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Carbon capture and storage, processes, UK storage capacity and 
safety monitoring 

 
Jon Gluyas, Durham Energy Institute, Department of Earth Sciences 

Durham University 
 

 
The subsurface pore space from which we produce oil, natural gas and water can also 

be used for storage; storage that is of carbon dioxide, rather than emitting it to the 

atmosphere as we combust petroleum products.  Currently about 5 million tonnes of 

CO2 are injected into the subsurface for permanent storage.  A further 50 million 

tonnes are injected for enhanced oil recovery.  These quantities fade into 

insignificance when compared with the 25 billion tonnes of CO2 which are released 

into the atmosphere each year and it is this gas, a powerful greenhouse gas, which is 

driving climate change.   

 

The opportunity to store much more of the CO2 currently emitted to the atmosphere is 

substantial.  The storage capacity alone of the UK continental shelf has been 

calculated to be 78 billion tonnes (P50).  As of yet though successive UK governments 

have, despite manifesto commitments, fallen short on delivering support to develop 

demonstration projects for capture and storage of carbon dioxide. 

 

In this talk we will examine the process of carbon geostorage, the distribution and 

capacity of geological formation on the UK continental shelf and the opportunity for 

using a new and novel technique to monitor the distribution of the CO2 once injected 

to the surface.  The technique uses naturally occurring cosmic ray muons to deliver a 

passive continuous monitoring method that potentially could track CO2 distribution in 

the subsurface for centuries. 
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CO2 leakage through stress-sensitive fracture networks 

Rafael March, Christine Maier and Florian Doster  

Heriot-Watt University  

 

The long-term containment of CO2 in underground formations requires the presence 

of a cap rock that act as a barrier to the upwards flow of CO2 due to buoyancy. 

Fracture networks may be present in the cap rock, particularly in the fault damage 

zone in faulted storage sites. If the network is well connected and the fractures are 

activated, the network may provide a leakage pathway to shallower formations. The 

effective permeability of the fracture network is a critical up-scaled parameter that 

allows us to evaluate the leakage timescales and to inform simulators that resolve 

larger spatial scales. This permeability is affected by the coupling between the in-situ 

stresses acting on the network and the increase in pore pressure caused by fluid 

injection. Hence, up-scaling the permeability of a fracture network under in-situ 

stresses requires the solution of a coupled fluid-flow and mechanics problem. In this 

work, we evaluate the up-scaled permeability of fracture networks in geological 

conditions relevant to CO2 storage sites. We present a simple contact mechanics 

algorithm that is able to estimate the contact pressure in the fracture planes. The 

contact pressure is a key variable that affects the fracture’s hydraulic aperture. We 

then evaluate under what conditions our simplifications are valid and analyse the 

sensitivity of the up-scaled permeability to different geological conditions and stress-

aperture models. The developments of this work help us to understand the main 

controls on stress-sensitive fracture network permeability.  
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Gas migration, trapping, and venting in soft granular materials 

Sungyon Lee1, Jeremy Lee2, Robin Le Mestre3, Feng Xu1, and Christopher W. 

MacMinn2 

1
Department of Mechanical Engineering, University of Minnesota, Minneapolis, MN 55455, USA 
2
Department of Engineering Science, University of Oxford, Parks Road, Oxford OX1 3PJ, UK 

3De ́partement ge ́nice me ́canique, ENS Cachan, 94235 Cachan cedex, France 
 

 

Gas migration through a soft granular material involves a strong coupling between the 

motion of the gas and the deformation of the material. This process is relevant to a 

variety of natural phenomena, such as gas venting from sediments and gas exsolution 

from magma. Here, we study this process experimentally by injecting air into a quasi-

2D packing of soft particles and measuring the morphology of the air as it rises due to 

buoyancy. We systematically increase the confining pre-stress in the packing by 

compressing it with a fluid-permeable piston, leading to a gradual transition in 

migration mechanism from fluidization to pathway opening to pore invasion. By 

connecting these mechanisms quantitively with macroscopic invasion, trapping, and 

venting, we show that the mixed-mode transitional regime enables a sharp increase 

in the amount of gas trapped within the packing, as well as much larger venting events. 

We further rationalise these observations with a theoretical model based on 

mulitphase poromechanics. Our results suggest that the relationship between 

invasion, trapping, and venting could be controlled by modulating the confining stress.  
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Groundwater Nanoremediation Technology with Focus on Pore-

scale Physics 

Tannaz Pak1, Luiz Fernando de Lima Luz Jr2, Tiziana Tosco3, Paola Rosa4, Gabriel 
Schubert4, Nathaly Lopes Archilha4 

1Teesside University, 2Federal University of Parana, 3Polytechnic University of Turin, 
4Brazilian Synchrotron Light Laboratory (LNLS) - Brazilian Centre for Research in 

Energy and Materials (CNPEM) 
 
Chlorinated solvent contaminants are among the most recalcitrant aquifer 

contaminants which can cause serious health problems (e.g. kidney and liver damage) 

and some are considered as carcinogenic. They are classified as DNAPLs, i.e. dense 

non-aqueous phase liquids. The scale of the problem posed by these contaminants is 

globally significant due to their wide industrial use since the beginning of 20th century 

e.g. in metal processing plants. Aquifer remediation technologies are designed to 

target this contaminant to either (i) pump it out for ex-situ treatment, or (ii) degrade it, 

in-situ, into less harmful substances.  The latter has received more attention recently 

as it offers a non-invasive means for contamination elimination.  

Nanoremediation is an emerging technology with great potential for in-situ degradation 

of chlorinated contaminants and many other metal contaminants (e.g. Cr, As, etc.). 

The technology injects Fe0 nanoparticle in form of aqueous suspensions into 

contaminant bearing sediments. These nanoparticles are highly reactive and excellent 

electron donors (Fe0  Fe2++ 2e¯). Chlorinated solvents can readily accept those 

electrons and release their chlorine atoms in form of ions. Example reaction: (C2H2Cl2+ 

Fe0 + 2H+
C2H4 + 2Cl¯+ Fe2+). Specifically, nanoremediation has benefited from 

recent developments in industrial scale manufacturing of engineered nanoparticles at 

low cost. While nanoremediation concept is proven to be successful at laboratory, 

pilot, and field scales, the existing practice is far from optimised. This study contributes 

to the design of an optimum nanoremediation process, targeting remediation of the 

contamination source that contains the chlorinated solvent in form of a disconnected 

residual phase. We have studied the mechanisms that occur within the pore space of 

the contaminant-bearing sediment as the chemical reactions explained above occur.  

We present the outcomes of our 4D (time-resolved, 3D) experiments comprising flow 

injections and simultaneous 3D imaging using X-ray computed micro-tomography 

(micro-CT) technique.  The study has been conducted at the Brazilian synchrotron.  

  



Book of Abstracts – Interpore UK Annual meeting – Teesside University - 2019 6 

Multiscale modelling of interface biofilm: Pore-scale and 
continuum-scale of NAPL bio-remediation 

Morteza Aminnaji, Masoud Babaei 

Department of Chemical Engineering and Analytical Science, the University of 
Manchester, Manchester M13 9PL, UK 

 

Predicting the fate of the contaminants in soil requires characterizing all the 

mechanisms involved in the coupled processes, especially biodegradation, which can 

occur in the vicinity of the contaminated source or further within the dissolved plume. 

One of the major difficulties to model such processes and advance the understanding 

of NAPLs transport in porous media with biofilm (the bacterial phase) is the complex 

interplay between biological and physicochemical phenomena. These processes also 

have multiscale nature in both time and space. In particular, the study of NAPL 

biodegradation in porous media is of growing interest due to many environmental 

applications where biofilm plays an essential role, such as the bioremediation of 

contaminated sites and the development of bio-barriers for aquifer protection. In this 

work, the natural attenuation process is simulated using a three- dimensional pore-

scale model to investigate the effect of natural bioremediation and dissolution in NAPL 

removal over different synthetic pore network structures with various pore radii 

correlation lengths. Furthermore, the impact of the additional phase (biofilm growth) 

on transport and NAPL dissolution is dynamically implemented in the pore network 

model. In addition, the results of the pore-scale model and the macroscopic properties 

are upscaled to be employed in the two-dimensional continuum scale model to provide 

a better understanding of natural attenuation process and biofilm dynamics near NAPL 

sources at Darcy scale. 
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Flow and transport in heterogeneous porous media: groundwater 
and contaminants modelling 

 

Eugenio Pescimoro, Fulvio Boano, Audrey H. Sawyer, Mohamad Reza Soltanian, 
Matteo Icardi 

University of Nottingham 

One of the most relevant field of application for the theory of fluid flow in porous media 

is groundwater. The flow of water in the subsoil is governed by the Navier-Stokes 

equations, at the pore scale and by the Darcy’s law, at the aquifer scale. On the other 

hand, a convenient model to describe the fate of passive solutes and contaminants in 

the terrain is the Advection-Diffusion (Dispersion) equation which is a PDE with 

different formulation (linear o non-linear) depending on the model considered. These 

equations find implementation in commercial codes for the simulation of the flow in 

geological heterogeneous media, thus enabling predictions, assessments and 

research studies.  

In our case1, by means of the free finite-difference software Modflow, we investigated 

the impact of heterogeneous streambed sediments on contaminants, with a special 

focus on nitrates. The study area is a synthetic 3D domain of 471x140x12 meters 

populated with hydraulic conductivity fields generated using a geostatistical program 

(T-PROGS). Thanks to previous simulations where the flow field was solved through 

the Navier- Stokes equations, we know the head of a river flowing on top of the domain. 

The conductivity field of each realization was populated with sediment facies showing 

a different spatial arrangement and a set of 14591 particles were released to track the 

pathways of the chemical compounds. Running the mentioned case for a set-up of 

150 models spreading over five different sediment ratios (silt/sand) enabled us to 

evaluate the differences in the concentration of reactants and deduct the influence of 

the sediments on it. Future developments for the assessment of the breakthrough 

curves of contaminants in the subsoil foreseen the application of upscaled transport 

models based on the concept of geological entropy: a correlation2 between new 

metrics describing the system heterogeneity, and certain quantitative descriptions of 

transport behavior has recently been found, although the correlation between system 
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heterogeneity and characteristics of solute transport has been only defined in terms of 

empirical relationships with untested universal applicability.  

References: 

1. Pescimoro et al., (2019). Modeling influence of sediment heterogeneity of nutrient 
cycling in streambeds. Water Resources Research. DOI: 10.1029/2018WR024221  

2. Bianchi, M., & Pedretti, D. (2017). Geological entropy and solute transport in 
heterogeneous  
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Pore-scale flow heterogeneity characterisation using pressure-

projection multi- fractional step method 

Lateef T. Akanji 

School of Engineering, University of Aberdeen, Aberdeen, UK, AB24 3FX 

 

A pressure-projection multi-fractional step method for characterising pore-scale flow 

heterogeneity is presented. Three-dimensional high-resolution CT scanning and 

imaging was carried on rock samples obtained from selected geological formations. 

Digitised images are then processed and configured under discrete sub-micron scale 

for direct simulation in numerical computation platform. Heterogeneity in porosity and 

permeability at this scale is computed using cross-layering approach with each sample 

subdivided into multiple sub-samples. The minimum and maximum difference in 

permeability within a layer is recorded to be of magnitude two and five respectively. 

While, minimum and maximum difference in permeability across layers is of magnitude 

one and four respectively. This work is thus establishing for the first time that there 

exist a noticeable and quantifiable degree of heterogeneity at the pore-scale in porous 

rocks. 

  



Book of Abstracts – Interpore UK Annual meeting – Teesside University - 2019 10 

Hybrid pore-network and Lattice-Boltzmann permeability modelling 
accelerated by machine learning 

 
Arash Rabbani*, Masoud Babaei 

 
The University of Manchester, School of Chemical Engineering and Analytical 

Science, Manchester, UK 
 
 
In this paper, a permeability calculation workflow is presented that couples pore 

network modeling (PNM) with a Lattice Boltzmann Method (LBM) to benefit from the 

strengths of both approaches. Pore network extraction is implemented using a 

watershed segmentation algorithm on 12 three-dimensional porous rock images. The 

permeabilities of all throats are calculated using the LBM and substituted in the pore 

network model instead of using the cylindrical formulation for throat's permeability 

based on the Hagen--Poiseuille equation. Solving the LBM for every throat results in 

an accurate representation of flow but the algorithm is computationally expensive. In 

order to minimize the computational costs, LBM is used to model the steady-state 

incompressible fluid flow through 9,333 different throat images and an Artificial Neural 

Network (ANN) is trained to mimic the trend of throat's permeabilities based on the 

cross--sectional images. To this end, we extract several morphological features of the 

throats cross--sectional images and search for the best describing feature. It is found 

that the averaged distance map of the throat images is highly correlated with the LBM-

based permeability of throats to the extent that even a simple empirical correlation can 

reasonably describe the relationship between these two parameters. Finally, we 

compare the absolute permeability of samples obtained by full LBM with the presented 

hybrid method. Results show that the proposed method provides an accurate 

estimation of permeability with a considerable reduction in the computational CPU 

time. 
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GPU-based fully implicit dynamic pore-scale modelling 

Senyou An, Vahid Joekar-Niasar 
University of Manchester 

  

We developed a fully implicit pore network model to simulate immiscible two-phase 

flow in porous media. Considering the two pressure system, the proposed model can 

stably and effectively simulate the viscous fingering, capillary fingering and stable 

flooding. As fully implicit calculation, the accuracy is less sensitive to the time step, 

which is much bigger compared with the explicit calculation. Furthermore, an 

adaptable time step is realized in this model to decrease consuming time. To achieve 

the full potentials of pore network modelling, we designed a GPU(Graphic Processing 

Units)-CUDA algorithm to parallel the code. With these optimizations, the invading 

fluid breakthrough the network model with 105 pores costs about two hours with 

capillary number being about 10-8 and viscosity ratio 0.001.  
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Explicit Incorporation of Fractures into Pore Network Models 

Chenhui Wang1*, Kejian Wu1, Gilbert Scott1 

1School of Engineering, University of Aberdeen, Aberdeen AB24 3UE, United 
Kingdom  

Fracture pore network modelling (FPNM) is an efficient way of computing the single 

and multiphase flow properties of porous media. Existing pore network models (PNM) 

(Blunt, 2017) do not contain fractures, which are widely present in homogeneous rocks 

and cannot reflect the complicated large scale flow in heterogenous rocks. We have 

developed a new fracture pore network model which incorporates fracture elements 

in addition to pore body and pore throat elements.  

We extend the idea of pore network model to fracture pore network model by adding 

a new explicit fracture element, which is simplified as an ideal planar cuboid with 

properties of aperture, width, length and orientation. The complex pore structure can 

be represented by a topological network of pore bodies (nodes) and fractures, which 

are connected by pore throats (bonds). These three elements within the FPNM are 

assigned with the key features of pore structure.  

Flow simulation in the FPNM are preliminarily investigated for the single phase case 

and the results are calibrated and compared with finite element simulation by using 

COMSOL Multiphysics® (AB, 2018). We introduce the effective fracture hydraulic 

conductance factor and correlate it with the fracture aperture, width, length, 

orientation, corresponding with connecting bonds size and position. To demonstrate 

the value and efficiency of the FPNM, it is applied to a few simple model structures 

and the results are compared with finite element simulation using COMSOL. The 

results show that FPNM can efficiently predict flow rate and pressure and they are in 

reasonable agreement with finite element simulation.  

References:  

AB, C., 2018. COMSOL Multiphysics® v.5.4. Stockholm, Sweden: www.comsol.com.  

Blunt, M. J., 2017. Multiphase Flow in Permeable Media: A Pore-Scale Perspective. 
Cambridge University Press.  
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Geological controls on natural and induced pore networks 

 
Cees van der Land School of Natural and Environmental Sciences 

Newcastle University 
 

 
Understanding the controls on the evolution of pore networks in subsurface rock 

formations is relevant for conventional and unconventional hydrocarbon extraction, 

subsurface CO2 storage, geothermal energy and peak energy supply storage. From 

the type of organic matter that was produced millions of years ago, to the depositional 

environment and tectonic history, a wide range of geological processes determine the 

poromechanic properties of shale formations and ultimately, their prospect as an 

unconventional reservoir.  

 

Gas recovery from hydraulic fracturing and validating the top-seal integrity for carbon 

capture and storage require knowledge of key mechanical properties of 

the associate mudrock. One key property is elasticity (Young’s modulus), which is 

relatively well constrained for each component of a shale, except for the organic 

matter. In the first part of this presentation we address the effect of both depositional 

environment and maturity on organic matter Young’s modulus by means of Atomic 

Force Microscopy Quantitative Imaging; a non-destructive technique capable of 

nanomechanical measurements. Shales from varying depositional environments 

covering kerogen types I (Green River), II (Barnett) IIS (Tarfaya) and II/III (Eagle Ford/ 

Bowland) are analysed to capture variance in organic matter. The findings show 

organic matter has a Young’s modulus between <0.5GPa to 24GPa. Marine shales 

have a bimodal distribution of Young’s modulus, with peaks at between 3-10GPa and 

19.0-22GPa. Lacustrine organic matter has a broad equant distribution with a modal 

value of approximately 14GPa. The marine shales exhibit a trend with maturity; 

whereby Young’s modulus values of <10GPa are dominant in immature shales, 

becoming equant with the proportion of the distribution above 15GPa at the oil window, 

before the stiffer values dominate into the gas window. These peaks represent soft 

heterogeneous normally distributed aliphatic rich kerogen and stiff ordered aromatic 

rich kerogen with a non-normal distribution, evident by the increase in the stiffer 

component with maturity. These findings enable increased realism in microscale 
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geomechanical fracture tip propagation models and may allow direct comparison 

between Young’s modulus and Rock-Eval parameters. 

 

Pore-scale models can be used to quantify the evolution of petrophysical properties in 

reservoir rocks. In the second part of this presentation we generate 3D pore 

architecture models (i.e. the spatial distribution of solid and pores) from 2D binarized 

images, representing the typical textural changes of carbonate sediments following 

hypothetical diagenetic pathways. For each 3D rock model, we extract the pore system 

and convert this into a network representation that allows flow properties to be 

calculated. The resulting porosity and permeability evolution scenarios display several 

‘diagenetic tipping points’ where the decrease in permeability is dramatically larger 

than expected for the associated decrease in porosity. The effects of diagenesis also 

alter the capillary entry pressures and relative permeabilities of the synthetic cases, 

providing trends that can be applied to real rocks. Indeed, values of porosity and 

absolute permeability derived from these synthetic 3D rock models are within the 

range of values measured from nature. 

These diagenetic pathway models, developed initially for pore-network evolution of 

carbonate reservoir rocks, can be translated to a wide range of processes to provide 

constraints on predicted thermo-mechano-chemical behaviour during burial and/or 

uplift scenarios using ‘diagenetic back-stripping’ of real rocks, including shales. 
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The Role of Porosity, Pore Size, and Tortuosity in Solid Oxide Fuel Cell 
Electrode performance 

 
Venkatesan Venkata Krishnan 

 
School of Science, Engineering and Design, Teesside University. 

 
 
Solid oxide fuel cells (SOFC) are high temperature energy conversion devices which 
convert the chemical energy of fuels directly into electrical energy. As in any 
electrochemical cell – it comprises a solid dense ceramic electrolyte and porous 
ceramic electrodes. The porosity, pore size distribution, and pore morphology of either 
or both the cathode and the anode, determines the gas phase/ Knudsen diffusion of 
the oxidant and the fuel respectively, and is therefore an important parameter that 
influences cell performance. However, in a porous structure which is infiltrated by an 
electrocatalyst, the porosity, pore size distribution, and tortuosity are all key factors in 
determining the electronically conductive path length, as shown in this work. 
 
The porosity and tortuosity of a porous ceramic can be varied by co-sintering the 
ceramic powder with a pore former dispersed in the matrix (2 examples shown below 
– using Polystyrene and Graphite as pore formers), either via a pelletizing route or via 
more advanced techniques like tape casting.   

 
 
Anodes with different pore morphologies were fabricated and the effects of pore 
morphology and Ni content on the electrical conductivity of Ni catalyst-impregnated 
anodes have been studied. The effect of pore size, pore shape, pore orientation, 
porosity, tortuosity, Ni content, etc. of the anode on the cell performance is 
demonstrated. A simple mathematical model has been developed to understand the 
effect of infiltrated conductive species as a function of the porosity, pore size, and 
tortuosity.  
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Methods for measuring porosity in a porous matrix, and tortuosity of the same, are 
elicited. While open porosity may be estimated by an Archimedes type water 
displacement method, tortuosity needs to be measured by gas permeability 
experiments, based upon the Fick’s law, as shown below: 
 
 
 
 
Where Do is a combination of gas phase binary diffusivity and the Knudsen diffusivity. 
As pore diameter is lowered, there may be a stage where Knudsen Diffusion may be 
significant. A schematic drawing of the experimental unit for Tortuosity measurement 
is shown below, comprising of a ceramic porous pellet connected on either side by a 
gas phase – the Fickian diffusion of a gas such as Hydrogen is measured across the 
ceramic porous pellet. The concentrations of hydrogen in the inlet and outlet retentate 
and permeate gas are measured by Gas Chromatography and the Tortuosity 
estimated from the above equations. Major differences in tortuosity were observed as 
a function of the pore morphology generated by pore formers such as – Graphite, 
Polystyrene, Needle Coke and Starch.  
 
SOFCs with anode morphologies synthesized by usage of different pore formers show 
varied performances, which will be discussed and presented in this work. 
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Hysteresis of Multiphase Flow in Porous and Fractured Media 

Dr. Ran Holtzman 

 Fluid and Complex Systems Research Centre, Coventry University 

 
Multiphase flow in porous and fractured media often exhibits hysteresis or path-

dependency. In particular, at a given state in terms of capillary pressure, the saturation 

and fluid configuration can vary significantly between wetting (imbibition) and 

dewetting (drainage), giving rise to hysteretic retention curves. This has important 

consequences for a variety of applications, including soil moisture, subsurface 

remediation, carbon sequestration and hydrocarbon recovery. The retention function 

is a key component in the classical continuum model for multiphase flow, the Richards 

equation, yet existing models of retention hysteresis rely on phenomenological or 

semi-empirical formulations.  

Here, in contrast, we introduce a physically grounded model of two-phase flow in 

disordered media which does only account naturally for large scale hysteresis, but 

also reproduces the memory properties of partial imbibition-drainage cycles and the 

estimates of the energy dissipated in Haines jumps (avalanches). Our hydrodynamic 

approach is based on the local pressure balance at a fluid-fluid interface in a Hele-

Shaw cell of variable, random gap spacing. It links pore-scale capillary instabilities with 

collective events (Haines jumps). The model applies to quasi-static displacements, 

providing the sequence of equilibrium configurations of the interface that correspond 

to the local energy minima. We implement it numerically through simple synchronous 

updating rules which are highly efficient computationally, and validate it against 

laboratory experiments.  

 

Our model, though formulated for ideal settings, provides fundamental understanding 

of the link between pore-scale capillary processes in disordered media, Haines jumps, 

and medium-scale hysteresis, opening the way for a physically rigorous upscaling of 

two-phase displacements in more realistic porous and fractured materials. 
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The breakdown of Darcy’s law in a soft porous material 

Satyajit Pramanik1, 2, Marco E. Rosti3, Luca Brandt3, and Dhrubaditya Mitra2 

1University of Oxford, Parks Road, Oxford, United Kingdom 2Nordita, Royal Institute 
of Technology and Stockholm University, SE 106 91 Stockholm, Sweden 

3Linn ́e Flow Centre and SeRC (Swedish e-Science Research Centre), KTH 
Mechanics, SE 100 44 Stockholm, Sweden 

 

We perform direct numerical simulations of the flow through a model of deformable 

porous media. Our model is a two-dimensional hexagonal lattice, with defects, of soft 

elastic cylindrical pillars, with elastic shear modulus G, immersed in a liquid. For 

sufficiently soft cylinders we find that the Darcy flux (q) increases with the pressure-

difference (∆P) at a rate that is steeper than linear. We construct a theory of this super-

linear behavior by modelling the channels between the solid cylinders as elastic 

channels with deformable walls with a Hookean response. Our theory further predicts 

that the flow permeability is an universal function of ∆P/G, which is confirmed by our 

direct numerical simulations where the full fluid-elastic solid problem is considered. 
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Algebraic Approximation of Spontaneous Imbibition in 2D 
Geometries  

Herwald Elder, Florian Doster, and Sebastian Geiger 

Institute of Petroleum Engineering, Heriot-Watt University, Edinburgh, UK  

 

Counter-current spontaneous imbibition (SI) is an important transfer mechanism for 

fluid exchange between the fractures and rock matrix in fractured formations. 

Conventional first order transfer functions based on saturations differences, 

underestimate early time recovery. The current state of the art for modelling SI involve 

the use of quasi-analytic solutions for symmetric imbibition along a 1D axis or through 

linearization of the diffusion coefficient. The art relies on self-similarity and symmetry 

which does not hold for 2D and 3D geometries. We advance the art by developing 

accurate and computationally cheap empirical relationships for these geometries. A 

range of diffusion coefficients were generated which covered the whole range of 

conventional dynamic and static properties. Recovery profiles for each were 

numerically simulated and analysis of the recovery profiles revealed that linear and 

non-linear diffusion equations, for all Cartesian geometries can be accurately 

approximated by an equation of the form:  

R(t) ≡ H (tet − t) ∙ (at
1
2 + bt) + H(t − tet) ∙ (1 − Ae−λt+∆t).  

Empirical relationships for parameters: a, b, A, tet, λ and a formulation for ∆t is 

provided. The relationships facilitate a priori calculation of the recovery profile when 

substituted into our proposed equation. The parameters exhibit explicit formulaic 

relationships with the shape of the diffusion coefficient, and aspect ratio of the 

problem. The understanding of the problem provided by the parametric relationships 

and the minimal computational expense required to use the formulation, make the 

method ideal for screening EOR techniques. Furthermore, the characterization of the 

diffusion coefficient by its shape allows implications regarding production strategies to 

be quickly assessed.  
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Modeling and simulation of polymer and nanoparticles injection in 
porous rocks for EOR applications 

 
Cristian S. Loaiza1, Juan M. Mejía1* and Matteo Icardi2 

1Flow and Transport Dynamics in Porous Media group, Faculty of Mines, 
Universidad Nacional de Colombia, Medellin Campus, Colombia. 

 
2. GeoEnergy Research Centre. School of Mathematical Sciences. University of 

Nottingham, UK. 
 

Polymer flooding is the most widely implemented chemical enhanced oil 

recovery process. The polymer degradation, caused by chemical, thermal, and 

mechanical stresses, is still one of the most important limitations on the 

implementation of the technology at the field scale. Recent studies have reported 

that the polymer degradation rate can be reduced when using nanoparticles in 

the polymer solution (Giraldo et al. [1]; Llanos et al. [2], among others). To study 

the performance of the co-injection of polymers with nanoparticles in oil and gas 

reservoirs, a rigorous understanding of the underlying physics is mandatory. 

Numerical reservoir simulation is one of the most powerful tools because of its 

ability to capture most of the physical and chemical mechanisms of the process. 

However, up to date no models have been reported in the specialized literature.  

 

This study presents a mathematical model of the polymer flooding technique 

reinforced with nanotechnology into porous rocks in a multiphase system. 

Initially, a conceptual model of the process is developed by identifying the most 

relevant mass transport and surface mechanisms, and their dynamics. The 

following phases have to be accounted in the model: oleic, volatile, aqueous and 

matrix rock. Then, local mass balance equations are written for the following 

components: oil, gas, water, solid nanoparticles and polymers. An extended 

black-oil model is used for the hydrocarbon and aqueous phases is used. 

Constitutive equations are specified for polymer adsorption, rheology and 

degradation, and nanoparticles retention and remobilization, as well. The 

resulting set of non-linear partial differential equations are discretized using the 

finite volume method and solved following the Newton method. GMRes algorithm 

is used to numerically solve the Jacobian matrix.   
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The polymer degradation rates with and without nanoparticles are modeled 

based on experimental tests at different temperatures, nanoparticles 

concentrations and shear rates. The model is further validated in two steps: 

initially, the simulation results of a polymer flooding are compared to the ones 

obtained using a commercial software. Then, the nanoparticles transport and 

retention on the solid matrix is validated with experimental core-flooding tests 

reported by Li & Torsaeter [3]. Maximum deviations between simulation results 

and experimental data is lower than 9%. A set of numerical experiments of the 

co-injection of polymers and nanoparticles is done, showing that the synergy 

between the polymer and the nanoparticles allowed to retain the viscoelastic 

network that is created in the aqueous phase. The oil recovery factor of the 

polymer-nanoparticles injection is 7% higher than the one obtained in the 

polymer injection process. To model the polymer flooding reinforced with 

nanoparticles at reservoir scales, a preliminary upscaling, based on the 

approach reported by Boccardo et al., [4], is implemented. The model can be 

used to design EOR deployment strategies in oil and gas reservoirs, when 

nanoparticles are injected with polymers. 

 

References: 
[1]  L.J. Giraldo, M.A. Giraldo, S. Llanos, G. Maya, R.D. Zabala, N.N. Nassar, C.A. 

Franco, V. Alvarado, F.B. Cortés. J Pet Sci Eng. 159, 841–52. (2017).  
[2]  S. Llanos, L.J. Giraldo, O. Santamaría, C.A. Franco, F.B. Cortés. ACS Omega. 

3, 18673–18684. (2018).  
[3]  S. Li, O. Torsaeter. The Impact of Nanoparticles Adsorption and Transport on 

Wettability Alteration of Intermediate Wet Berea Sandstone. SPE/IATMI Asia 
Pacific Oil & Gas Conference and Exhibition (Nusa Dua, Bali, 2015). Society of 
Petroleum Engineers. 2015. p. 1–14. 

[4]  G. Boccardo, E. Crevacore, R. Sethi, M. Icardi. A robust upscaling of the 
effective particle deposition rate in porous media. J Contam Hydrol. 2018 
May;212:3-13. 
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 The capillary imbibition of non-Newtonian fluid in porous media 

Takshak Shende, Vahid J Niasar, Masoud Babaei 

 
The University of Manchester, School of Chemical Engineering and Analytical 

Science,  
 

 

The Lucas-Washburn equation is extensively used to estimate the free imbibition of 

the Newtonian fluid in porous media (controlled by capillary forces). However, the 

Lucas-Washburn type equation is not yet developed for non-Newtonian fluids, except 

for power-law fluid. In this work, a new rheological equation is proposed for non-

Newtonian shear thinning fluid based on the four-parameter logistic model (4PLM). An 

analytical solution of the proposed model for velocity profile and flow rate in a tube as 

well as a micro-capillary is validated using experimental data from the literature. The 

applicability of the analytical solution of the proposed model is also evaluated for the 

derivation of the Lucas-Washburn type equation for porous media. The results suggest 

that the proposed 4PLM estimate realistic viscosity (0.01 – 1.2 Pa.s) and power-law 

model yields unrealistic viscosity (0.01 - 400 Pa.s) during the flow of Xanthan gum 

fluid flow through micro-capillary of 320 µm diameter. Our preliminary results indicate 

the applicability of the Lucas-Washburn type equation for the non-Newtonian fluid in 

porous media. 
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Multiscale Analysis of Transport Problems in Porous Media 

Matteo Icardi and Federico Municchi 

School of Mathematical Sciences, University of Nottingham 

 

In this talk we will review the challenges in the derivation and parametrisation of 

macro- scopic effective models of solute and particle transport in realistic three-

dimensional porous media, and present some recent advances in the field. In 

particular, we will focus on deterministic and stochastic approaches to model pre-

asymptotic non-Fickian disper- sion, and homogenisation for fast and non-linear 

reaction terms, such as the ones arising in surface adsorption and in particle collision 

and aggregation processes. Relevance for environmental and geo-energy 

applications will be discussed and numerical experiments will be used to identify the 

behaviour and the scaling of the macroscopic dispersion and reaction coefficients, with 

respect to the material, geometry, and flow parameters.  

 

References  

1. F. Municchi and M. Icardi, “Generalised Multi-Rate Models for conjugate 
transfer in heterogeneous materials," arXiv:1906.01316 [physics.comp-ph]  

2. M. Dentz, M. Icardi, and J. Hidalgo, “Mechanisms of dispersion in a porous 
medium," J Fluid Mech, 2018  

3. F. Municchi and M. Icardi, “Macroscopic models for fast reaction and 
adsorption in porous media," in preparation  
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Imaging of multiphase flow in water-wet carbonate rocks: pore-
filling In mechanisms, snap-off and trapping 

Kamaljit Singh1,2*, Tom Bultreys3,4, Ali Q. Raeini4, and Martin J. Blunt2 

1 Institute of GeoEnergy Engineering, Heriot-Watt University, EH14 4AS Edinburgh 

2 Qatar Carbonates and Carbon Storage Research Centre, Department of Earth 
Science and Engineering, Imperial College London, SW7 2AZ London 

3 Department of Geology, Ghent University, 9000 Ghent, Belgium 

4 Department of Earth Science and Engineering, Imperial College London, SW7 2AZ 
London. 

 
 
Multiphase flow, including drainage and imbibition, in permeable media is important in 

many processes such as water infiltration in soils, oil recovery and geological CO2 

storage. During imbibition, the two most important processes that compete at the pore 

scale are pore-filling and snap-off. These processes have been studied in two 

dimensions for decades. However, the dynamics of imbibition leading to snap-off and 

trapping have not been investigated in a realistic three-dimensional geometry. This 

time-dependent information is important to validate models of pore-scale displacement 

and to quantify how the balance of viscous and capillary forces controls the exact 

nature of trapping. By using fast synchrotron X-ray micro-tomography, we visualize 

and quantify pore-to-pore displacement during secondary imbibition in a carbonate 

rock sample. Our findings suggest that pore-filling and snap-off events strongly 

correlate with the aspect ratio (the ratio of pore radius to throat radius). A high value 

of the aspect ratio (>2.1) is found to be favourable for snap-off over pore-filling for I1 

events. On the other hand, the throat shape factor shows a weaker correlation. This 

is possibly due to a limited number of voxels in a throat, which does not allow to 

capture its shape accurately. In the case of I2 events, a maximum value of 3.1 was 

obtained for the aspect ratio. It is likely to be the result of snap-off in one of the throats 

followed by I1 event in the second throat. In addition, we have found a few unexpected 

or previously unidentified pore-filling events leading to the formation of sub-singlet 

ganglia. The formation of such ganglia has been explored further by performing direct 

numerical simulations. 
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The role of novel porous materials for CO2 capture applications’ 
 

Susana Garcia 
Research Centre for Carbon Solutions (RCCS), Heriot-Watt University, Edinburgh 

 
The Committee on Climate Change has recently recommended a new net-zero 

greenhouse gases target by 2050, with Scotland recommending a net-zero date of 

2045. It was also highlighted that carbon capture and storage (CCS) is a necessity, 

not an option for achieving this ambitious target. Sector roadmaps have also 

evidenced specific technologies required for clean growth including carbon capture, 

utilisation and storage (CCUS). 

 

However, significant challenges remain in growing CCS from the megaton level on 

CO2 emissions reductions, where it is today, to the gigaton level where it needs to be 

to help mitigate global climate change. These challenges include the efficiency and 

capital cost penalties associated with CO2 capture, which are hindering the 

deployment of CCS. The advancement of sorption-based technologies for capturing 

CO2 from power plants and large industrial facilities has attracted a lot of interest in 

recent years. Some of the main advantages of a sorption-based process over the 

conventional amine scrubbing process include low regeneration energy requirements, 

no liquid waste and a much wider range of possible operating temperature (typically 

ranging from ambient temperature to 700°C).   

 

In the past few years, our group has engaged in the development of novel porous solid 

sorbents for CO2 capture with superior performance and desirable economics. This 

lecture will provide an overview of our research – past and current – in that field. I will 

present selected examples of our work, where our group’s approach encompasses 

not only materials synthesis but also characterization, lab-scale performance testing, 

process intensification and process modelling including process integration and 

optimisation. By establishing the materials composition-structure-performance 

relationship and by anticipating the required process performance, we can ultimately 

provide guidance for the development of more advanced, next-generation materials 

for cost-competitive and efficient separation processes in energy, industrial and 

environmental applications. 
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Ice growth in pores 
 

James M. Campbell 

Department of Physics, University of Oslo, Norway; College of Engineering, 
Swansea University, Wales; School of Physics and Astronomy, University of Leeds, 

England 

 

Understanding the nucleation and growth of ice in porous materials is important in a 

wide range of contexts, from frost heave in soils to weathering in rocks and structural 

materials, and also atmospheric ice formation. Both nucleation and the subsequent 

growth of ice - two very different (but highly intertwined) physical processes - may be 

strongly affected by the confined environment within pores. For nucleation, 

nanometre-scale pores are believed to provide favourable sites with a lower energy 

barrier to nucleation than on a flat surface. For growth of an existing ice crystal, 

nanometre-sized pores can suppress freezing entirely due to surface energy effects. 

But even much wider pores of many micrometres in width may still affect the growth 

dynamics of ice through thermal influence: by either helping or hindering the removal 

of excess latent heat from the growing crystal.  

 

Here we present the results of conceptually simple experiments to study the freezing 

of supercooled water in confinement. A thin layer of water sandwiched between two 

closely-spaced transparent plates is cooled until freezing occurs; the dendritic ice 

propagation front can then be observed with a high-speed camera. We discuss how 

the propagation speed varies with the degree of confinement and with the material of 

the confining plates (whether thermal insulator or a thermal conductor), and also how 

these parameters affect the pattern of growth of dendrites. We compare these results 

to past results for growth in unconfined conditions: either through bulk liquid or along 

a single surface. Finally we discuss how our results are likely to apply to real porous 

systems confined in two dimensions rather than just one. 
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Flow-to-fracture transition in granular and shear thickening fluids 

Bjornar Sandnes, Deren Ozturk, Miles Morgan 

College of Engineering (Coleg Peirianneg) Swansea University (Prifysgol Abertawe) 

 

A wide variety of flow patterns emerge when air is injected into confined granular 

suspensions. We have shown previously that fingering patterns transitions to fracture-

like morphologies in tightly packed, deformable bead beds. Here we show that a 

similar flow-to-fracture transition occurs during displacement of a shear-thickening 

fluid. Corn starch suspensions at varying densities are confined in a Hele-Shaw cell 

and subjected to air invasion at a range of pressures. We find three main flow patterns: 

Viscous fingers, dendritic fractures and large-scale fractures. A phase diagram of the 

morphologies will be presented, and the results will be analysed in the context of 

emerging theoretical models for discontinuous shear thickening rheology.  
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Investigation of Water-based Bio-SP flooding into Fractured 
Carbonate Reservoirs  

Kamal Elyasi Gomari, Sina Rezaei Gomari, Meez Isalm, David Hughes School of 
Science, Engineering and Design, Teesside University 

 

Most naturally fractured carbonate reservoirs are oil-wet and do not imbibe the injected 

water, which translates into low-efficiency water flood recovery. In fact, a common 

scenario is low permeability matrix blocks surrounded by a highly permeable fracture 

system in heterogeneous reservoirs. In this case, the overall fluid flow from such 

reservoirs strongly depends on the flow properties of the fracture network. 

Core flooding experiments were conducted on horizontally fractured cores (180°) to 

present fractured carbonate reservoirs. The methodology applied within this work 

entails the testing and evaluating of two chemicals namely Xanthan Gum and 

Rhamnolipid as biopolymer (bio- P) and biosurfactant (bio-S), respectively for 

enhancing water imbibition into oil-wet fractured carbonate rocks. A comparison 

between water flooding alone and water-based bio-SP flooding of fractured and 

unfractured systems were investigated. The results indicated that unfractured 

reservoirs provided higher oil recovery compared to fracture one by water flooding. In 

respect to fractured reservoirs, the results revealed that water-based bio-SP flooding 

leads to improve oil recovery much higher than that of water flooding alone. As such, 

the highest oil recovery was observed when mixture of bio-S and bio-P were used 

which can be attributed to the combined drive mechanisms of wettability alteration and 

mobility ratio improvement by bio-S and bio-P, respectively. 
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Impact of wettability on porosity and compaction of carbonate 
rocks 

 
Farida Amrouche, Sina Rezaei Gomari, Meez Islam, Xu Donglai 

School of Science, Engineering and Design, Teesside University, Middlesbrough, 
TS13 BA, United Kingdom 

 
 

Wettability is considered a key factor for enhanced oil recovery (EOR) from 

hydrocarbon reservoirs particularly from carbonate reservoirs. When the rock is oil-

wet, due to high capillary pressure, it is difficult for water to imbibe into matrix and 

displace the trapped oil. There are several studies over past decades on effects of 

wettability on petrophysical parameters such as capillary pressure, relative 

permeability and electrical properties. However, there are only few studies on the 

impact of wettability on porosity & compaction. In this study, the porosity and 

compaction of Austin chalk in different wetting states were evaluated using Scanning 

Electron Microscopy (SEM). Hydraulic press was also used for making pellets from 

modified chalk’s powder to identify the impact of wettability on compaction. Dewinter 

Material Plus was used to calculate porosity from SEM images. Results show that 

contact angle measurements correlate with porosity of pellets and the degree of 

compaction. Overall, higher porosity was found for water-wet samples compared to 

oil-wet samples meaning that oil-wet samples are more compacted. 
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Pore-Scale Modelling of the Fluid-Rock Chemical Interactions in 
Fractured Shales 

Hossein Fazeli
1*

, Veerle Vandeginste
1

, Bagus P. Muljadi
2
 

1
School of Chemistry, University of Nottingham, University Park 

2
Department of Chemical and Environmental Engineering, University of Nottingham  

Natural gas is viewed as a reliable energy resource because it has high energy content 

and also emits less greenhouse gases such as CO2. In countries such as US, a 

considerable amount of the increase in the natural gas production has been attributed 

to the production of gas from the shale gas reservoirs. Because of their low 

permeability, the shale gas reservoirs have to be stimulated by methods such as 

hydraulic fracturing so that the gas entrapped in the tight rocks can flow through the 

pathways generated during the fracturing process. When the fracturing process ends, 

the wells will be shut-in for some time. During this shut-in period, there might be 

chemical interactions between the fracking fluid and the shale rocks. Depending on 

the rock mineralogy and the different chemical components in the fracking fluid, 

different mineral dissolution and/or precipitation reactions might occur in the fractures 

and the micro-fractures generated during the fracturing process. These reactions 

might lead to the precipitation of secondary minerals which could subsequently reduce 

the gas production. To look at this type of precipitation in the shale rocks, different 

experimental studies have investigated the interaction between fracking fluid and the 

shale samples. One of the main conclusions from the previous experimental studies 

is that the type of reactive minerals which form shale rocks along with their pore-scale 

distribution in the shale matrix dictates where the secondary precipitates will form in 

the porous media. This has important implication as the location of secondary 

precipitates can strongly impact the flow of gas through the fractured shale rocks. 

Moreover, other factors such as fracturing fluid acidity and the amount of oxygen 

content in the fracking fluid are also other controlling parameters during precipitation 

of secondary phases. 

In addition to the experimental methods, reactive transport models can be utilized to 

study how the secondary precipitates form under different conditions for the fracking 

fluid composition and the rock mineralogy. The parameters such as the effect of pore-

scale distribution of the shale-forming minerals on the secondary precipitates can be 
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better simulated by pore-scale reactive transport models resolving the small-scale 

features of the porous media. 

In this study we use a pore-scale reactive transport model to study the effect of 

fracking fluid composition and the mineral heterogeneity of the shale rock on the 

formation of the secondary precipitates during the interaction of fracking fluid and the 

shale rock. We focus on calcite and pyrite as the main reactive minerals in the shale 

rock because these are usually abundant in the shale gas reservoirs. For the 

secondary precipitate, we consider barite as one of the main secondary phases often 

forms in the shale gas reservoirs. The current pore-scale study can therefore be used 

as a tool to explain the mechanisms behind the processes observed in the 

experiments. In addition to this, another important implication of the pore-scale 

reactive transport model is that they can provide the local, or small-scale, information 

for the multi-scale reactive transport simulators.  
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Resolution Effect: An Error Correction Model for Intrinsic 
Permeability of Porous Media Estimated from Lattice Boltzmann 

Method 

Jinlong Fu∗a and Chenfeng Li a,b 

aZienkiewicz Centre for Computational Engineering, College of Engineering, 
Swansea University Bay Campus 

bEnergy Safety Research Institute, College of Engineering, Swansea University Bay 
Campus 

Digital rock physics (DRP) studies, in a non-destructive manner, how pore-scale 

processes govern macro- scopic rock properties, such as transport, elastic, thermal 

and electrical properties (Andrä et al., 2013; Berg, 2014). DRP uses modern 

microscopic imaging techniques such as X-ray micro-computed tomog- raphy (μ-CT) 

to obtain three-dimensional (3D) digital rock images with varying resolutions and sizes 

(Schlüter et al., 2014; Dong and Blunt, 2009). Figure 1 shows a schematic illustration 

of various ad- vanced microscopy techniques, in terms of the volume of physical 

samples and the resolution of digital images. The 3D representations of complex pore 

geometry can be obtained by separating the pore space from mineral matrix phases 

through the segmentation processing on raw images, and then physical sim- ulations 

can be performed on the pore-scale microstructures to estimate the effective 

properties of rocks (e.g. permeability, elastic moduli, thermal conductivity and 

electrical resistivity). In this study, we fo- cus on one of the most important transport 

properties of rocks: intrinsic permeability, which is relevant to many fields, such as oil 

and gas production, geothermal energy extraction, contaminant absorption, carbon 

geological sequestration and others. 

The lattice Boltzmann method (LBM) is one of the most widely-used numerical solvers 

for fluid flow in porous media, because it can be directly applied to the digital pore-

scale microstructures without simplification or meshing and it has good flexibility to 

work with complex flow geometries. Compared to laboratory measurements, LBM has 

the advantage to directly link the flow field to the micro-scale ge- ometry of porous 

media. The method is well-suited for evaluating single-phase flow properties of porous 

rocks, and can deliver reliable results for permeability, dispersion coefficients and 

effective reaction rates etc.. This study focuses on the LBM evaluation of intrinsic 

permeability of digital rock samples.  
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Modelling gas condensate viscosity below the dew point using 
Fuzzy Logic approach 

Foad Faraji, Teesside University 

A bank of condensate can rapidly build up around a producing well, when bottom hole 

flowing pressure falls below the dew point in a depleted gas condensate reservoir. 

This condensate bank will directly affect well performance as it impedes gas flow to 

the surface. Forecasting production as well as optimizing future recoveries in such 

reservoirs are highly desirable. For the purpose of accurate forecasting it is 

unavoidable to determine accurate viscosity of condensate phase below the dew 

point. 

Measurement of condensate viscosity needs highly sophisticated equipment, which is 

expensive and require high level of skills. Hence, numerical approaches have become 

a commonplace in the oil and gas industry. The objective of this study is to develop a 

numerical model using Takagi-Sugeno-Kang (TSK) fuzzy inference system to predict 

condensate viscosity in depleted gas condensate reservoirs below the dew point. TSK 

fuzzy model has been developed and tested using 326 series of condensate viscosity 

experimental data sets collected from existing literature. Acquired input data sets 

organized in matrix form, which enables optimum number of clusters to be determined 

using Calinski-Harabasz cluster evaluation method. Knowing the optimum number of 

clusters (rules), Gaussian membership functions were used to relate the degree of 

membership of the input/output datasets in different clusters. Subsequently, the 

condensate viscosity functions are generated in terms of pressure, temperature and 

solution gas to oil ratio using least-square approximation method. 

Comparative statistical and graphical error analysis have been carried out between 

new TSK fuzzy model and the most frequently used gas-saturated-oil viscosity 

correlations. The outcome of this study show that the developed fuzzy model 

outperforms the existing correlations with lowest Root Mean Square Error (RMSE) of 

0.0649 and Mean Absolute Error (MAE) of 0.055. 
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Application of Environmentally-friendly Biosurfactant in EOR 
Processes 

Chibuzo Onyemara,1 Lateef Akanji1 and Rainer Ebel2 

1School of Engineering, and 2School of Natural and Computing Sciences, University 
of Aberdeen 

 

Oil displacement and fluid flow through porous media at low-pressure low-temperature 

conditions occur in several applications of surfactant-based chemical EOR. Although 

this technique is an effective technique of enhancing oil recoveries; usually achieved 

by improving the microscopic displacement efficiency and reducing the interfacial 

tension (IFT) between crude oil and brine. However, chemically formulated surfactants 

and other related EOR chemicals used in the reduction of IFT or surface tension (SFT) 

of reservoir immiscible fluids are products of chemical reaction strategies which have 

consequent environmental implications. For this purpose, stakeholders are therefore 

considering the use of more environmentally benign and economic alternative surface-

active materials to replace chemical surfactants. Several attempts have been made at 

replacing these chemicals with the use of more environmentally friendly materials. We 

report, for the first time, the IFT reduction between aqueous lab-based water and 

heavy crude as using economic and cheap whole cell EFBS broth at elevated 

temperature and pressure. 
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Simple to complex Multi-Continuum models in high contrast 
materials: sensitivity to uncertainty in transport properties 

 
Federico Municchi, John Couch, Eugenio Pescimoro, and Matteo Icardi 

School of Mathematical Sciences, University of Nottingham 
 

In fluid dynamics, conjugate heat/mass transfer refers to the problem of coupling a 

"mobile" fluid domain, where flow (Stokes or Navier-Stokes) and transport (advection-

diffusion), with "immobile" inclusions, where diffusion dominates. This is therefore 

relevant to a wide range of problems in subsurface flows, porous media, and heat 

transfer applications. Fully resolved simulations are often unfeasible due to their 

complexity in capturing the possibly complicated, heterogeneous, and often uncertain 

micro-structures. 

 

In this work, we derive a new upscaled (averaged) multi-continuum multi-rate transfer 

model [1] between a mobile phase and an immobile phase that does not require to 

resolve the interfaces between the regions, and implement it within the three-

dimensional finite-volumes OpenFOAM(R) library. We show this is particularly suitable 

for Uncertainty Quantification studies where uncertainties in the material composition 

can be represented by uncertain parameters (rather than geometry) and propagate 

through the model. 

 

We then focus on a simplification, leading to the so-called dual-porosity model, solve 

it analytically in one-dimension, and study the effects of uncertainties in the different 

parameters on specific quantities of interest for molecular communication applications. 

Molecular communication is a recently developed and very active field of research in 

communication theory, that deals with the design of low-energy communication 

strategies, based on the transport of particles and molecules. To design optimal and 

robust communication, we define a family of functionals of the fundamental solution of 

the PDE, representing communication-based optimality measures, and study their 

robustness on the input uncertainty. 

 
[1] F. Municchi and M. Icardi, “Generalised Multi-Rate Models for conjugate transfer 
in heterogeneous materials," arXiv:1906.01316 
[physics.comp-ph] 
[2] Y. Fang, W. Guo, M. Icardi, A. Noel, and N. Yang, “Molecular Information Delivery 
in Porous Media," arXiv:1903.03738 [cs.IT] 
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A Simulation Investigation into Polymer Flooding in High 

Temperature and High Salinity Oil Reservoirs 

Walid Khalifa, Sina Gomari 

Teesside University 

The main objective of applying polymer flooding in porous media is to control the 

wetting phase mobility. Adding polymer to water assists viscous forces to overcome 

the capillary forces which results in high capillary number, low residual oil saturation 

and hence high oil recovery. 

 

In this project, the impact of polyacrylamides (PAM) integration with two other 

polymers namely PVP and AMPS on relative permeability curves, residual oil 

saturation and capillary number, at various reservoir salinities and temperatures, was 

investigated. A combination of mathematical correlations and numerical simulation 

were implemented to verify the stability of integrated PAM with other polymers under 

various reservoir conditions. The Fulcher-Ertekin Model was utilized, by including 

several reservoir parameters, in order to calculate a new oil/water relative permeability 

curves correspondence to polymer viscosities obtained from a previous laboratory 

study on integrated PAM with PVP and AMPS. Numerous black oil simulation runs 

were performed based on the correlation results and the lab measurements to 

estimate field oil recovery efficiency. 

 

The simulation results were provided a respectable agreement with the laboratory 

results on viscosity improvement of integrated PAM with PVP and AMPS under 

different reservoir conditions. At moderate temperature of 70℃ and formation salinity 

of 43,280 ppm, PAM with viscosity of 2 cp was degraded and gave less recovery than 

that without brine. More polymer stability was obtained at 43,280 ppm when 

Polyvinylpyrrolidone (PVP) was added to PAM. For instance a mixture of 20/80 wt% 

PAM: PVP with viscosity of 12.5cp, increased the oil recovery factor to 88% compared 

to the base case with the oil recovery factor of 45%. The results were correlated with 

an increase of capillary number to 0.0014 from 0.00011 and a decrease of residual oil 

saturation to 10% from 30%. At high temperature 90℃ and high salinity 200,000ppm, 
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2-Acrylamido-2-MethylpropaneSulfonic acid (AMPS) was added to the PAM solution 

for salinity stability enhancement. It was estimated that, with the optimum integrated 

solution of 19/76/5 wt%  PAM:PVP:AMPS with viscosity of 6.5cp,  the oil recovery 

could reached to 82% under the harsh reservoir conditions which was much higher 

than that for PAM and PAM:PVP under similar conditions. 
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Well testing interpretation and production optimisation for Bu-

Attifel field 

Hawa Ben Hadya, Tannaz Pak 

Teesside University 

In petroleum industry, a proper reservoir description is a significant challenge. The 

success of reservoir simulation studies is dependent on the accuracy of the reservoir 

properties which directly impact the future field development plans. In oil fields, oil 

production is often controlled by the reservoir conditions, when the energy of the 

reservoir is insufficient, techniques such as artificial lift are utilised to ensure 

production is continued at the desired rate. Well testing is a technique utilised to 

provide valuable reservoir information such as, estimating damaged zone near 

wellbore, giving insight into reservoir extension (reservoir boundary or infinite acting). 

Furthermore, nodal analysis is a production optimisation technique which used to 

obtain production rates in an economic manner. 

 

This study investigates the Bu Attifel field which is a faulted reservoir in Libya with 

several major and minor faults. Specifically, we (i) observe the pressure distribution 

throughout the reservoir and the communication along the existing faults (fault 

leakage), (ii) optimise the well productivity (kk06) by nodal analysis technique, and (iii) 

design an artificial lift system for this well. 

 

Bu Attifel field is an oil field located in Sirte basin (Libya), and was discovered in 1968. 

The field production started in Nov 1972 with an average production rate of 200 

MBOPD. The primary productive horizon in this field is the Rakb formation. The most 

striking features of the reservoir is a major rifting feature named Central Graben. The 

main border fault (Rimal fault) acting as transfer fault “Strike-slip fault”. The study 

dataset is composed of (i) field structural map and geological description, well test 

data over a period of 5 days, (ii) productivity, and (iii) PVT data.  

 

The fault leakage was found by comparing the results of the analytical model of the 

reservoir (which included the tested well and the main faults) and the build-up test. 

Numerical model was carried out (drawdown test) in order to verify the results obtained 
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from the analytical model, as well as to find out the fault leakage and verify the exact 

location of the Rimal fault  from the tested well through different sensitivity scenarios. 

The obtained results from analytical and numerical models were used by nodal 

analysis to evaluate the well deliverability. Our analysis shows that the production from 

this well is not feasible for pressures smaller than 4500 psi (equivalent to five years 

production at 2000 bbl/day). Therefore there is a need to design an artificial lift system. 

A gas lift system is considered here to overcome the production restriction in order to 

achieve the maximum profitability from this well. Specifically Tubing size and well head 

pressure were studied. 

 

Economic evaluation considering gas lift was developed in a closed continuous 

injected system.  The proposed gas lift system (3 MMSCF/D) is successful in achieving 

economic improvement to reach (~78MM$) from (35MM$).  After five years, the net 

cash flow (NCF) is anticipated to be approximately 62MM$ as a maximum production 

profit if WHP decreased to 1000 psi, otherwise, gas lift injection is insufficient. 
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Application of phase change tracking approach in the predication 
of condensate blockage for tight, low, and high permeability 

reservoirs 

Benedicta Bilotu Onoabhagbe, Sina Gomari, Johnson Ugwu, Paul Russel  
 

Teesside University 

 

Predication of time and location of condensate build up around the wellbore for gas 

condensate reservoirs is essential as it can help to a proper decision in selecting 

hydrocarbon recovery methods from these challenging reservoirs. 

The present work focuses on the use of newly proposed phase change tracking 

approach to track the formation of condensate blockage in a gas condensate reservoir. 

The approach entails the simulation of tight, low and high permeability reservoirs using 

global and local grid analysis in determining the size, and timing of the three common 

regions namely single-phase gas, two- phase gas associated with immobile and 

mobile gas condensate. 

The results show that permeability has a significant effect on the occurrence of the 

three regions around the well, which in turn influence the productivity of a gas 

condensate reservoir. Predication of time and location of condensate for different 

reservoirs having different permeability ranging from 1 mD to 100 mD clarifies that 

local damage enhances the condensate formation up to 60% and shorten the 

occurrence of immobile phase up to 45%. This predication helped to mitigate the 

condensate blockage at the right time and location around the wellbore. 
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The impact of hydrocarbon emplacement on reservoir diagenesis 

Stephen Gundu1, Cees van der Land1, Sanem Acikilan1, Tannaz Pak2, Shannon 

Flynn,1 Laura Galluccio3 

1. School of Natural and Environmental science, Newcastle university.  
2. Department of Engineering, Teesside University. 

3. Badley Ashton, Lincolnshire.Uk 

The evolution of porosity and permeability during diagenesis is one of the major factors 

affecting the quality of petroleum reservoirs. Diagenesis involves an array of 

processes, including cementation, dissolution and recrystallization, and occurs from 

deposition to deep burial during which the final reservoir rock is created. The rate of 

these processes is driven by the chemical composition of the pore fluids which 

includes brine and hydrocarbons as well as their saturation levels in the pore spaces. 

Although there are many studies on geochemical models of pore fluids, they focus 

primarily on the brine-rock interaction, however, the effect of hydrocarbons on the rate 

of cementation is poorly understood, especially from an experimental point of view. 

Few studies have highlighted the dynamics of cementation in the presence of oil 

emplacement, establishing the conditions and factors that make oil emplacement to 

inhibit cementation and preserve porosity and permeability. But these studies have 

largely been qualitative or based on petrographic analysis of the final reservoir rock 

properties. Paleo-fluid rock interaction and the exact paleo-fluid geochemistry has not 

been properly reconstructed and matched with porosity- permeability preservation in 

the reservoir. 

Here we demonstrate the nature and geochemical conditions necessary to induce 

calcite precipitation and cementation in porous media. To do this we have used an 

experimental diagenesis approach that involves the flowing of a supersaturated brine 

solution, with respect to calcite, through rock cores of different wettability with 

hydrocarbon. The choice of this mineral is based on the fact that it is a common cement 

in reservoir rocks, and on the confidence with which it can be precipitated under 

laboratory conditions. Initial experiments have confirmed the precipitation of calcite 

from pseudo formation water at room temperature, both without and in the presence 

of a substrate (Ketton limestone of near-pure calcite composition). Some of the 

crystals formed under this condition have the potential for porosity reduction of about 
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0.5% in 1hour. The dynamics of cementation will be investigated using micro-

computer tomography, which will enable microscale 3D imaging of the pore system. 

This study is the first step to producing an empirical and quantitative evidence for the 

impact of hydrocarbon emplacement on the cementation process at the pore scale 

level, and is splitted into 2 phases: The first phase involves the simulation of different 

calcite precipitation rates in the laboratory, while the second will involve the analysis 

of the cementation dynamics in porous media. In this presentation, the focus will be 

on the first phase, to demonstrate the nature and conditions for the simulation of calcite 

precipitation rates and cementation in the laboratory under different conditions. 
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Experimental Method for Evaluating Formation Damage: Effect of 
Aerated Polymer Mud System on Sandpack Permeability 

Characteristic 

Ruissein Mahon, Robert Gordon University  

Many reservoirs are intrinsically susceptible to formation damage during conventional 

drilling and completion operations. Formation damage inevitably leads to an overall 

decrease in reservoir productivity and hydrocarbon recovery. This has led to the 

emergence of underbalanced drilling as a viable and valuable technical alternative, 

offering a host of benefits including the reduction of formation damage and increased 

reservoir productivity. During underbalanced drilling, the pressure within the drilling 

wellbore annulus is intentionally kept lower than the formation pressure. Although the 

adoption of this drilling technique can lead to significant improvements in well 

production when applied correctly in the appropriate geological and reservoir setting, 

many questions remain concerning the appropriate mud system to be employed to 

achieve and maintain the underbalanced pressure drop window. The safe application 

of underbalanced drilling relies upon an in-depth knowledge of the complex multiphase 

flow behaviour within the wellbore which includes the effect of the drilling mud and 

injection fluid on the reservoir matrix. 

In this work, flow experiments were conducted to determine the damage 

characteristics of an aerated polymer mud system on unconsolidated silica 

sandpacks. Two sets of experiments were performed for comparative analysis – 

drilling mud only and aerated drilling mud system. All experiments were performed at 

room temperature and pressure. The damage characteristic of the sandpacks were 

assessed from the permeability profiles of the sandpacks before and after the drilling 

mud only and aerated mud system flow tests. The mechanisms of potential formation 

damage by an aerated polymer mud system was analysed as following: plugging of 

pore throats by solid invasion and rock- fluid incompatibility. 

The study explores the effect of CO2 as the injection gas on the reservoir matrix in 

terms of the phenomena of foaming. It also provides the basic data for the design and 

implementation of aerated mud systems for application in underbalanced drilling 

operations for reservoir protection measures in sandstone reservoirs. 
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Experimental investigation of the effect of injection rate and oil 
viscosity on 2phase oil-water relative permeability 

Yakubu Balogun Robert Gordon University  
   

Multiphase flow and heat transfer in porous media is of particular importance to a 

number of engineering applications, including radioactive waste disposal, carbon 

capture and storage, petroleum recovery, fluidised beds, environmental engineering, 

thermal engineering, biomedical engineering and soil remediation. In a petroleum 

reservoir with oil, water and or gas flowing, the concept of relative permeability 

explains the likelihood of a particular fluid phase flowing in the presence of the other 

fluids. The relative permeability is a critical parameter in the evaluation of any 

petroleum reservoir recovery performance. 

In this study, unsteady-state relative permeability experiments were conducted using 

relatively well-sorted unconsolidated silica sand packs. The series of experiments 

were conducted at typical reservoir temperature of 80 °C and ambient pressure. The 

study was carried out consisting of three levels of injection flow rate (0.5 mL/min, 0.75 

mL/min, and 1.0 mL/min), and two levels of mineral oil viscosity (56 cp and 150 cp at 

25 oC. The core holder packed with sand was oriented vertically and the water 

injection proceeding against gravity. Effluents comprising of produced oil and water 

from the top of the sand-pack was collected in a small diameter graduated cylinder for 

measurements of cumulative recovery at specified time intervals. 

The oil/water relative permeabilities for respective flow rates and viscosities were 

determined by history matching with inclusion capillary pressure using the Sendra 

software. The results show that oil/water relative permeabilities in all of the 

experiments are a function of the water injection flow rates and oil viscosity. The 

experimental findings showed an increase in the residual oil saturation and reduction 

in the cumulative oil produced with increasing oil viscosity. The oil and water relative 

permeabilities is seen to have decreased with increasing oil viscosity. 

Generally, the shape of oil and water relative permeability changes with both varying 

oil viscosity and water injection flow rate under the same operating temperature.  
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Characterising single phase fluid flow behaviour in granular pore 
networks with variable pore geometries 

F. E. Jones., V. Vandeginste., B. P. Muljadi 

University of Nottingham  

Fluid flow behaviour is influenced by the geometry of the pore network, which is 

controlled by the distribution of pore size, pore shape and pore throat diameter. 

Therefore, variable pore network geometries could result in variable fluid flow 

behaviour at the pore scale. The characterisation of how fluid flow behaviour responds 

to variable pore geometries can be used to better inform reservoir fluid flow models, 

which could enhance productivity in oil reservoirs or predict migration patterns in CO2 

storage. Currently, the effects of variable grain size on pore network geometry and 

fluid flow behaviour are not extensively understood. 

In this study, the effects of variable grain size on pore network geometry and fluid flow 

behaviour are quantified using a combination of pore scale single phase steady state 

fluid flow experiments and permeability simulations. From the experiments the 

pressure difference and fluid flow rate are recorded, from which Darcy permeability 

and the Reynold’s number are calculated for 3D bead pack samples which have 

homogeneous and heterogeneous bead size. Darcy permeability is validated by 

calculating Darcy permeability using the Kozeny-Carman equation. Each sample is 

imaged using x-ray computed tomography (XRCT), the images are then inputted and 

processed in Avizo Fire 8.1. This software is used to visualise the pore network in 

3D and calculate the pore volume and diameter, pore throat diameter and porosity in 

each sample. Additionally, permeability simulations are performed from which the 

velocity field is visualised alongside fluid flow pathways, and tortuosity is calculated 

from the velocity field. 

Results generated from the simulations agree with those obtained from the 

experiments. The experimental results present a permeability range of 0.6-2D, and 

the simulations present a range of 1.4-12.3D. Both homogenous and heterogeneous 

samples show that permeability increases with increasing bead size. In the 

homogenous samples, bead size is also positively correlated to porosity and the 

range, distribution and uniformity of pore properties such as pore volume, diameter 
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and pore throat diameter. The variation in bead size within the heterogeneous samples 

leads to polarisation in the distribution, range and uniformity of pore properties. The 

difference in pore properties in the samples is reflected in the fluid flow patterns. Larger 

bead size corresponds to channelised fluid flow, whereas smaller bead size 

corresponds to uniform fluid flow. The heterogeneous samples present both 

channelised fluid flow and uniform fluid flow, in addition to areas where fluid flow does 

not occur at all, which is a result of the polarised pore properties, and lower 

permeability overall. The contrasting fluid flow patterns in the heterogeneous samples 

are amplified with increasing fluid flow rate. The fluid flow patterns in the samples are 

supported by the tortuosity results, where tortuosity is greater in the heterogeneous 

samples. 
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Frictional fingers shaped by viscous forces 

 
Dawang Zhang 

College of Engineering, Swansea University  

 

Invasion patterns governed by frictional stress and capillary pressure have been 

studied before, however no prior research has focused on the scenario where a higher 

viscosity fluid invades a granular packing hosted by a lower viscosity fluid. Here we 

inject water into a layer of dry hydrophobic beads contained in a Hele-Shaw cell where 

the host fluid is air. Fingering and branching appear during the experiment. We study 

the effects of filling fraction of the packing and water injection rate on the finger width 

and branch characteristics. The width of a single growing finger decreases with the 

increase of granular filling fraction at low injection rates, in agreement with our 

previous theory. When the injection rate increases, the finger width will increase up to 

a point where the injection rate is high enough to create branching such that several 

fingers move at the same time. These physical phenomena are the results of the 

combination of the work done against the friction stress, the work done to stretch the 

interface and the kinetic energy associated with the moving fluid finger. We use the 

minimization of work principle to analyse the experimental results and propose a 

theoretical model to predict the finger width which fits well with the experimental data. 
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Two-phase flow dynamics and droplet detachment in fuel cell gas 
diffusion layers 

Daniel Niblett, Vahid Joekar-Niasar, Stuart Holmes 

Department of Chemical Engineering and Analytical Sciences, University of 
Manchester 

 

Water management within PEM fuel cells is important to investigate so to be able to 

develop effective strategies to mitigate water flooding at high current density 

operation. The porous transport layers contained within: Catalyst Layer (CL), Micro- 

porous Layer (MPL) and Gas Diffusion Layer (GDL) are used to manage several 

transport phenomena occurring. One significant role is to manage and remove water 

to the gas channels (GC). 

To further understand the coupling between the gas diffusion layer and its inlet (MPL) 

and outlet boundaries (GC) on the water management and distribution, dynamic two-

phase flow is simulated using an OpenFOAM Volume of Fluid (VoF) based solver. 

This study investigates the drainage of water from MPL defects into the gas diffusion 

layer and subsequent drainage and breakthrough to the GC. 

We investigate the role of both the MPL and GC at altering the distribution of water in 

the GDL in both 2D and 3D simulations from cracks imposed extracted from SEM 

images. It is found that liquid water only flows through the MPL crack conduits which 

reduce the number of injection locations to the MPL surface, whilst ensuring the MPL 

is not occupied for the reacting gas to diffuse. Furthermore, it is found that the gas 

channel can have a significant effect on the saturation of the porous layer. 
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Implementation of data-intelligence models coupled with kernel 
optimization algorithm for predicting groundwater fluctuation 

 
S.I. Abba1, M.S.Gaya2, R. A. Abdulkadir2, D.S.Aliyu3, U.G.Isienyi4 

1Department of Physical Planning Development, Yusuf Maitama Sule University 
Kano, Nigeria 

2Department of Electrical and Electronic, Kano University of Science and Technology 
Wudil, Nigeria. 

3Department of Civil Engineering, Newcastle University. UK 
4Faculty of Civil and Environmental Engineering Near East University, TRNC 

 
 

Reliable groundwater modeling has been quite crucial in sustainable water resources 

management. In this paper, the ability of data-intelligence algorithms including 

backpropagation neural network (BPNN) and neuro-fuzzy (NF) was proposed for the 

prediction of groundwater fluctuation using the recorded data from four different 

samplelocation (SL) in Kano State, Nigeria. Subsequently, the models were integrated 

using kernel principal component analysis (KPCA) to improve the prediction skill. The 

performance of the models are evaluated based on the two numerical citeria, Nash-

Sutcliffe (NC) and mean squared error (MSE). The predictive results demonstrated 

the ability of the data-driven model in the prediction of groundwater level. To validate 

the power of kernel function, the comparison results also revealed that KPCA 

enhances the prediction accuracy and reliability for both BPNN and NF models. 

 


