts for deep geological repositories of radioactive wastes. In such
clay rocks the connectivity of micrometric pores is ensured though very small throats, with diame-
ters as thin as 2-5 nm. To reliably describe macroscopic flow properties at different time and space
scales of such materials it becomes necessary to relate them with microscopic pore structure. It
becomes increasingly popular to exploit to this aim 3D pore networks obtained from different tomo-
graphic methods like X-ray microtomography (resolution from 0.2 Km to 40 Km) or destructive FIB-
SEM (resolution down to 5-10 nm). These real porous structures are used to conduct pore-scale flow
simulations. However caution must be payed to correctly take into account the confinement effects
that may both change flow parameters, or even require adding new terms to governing equations.
This is particularly the case for two phase flow within porous media where capillary effects dominate
over viscous forces. In this work we focus on studying the imbibition of dead-end nano-channels,
initially filled with air [1, 2]. It has been observed experimentally, that the imbibition process can be
divided into two parts: initial capillary rise following Washburn equation with a compression of the
trapped gas, followed by a dissolution-diffusion stage during which the entrapped gas dissolves in
the surrounding liquid. However in 2, authors reported a particular blocking-moving regime where
the liquid fills dead-ends behind gas bubbles, while its front meniscus stays immobile. During this
regime, the gas bubbles diminish asymmetrically, with only the rear meniscus moving. This stage
ends with a symmetrical regime, where the mass center of the gas bubble is immobile and both
menisci are receding towards it. The first, asymmetrical, stage is unusual and the driving phenom-
ena involved are not clear. Using the home-made Smoothed Particle Hydrodynamics code [3], we
explore possible origins of this behavior while keeping the physics as simple as possible (isothermal,
non-compressible, Navier-Stokes based). We show that geometrical factors are sufficient to induce
liquid flow through wetting films and filling of dead-ends behind gas bubbles. It is also possible to
generate the blocking-moving regime, especially when taking into account the roughness of the solid
walls. This observation implies that the two-phase flow depends on the nanometric details of the
pore structure, which are difficult to resolve by imaging technics. Thus the pore-scale simulations
may be more appropriate and reliable in bigger, micrometric, pores only.
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The productivity of many tight hydrocarbon reservoirs depends on natural fractures networks. Keep-
ing the high fracture permeability remains a challenge during drilling operations. The finer particles
invade fractures and pore throats, restricting the flow of fluids from the reservoir to the well. The
industry lacks of models that integrates these phenomena, involving dynamic operating conditions
during drilling. This work presents a new model to evaluate filtrate and particle invasion processes
into naturally fractured reservoirs. This model is based on a three-phase simulator (oil, gas and
water) coupled to a set of mass transport equations of solids and chemical species. In addition, mud-
cake formation in the wellbore face is also modeled under dynamic conditions. Phenomenological
equations are used to model the invasion of solids and their entrapment in the formation. These
equations correlate multiple particle diameters with pore diameters and the fracture widths. There-
fore, it is possible to estimate the contribution of suspended solids to the reduction of permeability,
i.e., the formation damage. The model is validated using results obtained from core-flooding exper-
iments. The results are also supported by a large amount of technical literature. The simulation
model allows varying the operative conditions, such as overpressure, circulation and drilling rate
in order to evaluate their impact on permeability impairment. The model allows for estimating the
permeability return after the displacement of the invasive fluids by the in-situ fluids. As a valuable
conclusion of this work, optimizing the suspended particles size distribution leads to a less severe
permeability reduction. Hence, this work contributes to increasing the productivity of naturally
fractured reservoirs.
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The operating drilling window between the pore pressure and the fracture gradient is very narrow
in many geologically complex reservoirs, depleted formations, and deepwater reservoirs. As a con-
sequence, lost circulation remains a recurring problem. Lost circulation increases significantly well
costs during the non-productive time as well as in high expensive remediation treatments. To mit-
igate this, wellbore strengthening technique emerged some years ago. These techniques consist in
inducing shallow fractures in the formation and propping them with an impermeable bridge of lost
control material. In this way, the tangential stress in the near-wellbore region is increased and the
drilling window is improved.

Despite the uninterrupted use of this technology, there is a lack of understanding of mechanisms
by which wellbore strengthening works properly. The success of a wellbore strengthening depends
on the coupling between the fracture induced and lost control material. Influential geomechanical
aspects on fracture width prediction, often are not taken account on mathematical models yet.

In this work, we evidence the effect of anisotropic stress state, rock elastic modules and wellbore
deviation in fracture width prediction. Sensitivity analysis are carried out over the analytical model
proposed by (Zhang 2016) to determinate fracture width. Finally, we show a comprehensive work-
flow for effective wellbore strengthening operations from the fracture width prediction, through
particle size distribution to the application on site.
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Recent advances in imaging techniques have made it possible to study micron and sub-micron scales
with more detail. These results have enhanced our understanding of pore-scale structures and how
they impact flow via direct pore-scale simulations based on images. However, performing direct
simulations at a representative scale has proven computationally prohibitive. Furthermore, linking
results from multiple length-scales is still an open question, and usually simplifications are require
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to solve for the flow field. In this work, we aim to speed up pore-scale lithology-independent predic-
tions by learning from an ensemble of existing simulations, supporting efficient upscaling.

Via an artificial neural network architecture, we trained an algorithm to understand the relationship
between pore-scale morphology and flow properties under different flow conditions. We first created
an extensive training set using a multi-relaxation-time lattice-Boltzmann algorithm that runs in our
supercomputer cluster. Afterwards, different transformations were tested to select the most suitable
mapping technique that is able to capture the main morphological relationships that affect flow at
the desired scale. Finally, we validate our model with 3D x-ray images from cores with different

lithology.

Simulating flow at the pore-scale is a powerful tool to understand the processes underlying field-
scale operations. Nevertheless, long simulation times have limited the size of the predictions that
are feasible to carry out by personal computers. Through appending a statistical learning toolbox
to the digital-rock petrophysics workflow, we add value by supporting fast predictions from large
datasets that support physics-informed decisions by the end-user.
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Induced seismicity, where earthquakes are initiated anthropogenically, is omnipresent in many an-
thropogenic processes such as CO2 sequestration, wastewater injection and hydraulic fracturing,
to name a few. The frequency of these induced earthquakes has increased significantly in the past
decade as a result of the increase in wastewater injection, leading to considerable public concern. As
such, understanding the basic parameters that control the initiating mechanism for the earthquake
is essential. Fundamentally, the controlling parameters for the initiation, namely, pore pressure and
shear strength, are known. Naively, the injection of wastewater leads directly to an increase in pore
pressure, which reduces the effective strength of a nearby fault. However, the way in which the
pore pressure diffuses to the fault through the permeability heterogeneity of the sub-surface porous
media is largely unknown. Since the permeability generally has significant variation in natural rock,
and more so around the fault where the earthquake begins, it is imperative to test the effect of perme-
ability on the pore pressure increase. Understanding the impact of permeability on the pore pressure
increase can improve the risk assessment for an induced earthquake.

In this study we use layers of polymethylmethacrylate (PMMA) beads, in the 45 to 200 pm-size range,
to simulate the variable fault permeability architecture. The beads were chemically sintered to form
a rock-like structure, and their refractive index is matched with a wetting and a non-wetting fluid.
Thus, we can visualize the replacement of one fluid with another in 3D using a confocal microscope.
We can control the infiltration rate by imposing the pressure of the invading phase while follow-
ing the plume invasion within the porous medium at the micron scale. An important observation
showed that the invading phase deforms the domain, and locally the domain permeability, leading
to a focusing of the plume invasion towards the outlet.
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Critical aspects of the reactivity of the natural and artificial calcite (e.g., carbonates) in aqueous solu-
tions are still not entirely understood, although crucial in many applications (i.e. CO2 sequestration,
contaminant transport, development of hydrocarbon reservoirs, etc.). The high sensitivity of the
calcite dissolution and precipitation to changes in the solution chemistry makes it challenging to
elucidate experimentally the ion adsorption equilibria. This becomes even more difficult when the
experimental system can exchange CO2 with a gas phase. In order to understand and describe the
reactivity of the calcite mineral surface, several surface complexation models have been developed
over the last few decades. These models could be the key to predicting the behavior of the calcite-
brine complicated systems, e.g., the wettability of natural calcite in contact with different brine and
hydrocarbons, where probably different mechanisms occur concurrently. The prerequisite for the
development of a fully mechanistic model for, e.g., the adsorption of water pollutants or polar or-
ganic groups on the carbonate surfaces in groundwater-remediation and improved oil recovery, is a
thermodynamic model that can describe the physicochemical interactions between the minerals on
the surface of carbonates (mainly calcite) and the ionic species in the aqueous phase. The adsorption,
dissolution, ion exchange, and precipitation not only affect the surface charge of the carbonate, but
also its interaction with other existing phases (i.e., DNAPL, LNAPL). The calcite surface potential
is traditionally quantified experimentally through zeta potential measurements. We revise some of
the existing surface complexation models for the calcite-brine interface and implement them. We
assess their performance in the prediction of available zeta potential measurements reported in the
literature. We optimize one of the models and we couple it to a finite volume solver (Eftekhari et al.,
2017) to model the nonisothermal reactive flow of brine in porous media. In our model, the apparent
equilibrium constants of the adsorption reactions are dependent on the calcite surface charge, the
adsorption is a function of not only the pH and temperature, but is also affected by other physico-
chemical interactions that occur at the calcite/brine interface. Therefore, this model accounts not
only for the species adsorption and transport, but also the effect of these latter on the properties of
the porous media, which enable us to evaluate more realistically the fate and transport of contami-
nants.
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Coupled flow systems containing a porous medium domain and a free
flow region appear in many environmental and technical applications,
e.g. surface water/groundwater flow,

industrial filtration and water management in fuel cells. The
interaction of the porous medium and the free flow is dominated by
the processes which take place at the interface between the two flow
regions. Modelling such coupled flow systems is a challenging task
because of the complexity of the interface driven processes.

Although mathematical modelling and numerical simulation of coupled
free flow and porous medium systems has been an active research

area, there is a lack of interface concepts for flows non-parallel to

the porous layer. Coupling conditions existing in the literature for
flows perpendicular to the interface are physically inconsistent.
Moreover, there aren’t any interface concepts found yet for arbitrary
flow directions.

In this talk, we will show by means of microscale numerical
simulations that the available interface conditions for infiltration
problems (flow normal to the interface) are physically questionable.
We will present the newly developed conditions valid at the interface
for non-parallel single-fluid-phase flow. These conditions are derived
using homogenisation with two-scale asymptotic expansions and
validated via microscale numerical simulations.

Procter and Gamble Student poster award:
I would like to compete in the Procter and Gamble Student award References:
Acceptance of Terms and Conditions:

Click here to agree

29

Shear thickening of flexible coiled polymer solutions in non-inertial
shear and extensional flows

Author(s): Eseosa Eguagie'

Co-author(s): Steffen Berg ? ; John Crawshaw ' ; Shauvik De * ; Paul Luckham '

! Imperial College London
% Shell Global Solutions International B.V,
% Shell India Markets Private Limited

Corresponding Author(s): e.eguagiel6@imperial.ac.uk

We investigate the challenges involved in the use of polymer flooding as a chemical enhanced oil re-
covery (cEOR) technique for improving mobility ratio and enhancing macroscopic sweep efficiency.
Flexible coiled polymers in porous media undergo stretching in a spatially heterogeneous structure.
Due to the viscoelasticity of these polymers, they stretch continuously depending on their previous
deformation until their elastic limit is reached and relaxation occurs. Previous research has pro-
posed that at a certain critical flow rate, the relaxation of polymers cause an increase in viscosity
and in turn a better mobility for enhancing microscopic sweep in porous media. However, others
have reported that the increased viscosity in porous media is not so much related to the elasticity
but more on the normal stresses that occur when polymers are sheared in porous media flow. One
similar fact is that as increased viscosity is observed an enhanced pressured drop occurs and the
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flow becomes highly unstable even at laminar flow regime. This unstable flow is termed the elastic
instability or turbulence but the details of this kind of turbulence, its consequences and applicability
on the impact of oil recovery is not understood.

In this work, we experimentally investigate the flow behaviours of flexible coiled polymers of hy-
drolysed polyacrylamide (HPAM) based on a single pore throat geometry using a microfluidic device.
The aim is to adequately parameterise the effects of the normal stress difference in shear and exten-
sion as a function of the geometry and intrinsic characteristics of the polymer solutions at different
Deborah (De) numbers. Hence, we compare pressure drop and particle image velocimetry experi-
mental data for solutions of varying salinity. Results showed a critical flow rate and De at which
polymer viscosity increases as well as the normal stress difference and different salinities were ob-
served to affect the scale of instabilities upstream of the single contraction geometry. It was also
observed that the flow resistance might be a function of both the elasticity and the normal stresses
occurring in shear flow, however, extensional stresses cannot be neglected.
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From a microscopic point of view, a large number of natural and engineering materials exhibit a
highly heterogeneous structure. Natural granular materials, such as sand, for example, can consist
of millions of grains of different materials that form a loose porous solid skeleton. However, in en-
gineering applications, sand is also frequently used as a basis material to generate highly stiff solids,
compare, for example, sand-cores in metal casting applications, where quartz sand is combined with
a polyurethane-based binder material. Thereby, the overall macroscopic response of such media
stems from the composition and the interaction of the materials on various length and time scales.
Understanding the different processes on and the interactions between the scales has been one of
the main driving forces in research over the last decades.

The group of kinematically extended continuum theories, especially including micropolar and micro-
morphic continua, aims at taking specific microstructural mechanisms into account without direct
modelling or simulation of the underlying microstructure. In general, this is done by enriching the
local material point of the continuum description with an independent microrotation, associated to
an attached rigid (micropolar) or deformable (micromorphic) microcontinuum.

In this context, the focus of the present contribution lies in the identification, the detection and
the evaluation of extended micromorphic and micropolar contributions on the macroscopic scale of
granular materials. This aim is achieved by taking a particle-based microstructural point of view
and deriving a consistent homogenisation strategy that links particle interactions, displacement and
local deformation with extended stress and deformation states of micromorphic continua. The ho-
mogenisation procedure is based on the introduction of Representative Elementary Volumes (REV)
that collect a number of particles on the mesocopic scale and the subsequent derivation of balance
relations for embedded REV. Ultimately, the exploitation of the derived relations on the mesoscopic
REV level yields the identification of averaging formalisms for all relevant stress and deformation
quantities.

In order to demonstrate the transfer of particle-based information from the micro- to the macroscale,
Discrete-Element (DE) computations are carried out as simulations of small-scale experiments with
emphasis on the initiation and the full evolution of shear-bands, as it is well known that extended
micropolar quantities are active in localising granular materials that consist of rigid unbonded grains
(micropolar setting). In order to detect micromorphic characteristics after homogenisation, the pos-
sibility of local deformation is included in the DE model by introducing deformable beam elements
as surrogates for binder material (micromorphic setting).
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The evaluation of the homogenised results shows the activation of micromorphic and micropolar
contributions in granular materials, but also concentrates on their dependency on the chosen REV
size.
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Partially hydrolysed polyacrylamide (PHPA) based polymers are used in a variety of civil engineering
applications including as excavation support fluids in construction work such as piling and borehole
drilling. For these applications, the role of the fluid is to keep the excavation open during digging.
PHPA based polymers offer promising solutions to challenging problems such as stabilising coarse
grained soils. They also require a smaller site plant set-up than conventional bentonite clay based
support fluids and can show reduced environmental impacts. However, there are problems, for
example, excessive loss of polymer from the excavation by permeation of the fluid into the adjacent
ground. This is not only detrimental to excavation stability but also wastes polymer.

To tailor polymers to meet the demands of specific engineering projects it is necessary to develop
a fuller understanding of their flow and sorption behaviours. The research presented sets out the
results of some tests to develop the understanding of the underpinning science as related to the
rheological and sorption behaviour of polymers fluids in coarse grained soils.

The results of a series of laboratory studies of the flow of PHPA polymer fluids in sands over a range
of grain sizes and pressure heads will be presented. The data were obtained using a constant head
permeability set-up modified to obtain data over a range of depths into the sand bed. In parallel,
theoretical aspects of polymer fluid flow in porous media have been revisited and applied to obtain
a better insight into the underpinning microscopic and macroscopic phenomena involved.
Measurements made under transient flow conditions show an initial pressure drop and a subsequent
rise in pressure as the fluid front passes a point in the soil. This phenomenon is described as a
viscosity membrane and is the stabilising mechanism of polymer support fluids in porous media. A
novel theoretical framework to explain the complete time dependent behaviour was tested against
the experimental data. The results indicate that such a model is adequate to address the transient
penetration behaviour of the PHPA polymer solutions in soil pores and thus can predict the length
of penetration at any time. Uncertainties regarding the theoretical description of polymer fluid flow
in coarse grained soils using capillary model will be further discussed. The microscopic interactions
of polymers and solid particles showing a profound effect on the macroscopic flow process in sand
also will be presented.
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Partially hydrolysed polyacrylamide (PHPA) based polymers are used in a variety of civil engineering
applications including as excavation support fluids in construction work such as piling and borehole
drilling. For these applications, the role of the fluid is to keep the excavation open during digging.
PHPA based polymers offer promising solutions to challenging problems such as stabilising coarse
grained soils. They also require a smaller site plant set-up than conventional bentonite clay based
support fluids and can show reduced environmental impacts. However, there are problems, for
example, excessive loss of polymer from the excavation by permeation of the fluid into the adjacent
ground. This is not only detrimental to excavation stability but also wastes polymer.

To tailor polymers to meet the demands of specific engineering projects it is necessary to develop
a fuller understanding of their flow and sorption behaviours. The research presented sets out the
results of some tests to develop the understanding of the underpinning science as related to the
rheological and sorption behaviour of polymers fluids in coarse grained soils.

The results of a series of laboratory studies of the flow of PHPA polymer fluids in sands over a range
of grain sizes and pressure heads will be presented. The data were obtained using a constant head
permeability set-up modified to obtain data over a range of depths into the sand bed. In parallel,
theoretical aspects of polymer fluid flow in porous media have been revisited and applied to obtain
a better insight into the underpinning microscopic and macroscopic phenomena involved.
Measurements made under transient flow conditions show an initial pressure drop and a subsequent
rise in pressure as the fluid front passes a point in the soil. This phenomenon is described as a
viscosity membrane and is the stabilising mechanism of polymer support fluids in porous media. A
novel theoretical framework to explain the complete time dependent behaviour was tested against
the experimental data. The results indicate that such a model is adequate to address the transient
penetration behaviour of the PHPA polymer solutions in soil pores and thus can predict the length
of penetration at any time. Uncertainties regarding the theoretical description of polymer fluid flow
in coarse grained soils using capillary model will be further discussed. The microscopic interactions
of polymers and solid particles showing a profound effect on the macroscopic flow process in sand
also will be presented.
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Darcy’s law, which describes a linear relationship between pressure gr