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Abstract 

 
 
It is well established that more than half of the world’s hydrocarbon reserves are contained in 

carbonate reservoirs.  In a global context, which is characterized by an increasing demand in energy, 

population growth and overall economic development, it is very important to unlock potential 

carbonate resources while mitigating the effects of climate change. Moreover, significant volumes of 

carbon dioxide – the major greenhouse gas contributor to global warming – can be stored in 

carbonate subsurface formations such as carbonate depleted reservoirs and deep saline aquifers. 

Therefore, better understanding of carbonate porous media has a wide range of major industrial and 

environmental applications. However, because of complex pore structures, including the presence of 

micro-porosity, heterogeneities at different scales, combined with high chemical reactivity, it remains 

very challenging to describe flow and transport in carbonates. In this thesis, we focus on carbonate 

porous media and aim to better describe flow, transport and reaction in them. The main application of 

this work is related to carbon storage in deep saline carbonate aquifers. More particularly, we address 

fluid-rock interactions e.g. wettability alterations and reactive transport, that occur in carbonate 

formations.  

 

First, we investigate the impact of wettability alteration on multi-phase flow properties. We use pore-

network modelling to analyze the impact of wettability alteration by modelling water-flood relative 

permeability for six different carbonate samples with different connectivity. Pore-scale multi-phase 

flow physics is described in detail and the efficiency of water-flooding in mixed-wet carbonates is 

related to the wettability and pore connectivity. We study six carbonate samples. Four quarry samples 

–  Indiana, Portland, Guiting and Mount Gambier – and two subsurface samples obtained from a deep 

saline Middle Eastern aquifer. The pore space is imaged in three dimensions using X-ray micro-

tomography at a resolution of a few microns.  The images are segmented into pore and void and a 

topologically representative network of pores and throats is extracted from these images.  We then 

simulate quasi-static displacement in the networks.  We represent mixed-wet behaviour by varying the 

oil-wet fraction of the pore space. The relative permeability is strongly dependent on both the 

wettability and the average coordination number of the network.  We show that traditional measures 

of wettability based on the point where the relative permeability curves cross are not reliable.  Good 

agreement is found between our calculations and measurements of relative permeability on 

carbonates in the literature. The work helps establish a library of benchmark samples for multi-phase 

flow and transport computations. The implications of the results for field-scale displacement 

mechanisms are discussed, and the efficiency of waterflooding as an oil recovery process in 

carbonate reservoirs is assessed depending on the wettability and pore space connectivity.  
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Secondly, we investigate at the laboratory column scale (50 cm), fluid-rock interactions that occur 

through the injection of an acidic solution into carbonate porous media. Laboratory columns are 

packed with crushed and sieved porous Guiting carbonate grains.  Therefore a homogenous porous 

medium at the Darcy scale is created and the effect of micro-heterogeneities on transport and 

reactive transport properties is highlighted. We first conduct a series of passive tracer experiments. 

Salinity is used as a non-reactive tracer as brine is injected at a constant flow rate into columns pre-

saturated with equilibrated deionised water. Solute breakthrough curves are experimentally obtained 

by measuring the conductivity of collected effluent samples. Subsequently, by solving the advection-

dispersion equations using PHREEQC geochemical software, we compare the experimental 

measurements with numerical predictions of breakthrough curves. A good match is obtained for a 

dual porosity model and a dispersion coefficient is estimated.  We then investigate reactive transport 

by injecting at constant flow rate acidic brine (hydrochloric acid diluted in saline brine with an overall 

pH of 3) into columns pre-saturated with equilibrated brine. We measure the effluent concentrations 

using ICP-AES (inductively coupled plasma atomic emission spectroscopy) Moreover; scanning 

electron microscopy (SEM) is used to determine single grain-scale changes. We assess the impact of 

flow rate on the resident time distribution of solutes and reaction profiles along the columns. We 

discuss challenges encountered regarding the reproducibility of the results and we highlight the 

implications of such phenomenological studies on carbon storage in carbonates.  

 

 

Finally, we experimentally examine fluid-rock interactions that are induced by the injection of 

supercritical CO2 (sc-CO2) in carbonate formations at the pore scale. I designed and built a novel 

experimental apparatus that allows the injection of brine enriched with sc-CO2 at typical CO2 storage 

conditions. In our experiments the temperature is 50
0
C and the injecting pressure is 9MPa. A novel 

methodology that combines pore-scale imaging, core flooding and pore-scale modelling is applied in 

the context of CO2-carbonate-brine interactions. We experimentally use a high pressure and 

temperature mixing vessel to generate brines enriched with sc-CO2.The mixture is then injected using 

high precision piston pumps at a constant flow rate (Q=0.1 ml/min) into carbonate micro samples (5 

mm diameter and 20 mm length) saturated with pre-equilibrated high salinity brine. We measure the 

permeability changes in real time during the injection of reactive fluids, In addition, dry high-resolution 

micro-computed tomography scans are obtained prior to and after the experiments and the pore 

structure, connectivity and computed flow fields are compared using image analysis and pore-scale 

modelling techniques. We perform direct simulations of transport properties and velocity fields on the 

three-dimensional scans and we extract representative pore-throat networks to compute average 

coordination number and assess changes in pore and throat size distributions. Moreover, we assess 

the impact of reaction rate on reactive transport. We alter the reaction rate and hence the Damkӧhler 

number by under saturating the sc-CO2/brine mixture with crushed and sieved carbonate grains. Two 

regimes of dissolution are experimentally observed: dominant wormholing and a more uniform 

dissolution regime. High resolution 3D scans of the dissolution patterns confirm these observations.  
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Permeability increases over several order of magnitude with wormholing whereas for the uniform 

dissolution, the increase in permeability is less pronounced. Overall, fewer pore and throats are 

present after dissolution while the average coordination number does not change significantly. Flow 

becomes concentrated in the wormhole regions after reactions although a very wide range of 

velocities is still observed. We then compare the observed results for single phase flow (wormholing 

induced by the injection of single phase brine saturated with sc-CO2) to two-phase flow reactive flow 

experiments (co injection of sc-CO2 and brine). Results show that wormholing is also seen in the two-

phase experiments. Directions for future research in the area of fluid-rock interactions are then 

discussed.   
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1 Chapter 1 

Introduction  

 
The characterization and analysis of fluid flow properties in carbonate porous media is an important 

scientific challenge for many technological applications.  It is particularly important for the petroleum 

industry, as more than half of the world’s hydrocarbon reserves are contained in complex carbonate 

reservoirs [1,2]. The development of these resources is often very challenging as in carbonates, 

heterogeneity occurs over different length scales, wettability is often altered and the porous medium is 

highly reactive. Accurate understanding and prediction of flow and transport in carbonate porous 

media will help enhance global hydrocarbon production and ultimately ensure an efficient global 

energy supply. Moreover, the huge pore volumes that are contained in carbonate depleted reservoirs 

and deep saline aquifers can be used as storage locations for anthropogenic carbon dioxide (CO2) 

emissions and help mitigate climate change. When CO2 is injected, for instance, in deep saline 

carbonate aquifers, a series of complex chemical and physical processes occur. Immiscible 

displacement, dry out, convective mixing and reactive transport phenomena will for example take 

place at different length and time scales [3,4]. Prior to industry-scale implementation of Carbon 

Capture and Storage (CCS) in carbonate formations, it is important to accurately understand these 

processes to design an efficient storage strategy.   

 

Different pore structures and heterogeneities of different carbonate samples are highlighted in Figure 

1.1.  The aim of this study is to address fluid-rock interactions in carbonates and understand some of 

the complex phenomena that occur during CO2 injections in carbonate formations, namely relative 

permeability and reactive transport. High resolution imaging, laboratory measurements and numerical 

modelling will be used in order to understand and quantify these processes. Although the emphasis 

will be on pore-scale mechanisms, different scales will be studied.  

 

 
Figure 1-1:  2D cross-sections of 3D micro-computed tomography scans of different carbonate 
sample: Portland Limestone (left), Guiting (middle) and Mount Gambier limestone (right).  
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Scans were obtained by the author at the ELETTRA Synchrotron in Trieste, Italy. The effective 
pixel size is 7.7µm and the image size is approximately 400

3 
voxels.   

1.1 Carbonates 

1.1.1 Definition, importance and characteristics 

 
 
Carbonates are anionic complexes of (CO3)

2- 
i.e. the carbonate ions and divalent metallic cation 

such as Ca, Mg, Fe, Mn, Zn, Ba, Sr, along with a few less common others. The bond between the 

metallic cation and the carbonate group is not as strong as the internal bonds in the CO3 

structure, which in turn are not as strong as the covalent bond in CO2. In the presence of 

hydrogen ions (H
+
), the carbonate group breaks down to produce CO2 and water. This breakdown 

reaction, commonly experienced by geologists when acid is placed on limestone, is the chemical 

basis for the fizz test that distinguishes carbonates from non-carbonates. The most common 

carbonate minerals are calcite (CaCO3) and dolomite (CaMg(CO3)2) [1,2]. The distribution of 

carbonate oil reservoirs around the world is shown Figure 1.2.  

 

Figure 1-2: Distribution of oil from carbonate sources around the world [3]. Carbonate oil 
reservoirs are highlighted in blue. Although carbonate reservoirs are distributed across the 
globe: Middle East, Europe, North Africa, North and South America and Asia, the main 
concentration of carbonate reservoirs is in the Middle East.  

 

From a textural and petro-physical point of view, there are unique attributes that distinguish 

carbonates from other rocks such as sandstones (clastic sedimentary rocks composed mainly of 

sand-sized minerals or rock grains). Carbonates are in general more heterogeneous than 

sandstones; the type of porosity, pore size and permeability-porosity relationship are often 
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variable in carbonates. The main petro-physical differences between sandstones and carbonates 

are highlighted in Table 1.1.  

 

Characteristic  Sandstones   Carbonates 

Type of porosity 
Almost exclusively 
inter-particle.  

Highly variable: inter-
particle, intra-particle, 
intercrystalline, vuggy. 

Type of pore size  

Diameter and throat 
sizes can be related 
to depositional 
texture 

Diameter and throat size 
may not be related to 
depositional texture  

Influence of 
fracturing on 
reservoir properties 

Not of major 
importance in 
reservoir properties 

Major importance in 
reservoir properties if 
present 

Adequacy of core 
analysis for 
reservoir 
evaluation 

Core plug of 1-inch 
(25.4 mm) diameter 
may be adequate to 
determine matrix 
porosity 

Core plugs commonly 
inadequate: may require 
whole core analyses 
(larger core) or several 
cores from several 
locations 

Porosity - 
Permeability 
relationships  

Relatively 
consistent: may be 
dependent on 
particle texture  

Highly varied: may be 
independent of particle 
texture 

Table 1-1: Comparison between sandstone and carbonates reservoir characteristics [1, 2].  

1.1.2 Main challenges in carbonates  

 

There are several key challenges that are related to the study of flow and transport in 

carbonate porous media – a brief summary will be presented here. These challenges are 

related to the presence of heterogeneity over different length scales.  

 

Starting from the pore and sub-micron scales, different pore sizes and shapes can be 

observed. Micro-porosity i.e. intra or inter-particle porosity with a typical pore size of less than 

1 µm, are very frequent in carbonates [1-3].   

 

At a larger scale, carbonate reservoirs are often naturally fractured where the fracture extent 

can range from metre to kilometre scales. Fissures (mm to cm scales) also can be present 

within the reservoirs.  
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In addition to the heterogeneity related to the pore structure, additional heterogeneities exist 

in terms of mineralogical composition. Dolomite and calcite layers are very frequently co-

present in the same reservoir. Moreover, wettability (the tendency of a fluid to be attracted by 

the rock surface in a multi-phase configuration) typically varies from the pore scale upwards in 

carbonate reservoirs. Some regions of the reservoirs are water-wet whereas the remaining 

parts are oil-wet. This leads often to mixed-wet configuration where prediction of multi-phase 

properties at reservoir scale is a priori not straightforward.  Finally, carbonate reservoirs are 

often characterized by their high reactivity, especially when the pH of the in situ fluids 

decreases [5].  

 

The characteristics described below represent several challenges for applying Enhanced Oil 

Recovery and Carbon Storage in Carbonates.  For example, due to the presence of fractures 

within carbonate reservoirs, it is very likely that waterflooding or gas injection for EOR or 

storage purposes lead to a flow of injected fluids through the network of fractures, leaving the 

matrix porous media unwept. The injected CO2 for instance can flow rapidly through the 

fractures and might eventually leak to the subsurface, if an impermeable cap rock is not 

present. The choice and implementation of the suitable EOR methodology is very often 

challenging in carbonates. Moreover, due to the wettability distributions and alterations within 

carbonate reservoirs, water flow might be very high compared to the case of sandstone 

reservoirs. It is very common to develop carbonate reservoirs with a high level of water.  

1.2 CO2 storage in carbonates 

1.2.1 Climate change and CSS 

 

Industrial activities are affecting the climate on a global scale [4, 5]; this includes increasing 

temperature, the acidification of the oceans and the melting of polar ice caps [6]. Emissions of 

anthropogenic gases and particularly CO2 have been identified as the main driving contributor to 

these changes [7, 8]. In this context, different scientific ideas have been suggested as solutions to 

limit emissions of CO2 to the atmosphere. The most promising technology that offers a near-term 

way, consistent with continued extensive fossil fuel use while progress is made towards 

establishing a sustainable global low-carbon energy system in the medium to longer term, is 

Carbon Capture and Storage [9].    Carbon Capture and Storage (CCS) consists of the capture of 

CO2 from industrial sources and its injection underground in porous depleted oil and gas 

reservoirs and deep saline aquifers. The CO2 can be separated from other gases and captured 

through several chemical processes. Subsequently the CO2 can be transported following the 

technology developed by the petroleum industry using pipelines or larger shipping vessels.  An 

illustration of a CCS project is shown in Figure 1.3.  
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Figure 1-3: illustration of an integrated Carbon Capture and Storage (CCS) project [10]. 

 
The main advantage of the CO2 being at supercritical state for stroage purposes is related to the 

density of the fluids (Figure 1.4). Depending on the pressure and temperature, the aquifer volume 

required to store the CO2 as a supercritical fluid will be about 200 times less than in a gaseous 

phase. 

 

1.2.2  Trapping mechanisms  

 
If CO2 injection occurs below depths of approximately 800 m the CO2 will be in a supercritical state 

due to the in situ pressures and temperatures at this depth (critical temperature and pressure of 

304.25 K and 7.40 MPa). Supercritical CO2 has a liquid-like density and flows like a gas; a decrease 

in pressure will lead to an expansion to form a gas without a phase transition.  Figure 1.4 illustrates 

the estimated evolution of density and viscosity with temperature and pressures (depth). The density 

values increase by two orders of magnitude.  
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Figure 1-4 Carbon dioxide density and viscosity evolution with depth – they increase as the 
temperature and pressure increase with distance below ground level. Note the increase overall 
of several orders of magnitude for the density, at high pressures and temperatures.  The 
viscosity is still typical of a gas while the density becomes comparable to the liquid density.  
These calculations are made based on an average geothermal gradient of 30K per 1000 m 
(starting surface temperature is 288K) and an average hydrostatic gradient of 10 MPa per 1000 
m (surface pressure of 0.1 MPa).  The CO2 is at supercritical conditions for depths below 728 m 
[11-13]. 

 

The storage of CO2 in geological formation raises concerns over storage efficiency and leakage risks. 

Therefore, it is important to identify, analyze and validate the mechanisms with which CO2 will be 

stored permanently in the underground formations. Four trapping mechanisms will contribute within 

different time scales to the effective and safe storage of CO2: 

 

Structural trapping: due to buoyancy forces, the injected CO2 will migrate to the top of the formation.  

A low permeability layer of rock (cap rock) on the top of the formation will prevent the upwards 

movement of the fluids. It is important to study the fluid-rock interactions that occur in the cap rock-

CO2 interface. The cap rock is in general a low permeability layer (<1 mD) composed of clays, salts or 

shale. For most oil and gas reservoirs these layers – which helped store hydrocarbons for millions of 

years – are well characterized. However, for future storage sites, a characterization in terms of these 

cap rocks is vital.  In well characterized conditions where a competent cap rock is known to exist, 

structural trapping offers a relatively rapid and secure storage mechanism. At the interface between 

the aquifer and the cap-rock, fluid rock interaction might take place. Diffusion over long time-scales of 

the sc-CO2 through the cap-rock might lead to dissolution of the impermeable barrier and CO2 might 

eventually leak.  
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Solubility trapping: over longer time scales the injected CO2 will dissolve in the formation brine and 

the resulting CO2-saturated brine will have a higher density and will therefore sink in the reservoir. 

Although the solubility of CO2 in water is high, the CO2 solubility in saline brines is lower. The CO2 

dissociation in brine will generate carbonic acid (H2CO3) and the pH of the in situ brine will decrease. 

This is a rather slower trapping mechanism that is driven by molecular diffusion; modelling studies 

predict that hundreds to thousands years are required to dissolve significant CO2 volumes in the 

formation brine [14, 15]. When the CO2-saturated brine sinks in the aquifer, the mixing of different 

brines driven by the vertical CO2 saturation gradient – hence the density gradient - in the brines will 

lead to a convective mixing process [23].  

 

Capillary trapping: this occurs at the pore scale when CO2 is surrounded by the brine. This is a multi-

phase immiscible displacement, where brine tends to wet the rock surface and the CO2 will tend to fill 

the centre of the larger pores due to wetting properties and capillary forces. Multi-phase flow in 

carbonates will be further discussed in detail in chapter 2. The connectivity of the pore space and 

wetting properties play a major role for this trapping mechanism. Capillary trapping can be visualised 

at the pore scale by combining high resolution imaging with high pressure and temperature core flood 

experiments.  Figure 1.5 shows the distribution of the trapped CO2 in the pore space [16-18].  

 

 

Figure 1-5 Images of CO2 after waterflooding with CO2 saturated brine, showing the trapped 
supercritical CO2 clusters. The picture is a two-dimensional cross-section through a three-
dimensional image. Phases are segmented. Supercritical CO2 is white, brine light blue and 
rock is brown [19]. 

 
Mineral trapping: as mentioned above, a portion of the injected CO2 will dissociate and dissolve in 

the formation brine, carbonic acid will be formed. For aquifers composed mainly of dolomites, fluid- 

CO2 can dissolve and then precipitate as a solid carbonate. This is the safest trapping mechanism 

that occurs over thousands to millions of years [20, 21]. Dissolution of the host formation can also be 

induced by the injection of CO2 in carbonate mainly composed of calcite (calcium carbonate: CaCO3) 

resulting in an increase of permeability and pore volume. It is important to quantify these processes 

as they may be a priori most significant in carbonate reservoirs. This will be discussed in detail further 

in chapter 3 and 4.    
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Figure 1-6 An illustrative graph representing the contribution of the different trapping 
mechanisms with time after the CO2 injection phase. Structural and residual trapping are the 
main mechanisms that contribute to the safe storage of CO2 as they operate for the immediate 
and mid-term time scales (1-100 years). Solubility and mineral trapping become significant 
contributors for longer time scales (100-1000 years) [6].  

 

 

In a typical carbonate aquifer, the four trapping mechanisms will be coupled over different length and 

times scales (Figure 1-6). Numerical modelling at reservoir scale is required to understand and predict 

these processes. Figure 1-7 represents a tentative illustration of the main mechanisms that occur 

after injection of CO2 in a carbonate aquifer. Three main regions can be differentiated.  
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Figure 1-7: A schematic representing CO2 movement and different trapping mechanisms in a 
carbonate aquifer . Three zones can be distinguished: the near well bore region, the mixing 
zone and the far field regions. A case of a perforated vertical injector well is represented. (a) 
the CO2 is injected and the near well bore region is subject to an increase in pressure. (b) CO2 
displaces brine in a continuous plume. Due to solubility trapping, there a  time and space-
dependepent gradient of concentration of the CO2 along the plume. (c) The plume is buoyant 
and moves to the top of the formation where it spreads under the cap rock.  Some CO2 
dissolves in brine and the brine sinks through the aquifer. (d) where CO2 is displaced by brine, 
it leaves behind residual or capillary trapped CO2: isolated pore-space bubbles that cannot 
move.   

In the near well bore zone (approximately 0-10 meters away from the perforations/hole), the brine 

will be displaced by the sc-CO2. A plume of brine saturated with CO2 will be created and will migrate 

through the aquifer. In this region, fluid flow rates are most likely high due to injection and significant 

increase in pore pressure. This pressure increase of pressure and the  rapid displacement of brine 

can lead to a drying out phenomenon where salt will precipitate [22, 23].  In the near well bore region, 

fluid-rock interactions, namely dissolution of the calcite host formation, will also be significant as the 

CO2 saturation and flow rates are quite high. The formation of highly conducive pathways or 

wormholes will be significant in this region [20, 21].  

 

In the mixing zone (10-1000m approximately away from the well bore), the injected CO2 will tend to 

rise due to its density difference with the brine. Here immiscible displacement of the brine plume 

saturated with CO2 is taking place.  Immiscible displacement occurs when a simultaneous flow of  CO2 

phase and brine saturated with CO2 phase is taking place. The interfacial tension between the two 

fluids is nonzero and a distinct fluid-fluid interface separates the fluids.  A portion of the CO2 will be 

trapped as immobile clusters through the natural water flow in the aquifer. In addition, in this zone, 

convective mixing of the brine saturated with CO2 will take place. Convective mixing is the mixing that 
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result from the tendency of the less dense fluid to rise, here the brine less saturated with CO2 rises 

due to lower density.  Therefore, fluid-rock chemical reaction such as dissolution can take place both 

during convective mixing  or during the plume migration. It is important to estimate the velocities of the 

flowing fluids in these processes [22, 23]. 

 

Finally, in the far field region, the CO2 will ultimately be trapped structurally under the impermeable 

cap rock. Fluid velocities here are most likely to be slow; diffusion will be the main transport 

mechanism at this stage [24]. 

 

 

1.3 Fluid-rock interactions in carbonates 

 
As mentioned above, solid-fluid interactions in the context of CO2 storage in carbonate porous 

media can occur resulting in changes in the solid properties i.e. the permeability, porosity, 

wettability and mineralogy as well as changes in the chemical composition of the in situ fluids.  In 

this section, two different fluid-rock interactions will be reviewed in more detail, namely reactive 

transport and wettability. 

1.3.1 Chemical reactions 

 
In order to introduce coupled reactive transport phenomenon we first consider chemical reactions that 

take place in a static, batch reactor type systems.  

 

In a CO2(g)-CaCO3(s)-H2O(aq) system a series of inhomogeneous chemical reactions takes place [25-

28]. First let us consider the CO2(g)-H2O(aq) system, where the rapid dissolution of CO2 in an aqueous 

solution takes place according to: 

 

                

 

(1.1) 

 

 

This dissolution equation is described by Henry’s law: 

 

                

 

 (1.2) 

 

where      is the partial pressure of CO2 in the gaseous phase.     is the solubility constant of CO2 

which depends on the temperature, pressure and salinity. 
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The aqueous CO2 will then react with water (or brine) to create carbonic acid according to: 

 

                   

 

 

(1.3) 

 

This acid dissociates to create the bicarbonate and the carbonate ions (    
  and    

   respectively): 

 

              
  

 

(1.4) 

 

 

     
        

   

 

(1.5) 

 

The dissociation reactions are described by the following chemical equilibrium law: 

 

      
       

       
    

(1.6) 

 

     
        

     
   

    
(1.7) 

 

The presence of H
+
 ions will result in a decrease in the pH of in situ fluids; the decrease in the pH is 

dependent on the salinity, pressure and temperature. Direct measurements of the pH in a high 

pressure and temperature batch reactor is still challenging as it is difficult to calibrate the electrical 

conductivity in a high pressure and temperature saline solutions [165].   

   

Calcite dissolution  

 

For a CO2(g)-CaCO3(s)-H2O(aq) system the reactions described above will be coupled with calcite 

dissolution. It is well established in chemical kinetics theory that a chemical reaction can be divided 

into different steps [27, 28]. For dissolution the main steps are:  

 

1- Diffusion or transport of reactants to the solid surface. 

2- Adsorption of the reactants on the solid surface.  

3- Migration of the reactants on the surface to an active site. 

4- Chemical reaction between the adsorbed reactants and the solid (this step may involve 

different sub-steps such as breaking and formation of chemical bonds). 

5- Migration of products away from the reaction site. 

6- Desorption of the products to the solution. 
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7- Diffusion or transport of products away from the surface.  

 

It has to be noted that the different steps described above, can be grouped in three main steps:  the 

transport of reactants to the solid surface (diffusion, transport and adsorption); the chemical reaction 

at the solid surface; and the transport of products away from the solid surface. One of these steps will 

be the slowest, therefore the reaction process cannot be performed faster that this rate limiting step.  

Calcite dissolution in principle is a mass transfer or transport limited process, although other limiting 

conditions can exist. 

 

In the context of surface reactions, different approaches exist to describe reactions rates. However 

the most common equation to describe the rate of carbonate mineral dissolution is [29]: 

 

 
   

         

  
  

 

 
          

 

(1.8) 

where R is the rate in mol.s
-1

, m is moles of calcite, t is time (s), A is the total surface area of the solid 

(m
2
),   is the saturation index, V is the volume of solution (m

3
), and k* is the rate constant (mol. m

-1
.s

-

1
). It has to be noted that A, V and k* are often combined into a single constant K (  

 

 
  ). n is a 

positive constant known as the order of the reaction. 

 

Busenberg and Plummer investigated calcite dissolution near equilibrium reaction rates for 

temperatures up to 25
o
c; the effect of salinity was also studied [30].  

 The following chemical reactions served as the basis of their analysis, they decomposed Calcite 

dissolution into different chemical reactions, with different reaction rates ki: 

 

                   
               

 

(1.9) 

 

                       
         

 

(1.10) 

 

                     
             

 

(1.11) 

 

Based on these equations the overall calcite dissolution reaction rate can be calculated as a function 

of the different reaction rates and the activities. The terms in brackets (Equation 1.12) represent 

thermo-dynamical activities near the surface, which can be different from the activities in the entire 

system.  

  

       
                          

        
   (1.12) 
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The first three terms represent (Equation 1.12) the forward reaction rates representing dissolution 

whereas the last term represents the backward reaction, the precipitation.  The main term that drives 

the dissolution of calcite is the activity of H
+ 

or the pH of the solution. As direct measurements of pH 

are up to date a priori difficult, geochemical models are used to predict the pH of CaCO3 –brine-CO2 

systems. Figure 1.8 shows the prediction of pH with pressure for different temperatures, salinities and 

calcite saturations. Depending on these parameters, predicted pH values are overall ranging from 2.8 

to 4.8.  

 

Figure 1-8 Predictions of pH values in CO2 saturated aqueous solutions. Predictions 
show that pH decreases with temperature and pressure.  pH values in CaCO3 - 
saturated solutions is higher than the solution with no CaCO3 [31].  

1.3.2 Reactive transport 

 

The injection of CO2 into carbonate formations is a dynamic phenomenon that cannot be 

described through static models or batch reactor experiments [9]. The coupling between flow 

and chemical reaction or reactive transport provides a better approach to understand these 

processes [11].  When a miscible reactive fluid is injected in a flowing fluid it will be 

transported, spread from the main flow stream and will react with the porous medium 

(products are subsequently transported) [32,33]. Three main mechanisms are coupled: 

chemical reaction, diffusion and advection. Advection is transport of particles due to velocity 

variations between solid surfaces due to pressure differential, shear stress or tortuosity of the 

pore space [32-38]. In addition, the diffusive spread of solute particles is due to the thermal 

motion of molecules. In a macroscopic approach, concentration gradients lead to a net 
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diffusive flux; however diffusion which is a random thermal motion occurs even when there is 

no concentration gradient.  Overall, diffusion is a random motion with a net flux from high 

concentration to low concentration regions that results in a gradual mixing of solute at the 

macroscopic scale.  

 

In the literature, dispersion is modelled mathematically as the spread or mixing of a miscible 

fluid due to diffusion and advection [32]. Dispersion occurs over multiple length scales from 

the pore to the field scale, and the role of the pore scale observation has been shown to be of 

great importance [33]. 

 

Fick’s law describes the macroscopic net flux due to concentration gradient of solute species 

in a solvent [32]:  

            

 

(1.13) 

 

where      is the net diffusive flux per unit area per unit time (mol.m
2
.s

-1
) is   is the 

concentration in the pore space (mol.kg
-1 

or mol.m
-3

) and Dm is the diffusion coefficient (m
2
.s

-1
) 

which is a function of temperature and fluid/solute properties.   

 

Based on Fick’s law and on mass conservation, the coupling of advection, diffusion and 

chemical reaction can be derived, and the resultant advection-dispersion-reaction equation 

can be written [32, 33]: 

   

  
             

  

  
 

 

(1.14) 

 

where t is time (s),   is the pore water interstitial velocity (m.s
-1

), D is the hydrodynamic 

dispersion coefficient (m
2
.s

-1
), q is the concentration in the solid phase (expressed as mol.kg

-

1
). The term        represents advective transport,       represents dispersive transport 

and  
  

  
 is the change is in concentration in the solid phase due to reactions (q in the same 

units as C).  

 

Reactive transport in carbonate porous media has been widely experimentally and numerical 

investigated in the context of acid stimulation of oil wells. It has been shown that dissolution 

patterns and reactive transport depend on two dimensionless numbers, namely the 

Damkhöler and Péclet numbers [34-36].  

 

Péclet number is a dimensionless number which describes the importance of advection in 

comparison with diffusion and is named after the French physicist Jean-Claude Eugène 
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Péclet. This number is defined as the ratio between the rate of transport by convection to the 

rate of transport by molceular diffusion [37,38]: 

 

 
   

     

  
 

 

(1.15) 

 

 

where     (m.s
-1

) is the average velocity and L (m) is the characteristic length of the porous 

medium; this is typically an average pore diameter. The average velocity is calculated from:  

 

 
      

 

   
 

 

(1.16) 

 

Q is the volumetric flow rate or injection rate,   is the porosity and A is the surface area, the 

area perpendicular to the main direction of flow. Based on the Péclet number, four main 

regimes can describe the behaviour of dispersion in porous media: restricted diffusion, 

transition, power law and mechanical dispersion [32,33,and 38]. Dispersion in porous media 

has been numerically and experimentally investigated in detail in many studies [39-41]. 

 

Damkhöler number represents the ratio between the reaction rates to the  dominant 

transport rate mechanism. In a system controlled by advection at the pore scale the 

Damkhöler number is [42-45]: 

 
   

  

    
 

 

(1.17) 

where k is the dissolution rate in s
-1

. 

 

In a system controlled by diffusion, the Damkhöler number can be expressed by the ratio of 

reaction to diffusion: 

 
   

   

  
 

 

(1.18) 

 

The type of dissolution patterns depending on Damkhöler and Péclet numbers can be 

illustrated in a schematic diagram represented Figure 1.9. They used the first definition of the 

Damkhöler number (equation 1.17).  
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Figure 1-9 schematic diagram representing the different dissolution patterns 
depending on Péclet and Damkhöler numbers. It has to be noted that this an illustrative 
diagram which was obtained using reactive transport modelling at the pore scale and 
validated with experimental observations, therefore the numbers which are strongly 
dependent on porous media properties and the system have to be considered as 
illustrative indications [45].  

 

 Compact dissolution (or face dissolution) [45]: corresponds to a face dissolution type 

where a relatively thin front of dissolution is taking place: the solid is completely dissolved. In 

this regime diffusion is dominant acid transport mechanism, which will lead to stabilize the 

reaction front regardless of the porous medium heterogeneities.   

 

Conical wormholes: takes place for intermediate Péclet numbers where the diffusion is in 

the same order as acid advection: the reaction front becomes unstable especially in 

heterogeneous porous media, and a conical dissolution pattern is seen. 

 

Dominant wormhole: occurs when a cylindrical long wormhole appears. This regime takes 

place when advection is the dominant transport regime for the acid while the reaction rates 

are quite fast.  Dissolution is concentrated in the wormhole, due to the high velocities, the 

residence time is minimal, and therefore the wormholes are not large. It is well established 

that this regime – which depends on the flow rate – is better known as the optimum 

dissolution regime for producer oil well acidizing [46,47]. The injected pore volume to 

breakthrough is minimal in this case.   

 

Ramified wormholes: takes place for high Péclet numbers and intermediate Damkhöler 

numbers: advection is the dominant transport mechanism.  However, the chemical reaction is 

not very rapid which leads to a longer residence time; the wormhole will spread and branches 

will be formed. Depending on the heterogeneity, this regime can be observed for higher 

Péclet and Damkhöler numbers.  
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Uniform Dissolution: is observed when a simple uniform increase in porosity along the 

sample takes place. This is often observed for low reaction rates – typically retarded acids.  

 

 

Figure 1-10 Different dissolution patterns that can be observed while injecting an 
acidic solution into carbonate cores (calcite). The dissolution regimes depend mostly 
on the Péclet and Damkhöler numbers [48, 49]  

It has to be noted that reactive transport is a coupled dynamic process. As the chemical 

reaction results in changes in the characteristics of the porous media such as the permeability 

and the porosity, the average velocity, the characteristic length and the surface area will 

change. This will lead in changes in the Péclet and Damkhöler numbers. Therefore it is a 

priori possible to observe different dissolution regimes during the same acid injection: for 

instance, dominant wormholing can be followed by a ramified wormholing dissolution pattern. 

 

A number of experimental and theoretical studies have described the complex behaviour of 

carbonate dissolution. Dissolution mechanisms and limiting processes vary with system 

temperature, saturation, structural heterogeneity, ionic strength and pH [27, 50]. Rotating disk 

and batch reactors experiments where dissolution rates are maximised, showed that 

dissolution kinetics depend on the chemical composition of the solution and the solution pH 

range. In addition, the rate coefficients increased substantially with increasing temperature. 

Calcite dissolution was shown also to be fully limited by mass transport [51, 52].  

 

Dissolution of carbonate has also been experimentally investigated to understand and 

quantify the optimum injection conditions that lead to quick formation of highly conductive 

channel known as wormholes that can contribute to enhance recovery from oil and gas 

reservoirs. Fredd and Fogler showed that, the optimum pore volume to form wormholes and 

thus to breakthrough is related to Damkhöler number (ratio of the net rate of dissolution to the 

rate of transport by advection) and Peclet number [48]. Noiriel et al. provided visual of the 
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dissolution patterns of calcite cores at the pore scale [53]. Under the transport-limited regime, 

dissolution is faster in narrow channels which results in faster increase in permeability in 

comparison to the surface limited regime, where time is needed to diffusion and changes in 

permeability to occur. Furthermore, Ziauddin and Bize showed that the dissolution of 

carbonate is dependent on the structural heterogeneities [54]. The response to acid of various 

tested carbonates can be grouped into rock types depending on the porosity spatial 

distribution.  In spite of the importance of these problems in applications such as acidizing 

and geological CO2 sequestration, relatively few experimental results are available that 

analyze the impact of such coupled effects on the spatial and temporal evolution of porous 

structure, particularly at the micron scale. 

 
Significant differences between reactive transport model results and experimental data are 

often noticed [50-56]. Large scale reactive transport models do not accurately estimate the 

local mechanisms, such as diffusion or mass transfer that occur at the pore scale, which in 

fact, contribute significantly in the overall behaviour. A better description of these processes 

at the pore scale is needed [55]. It is well established that the reaction rates of many minerals 

observed in the field were found to be several orders of magnitude slower than those 

measured in laboratory [56]. Apart from the differences that arise due to reactive surface area 

of the fresh and weathered minerals and the effect of reaction affinity [57], the discrepancies 

in the mineral reaction rates over the scales can be ascribed to physical and chemical 

heterogeneities in soils and aquifers in which subsurface flow can exacerbate the differences 

[58, 59]. Hence it is desirable to conduct experiments that can reproduce the coupled 

flow/transport/reaction effects under the time-dependent measurement conditions.  

 

The study of fluid-rock interaction in carbonates has required column experiments that 

replicate flow conditions more closely in real settings in the subsurface and which provide 

controlled and homogenous conditions which could lead to reproducible results [60, 61]. In 

this perspective, in unconsolidated samples, Singurindy and Berkowitz analysed the coupled 

effect of precipitation and dissolution in response of hydrochloric acid injection into crushed 

and sieved sucrosic dolomite samples. Both pH and flow rate strongly influenced the 

precipitation process [62]. The same group [63] investigated changes in hydraulic conductivity 

and porosity induced by dissolution and precipitation while injecting acid mixtures into 

crushed and sieved calcium carbonate samples. Results clearly showed the interplay 

between dissolution and precipitation. The injection flow rate was identified as a key 

sensitivity in the overall behaviour and the need to study the impact of structural 

heterogeneity on carbonate evolution in response to acid treatments was pointed out.  

 

1.3.3 Pore-scale investigations of reactive transport:  
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Several experimental investigations have reported calcite dissolution reaction rates using high 

pressure and temperature CO2 batch reactors and rotating disks [64,65]. However, only a few 

experimental studies were conducted at the pore scale in order to mimic reactive transport in the 

context of CO2 injection in carbonate rocks. Noiriel et al. investigated the impact of CO2 injection on 

reactive surface area, permeability and porosity changes on cylindrical limestone samples (9mm 

diameter and 15mm length) that were mainly composed of micrite and sparite [66]. The injections 

were performed at ambient temperatures (T=20
o
C) and pressures below the supercritical threshold. 

Micro-computed tomography and chemical analysis of effluent concentrations showed a non-uniform 

increase of porosity, connectivity and reactive surface area induced by dissolution.  

 

Qajar et al. provided a detailed experimental methodology that allows the characterization of 

dissolution local porosity changes at the pore scale using high resolution imaging and imaging 

thresholding tools [67]. Injection of a selected high-pH EDTA solution was performed at ambient 

temperatures and injection pressures of 1-2.6 atm (sample size 7mm diameter and 21 mm length). 

Similarly to the methodology of Noiriel et al. [66], they assumed that regions exist where the density of 

the solid and pore phases are unchanged in the course of the dissolution process [67]. This helps the 

comparison of the pre and post dissolution regimes which occur at different conditions i.e. different 

resolution, signal to noise ration and magnification.  Figure 1.11 shows a comparison between pre 

and post dissolution images at the pore scale [67]. 

 

Figure 1-11 A comparison of pre (first raw) and post (second raw) dissolution sub-sample 
images of Savonniere limestone. Pore space registration is used to compare on a pore by pore 
basis. his comparison shows particle mobilisation induced by dissolution at the pore scale 
[67].  

The images showed local increases and decreases in porosity (caused mainly by particle migration) 

while unaltered zones within the sample were identified. Network extraction and analysis of the 
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surface area showed that larger pores are mainly affected by dissolution through the core. The 

network extraction was completely based on resolved pores and throats and did not include sub-

resolution pore space.    

  

Luquot and Gouze reported experimental results at typical storage conditions (100
o
C and 12MPa) 

where sc-CO2 was used [68]. A set of four core flooding experiments with varying sc-CO2 partial 

pressures were performed on cylindrical carbonate samples (9 mm diameter and 18 mm length). The 

aim of the four experiments was to mimic different distances to the wellbore region by reducing the 

acidity of the solutions.  Results showed the changes in permeability and porosity induced by 

dissolution and precipitation. Figure 1.12 shows a comparison between  pre and post  micro CT scans 

of carbonate samples corresponding to the injection of brine enriched with sc-CO2 at high flow rates 

and high partial sc-CO2 pressures [68]. The increase of the porosity induced by the dissolution 

process is visualized. In addition, the creation of new pore-space connections is highlighted.  

 

 

Figure 1-12 X-ray micro-tomography sections of the carbonate sample used in the experiment 
reproducing the near well bore region, The sc-CO2 partial pressure is high (10 MPa). The first 
raw represents pre-injection scans, while the second raw shows post-injection images. The 
images are presented in a binary form in the second column (white is sold and black is pore 
space). An increase of local porosity is noticed on the images [68].  

 

In addition to the images, Luqout and Gouze presented an excellent experimental methodology that 

allows the measurements of permeability evolution during the injection of sc-CO2- enriched fluids in 

carbonates. They measured real time permeability changes across carbonate samples of 9mm 
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diameter and 18mm length during the injection of sc-CO2 enriched brines at different flowrates (1,9 x 

10
-8

 m
3
.s

-1
 and 1.0 x 10

-8
 m

3
.s

-1
).They varied the CO2 partial pressure in the injected fluids in order to 

mimic different fluid-rock interactions that occur at different reservoir length and time scales. 

Moreover, the characterization of changes in porosity and surface area based on effluent 

concentration analysis was detailed in their work [68,69]. Their work is the main reference of this 

study. The comparison of pre- and post images, as well as the measurements of permeability 

evolution at the pore scale and the injection procedures were all ideas obtained from the pioneering 

work of Luquot and Gouze [68,69]. 

 

 

1.3.4 Wettability alteration 

 

In addition to the fluid-rock interactions that lead to the chemical dissolution, other types of 

fluid-rock interactions might take place in carbonates. More specifically, the wetting properties 

of the porous media may be altered. In this section, the fundamentals of wettability in 

particular and two-phase flow in general will be described. 

 

Interfacial tension and contact angle 

 

When two immiscible fluids such as oil (or equilibrated sc-CO2) and brine are in contact with a 

solid (carbonate) surface, an interface between phases as well as a contact angle will arise. 

The interface is caused by the difference in cohesive forces between the molecules at the 

surface of each phase and the molecules in the bulk of each phase. This results in an 

interfacial tension between the phases.  In Figure 1.13 Ɵ is the contact angle between the 

brine – sc-CO2 interface and the solid surface. The contact angle is measured through the 

denser phase, in this case the brine. The interfacial tension is denoted by σ.  

 

 

Figure 1-13: Interfacial tensions and contact angle in a sc-CO2 (super-critical), brine, solid 
system. 

 

Equilibrium of the system is described by Young’s equation [70]: 
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(1.20) 

 

                            

 

 

(1.21) 

where the subscripts CO2, B and S denote the three phases: super-critical carbon dioxide; 

brine and solid respectively. Young’s equation imposes that if                    

                     then equilibrium is impossible and the brine spreads completely 

over the solid surface; this is completely wetting with an effective contact angle of zero. 

 

The capillary pressure is linked to the inscribed radii of curvatures and the interfacial tension  

through the Young-Laplace equation: 

 
                  

 

  
 

 

  
  

 

 

(1.22) 

where   and    are the principal radii of curvature of the interface.  
 
For a cylindrical pore with a circular cross-section the same equation can be written as:  
 

 
   

              

 
 

 

 

(1.23) 

 
where   is the inscribed radius of the pore. 

 

In a porous medium where two or more immiscible fluids are present, the term wettability 

defines the preference of one fluid over another to be in contact with the rock surface. It is 

assumed that most reservoirs are originally water-wet.  Although direct measurements of the 

in situ wettability is a priori difficult, wettability can be measured in the laboratory using core-

flood techniques such as the Amott index (ratio of volume of oil displaced by spontaneous 

water imbibitions to the total oil volume displaced by waterflooding) or centrifuge-based 

experiment like the USBM method (logarithm of the ratio between the area under 

spontaneous imbibition curve to the area under the forced imbibition curve) [71-73].  

 

Contact angle is one measurement of system wettability. If Ɵ < 90
o 

 the system is water-wet 

and if Ɵ >90
o
 the system is wet by the second phase (oil or sc-CO2). Trabier et al.  proposed 

the definition of wettability in an oil water system depending on the contact angle (Table 1.2) 

[74]. Moreover direct measurements of contact angles at can be performed in idealized 

systems of single droplets using imaging techniques.  
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Wettability state Ɵ(degrees) 

 
Water-wet 0 to 75 

Intermediate-wet 75 to 105 

Oil-wet 105 to 180 

  Table 1-2  Reservoir wettability distribution based on contact angles [74]. 

 
In carbonate reservoirs, the wettability is often mixed; some parts of the porous medium are 

water-wet whereas the remaining fraction is oil-wet.  The impact of wettability and connectivity 

of the pore space of multi-phase flow properties in carbonates will be the subject of a detailed 

pore scale study that will be presented in the next Chapter. Figure 1.14 shows a schematic of 

fluid distributions under different wetting conditions.  

 

Figure 1-14: Schematic diagram representing fluid distributions for different wettability 
at the pore scale: Green represents oil, Blue shows the water or brine phase and brown 
shows the rock grain. In the water-wet case (left): the non-wetting phase is contained 
in the larger pores whereas the wetting phase fills the smallest features of the pore 
space. The reverse is observed for the oil-wet case (right). In the mixed-wet (middle) 
some parts of the pore space (right part) are water-wet and the remaining parts are oil-
wet [75].  

 

Wettability alteration 

 

It is well established in petroleum engineering that most reservoirs are water-wet prior to 

hydrocarbon migration from a source rock. However the wetting properties of the host 

formation change.  

 

Oil composition is one factor that can contribute to changing the wettability of a naturally 

water-wet surface. Depending on the crude oil composition, asphaltenes (molecular 

substances that are found in the crude oil) can dissolve in the oil.  The asphaltenes contain 

hydrophilic and hydrophobic polar components that can operate at the solid surface in order 



45  
 

to change the wettability. In addition to the oil composition, temperature and pressure can 

affect ashphaltene stability resulting in precipitation or dissolution of asphaltenes [76, 77].  

 

The surface of a water wet material is coated by a thin film of water (or brine). Wettability can 

be altered if this film is not stable. The composition of the brine, pH and composition of the oil 

can destabilize this film and allow the surface to be wet by oil.  When the films destabilize, 

polar components of the crude oil can adhere to the surface and make the surface more oil-

wetting.  The nature and stabilization of the water layers explain why there is a difference 

between a material saturated with crude oil and one with surfaces that are altered by oil. So 

long as the water film is stable, components of the crude oil cannot attach to the solid surface 

and alter the wetting tendency towards oil-wet.  One result of these surface interactions is 

contact angle hysteresis (history).  

 

The water-advancing contact angle, which is present when bulk water displaces bulk oil, can 

be much larger than the water-receding contact angle, which occurs when bulk oil displaces 

bulk water. Therefore, wettability can also be dependent on the saturation history [32,33].  

The wettability of an oil reservoir can vary with depth, with a greater water-wetting preference 

near the bottom of the transition zone and a greater oil-wetting preference near the top [38]. 

The higher zone (low water saturations) has the greater capillary pressure which might 

destabilize the water film.  In carbonate reservoirs, the wettability is considered to be oil wet in 

the oil zones, intermediate wet in the transition zones and water-wet in the bottom of the oil 

column (Figure 1.15) [69].  

 

Figure 1-15: Reservoir scale representation of a typical transition zone from high to low 
water saturation; the capillary pressure increases to reach a maximum value at the top 
of the transition zone i.e. at connate water saturation [69].   
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In addition to the changes in wettability that occur over geological time scales, changes can 

occur within reservoir development and operations phases (1-20 years). During reservoir 

production, asphaltenes might precipitate due to changes in reservoir pressures. Moreover, 

drilling fluids such as oil-based muds can contain surfactants that can invade the pore space 

of the near-well region and alter the wettability.  Moreover, it has been shown that 

waterflooding of the reservoir with a brine whose dissolved salt content or pH differs from 

those of the formation brine can induce wetting changes [78, 79]. Finally, thermal recovery 

methods can change the wettability as quartz tends to become more oil-wet at higher 

temperature whereas calcite tends to become more water-wet [80].  

 

Therefore, during reservoir development or recovery, considering wettability at the reservoir 

scale is crucial in order to ensure an efficient screening of Enhanced Oil Recovery (EOR) 

methods. 

 

The impact of wettability on multi-phase flow 

 

As mentioned above, wettability is an important factor that controls fluid distributions and 

multi-phase flow dynamics.  As shown in the Young-Laplace equation (equations 1.22 and 

1,23), wettability controls directly the capillary pressure and relative permeability. The impact 

of wetting properties on capillary pressure can be directly measured using core-flooding of 

drainage (non-wetting phase displacing wetting phase) and imbibition (wetting displacing non 

wetting) sequences.  

 

 

Figure 1-16 Effect of contact angle on drainage (left) and water-flood (right) capillary 
pressures, air/liquid in Teflon cores. Sr is the reference phase (liquid) saturation and θT 
is the contact angle measured on a flat plate. θrec and θadv are the receding and 
advancing contact angles measured with a liquid drop on Teflon surfaces [81]. When 
the contact increases the shape of capillary pressure curves changes and decreases in 
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general. For oil-wet samples, a plateau in the capillary pressure curves is observed and 
the water-flood capillary pressures reach negative values for high non wetting phase 
saturations.  

 
Relative permeability of a certain phase is the dimensionless ratio of the effective permeability 
to the absolute permeability:  
 

                      

 

 

(1.24) 

 
The effective permeability is given by applying Darcy law:  
 

 
     

   

       
 

 

(1.25) 

 

Where Q is the linear flow velocity (m.s
-1

) along the sample length L (m), μ is the brine 

viscosity (kg.m
-1

.s
-1

), A is the cross sectional area (m
2
) and ΔP is the pressure drop (kg.m

-1
.s

-

2
). The common oilfield unit for permeability is Darcy: 1 Darcy = 1.0133 x 10

-12
 m

2
.  

 

 
Typical relative permeability curves for water and oil-wet samples are shown Figure 1.17.  

 

Figure 1-17: Typical oil-water relative permeability curves for water-flooding (water 
saturation increasing). Based on the effective permeability to oil at the reservoir 
interstitial saturation: strongly water-wet (left), strongly oil-wet (right) [82].   

 

The impact of wettability on relative permeability in carbonates will be discussed in more detail at 

the pore scale in the next chapter.  
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1.4 Pore scale imaging and modelling  

 

It is well established that pore-scale imaging and modelling can provide valuable (in some cases 

predictive) data regarding flow in porous media [83-86].  An accurate description of flow in porous 

media at the pore scale represents the basis for capturing the correct physical behaviour to average 

displacement mechanisms at the core-scale to finally up-scale the observations to the reservoir scale. 

The foundation of pore-scale modelling relies on high resolution 3D imaging tools. In this section, a 

summary of the different imaging methods and the numerical approaches will be presented.  

1.4.1 Pore scale imaging  

 

The most common method that is used to generate high resolution 3D images of a porous 

media is the X-Ray technique [87-90]. This method consists of the reconstruction of a series 

of two-dimensional projections take at different angles. The porous samples rotates and the 

X-rays adsorption in different directions is recorded and used to produce a three dimensional 

representation of the rock and fluids. The tools used to generate X-rays and image the pore 

space can be a laboratory instrument namely a micro-computed tomography (micro-CT) 

scanner (micro-CT) or a synchrotron source.   

 

 

Figure 1-18: Pictures of ELLETRA Synchrotron at Trieste, Italy and a commercial 
micro-CT scanner at Imperial College, London. Both imaging facilities will be used in 
this study [90].  

 

In micro-CT scanners, the X-Ray beams are polychromatic and are not collimated. Therefore, 

the image resolution is determined primarily by the proximity of the rock sample to the source. 

Typical X-ray energies for a micro-CT scanner are in the range 30-160 KeV. This corresponds 

to a range of wavelengths of 0.04 -0.01 nm. Current micro-CT scanners can produce images 

of around 1000
3
 voxels – for a sample of around 5 mm diameter.  
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Figure 1-19: A schematic picture of the basic components of a micro-CT scanner [91]. 
The system uses X-rays to penetrate a sample that is rotated during the scanning and 
project the X-ray attenuation profiles on the detector form different viewpoints. These 
attenuation profiles are used for reconstructing 3D images of the internal volume of the 
sample [92].  

 

The advantages of these machines rely mainly on the practicality and availability: no access 

to a synchrotron facility is needed and there are no major timing constraints, whereas in 

synchrotron beam times are often limited.  

 

For synchrotrons, the beams have high intensity and are in general mono-chromatic. The 

ideal energy of the beam for imaging rock samples  is less than around 30KeV. Resolution is 

determined by the sample size, beam quality and detector specifications. In synchrotrons, the 

distances beam source – sample – detectors are often quite large, which allow high resolution 

imaging to be conducted during core-flood experiments. Current developments in synchrotron 

imaging may allow much larger images to be acquired, but at present most images have an 

approximately 1000-fold range from resolution to the sample size. The advantages if the 

synchrotrons are is that the intensity of the X-rays is quite high compared to micro-CT 

scanners; in addition, the unique wavelength in synchrotrons as well as the convergence of 

beams allow better quality images in terms of contrast and artefacts. 

 

In addition to X-ray methods, other pore-scale imaging techniques can be used to obtain high 

resolution images [93, 94]. Scanning Electron Microscopy (SEM) can provide 2D images of a 

resolution down to the nanometre scale. Although the images are only two-dimensional thus 

the connectivity of the pore space remain unknown, the SEM images can provide valuable  

pore scale information for tight rocks such as unconventional shale gas and shale oil. 

Moreover, FIB-SEM (where FIB stands for focused ion beam) can be used to generate very 

high resolution three-dimensional images of tiny rock samples (typically just a few 

micrometers across). The ion beam makes very fine slices through the sample, enabling 
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sequential SEM images to be obtained. The method is destructive but reveals valuable 

information regarding the pore space[87,88,96,].   

 

 

Image processing 

 

Once scans have been generated, image processing – which is an area of scientific research 

for a wide range of applications – can start. The first step of the image processing chain is to 

reconstruct the 3 dimensional images based on the 2 dimensional projections or sinograms. 

This can often be done automatically using implemented reconstruction software. It is 

preferable, however, to iterate this step by fine tuning the different parameters, mainly the 

centre of rotation and to remove the ring artefacts using Fourier-Wavelet filtering [88,89]. After 

generating the 3D volume, noise can subsequently be removed using different filters such as 

the anisotropic diffusion filter [91]. Finally the image can be cropped into 3D cubic and 

segmented into void and space using different thresholding techniques such as Otsu’s 

algorithm [95]. In the case of micro-CT scanning of multiple fluid phases, it is important to use 

more sophisticated segmentation algorithms [89-91].  The end result is a cubic binary 3D 

image (a 3D matrix of 0s and 1s). Modelling of multi-phase flow can be performed directly on 

these images. In addition, topologically representative networks of pores and throats can be 

extracted from these 3D cubic binary images. The different steps of the network extraction 

process are shown in Figure 1.18. 

 

 

Figure 1-20 A schematic diagram illustrating the main steps involved in image 
processing of pore scale images. First, the 3D image is reconstructed a 3D volume of 
the imaged rock is obtained (a), then the 3D image is processed, segmented and 
cropped into a 3D volume of voids and solids (b) (the pore space only is shown in 
grey). This 3D cubic binary image is the basis of any pore scale modelling activity. 
Then, optionally a representative network of pores and throats can be extracted. 
Numerical modelling can be performed either directly on the images or on the network. 
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1.4.2 Pore scale modelling  

 

Direct modelling 

 

In direct modelling on binary pore-scales images, the pore space is generally discretized 

simply by using a Cartesian mesh. Then flow and transport are computed directly on this grid 

[96].  This is a direct approach that can preserve (depending on the grid size) the pore space 

geometry. However this technique requires generally important computational requirements. 

The most popular method for computing single and multi-phase flow directly on pore-space 

images is the Lattice Boltzmann (LB) method [97, 98]. This is a particle-based technique that 

stimulates the motion and collision of particles on a grid and it has been shown that the 

average behaviour can capture the governing Navier-Stokes equation.  The LB method is 

quite easy to code and can be efficiently implemented for parallel computing; this method is 

well suited to compute single-phase flow, effective reaction rates and dispersion coefficients. 

For multi-phase flow, it was shown that it is possible to compute relative permeability on pore-

space images in some cases [96]. Figure 1.19 shows a direct comparison between the steady 

state flow fields in a Berea micromodel measured from experiments and LB simulations, The 

experimental and computational flow field are in a qualitative agreement. 

 

 

 

Figure 1-21: 2D comparison of flow field in a Berea micromodel from (a) experiments 
and (b) lattice-Boltzmann simulation. The colour coding runs from blue for low to red 
for high flow rates.  The comparison shows that direct modelling using for instance 
Lattice Bolzmann methods can match flow fields measured in the lab [99]. 

 

Another direct method consists of solving the governing Navier-Stokes equation explicitly on a 

discretized image using modelling methods such as the volume of fluid method [100, 101]. 

The volume of fluid method consists in identifying the fluid-fluid interface in a two phase flow 
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configuration by solving the so-called fraction function.  For slow flow, the Navier-Stokes 

equations can be simplified to the Stokes equation, which represents slow steady-state flow. 

       

 

 

(1.25) 

 

         

 

 

(1.26) 

 

where   is the velocity vector,  P is pressure and   is the fluid viscosity [96].  

 

The main challenge in modelling multi-phase flow using these methods relies on the tracking 

of fluid interfaces. In the level-set method defines an interface (usually a minimal distance 

between two phases) and tracks its movement across the grid in a quasi-static displacement 

[96-101].  In the volume of fluid method, the partial saturation of a certain phase in a grid 

block is used to access the likely location of a sharp interface [101].  

 

To date, several studies have shown the promising potential of direct modelling on pore 

space images as an effective methodology to model, permeability, dispersion, capillary 

pressure and relative permeability [96]. With current improvements in computer power and 

numerical methods, it is likely that more predictions of multi-phase flow will be made using 

direct modelling, especially with the implantation of parallel computing techniques.  However, 

the most computationally efficient and successful predictions of multi-phase flow come from 

network modelling.  

 

 Network modelling  

 

Fatt in 1956 was the first to use network modelling for application in porous media; he 

exploited the analogy between flow in porous media and random resistor networks [102]. The 

first step to be undertaken in network modelling is to find a way to replace the exact 

geometrical description of the void space (the space that can be occupied by fluid) in the 

medium by a simpler one based on pores and throats. The actual shapes assigned to pores 

and throats are also significant in determining transport properties, particularly during multi-

phase displacements. Carbonate porous media are highly irregular and during multi-phase 

flow the wetting phase resides in the grooves and crevices of the pore space. Flow through 

these wetting layers has been observed experimentally and can have a significant impact on 

the displacement [83]. Hence, pores and throats can be represented in the network by 

geometrical elements that can accommodate wetting layers. In this study, pores and throats 
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are modelled as having a square, circular or triangular cross section depending on their 

assigned shape factors, G [103]: 

    
    

 

 

(1.26) 

 

where A is the cross-sectional area and P is the perimeter length.  This shape factor, the ratio 

of cross-sectional area to perimeter squared, is calculated directly from the binary image.  

 

Figure 1-22 A schematic highlighting the different shapes considered in the network 
extraction used in this study. Elements are triangular, circular or squares, the shape 
factors are the same as the one measured on the irregular voxel representation [104].  

 

Having network elements with angular shapes allow for the non-wetting phase to occupy the 

centre of the element while the wetting phase remains in the corners [104]. The network 

model used in this study is the model developed by Valvtane and Blunt [105]: it initially starts 

with a fully water (brine) statured pore space to subsequently mimic drainage (non-wetting 

phase displacing wetting, basically oil injection) and then water injection fluid displacement 

sequences [104, 105]. The main advantage of this pore-network model (in addition to 

capturing wetting layer flow) is the ability to simulate mixed-wet behaviour by offering the 

possibility of altering the wettability of the parts of the rock in direct contact with the oil.  

Consider a strongly water-wet porous medium, where during the drainage process oil will fill 

the centre of the larger pores of the network. The oil is highly connected and still flow during 

the drainage step. Water, the wetting phase, will occupy the corners and the smallest features 

of the pore spaces. This fluid configuration is determined by capillary forces. It is possible 

using the Valvatne and Blunt’s model to alter the wettability of the parts in direct contact with 

oil, while the corners and elements containing water will remain strongly water-wet.   
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Several experimental investigations and field results have shown that a large number of 

carbonate reservoirs present a heterogeneous wettability where a fraction of the pore space 

is water-wet and the remaining fraction is oil-wet [111]. Brow and Fatt proposed the term 

fractional wettability to define a heterogeneous wettability where the wetting preference of the 

surface is randomly distributed throughout the pore space [112].  Salathiel (1973) introduced 

the term mixed-wettability where larger pores are oil-wet whereas the smaller pores remain 

water-wet [113].  We will use the term mixed-wettability to characterize a heterogeneous 

wettability where a portion of the pore space is water-wet while the remaining part is oil-wet.  

The wetting preference of the porous medium will be randomly distributed through the pore 

space, regardless of the size of the pores/throats. 

 

Figure 1-23: Possible fluid configuration after drainage and water flooding. (a) The pore 
(here triangular) is fully saturated with water and is strongly water-wet. (b) Upon 
primary drainage (primary indicates that the rock is in contact for the first time with oil) 
the oil occupies the centre of the pore and the wettability of part of the element in 
contact with oil can be altered (from strongly water-wet to oil-wet). (c) During water 
flood, the pore can be fully saturated with water. (d) If the wettability alteration is large 
enough, oil might become sandwiched as a layer between water in the corner and the 
centre [104].  

This approach to represent porous media has proved very successful in predicting single and 

multi-phase flow properties of porous media, including permeability [106], relative permeability 

and capillary pressure [91, 103], two- and three-phase relative permeability experimental data 

[102] and the impact of wettability variation on reservoir performance [101]. Reviews on how 

to describe and represent multi-phase flow through topologically complex porous media are 

available on the literature [83, 96, and 108]. 

 

Recent developments in computational resources have allowed the generation of dynamic 

network models that can incorporate the effects of flow rate, allowing a wider range of 

displacement to be simulated accurately [109-111].  
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Pore network modelling can successfully predict multi-phase flow properties for sandstones, 

including the effects of wettability [113-115].Several recent studies have discussed improving 

traditional network modelling techniques to study carbonates.  Sok et al. presented a multi-

scale imaging methodology that better accounts of pore structure and connectivity in 

carbonates [116]. Pore space registration was used to combine 3D and 2D images using 

micro-computed tomography, and focused ion beam and backscattered scanning electron 

microscopy. Ioannidis and Chatzis presented a dual network model that accounts of 

interconnected channels in vuggy carbonates by superimposing vugs on matrix blocks [117]. 

They qualitatively compared the model predictions to measurements of capillary pressures. 

The results showed that qualitatively similar behaviour is observed.  Dong et al.  compared 

four different network extraction and reconstruction methods (medial axis, velocity based, 

grain recognition and maximal ball algorithms) on 3D images of sandstones and carbonates 

[118]. Waterflood relative permeability predictions for water-wet cases showed similar 

behaviour for carbonates. They concluded that generally, maximal ball extraction and velocity 

based algorithms give similar predictions of multi-phase properties.    We will use the maximal 

ball extraction algorithm in this work.   

 

However, only a few studies have investigated the relative permeability of carbonate samples. 

Al-Kharusi and Blunt presented a predictive workflow for carbonate samples based on 2D 

scanning electron microscopy images, statistical reconstruction, network extraction and 

modelling that was applied to a reservoir sample [119]. Zhao et al. used pore network 

modelling to assess the impact of wettability for networks extracted from different types of 

rock: a sand pack, Middle Eastern sandstone, Berea and a granular carbonate. Their results 

showed that for mixed-wet samples, optimal recovery occurs when a small fraction of the 

medium is water-wet [120]. Bauer et al. developed a dual method to account, in an averaged 

sense, for microporosity in carbonates and presented good predictions of relative permeability 

[121]. 

 

 

1.5 Thesis outline  

 

The main motivation of this research project is to focus on carbonate porous media with a key 

emphasis on fluid-rock interactions that might occur during CO2 storage in deep saline carbonate 

aquifers. During CO2 injection in carbonate a series of complex chemical and physical 

phenomena take place involving reactive and non-reactive single and two-phase flow. It is difficult 

to tackle these processes in one combined research project. This study will address mainly 

reactive transport and wettability alteration phenomena in carbonates using imaging, pore-scale 



56  
 

modelling and core-flood observations.  The investigation of these processes will help understand 

the complex behaviour of carbonates and ultimately ensure an efficient CO2 storage strategy. 

 

During CO2 storage in carbonate aquifers, two-phase immiscible displacement is expected to 

occur away from the wellbore.  In the second chapter, the impact of pore-space connectivity on 

multi-phase properties in carbonates will be analyzed using pore scale network modelling. In 

addition, the effect of wettability alteration in carbonates will also be investigated over a set of 

carbonate samples with different heterogeneities. This will allow the theoretical analysis of 

residual trapping depending for different heterogeneities and wettings and will serve as an 

assessment of pore-network modelling capabilities as a priori predictive tool.    

 

In addition, in the near wellbore region, the generation of the carbonic acid will cause the dynamic 

dissolution of the host formations both in the near wellbore region and further afield. Therefore, 

reactive transport in carbonates will be the main subject of the third and fourth chapters.  

 

In the third chapter, both reactive and passive transport in carbonates will be experimentally 

investigated at the laboratory column scale at ambient conditions. A homogenous porous medium 

at the Darcy scale is created by packing plastic columns with crushed and sieved carbonate 

grains. The impact of micro-heterogeneities on the overall (passive and reactive) transport 

properties will be experimentally investigated. In addition to measuring resident time distributions 

and estimating dispersion coefficients, this will highlight the complexities related to the study and 

characterization of carbonate porous media 

 

In the fourth chapter, elevated temperature and pressure (ETP) core flood experiments at the 

pore-scale are conducted in order to mimic fluid-rock interactions induced by CO2 injection in 

carbonates. This provides more realistic investigation than the previous column experiments, 

while permitting a pore-scale analysis of the behaviour.  For this purpose a new experimental 

apparatus is designed and constructed. By combining ETP core-flood, high resolution and pore-

scale modelling, insights on dissolution mechanisms are highlighted and the impact of the 

Damkhöler number is investigated.  

 

 

  Non reactive Reactive  

Pore scale  
Chapter 2 

Two-phase flow 
Chapter 4 

Single-phase flow 

Darcy scale 
Chapter 3 

Single-phase flow 
Chapters 3 & 4 

Single & two-phase flow 

Table 1-3 A tables illustrating the thesis organization: single and multi-phase flows for 
reactive and non reactive transport are investigated in this study.  
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The thesis concludes with suggestion for future work and a discussion of implications of my results for 

carbon dioxide storage and enhanced oil recovery. 
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2 Chapter 2 

Pore-scale analysis of multi-phase flow 

in carbonates 

2.1 Introduction 

 
Relative permeability curves describe the averaged flow behaviour of immiscible fluids and are 

universally used in large-scale flow predictions for applications in improved oil recovery, carbon 

dioxide storage and contaminant transport.  Several excellent reviews that have investigated the 

physics of relative permeability are available [122-125]. In these papers it is demonstrated that 

relative permeability depends on wettability, pore structure and connectivity.  

 

The direct measurement of relative permeability is often expensive and, for a single field, generally 

limited to a single displacement sequence on a limited number of samples at one wettability condition.  

Digital core analysis is a complement to this activity allowing predictions of multi-phase properties to 

be made for different samples, displacement sequences and wettability to be made easily, once 

verified against good-quality measurements on benchmark samples.  The recent development of 

high-resolution imaging capabilities has enabled different rock types to be studied that serve as the 

basis for predictions of flow and transport properties [126,127], as discussed in the previous chapter. 

 

The main objective of this chapter is to analyze relative permeability for a set of carbonate samples 

with different connectivity and pore structure.   The impact of wettability and connectivity on multi-

phase properties is then highlighted and the generic behaviour of relative permeability in carbonates 

is discussed.   First, we briefly present our methodology and present the results obtained from the 

network models for different wettability.   This is followed by a comparison of the computational results 

with measurements in the literature. Finally, we discuss the implications for field-scale recovery and 

we assess waterflooding efficiency in carbonate reservoirs. 

2.2 Materials and methods 

Six carbonate limestone samples are studied, four of which are quarry samples that were obtained 

from different locations: Portland limestone, an oolitic limestone of Jurassic age, containing peloids 
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with interparticular porosity, which is a standard building material; Indiana limestone, a Mississippian-

age grainstone, that contains bivalve shell and peloids; Guiting carbonate,  a Jurassic limestone, 

composed of 80% calcite and 17% quartz, where the pore space shows evidence of dissolution; and 

Mount Gambier limestone from the Oligocene age from Australia, composed of fragments of coral 

with some calcite. In addition two subsurface samples obtained from a high salinity aquifer in the 

Middle East are investigated:  Middle Eastern Carbonate 1 (ME1) and Middle Eastern Carbonate 2 

(ME2).   

 

Small cylindrical cores (5 mm diameter and 25 mm in length) were drilled from larger cores at the 

native state.  Upon the wet drilling, the samples were dried at an oven for approximately 24 hours at 

30
0
C to ensure that no liquid was trapped inside the pore space.  Dry scans of selected carbonate 

samples were made at the SYRMEP (Synchrotron Radiation for Medical Physics) beamline at the 

Elettra synchrotron in Trieste, Italy.  The images were obtained using energies between 27-30 keV 

[128]. Two detectors were employed, with different effective pixel sizes 4.5µm (for Portland and Mount 

Gambier) and 3.85 µm for the rest of the samples. Images were recorded with a CCD camera located 

at a distance of 50 cm from the sample.   The CCD camera binned the results, giving a final resolution 

of 9 µm (for Portland and Mount Gambier) and 7.7 µm for the rest of the samples (the difference 

between the resolutions was due to the availability of the CDD cameras). For each topographic scan 

1200 projections of the sample were acquired for equally spaced rotation angles over a total rotation 

of 180
0
; the scan lasted approximately 4 hours.  In-house software at the SYRMEP beamline was 

used to reconstruct the 3D images and to eliminate noise and ring artefacts. The reconstructed 

images were composed of around 600
3
 voxels. Figure 2.1 shows 2D sections through the 3D images 

obtained.  
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Figure 2-1 Two-dimensional cross sections of three-dimensional micro-CT images of different 
carbonate samples. (a) Portland limestone. (b) Indiana limestone. (c) Guiting carbonate. (d) 
Middle Eastern Carbonate 1, a carbonate sample from a deep highly-saline Middle Eastern 
aquifer.  (e) Middle Eastern Carbonate 2, a second sample from a deep highly-saline Middle 
Eastern aquifer. (f) Mount Gambier limestone. 
 
 
3D images were first cropped into 3D cubic images of around 350

3
 voxels. The exact image 

dimensions are summarized Table 2.1. The 3D images were subsequently segmented into binary 

images based on a histogram analysis using Otsu’s thresholding algorithm in ImageJ software [129]. 

Based on the binary images, networks of pores and throats were extracted using the maximal ball 

algorithm [130]. 3D visualizations of the extracted networks are shown in Figure 2.2.   The different 

colours represent different pore sizes in the 3D networks.  
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(a) 

 

(b)

 
(c) 

 

(d) 

 
 
(e) 

 

 
(f) 
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Figure 2-2. Pore networks extracted from the images shown in Figure 2.1.  (a) Portland 
Limestone. (b) Indiana Limestone. (c) Guiting carbonate. (d) Middle Eastern Carbonate 1. (e) 
Middle Eastern Carbonate 2. (f) Mount Gambier limestone.  The pore space is represented by a 
lattice of pores (represented by spheres) and throats (represented by cylinders): in cross-
section each pore and throat is a scalene triangle. 
 
A detailed description of the extracted networks is provided Table 2.1. The samples cover a wide 

range of average coordination numbers: ME1 and Portland are poorly connected with coordination 

numbers of approximately 2.5 whereas Guiting and Mount Gambier are highly connected with 

average coordination numbers of 5.1 and 7.4 respectively. As we show later, the average 

coordination number (average number of throats connected to a single pore) is a key determinant of 

relative permeability and residual saturation. It is derived from the network extraction analysis and is 

an indicator of the connectivity of the void space.  

 

The pore and throat distributions of the networks are presented in Figures 2.3 and 2.4.  

 

 ME1 Portland Indiana  ME2 Guiting  Mount 
Gambier 

Voxel resolution (µm) 7.7 9 7.7 7.7 7.7 9 

Number of voxels 380
3
 320

3
 330

3
 320

3
 350

3
 350

3
 

Physical Volume (mm
3
) 25.05 23.89 16.41 14.96 19.57 31.26 

Number of pores 55828 6129 5653 10855 25707 22665 

Number of throats  70612 7939 8539 20071 66279 84593 

Total number of 
elements  

126440 14068 14192 30926 91986 107258 

Average coordination 
number  

2.50 2.53 2.97 3.64 5.11 7.41 

Min pore radius (µm) 7.7 9 7.7 7.7 7.7 9 

Max pore radius (µm) 51.52 93.51 99.48 107.82 74.09 119.88 

Average pore radius 
(µm) 

8.44 14.89 10.17 10.90 11.16 18.17 

Average aspect ratio 1.87 2.28 1.88 2.08 2.00 2.59 

Porosity (%) 14.37 9.32 13.05 18.60 29.79 56.27 

Permeability (m
2
) 3.23×10

-14
 1.37×10

-13
 5.69×10

-13
 9.40×10

-13
 3.72×10

-13
 2.20×10

-11
 

Table 2-1: Description of the extracted networks.  Average coordination number is the average 
number of throats connected to each pore.  The average aspect ratio is the average of the ratio 
of the pore radius to the mean radius of the throats connected to it.  The permeability is 
computed from a flow simulation through the network. Here 1mD = 0.98 x 10

-12
 m

2
.  
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Figure 2-3.  Pore inscribed radius distributions for (a) Middle Eastern sample 1 (b) Portland 
limestone (c) Indiana limestone (d) Middle Eastern sample 2 (d) Guiting carbonate and (f) 
Mount Gambier limestone. In this and subsequent figures, samples are presented in order of 
increasing coordination number: from a low connectivity sample (a) to a very high connectivity 
sample (f).  
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Figure 2-4. Throat inscribed radius distributions for (a) Middle Eastern sample 1. (b) Portland 
limestone. (c) Indiana limestone. (d) Middle Eastern sample 2. (d) Guiting carbonate. (f) Mount 
Gambier limestone. Samples are presented in order of increasing coordination number.  
 
Micro-porosity. Thin section analysis and mercury injection porosimetry of some of the samples  

indicate that the samples contain micro-porosity. There are small pores below the resolution of the 

scans (7.7 µm and 9 µm) and the grains are, in most cases, themselves porous. In our methodology 

we neglect the role of micro-porosity in the computation of multi-phase properties: we assume that 

micro-porosity is poorly connected does not impact our relative permeability predictions.  In reality, 

most of the micro-porosity will remain water-filled throughout the displacement sequence.  This will 

result in an apparent connate or irreducible water saturation which we do not capture and may lead to 

a larger water relative permeability than calculated here [83, 85].  

2.3 Methodology and overview of the network 

simulations 

 

Capillary controlled displacement is simulated using the pore network model developed by Valvatne 

and Blunt [105]. Initially the medium is assumed to be filled with the wetting phase (brine) and oil is 

then injected. After oil invasion, we alter the wettability of the pore spaces in direct contact with oil to 

represent mixed-wet conditions.  Waterflooding is then simulated and relative permeability curves are 

generated. 

0 5 10 15 20
0

0.05

0.1

0.15

0.2

Throat inscribed  radius (m)  
                  

0 5 10 15 20
0

0.05

0.1

0.15

0.2

0 5 10 15 20
0

0.05

0.1

0.15

0.2

0 5 10 15 20
0

0.05

0.1

0.15

0.2
F

re
q
u
e
n
c
y

0 5 10 15 20
0

0.05

0.1

0.15

0.2

Throat inscribed  radius (m)  
                  

F
re

q
u
e
n
c
y

0 5 10 15 20
0

0.05

0.1

0.15

0.2

Throat inscribed  radius (m) 
                   

(a) (b) (c)

(f)(e)(d)



65  
 

 

We study the impact of wettability in mixed-wet media where some fraction, f, of the pore space 

occupied by oil is made oil-wet and a fraction 1-f remains water-wet. We vary the oil-wet fraction from 

zero (a strongly water-wet case) to 1 (strongly oil-wet rock).  In addition to modelling mixed-wet 

media, this methodology reproduces wettability alteration which is due to asphaltene deposition/ 

precipitation in carbonates. This alteration, governed by oil composition, brine salinity and rock 

mineralogy is difficult to predict a priori.    

 
Where oil has been in contact with the carbonate surface (pores and throats), random contact angles 

with no spatial correlation are assigned with different distributions – given in Table 2.2 – for the water-

wet and oil-wet pores and throats.   

 

Layer Flow. The 3D networks are composed of individual elements (pores and throats) with circular, 

triangular or square cross-sectional shapes.  Using square or triangular-shaped network elements 

allows for the explicit modelling of wetting layers where non-wetting phase occupies the centre of the 

element and wetting phase remains in the corners. The pore space in carbonates is highly irregular 

with water remaining in the grooves and crevices after primary oil flooding due to capillary forces. The 

wetting layers might not be more than a few microns in thickness, with little effect on the overall 

saturation or flow. Their contribution to wetting phase connectivity is, however, of vital importance, 

ensuring low residual wetting phase saturation by preventing trapping.  Wetting layers of water are 

always present in the corners, while layers of oil-sandwiched between water in the corners and water 

in the centre can be observed in oil-wet regions. Layer drainage is when oil flows in these layers, 

allowing, slowly, very low saturations to be reached. 

 

Input parameters  

Initial contact angle (degrees) 0 

Interfacial tension (mN/m) 48.3 
a
 

Water-wet contact angles (degrees) 0-60 

Oil-wet contact angles (degrees) 100-160 

Oil viscosity (mPa.s) 0.547 
b
 

Water viscosity (mPa.s) 0.4554 
c
 

Table 2-2. Input parameters for relative permeability computations. Values of viscosity were 
obtained from Pentland et al. [131].  

a 
from Zeppieri et al. (2010) linearly extended to 343K. 

b
 

Kestin et al. (1981), 5.8wt%  NaCl aqueous solution at 10Mpa and 343.2 K. 
c 

Lee and Ellington 
(1965), 9480KPa and 344 K.  
 

2.4 Results  

 

Five wettability distributions are studied: f=0, f=0.25, f=0.5, f=0.75 and f=1.  Figure 2.5 shows a 

completely water-wet case (f=0) as a reference. As expected, water remains in the smallest portions 

of the pore space, giving very low water relative permeability and significant trapping of oil in the 



66  
 

larger pores at the end of waterflooding, mainly caused by snap-off.  In the case of poorly connected 

carbonates (ME1, Portland and Indiana limestones), up to 75% of the pore space can be trapped. 

However, for the better connected networks, namely ME2, Guiting and Mount Gambier, the water 

relative permeability is higher and there is less trapping (there are more pathways for the oil to 

escape), although the residual saturation is around 40% or higher in all cases.  

 

Figure 2.6 shows a mixed-wet case with f=0.25. A small fraction of oil-wet pores tends to increase the 

amount of oil trapping, particularly in the less connected networks where now there is little or no range 

of saturation when two phases flow simultaneously, except very slow flow in wetting layers. The water 

phase connectivity is reduced and the water relative permeability is in general lower than the strongly 

water-wet case. The water-wet regions fill first in a capillary-controlled displacement at the pore scale: 

these are the small pores and poorly connected; however, they surround most of the oil-wet pores 

that are then trapped. These pores cannot then be displaced during forced water injection, which 

explains the increase in residual oil saturation. Here again, for the highly connected networks, the 

water relative permeability is higher since the water has more possible pathways through the system 

and there is both spontaneous and forced displacement by water. 

 
Figure 2-5 Waterflood relative permeability for the strongly water-wet case (f=0). Curves are 
presented in order of increasing connectivity. (a) Middle Eastern sample 1. (b) Portland 
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limestone. (c) Indiana limestone. (d) Middle Eastern sample 2. (d) Guiting carbonate. (f) Mount 
Gambier limestone. 

 

 
Figure 2-6 Waterflood relative permeability for the mixed-wet case (f=0.25). Curves are 
presented in order of increasing connectivity. (a) Middle Eastern sample 1. (b) Portland 
limestone. (c) Indiana limestone. (d) Middle Eastern sample 2. (d) Guiting carbonate. (f) Mount 
Gambier limestone. 
 
 

When the fractional wettability is 0.5, an equal mix of water-wet and oil-wet pores, at low water 

saturations, a similar behaviour is observed regardless of the connectivity of the pore space (Figure 

2.8). At the beginning of the water flooding, the water is still poorly connected and flows only through 

the smallest water-filled pores and thin wetting layers of the pore space; therefore the water relative 

permeability is low.  However, in an equal mix of water-wet and oil-wet fractions of the pore space, 

depending on the connectivity, an important increase in the water relative permeability is noticeable.   

After spontaneous imbibition, a significant forced displacement of oil occurs as the oil-wet pores and 

throats connect through the network. The residual oil saturation is generally lower since oil remains 

connected in the oil-wet region in layers.  This effect is noticeable in the shape of the oil relative 

permeability, for the well-connected samples, that show a long region where the oil relative 

permeability is very low, but there is still displacement – this behaviour is controlled by slow flow in oil 
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layers [113].  The poorly connected samples still show a water-wet controlled behaviour, where there 

is a sharp decrease in the oil relative permeability and significant trapping.  Here there is little 

connectivity of the oil-wet regions and as a consequence layer drainage is unable to achieve low 

residual saturations.  In addition, the maximum water relative permeability varies from very low to very 

high values dependent on the degree of trapping and the connectivity of the water phase. Where the 

residual saturation is low, water can fill most of the pore space – and the larger pores in the oil-wet 

regions – and has a high end-point value. A wide range of behaviour is seen in this case dependent 

on the pore structure of the medium.   

 
When the oil-wet fraction is higher, f=0.75 (Figure 2.9), the residual saturation is now very low as the 

oil remains connected in layers throughout the displacement. The water relative permeability can rise 

to high values in all cases as the water fills the centres of the larger regions of the pore space. This is 

a sign of a more typical oil-wet behaviour with displacement over a wide saturation range and low 

relative permeabilities of both oil and water at low saturations of their respective phases, controlled by 

wetting layer flow [105]. This behaviour is generically similar to network modelling calculations for 

sandstones [105, 120]. The jumps in some of the curves reflect the relatively small size of the 

networks studied: improvements in imaging should soon allow larger networks to be constructed.   

 

 

Figure 2-7: a schematic illustration of the pore-filling processes in an individual water-wet pre. 
A triangular Water-wet pore is pore is represented. The pore is fully saturated with brine (left, 
brine is shown in blue). Then during primary drainage, the oil is filling the largest part of the 
pore space (middle picture, oil is represented in grey). The oil is still connected within the pore 
space. Finally, during water flooding (right), the oil large cluster are disconnected and isolated. 
The non-wetting phase is trapped into the pore space, which results in a residual oil 
saturation.  
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Figure 2-8 Waterflood relative permeability for the mixed-wet case (f=0.5). Curves are 
presented in order of increasing connectivity. (a) Middle Eastern sample 1. (b) Portland 
limestone. (c) Indiana limestone. (d) Middle Eastern sample 2. (d) Guiting carbonate. (f) Mount 
Gambier limestone. 
 

 
Figure 2-9 A schematic illustration of the pore filling processes in mixed-wet porous media. 
Tow triangular pores are shown. The larger pore is water-wet, while the smaller is oil-wet – in 
our modelling of mixed-wet systems,  the wettability is randomly distributed within the porous 
media without any size-correlation. Initially, both pres are saturated with brine (left picture, 
blue is representing brine). During oil migration, oil fills the centre of the larger pores in the 
water-phase sections while it fills the smallest parts in the strongly oil-wet parts (middle 
picture, oil is show in grey). During water flood, the oil becomes disconnected and trapped in 
the centre of the larger pores. However, in the oil-wet parts, the water is filling the centre of the 
pores and it is still connected within the pore space.  
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Figure 2-10 Waterflood relative permeability for the mixed-wet case (f=0.75). Curves are 
presented in order of increasing connectivity. (a) Middle Eastern sample 1. (b) Portland 
limestone. (c) Indiana limestone. (d) Middle Eastern sample 2. (d) Guiting carbonate. (f) Mount 
Gambier limestone. 

 
Figure 2.11 shows the case of the fully oil-wet case (f=1). The behaviour is generally quite similar to 

that observed for the mixed-wet case (f=0.75): very low residual oil saturation, a prolonged layer 

drainage regime (low oil relative permeability at low oil saturation) and high end-point water relative 

permeability. 
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Figure 2-11 Waterflood relative permeability for the strongly oil-wet case (f=1). Curves are 
presented in order of increasing connectivity. (a) Middle Eastern sample 1. (b) Portland 
limestone. (c) Indiana limestone. (d) Middle Eastern sample 2. (d) Guiting carbonate. (f) Mount 
Gambier limestone. 

2.5 Analysis of results 

 
In order to summarize the previous description, we analyze the impact of wettability and average 

coordination number on the relative permeability behaviour.  The evolution of residual oil saturation 

with the fractional wettability (Figure 2.12) shows that the residual oil saturation reaches a maximum 

for the fractionally-wet case with f=0.25, and then decreases sharply to very low saturations as the 

medium becomes more oil-wet.  Water-flooding gives a high local displacement efficiency for the 

cases f=0.75 and f=1, where the behaviour is controlled by oil layers.  
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Figure 2-12 Residual oil saturation as a function of fractional wettability for: Guiting (triangles), 
Indiana (rectangles), Portland (circles), Mount Gambier (diamonds), Middle Eastern sample 1 
(crosses), and Middle Eastern sample 2 (stars).  
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Figure 2-13 Residual oil saturation as a function of the average coordination number for: 
Guiting (triangles), Indiana (rectangles), Portland (circles), Mount Gambier (diamonds), Middle 
Eastern sample 1 (crosses), and Middle Eastern sample 2 (stars).  
 

 
The impact of connectivity on the residual oil saturation is shown Figure 2.13. The residual oil 

saturation tends to decrease with increasing connectivity, regardless of wettability.   

 

One indication of waterflood displacement efficiency that is used to characterize the wettability is the 

water saturation value at which the oil and water relative permeabilities are equal (Sw where krw=kro) 

[49].  For water saturations higher than the crossover saturation, water-flooding becomes less 

efficient, since (for equal viscosities) more water flows than oil. The water saturation at the cross-over 

as a function of wettability for the different carbonate samples is shown in Figure 2.14.  In most cases, 

the water saturation is highest for the mixed-wet case f=0.75. This confirms that water-flooding is 

most effective for mixed-wet carbonates that have preference to an oil-wet behaviour.  The smallest 

water saturation at the crossover point is reached for the water-wet and weakly mixed-wet cases 

(f=0.25): these are least efficient for water-flooding.  This contrasts with traditional analyses of relative 

permeability that suggests that the cross-over point is at more than 50% water saturation for water-

wet cases and less than 50% water saturation for mixed-wet or oil-wet samples [83]. We only see this 

trend in the near oil-wet region; this rule does not apply in general because of the low estimated water 

relative permeability. 
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Figure 2-14 The evolution of the water saturation at the relative permeability cross-over point 
(Sw where krw=kro) with fractional wettability for Guiting (triangles), Indiana (rectangles), 
Portland (circles), Mount Gambier (diamond), Middle Eastern sample 1 (crosses), and Middle 
Eastern sample 2 (stars).  

  

2.6 Comparison with measured data 

 

We compare our computations to measurements found in the literature on reservoir carbonate 

samples. The approach is not necessarily predictive as scans of the reservoir samples and an 

independent measurement of wettability are not available: we simply make an assessment if the 

estimated connectivity and wettability are plausible for the experimental sample studied. Also, the 

objective of this comparison is not to have a perfect match between the laboratory measurements and 

the results of the network modelling by fine-tuning the oil-wet fraction or the contact angles; rather, the 

goal is to determine if our calculated behaviour is supported by the available experimental evidence 

and discuss the impact of wettability and pore structure on field-scale recovery.  

 

In general, the features of the relative permeabilities we see, specifically a low water relative 

permeability at low water saturation, even for oil-wet and mixed-wet samples (and lower than seen 

when the sample is water-wet in primary drainage), combined with a relatively low residual oil 
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saturation, have been observed in a recent extensive study of data from Middle Eastern carbonates 

[132]. 

 

Rather than just compare generic features, however, we have selected four studies of water-flood 

relative permeability in Middle Eastern carbonates for a more quantitative analysis.  The first three are 

from the open literature and a summary of the petrophysical and geological description of the samples 

is provided in Table 2.3; the fourth is presented later and comes from a specific study of the effect of 

asphaltene precipitation in a field in Kuwait 

 
 

  Wettability  
Wettability 

measurement 
methods 

Geological 
Source 

Lithology  NMR Description 

 Al-Sayari, (2009) [133] 
Figure 13 

Mixed-wet N/A 
Kharaib 

formation 

Dual pore 
system: 

dissolution 
resulted in 

 micropores 
in mud 

matrix along 
with well 

connected 
macropores 

Multi-modal and 
wide range pore 

size 
Micro-porosity  

Meissner et al. (2009) [134] 
Figure 14 a 

 

Mixed-wet 
with 

preference to 
oil 

USBM 
Arab-D 

reservoir  
Lime 

grainstone  

Complex multi-
modal pore 
structures 

Micro-porosity 

Meissner et al. (2009) 
[134] 

Figure 14 b 
 

Mixed-wet 
with 

preference to 
oil 

USBM 
Arab-D 

reservoir  
Lime 

mudstone  

Meissner et al. (2009) 
[134] 

Figure 14 c 
 

Mixed-wet 
with 

preference to 
oil 

USBM 
Arab-D 

reservoir  
Lime 

grainstone  

Meissner et al. (2009) 
[134] 

Figure 14 d 
 

Mixed-wet 
with 

preference to 
oil 

USBM 
Arab-D 

reservoir  
Lime 

grainstone  

Okasha et al. (2007) [135] 
Figure 15 

 

Neutral to 
slightly 

water-wet 
Amott  

Arab-D 
reservoir  
Haradh 

area 

N/A N/A 

 Okasha et al. (2007) [135] 
Figure 16 

 Generally  
oil-wet to 

intermediate-
wet  

Static 
imbibition 

Amott  
USBM  

Arab-D 
reservoir 

Utmaniyah 
area 

N/A 
N/A 

 

 
 

Al-Qattan et al. (2013) 
[136] 

Kuwait sample 
Figures 21-32 

 
 

Mixed to oil-
wet 

Amott 

Marrat 
field, 

Greater 
Burgan 

N/A N/A 

Table 2-3 A summary of the petro-physical and geological descriptions of the reservoir 
samples found in the literature.   
 



76  
 

 

Case 1.  

 

Al-Sayari measured steady-state water-flood relative permeability on an aged (restored state) 

reservoir carbonate sample from the Middle East [133].  Through analysis of thin sections, mercury 

injection capillary pressure and NMR response, the reservoir sample was described as having a well-

connected pore structure with a relatively low fraction of micro porosity. 

  

A similar relative permeability to that measured can be observed for the case of f=0.25 for the well-

connected Guiting and Mount Gambier networks (Figure 2.15).  The relatively low residual oil 

saturation and the shape of the oil relative permeability curve indicate a mixed-wet behaviour. For 

Guiting, the discrepancies in the water relative permeability can be explained by the un-resolved 

micro porosity.   

 
Figure 2-15 Comparison between relative permeability measurements from a Middle Eastern 
reservoir (oil relative permeability, circles, water relative permeability, crosses [133]; with (a)  
Guiting limestone and (b) Mount Gambier limestone for a fractional wettability of f=0.25.  

 

Case 2.  

 

Meissner et al. performed state of the art measurements on several samples from the Arab-D 

reservoir of the Dukhan field, onshore Qatar [134].  They reported the results of several of steady-

state relative permeability tests for oil/brine and gas/oil systems.  Results were reported for both 

native and the restored state cores.  The results were reported in terms of normalized saturations and 

relative permeabilities:  
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where    , the initial water saturation, is determined after primary drainage and      is the residual oil 

saturation determined by extrapolation of the oil relative permeability as it asymptotically approaches 

zero. This is only slightly different form the true residual oil saturation      that is best determined 

through the water-flood capillary pressure.  

 

In this case, to introduce initial water saturation, we set the maximum primary drainage capillary to be 

equal to 690 KPa (approximately 100 psi). This value is chosen based on the different capillary 

pressure measurements that showed a sharp increase in the pressure for an average pressure of 

around 100 psi.   

 

Figure 2.16 shows a comparison between the four measurements reported of water/oil relative 

permeability on  the native state subsurface cores with  the relative permeability generated for the 

strongly  oil-wet case f=1 for ME1.  The suggestion here is that the reservoir is strongly oil-wet with a 

structure similar to that observed in the subsurface sample from which we extracted a network.  

 
Figure 2-16 A comparison between the water flood relative permeability for the Middle Eastern 
sample 1, for a strongly oil-wet case f=1 with measurements on native state subsurface 
reservoir cores (oil relative permeability, circles, and water relative permeability, crosses) 
[134]. 

Case 3.  

 

Okasha et al., reported unsteady-state relative permeability measurements on carbonate reservoir 

samples from the Arab-D reservoir of the Ghawar field in Saudi Arabia [135].  This is the world’s 
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largest conventional oilfield.  Three data sets were presented for three samples obtained from 

different areas of the Ghawar field: Utmaniyah, Hawiyah and Haradh. Here, since the measured 

values are presented in a non-normalized form: we simply compare with the data, without changing 

the initial water saturation.  

 

Figure 2.17 shows a good agreement between the measurements and the relative permeability 

generated by network modelling for the mixed-wet Mount Gambier network (f=0.25) for one of the 

three samples.  Note that we suggest that in this field the wettability and pore structure are different 

from the subsurface Middle Eastern sample in the previous section. Figure 2.18 shows good 

agreement for the second measured sample with low connectivity carbonates i.e. Portland and ME1 

for a strongly oil-wet case. The difference of the wettabilities is evidence of local variations of 

wettability within the reservoir.   

 

Good agreement was not obtained for the third sample which had high connate water saturation.  This 

limitation in our modelling will be discussed later.   

 
Figure 2-17 Mount Gambier water flood relative permeability for the mixed-wet case with an oil-
wet fraction of f=0.25 (solid) compared to measurements on a reservoir sample [135] (oil 
relative permeability, circles, and water relative permeability, crosses). 
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Figure 2-18 Middle Eastern sample 1 (right) and Portland limestone (left) waterflood relative 
permeability for the strongly oil-wet case with an oil-wet fraction of f=1 (solid) compared to 
measurements on reservoir samples [135] (oil relative permeability, circles, and water relative 
permeability, crosses). 

 

Case 4.   

 

In this case, reservoir data are directly analyzed and matched using pore network modelling. The 

reservoir data (relative permeability and SCAL data) are obtained from the giant Marrat oil field in 

Kuwait. Again direct micro-CT scans of the samples are not available. We suggest of this case, a 

different approach: starting from a “random” network, here a classical Berea sandstone network, the 

pore and throat size distributions are tuned in order to match the mercury injection capillary pressure 

curves of the reservoir samples; hence we generate network a priori quite similar in structure to the 

reservoir sample. Then, we match the measured relative permeability curves by tuning the fractional 

wettability of the pore space.   

  
Berea Sample 
 

The raw Berea network covers a rock volumes of 33 mm
3
, consisting of 12,349 pores and 26,146 

throats. 6.5% of the elements are squares, 1.2% percent are circular with the rest being irregular 

triangles. A detailed statistical description is provided in Table 2.4.   

Number  
of pores 

Number 
 of throats 

Average  
connection 

number 

Number of  
triangular shaped 

elements 

Number of 
square 
shaped 

elements 

Number of 
circular shaped 

elements 

12349 26146 4.192 35518 2506 473 

Table .2-4 Statistical properties of the raw Berea network [103, 105]. 
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The raw network has a total porosity of 24.49% consisting of 18.54% of net porosity and 5.95% of 

clay porosity. The absolute permeability of the network is 3.24×10-12 m
2 

(3.29D). A summary of basic 

petrophysical properties is provided Table 2.5. 

 

 
Total 

Porosity 
Net 

Porosity Clay Porosity 
Absolute 

Permeability (m2) 

24.498 18.542 5.955 3.25×10-12 

Table 2-5 Basic petrophysical properties of the raw Berea network [103, 105]. 

 
Matching the capillary pressure 
 

In order to obtain a pore-throat network that is representative in architecture and distribution to the 

reservoir samples, we adjusted the pore size distribution of the Berea network to match the Mercury 

Injection Capillary Pressure (MICP) measured experimentally on reservoir samples. Therefore, the 

sizes of the pores and throats of the Berea network were adjusted, maintaining the average throat 

length to radius ratio from the original network.  The rank order of pore and throat size was preserved 

– the largest pore remained the largest pore and so on.  Also the ratio of pore lengths to pore radius 

and pore radius to throat radius was preserved.  Since the reservoir samples are of a much lower 

permeability than the raw Berea network, the net effect is to shrink the network – all the pores and 

throats become smaller, as does the distances between them.  As well as an overall size adjustment, 

the fine details of the pore size distribution are changed to match the shape of the MICP. 

 

Based on the modality of the pore size distribution, the permeability, the porosity and the depth, two 

reservoir samples were selected for this study. Both samples were extracted from well MG-133 and a 

summary of basic properties of the samples are provided Table 2.6.  

 

Well 
Name Method 

Air perm. 
(mD) Brine perm. (mD) Porosity 

A Unimdoal 28.06 15.25 19.1 

B Bimodal 9.84 4.4 22.5 

Table 2-6 Well name and basic petrophysical description of selected samples [136]. 

 

Here, two reservoir samples are analysed: a sample with a unimodal pore size distribution; and 

another one with pore sizes show a bimodal distribution [136]. We take one representative sample of 

each generic type for further analysis. 

 

To reproduce the MICP curves, the interfacial tension and contact angle were the same as the values 

used for the MICP measurement and consistent with the literature [105]. In MICP experiments, the 

entire pore space is accessible for displacement – including clays and very fine micro-porosity.  

Hence, in the network the irreducible wetting phase saturation was set to zero.  The total porosity of 

the original network was maintained.  Table 2.7 shows the parameters used. 
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Input parameters for capillary pressure matching 

Initial Contact Angle (o) 0 

σ cos θ (mN/m) 372 

  Table 2-7 Input parameters used to match the capillary pressure curves. 

 

(a) Unimodal Sample 

 

Figure 2.19 shows the measured and predicted MICP for the unimodal sample.  A good match is 

obtained except at the highest pressures, or lowest saturations.  This indicates that we fail to capture 

the fine details of the smallest pores and throats in the system – this is unlikely to affect the 

predictions of relative permeability that are controlled by the connectivity of the larger pores that 

dominate the flow.  Furthermore, this part of the curve is very difficult to match and the high observed 

pressures could be due to rate-dependent effects and not represent a position of true capillary 

equilibrium. 

 

 

Figure 2-19.  Primary drainage capillary pressure curves. Sww is the air (vacuum) saturation.  
The results measured on a reservoir sample (black) are compared with those obtained from a 
compressed Berea network (red).  
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Figure 2-20 Pore size distribution of the modified Berea network that best matches the MICP 
for the unimodal sample. 

 

(b) Bimodal Sample 

 

Figure 2.21 shows the measured and predicted MICP for the bimodal sample.  Here a good match is 

obtained, except at the lowest saturations, representing the largest pores.  This indicates that we are 

unable to represent the very largest pores in the system adequately.  This could impact our 

predictions, although it is likely that these large pores are not well connected in multi-phase flow. 

 

 

Figure 2-21.  Primary drainage capillary pressure curve for a sample with a bimodal pore size 
distribution. Sww is the air (vacuum) saturation.  The results measured on a reservoir sample 
(black) are compared with those obtained from a compressed Berea network (red) [136]. 
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Figure 2-22 Pore size distribution of the modified network that best matches the bimodal 
sample MICP. 

 
Matching the relative permeability 

(c) Unimodal samples 

 

Figure 2.22 shows that the best match to the data for sample K3 is for f=0.9.  This is almost an 

entirely oil-wet sample with a high end-point water relative permeability and low residual oil saturation, 

consistent with a significant wettability alteration.   

 

In this field, there was a concern that dropping the pressure could lead to asphaltene precipitation, 

rendering the pore space more oil-wet and potentially impacting water-flood recovery.  Hence, for 

comparison, a completely oil-wet case is shown.  The consequences for relative permeability and 

consequently recovery are quite small.  

 

The same behaviour is seen for sample K2, Figure 2.20, where again a good match to the 

experimental data is achieved assuming a largely oil-wet medium with f=0.9 and a modest change to 

the relative permeabilities with further wettability change.  The match for sample K1 is less 

satisfactory, Figure 2.21, and it is not possible to model the water relative permeability accurately; the 

oil relative permeability is best predicted using f=0.75. 
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Figure 2-23 Water flooding relative permeability curves.  Network model prediction, with 
fractional wettability f=0.9, contact angles ranging from 100

0
 to 160

0
 for oil-wet parts (blue 

lines) matched to unsteady state relative permeability measurements for sample K3 (black 
points).  Also shown is a completely oil-wet case, f=1(dashed blue) [136]. 

 

 

Figure 2-24 Water flooding relative permeability curves.  Network model prediction, with 
fractional wettability f=0.9, contact angles are ranging from 100

0
 to 160

0
 for oil-wet parts (blue 

lines) matched to steady state relative permeability measurements for sample K2 (black and 
red points. Also shown is a completely oil-wet case, f=1 (dashed blue) [136]. 

 

(d) Bimodal samples 

 

Figures 2.22 and 2.23 indicate that the predictions are much less satisfactory for the bimodal 

samples, K4 and K5.  These cores have very different initial water saturations, and much higher 

residual oil saturations (around 0.4) than the unimodal samples.  We were not able to reproduce the 

behaviour; specifically the nature of the water relative permeability was not easy to replicate.  Overall, 

the experiments sample a narrower saturation range than the model predictions.  This could indicate 

that the experiments do not allow oil layer flow to develop or that we start with a poor representation 
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of the pore space.  The measured relative permeabilities are generally consistent with mixed-wet 

behaviour.  

 

The results suggest that a transition to fully oil-wet conditions (an oil-wet fraction of 1) could lead to 

significantly different relative permeabilities, with the curves shifted to higher water saturation and 

significantly lower residual saturation and higher water relative permeability.   

 
 

 
Figure 2.23 Water flooding relative permeability curves.  Network model prediction, with 
fractional wettability f=0.75 contact angles are ranging from 1000 to 1600 for oil-wet parts 
(orange line) compared to steady state relative permeability measurements for sample K2 
(black and red points. Also shown is a completely oil-wet case, f=1 (dashed blue) [136]. 

 

2.7 Implications for field-scale recovery 

 

In waterflooding, for oil and water of similar viscosity, the saturation at which the relative 

permeabilities cross - as discussed above – gives a useful and simple indicator of the recovery. For 

water saturations beyond the crossover point, more water will be produced than oil. Our simulations, 

Figure 2.14, indicate that the optimal water-flood efficiency is observed for a mixed-wet system with a 

large fraction of oil-wet pores, around 0.75. The highest water-flood efficiency is implied for the less 

well-connected samples, since in these cases the relative permeability is very low and this holds back 

the movement of water, allowing oil to be displaced. For better connected samples, there is less 

sensitivity to wettability and overall a lower crossover saturation, indicating less favourable recoveries.   

 

This is a somewhat surprising conclusion and implies that water-flooding in mixed to oil-wet 

carbonates of poor pore-space connectivity may be an effective process. This behaviour stands in 

contrast to sandstones, where network modelling studies indicate that more neutrally-wet conditions 

provide optimal recovery [83, 85]. Moreover, experimental measurements presented by Jadhunandan 
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and Morrow have shown that oil recovery by water-flooding in sandstones reach a maximum at close 

to neutral wettability [137].   

 

However, there is one complexity that we have not addressed. Many carbonate reservoirs are 

extensively fractured. In these cases, water-flooding rapidly invades the fractures, while recovery from 

the lower permeability matrix (the rock studied here) is mediated by a balance of viscous, gravitational 

and capillary forces. In these circumstances, it is better to have a more water-wet system to allow 

capillary imbibition into matrix [96].  A discussion of this is beyond the scope of this pore-scale 

analysis, but we note that both geological structure and multi-phase flow properties impact 

displacement efficiency and overall recovery. Again this is one of the valuable contributions from 

pore-scale modelling, allowing direct insight into recovery processes as a rapid screening and 

assessment tool. 

 

There are two distinct recovery processes in carbonates, depending on whether or not fractures 

dominate the flow.  If they do not, then viscous forces are significant for displacement through the 

porous matrix and local recovery is determined by the relative permeabilities.  It is possible to perform 

a Buckley-Leverett analysis to compute, analytically, recovery for a homogeneous one-dimensional 

displacement from the relative permeabilities [96].  However, the likely local water-flood displacement 

efficiency can be estimated rapidly and effectively from the relative permeability curves themselves.  

Imagine that the reservoir-condition oil and water viscosities are the same.  Then, if the saturation 

near the production well is where the relative permeabilities cross, the subsurface ratio of oil to water 

production will be 1:1.  Wells are abandoned when the cost of recycling and processing the produced 

water exceeds the economic benefit of the oil produced: this is normally when the oil: water ratio is 

between 1:2 and 1:10.  On the other hand, the oil viscosity is typically greater than that of water, and 

the flow rate is determined by the ratio of relative permeability to viscosity.  Hence, in most cases, 

production ceases close to where the relative permeabilities cross – between the producers, where 

water has displaced oil, the saturations will be higher, but this very simple trick allows a quick 

comparative study of recovery trends.  Water-flooding is quite favourable in the less well connected 

carbonate samples. Most of the moveable pore volume is displaced, and the residual saturation is 

very low.  The reason for this is that the poorly connected water phase holds back water advance, 

allowing the efficient displacement of oil.  For the better connected samples, the water relative 

permeability is higher, since the water is better connected and rapidly finds a pathway of large pores 

through the system.  This allows water to bypass oil at the pore scale, leading to less favourable 

waterflood recovery. 

 

Now consider a reservoir where flow is dominated by fractures.  In this case the fractures effectively 

short-circuit the flow field and it is not possible to impose a substantial viscous pressure drop across 

the matrix.  Recovery is mediated by capillary and gravitational forces.  Imagine that water quickly 

invades the fractures surrounding a region of matrix. Then recovery will occur by spontaneous 

imbibition – that is recovery will occur until the capillary pressure is zero.  Furthermore, the rate of 
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recovery is limited by the rate at which water can advance into the pore space – that is the relative 

permeability in the low water saturation range where the capillary pressure is positive.  In this case 

now the more favourable system is the Mount Gambier – the water relative permeability is higher, 

indicating a more rapid displacement, while the degree of spontaneous imbibition is larger, since the 

well-connected pore space allows all the water-wet regions of the rock to be accessed easily; in 

contrast the poorly connected has a lower water relative permeability and not all the water-wet 

regions of the pore space are interconnected, leading to less displacement at a positive capillary 

pressure. 

 

This rather simple analysis already leads to some interesting and surprising conclusions.  For the 

same wettability, in a reservoir where flow is not fracture dominated, local water-flood recovery is 

higher in the lower-permeability less well-connected sample, since the low water relative permeability 

holds back the water advance.  On the other hand, if the reservoir is extensively fractured, the better-

connected sample gives faster and better recovery, since there is a greater degree of spontaneous 

imbibition allowed.  This is a clear indication that both the nature of the reservoir – fractured or 

unfractured – and the multi-phase flow properties are both crucial for any reasonable assessment of 

recovery.   

2.8 Limitations of the analysis  

 
There are three major limitations of the work we have presented.  The first is that the images on which 

the network extraction is based have a resolution of around 8 µm, meaning that significant fractions of 

the pore space in intra-granular porosity or other small features cannot be resolved.  This leads to two 

problems with our analysis.  First, we tend to find rather low water relative permeabilities, since we 

only allow the water to flow through the larger pores that we capture in the imaging: in reality water is 

likely to fill most of the micro porosity as well, leading to better connectivity, particularly at low water 

saturation.  Second, for most imposed capillary pressures in primary drainage, as mentioned above, 

the micro porosity will remain largely water-filled, leading to an apparent connate water saturation.  

This is not captured in our models, which allow the pore space to be drained to effectively zero 

saturation.  To image micro porosity adequately would require resolutions of around 0,1 µm or better, 

limiting scans to small samples: a realistic model of a carbonate needs to employ a multi-scale 

approach  that combines micro porosity – possibly in a statistical sense – with an explicit description 

of the connectivity of the larger pores [121]. 

 

The second limitation is our treatment of oil layers and pore geometry.  We allow oil layers to be 

present in pores and throats of triangular cross-section if it is possible to construct such a layer 

geometrically.  In reality, the formation and collapse of layers is controlled by thermodynamic stability 

constraints that are, in general, more severe. We tend to under-estimate the residual oil saturation in 

mixed-wet and oil-wet systems.  Furthermore, the use of more complex pore shapes, such as mutli-
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pointed stars, allows a richer description of corner and layer flow.  These features have been 

implemented into network models [138, 139] but not considered here. 

 

The third limitation concerns our assignment of contact angle.  This is done at random from uniform 

distributions for water-wet and oil-wet regions.  There is not direct confirmation that this is indeed a 

representative wettability condition.  The characterization of wettability at the pore scale remains a 

topic for future work. 

2.9 Conclusions and implications for CO2 storage 

 
We have studied the impact of wettability and connectivity on relative permeability for a set of 

carbonate samples with different pore structures using pore network modeling.  Both connectivity and 

the wetting state of the porous media affect the relative permeability. The impact of wettability 

alteration is less pronounced in highly connected carbonates. We suggest that water-flooding leads to 

higher recovery for mixed-wet systems with a high fraction of oil-wet pores (around 75%) compared to 

strongly water-wet or oil-wet cases. We show that water-flooding leads to lower residual oil saturation 

in the case of highly connected samples, but that recovery is most effective for the poorly connected 

samples under mixed-wet conditions.   

 

A comparison of the generated results with measurements obtained from carbonate reservoirs 

showed similar behaviour and confirmed the capabilities of the network modelling to reproduce the 

relative permeability observed in mixed and oil-wet reservoir carbonate samples.  

 

In the previous analysis, we considered multi-phase flow for a typical water-oil configuration. 

However, the same observations on the impact of wettability and connectivity on relative permeability 

are still valid. For highly connected carbonates, the residual sc-CO2 trapping for instance is less 

significant than the poorly connected samples – the analysis on the pore-scale connectivity and in situ 

heterogeneity still applies. The direct assessment of wetting properties and the possible wettability 

alterations that might be induced by sc-CO2 – brine – carbonate interactions need to be quantified and 

investigated further.  
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3 Chapter 3  

Reactive transport at the 

laboratory column scale 

 

3.1 Introduction 

 
 
Analysis of reactive transport phenomenon in carbonate rocks, where reaction kinetics is coupled with 

flow and transport dynamics in heterogeneous porous media, is an area of interest for a wide range of 

applications. For example, contaminant transport was widely investigated in the context of 

groundwater and soil quality [32, 38, 70, 83, and 140].  Moreover, dynamic dissolution regimes were 

studied in applications to acid stimulation of petroleum wells to increase the permeability and enhance 

the productivity in carbonate reservoirs [48,49,141,and 142]. More recently, a large number of studies 

have considered dynamic fluid-rock interactions in the context of CO2 storage in carbonate aquifers 

[143-146]. However, up to date, full understanding of the coupling of chemical reactions and transport 

is still lacking, especially in carbonate porous media where complex pore structures, heterogeneous 

mineralogical compositions and high reactivity are present.  

 

As discussed in Chapter 1, during acid or CO2 injection in saline carbonate formations, a series of 

chemical and physical process occur. The host rock will interact with the flowing fluids and changes in 

the pore structure as well as in the chemical composition of the present fluids take place. It is 

important to evaluate the kinetics of these interactions: rapid dissolution of the rock will, for instance 

damage the subsurface integrity; a substantial mineral precipitation however will limit the injectivity 

and clogging effects will be observed. Moreover, an appreciable important salt precipitation can take 

place and would result in a significant decrease in the permeability. In typical subsurface saline 

carbonate formations these interactions are often combined; which leads to very complex overall 

kinetics. In this context, it is important to experimentally study coupled reactive transport that includes 

simultaneous chemical reactions and transport dynamics. 
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The aim of this experimental study is to illuminate the interplay between transport and reaction 

mechanisms during the dissolution of a carbonate porous medium. We study the residence time 

distributions of the reactants and products in the laboratory columns that are packed with crushed and 

sieved carbonate grains. The idea is to create a homogenous medium at the Darcy scale and study 

the effect of micro-heterogeneity on reactive transport. We first perform passive tracer experiments in 

order to describe the transport properties permeability, porosity and dispersivity. The breakthrough 

curves are compared to numerical predictions obtained using the PHREEQC software and dispersion 

coefficients are obtained. Subsequently a series of acid injection experiments are performed in order 

to assess the impact of structural heterogeneity and injection flow rate on reactive transport. Both 

effluent analysis and the concentration profiles along the columns provide valuable insights into the 

time-dependent flow/transport/reaction dynamics. In addition, Scanning Electron Microscopy (SEM) 

imaging is used to visualize changes in micro-morphology induced by chemical reaction.
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3.2 Materials and Methods 

 
Characterization of Guiting carbonate 
 
Guiting limestone from Gloucestershire Quarry, West England was used for the laboratory 

experiments; we also studied this rock in the previous Chapter. It is a heterogeneous oolitic limestone 

that belongs to the Middle Jurassic Epoch area.  Analysis of the mineralogical composition of the rock 

was made using X-Ray powder Diffraction (X-RD) at Weatherford laboratories, Stavanger 

(commercial laboratory). The results show a heterogeneous composition of calcite (79.9%), quartz 

(17.7%), K-feldspar (1.3%) and other traces (1.1%). The permeability and porosity of the consolidated 

rock were measured using core flood experiments and Helium porosimetry on core samples (37.84 

mm diameter and 76.49 mm length). The consolidated permeability is 3.9 mD (1 mD=0.987x10
-15

 m
2
) 

and porosity is 30.71%. Table 3.1 shows the characterization of the mineralogical composition, 

permeability and porosity of the consolidated Guiting carbonate.  

 

 

Description  
Consolidated 

permeability (m
2
)  

Consolidated 
porosity (%) 

X-RD 
composition  

Name: Guiting carbonate 
Origin: Guiting Quarry, 
Gloucestershire, UK 
Age: Middle Jurassic Epoch 
Rock Group: Inferior Ooltic 
limestone  

3.8493 x10
-15

 30.71 

Calcite: 79.9% 
Quartz: 17.7% 
K-Feldspar: 
1.3% 
Traces: 1.1% 

 
Table 3-1 Characterization of the Guiting carbonate which is used in this study: mineralogical 
composition, permeability and porosity measurements of the consolidated sample.   

 
In addition to the core flood experiments and X-RD analysis, micro-CT and thin section microscopy 

were obtained on samples of the consolidated materials. High resolution 3D dry micro-CT scans were 

obtained at the SYRMEP (Synchrotron Radiation for Medical Physics) beamline at the Elettra 

synchrotron in Trieste, Italy. Here, small consolidated samples (5 mm diameter and 20 mm length) – 

which were drilled from the same rock block – were scanned. The images were obtained using beam 

energies between 27-30 KeV. A detector of 3.85µm was used and the images were recorded with a 

CCD camera located at a distance of 50 cm from the sample. The CCD camera binned the results, 

giving a final voxel size of 7.7 µm.  Images show that the pore space contains shell fragments and 

evidence of dissolution and precipitation, deposition of several grains or particle can be observed and 

this confirms the oolitic character of Guiting carbonate. The macro-porosity (the porosity which 

captured at the resolution of the scans i.e. 7.7µm) is mainly composed of the dissolution patterns that 

surround a single particle. The micro-porosity (porosity of single particle) is not captured at this 

resolution. The macro-porosity can a priori be estimated from image processing. Here, image 
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segmentation (binarizing the 3D scan into void and solid using Otsu’s thresholding algorithm [95]) 

showed that the effective macro-porosity of the consolidated Guiting could be approximately 

estimated by 20%. This is hypothesis that shall be discussed in more details later.  

 

Moreover, in order to better characterize the sample and highlight the complexity, thin sections of 

Guiting were taken using a Zeiss Axioscope 40 microscope, which is equipped with a polariser and a 

digital camera [147]. 2D images of the µ-ct scans and the thin sections are shown in Figure 3.1.  
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Figure 3-1 2D image of 3D micro-computed tomography scan (a) and thin section microscopy 
(b and c) of the consolidated Guiting carbonate. The resolution of the micro-CT image (a) is 7.7 
µm. For the Thin sections (b and c) the resolution is increasing from left to right. The scale bar 
is 200 µm (left) and 50 µm (right).  The heterogeneity of Guiting is highlighted at the pore-scale 
with a heterogonous pore structure (a), the single particle porosity is shown with the thin 
sections. The mineralogical heterogeneity is shown with the different colours of the thin 
sections.    

 
Mercury Injection Capillary Pressure (MICP) and Nuclear Magnetic Resonance (NMR) experiments 

were conducted (outsourced to Weatherford Laboratories, Stavanger and East Grinstead) on 

consolidated Guiting carbonate to characterize the pore space. For the MICP experiments, mercury 

was injected into previously-evacuated sample at constant capillary pressure (Auto pore IV 9500, 

Weatherford laboratories) [148]. The mercury injection pressure was increased during the injection 

and the saturation of mercury (or volume of injected mercury) was measured.  For NMR observations, 

T2 relaxation times were measured using a 2  MHz Maran Utra NMR system.  The details of NMR 

measurements and their applications can be found in other investigations [149-151]. In summary, the 

T2 relaxation time is obtained through controlled radio frequency perturbations of a steady magnetic 

field that is applied to the brine-saturated Guiting sample. The perturbations lead to decay (relaxation) 

in the transverse magnetization, this relaxation is assumed to be proportional to the volume-to-surface 
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ratio of a single pore/throat, hence to the pore/throat size/radius.  Figure 3.2 shows MICP and NMR T2 

relaxation times for Guiting carbonate. A wide distribution of pore/throat sizes is measured. Micro-

porosity i.e. pore radius less than 1 µm, is observable on the T2 relaxation measurements. The main 

proportion of the pore space however is composed of macro-porosity i.e. pore sizes between 10 and 

100 µm). A peak of the relaxation time distribution is obtained at 30 ms (representing a pore size of 

approximately 30 µm). This is confirmed by the plateau which is observed on the MICP 

measurements.  

 
 

 
 

 
Figure 3-2 Mercury injection capillary pressure curve (a) and Nuclear Magnetic Resonance T2 
relaxation time distribution (b) for consolidated Guiting carbonate. A wide pore/throat size 
distribution is observed on the NMR measurements. This is also confirmed by the high 
capillary pressure values seen in the mercury injection curve.  

The measured mercury injection capillary pressure can be converted to several other plots in order to 

better represent the size distribution of the pore space. Figure 3.3 shows the pore throat radii 
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distribution depending on the mercury saturation. Clearly the pore space is composed of both macro 

and micro porosity. As an approximation, 50% of the pore-throat (50% mercury injection capillary 

pressure) is composed of pores and throats of less than 1μm in diameter.  

 
 

 
Figure 3-3 Pore throat radii distributions based on measurements of mercury injection 
capillary pressure.  
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In order to access the micro-porosity, 2D SEM images of single grain of Guiting were taken using a 

high resolution Scanning Electron Microscope (Gemini 1525 FEGSEM) [152].  

 

 
Figure 3-4: SEM image of a single grain of Guiting carbonate. The scale bar indicates 1 μm. 
The 2D image shows clearly the micro-porosity within single grain (black holes). Moreover, 
mineralogical heterogeneity is always highlighted by the presence of a likely quartz structure 
in addition to the calcite particles.  

 

3.3 Experimental methodology 

Pre-treatment 
 
The grains used in the column experiments were obtained by crushing consolidated Guiting rock 

using a jaw crusher; the grains were subsequently sieved for 60 min using British standard meshes 

on an electric shaker. The base-case grain size that we considered in this study is: 150-250μm. 

Moreover, in order to study the impact of the grain size on transport, additional experiments will be 

conducted on coarse grains: 650-800μm.   

 

In all experiments, crushed and sieved carbonate grains with the size of interest were contained in 

custom-machined polymethylmethacrylate (PMMA) columns 0.5 m long with  an internal diameter of 

0.02 m (the outer diameter was 0.03 m) – by packing the column with grains that have similar size, we 

create a homogenous porous medium at the Darcy scale.  The design of the column features includes 
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pre-machined grooves around the circumference every 0.05 m along the column length, except near 

the inlet where 3 grooves are considered every 0.025 m. The grooves allowed the column to be sliced 

upon completion of the experiment so that wet grains can be collected and resident liquid can be 

extracted through centrifuge - this will help generating reaction profiles along the columns.  Filter 

papers and metallic meshes were used at the inlet and outlet of the column to prevent any mass loss 

i.e grain loss which can change the basic transport properties such as porosity and permeability. A 

schematic diagram of the experimental apparatus is shown in Figure 3.5. 

 

 
Figure 3-5 Schematic diagram of the experimental apparatus. 

 
A LabAlliance 1500 pump with PEEK fittings was used as an injection pump, digital pressure 

transducers were used to monitor the flow during the experiment and to calculate the permeability of 

the columns. A back pressure valve was used to ensure the saturation of the grains. All the 

experiments were conducted at ambient conditions – the laboratories are equipped with an 

continuous air conditioning and the temperature of the labs is 20
o
 ± 2

o
C.  

 

Columns were dry packed with the grain size of interest under vibrated conditions (mechanically) in 

order to achieve a homogenous distribution. Several packing options have been benchmarked such 

as dry packing and slurry packing. CO2 gas was subsequently flushed for 20 min into the column in 

order to displace the air inside the column – assuming that the solubility of the CO2 is relatively high in 

the injected liquids such as low and high salinity brines.  

 

Injection 
 

Upon the pre-treatment described above, two types of experiment took place.  

 

1- Passive tracer injection 

 

Passive tracer-type experiments were first conducted in order to understand and describe the non-

reactive transport properties of the packed columns. These simple experiments provide valuable data 

as regards the permeability, porosity and dispersion of the columns. Here, salinity was used as a 
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tracer. First, the columns were saturated with degassed pre-equilibrated deionised water (deionised 

water was allowed to mix overnight with crushed Guiting grains and sacrificial material prior to 

filtration with) – approximately 10 pore volumes (PV) of pre-equilibrated deionised water were 

injected. The purpose of this step is mainly to saturate the pore space assuming that no chemical 

reaction will take place between the in situ grains and the injected fluid.  The injection of pre-saturated 

deionised water was performed at a constant flow rate. When steady state is achieved and a 

significant PV of pre-equilibrated deionised water is injected, the injection of the low salinity tracer can 

start at the same flow rate – in order to not disturb the system. Here, degassed low salinity pre-

equilibrated brine was injected at constant flow rate and the conductivity of the effluent was monitored 

in real time (the sampling time depended on the flow rate, the minimum volume needed to proceed 

with the measurement, etc, but as a general rule as many samples as possible were considered in 

order to optimize the measurement).  The salt content for the pre-equilibrated brine tracer is: 1%wt 

NaCl + 0.2 wt %KCl (similarly this relatively low salinity brine was allowed to equilibrate overnight with 

Guiting carbonate before filtrating the mixture).  In addition, the conductivity was measured throughout 

the experiments at the inlet of the column – we checked that initial conductivity does not change 

during the injection time (up to 6 hours).  The injection of the tracer stopped after observing a long 

stabilization plateau of conductivity. Moreover, we checked that the conductivity of the solutions is 

directly proportional to the salinity. Therefore, by measuring the conductivity at the outlet of the 

column, breakthrough curves were obtained. Comparisons with advection dispersion (AD) models 

allow the determination of dispersion coefficients [32,33]. 

  

2- Reactive transport injection 

 

Upon completing the series of passive tracer experiments and understanding the basic transport 

properties of the columns packed with crushed and sieved Guiting carbonate, reactive transport-type 

injections took place. Here, after the pre-treatment, the column was fully saturated with degassed 

saturated high salinity brine at a constant flow rate (5 cm
3
/min ± 2%). The brine used here has a salt 

content of: 5wt% NaCl + 1 wt %KCl.  Ten PV of saturated brine were injected. Finally 10 PV (based 

on the initial pore volume) of acidic brine were injected at a constant flow rate. The acidic brine 

consists of hydrochloric acid (HCl) diluted in high salinity brine. The pH of the injected acidic brine in 

all the reactive transport experiments is 3.00±0.01. Liquid effluent samples were collected at the outlet 

of the column throughout the experiments (here again depending on the flow rate, as many samples 

as possible were collected) .Upon completing the acidic brine injection; the column was allowed to 

start to equilibrate for 15 min. The column was then gently sliced into 11 sections. Wet grain samples 

were carefully collected and put into centrifuge filter tubes (Whatman). Collected samples were 

subsequently centrifuged for 60 min at 4,000 rpm (±20 rpm). The extracted liquids as well as the 

effluent samples were five-fold diluted with 2% nitric acid for Inductively Coupled Plasma – Atomic 

Emissions Spectroscopy (ICP-AES) analysis performed at the Natural History Museum in South 

Kensington [153]. The error in measured concentrations using ICP-AES in all cases is less than 2% 

(1.78±0.10%). A specific test was performed by estimating the standard deviation of the ICP-AES 
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analysis on 10 samples originating from the same initial solution. 2% is the maximum standard 

deviation observed.  

 

Hypothesis:  

Guiting carbonate is a highly heterogeneous quarry that includes micro-porosity (based on NMR and  

MICP observations). The saturation of the packed column was performed under ambient pressures. 

Therefore, two assumptions can be made. One can assume that only the macro-pores are saturated 

or that the full pore-space is saturated (including micro-porosity). In the following paragraphs we 

considered the hypothesis of a fully saturated pore-space.  

 

 

The grains were retrieved from the centrifuge filter tubes and allowed to dry at the room temperature 

in order to proceed with SEM imaging to visually analyze pore space geometry and micro-

morphology. 

 

Figure 3.6 illustrates the different of column experiments and highlights the objectives of each 

experiment.  

 

Figure 3-6: Schematic diagram illustrating the different experiments that were conducted in 
this study, including the objectives of each experiment type.  

 

3.4 Results 

Porosity & permeability measurements  

 
Overall, more than 30 column experiments were conducted. Total column porosity and brine 

permeability were measured separately for each experiment and the average porosity, pore volume 

and brine permeability are reported in Table 3.2. The porosity of the column was measured using 
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mass balance: difference in weight of the dry column and saturated column (using a high precision 

mass balance), taking into account the density of the deionised water, which was measured using  

 

 

 

 

  

       
   

   

     
 

 

 

(3.1) 

where:  
 
    is the weight (kg) of the packed column after saturation with pre-equilibrated deionised water. 

   is the weight (kg) of the dry packed column. 

    is the density(kg/m
3
) of the pre-equilibrated deionised water, obtained using a digital density meter 

(Anton Paar DMA48) at ambient temperature . 

   is the dead volume (m
3
), the volume of brine/water contained in both end caps. 

   is the total column volume, which is not constant, columns are not perfect cylinders – this was 

measured on each column by conducting a mass balance between the dry empty column and the 

column filled with deionised water.  

 

The permeability of each column was experimentally estimated by measuring the pressure drop 

across the saturated column when steady state is achieved e.g. constant pressure difference while 

injecting fluids at constant flow rate, then Darcy’s law was applied to estimate the permeability.  

 

The average total porosity of the column is 47.77% and average permeability is 1.23 D. 

 

Average grain 
size (µm) 

Average  
effective column 

volume (ml) 

Average  
total porosity 

(%) 

Average  
pore volume 

(ml) 

Average 
permeability (D) 

200 (142.08±4.44) (47.77±1.10) (67.89±2.94) (1.23±0.58) 

Table 3-2: Average characteristics of the packed columns with Guiting crushed and sieved 
grains. The average values and standard deviation for the volume, porosity, pore volume and 
permeability are obtained based on a series of 30 experiments as a minimum.   

 

The acceptable standard deviation values for total porosity confirm the creation of a homogenous 

porous medium at the Darcy scale. However, the relatively high standard deviation for permeability 

measurements can be attributed to experimental errors or discrepancies in single grain alignment 

within different columns – although the grain size is similar, the connectivity of inter-granular pore 

space can vary. Overall the different standard deviations remain acceptable.  

 

Analysis of porosity and permeability measurements  
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As indicated on the previous section, single 150-250 µm grains of Guiting are porous. By packing the 

column with porous grains, a dual porosity medium is created where both the inter-granular (porosity 

between grains,   ) and intra-granular (single grain porosity,   ) porosities are present.  

 

Therefore total porosity (  , index) of the column can be expressed as a function of    and    

(index): 

                

 

 

(3.2) 

 

   

Equation (3.2)can be obtained simply by combining the following volumetric equations: 

             

 

 

(3.3) 

 

           

 

             

(3.4) 

 

(3.5) 

 

 

 

where     is the total pore volume in the column,     is the volume of the inter-granular pores,     is 

the volume of the intra-granular pores,     is the total volume of grains,    is the total effective volume 

of the column and     is the inter-granular volume inside the column. All the volumes (V) are 

expressed in m
3
 while the porosities are fractions, or quoted as percentages.  The volume of the inter-

granual pores     and the inter-granular volume inside the column    is equal.  

 

A first approximation would consist of estimating the grain porosity to be equal to the porosity of the 

consolidated Guiting carbonate, which leads to an inter-granular porosity of 24.6% (Equation 3.2, 

          and          ) . This is a rather high approximation of single grain porosity. The 

geometrically random crushing of Guiting carbonate, where macro-pores are destroyed by the 

mechanical stress, would effectively lead to single grains with a lower porosity. It is difficult to directly 

measure the micro-porosity of a single grain. Another method of estimating the micro-porosity of the 

column is to empirically use micro-porosity as a matching parameter (in addition to dispersion) in 

order to match measurements of passive tracer breakthrough curves through dual-porosity AD 

models. 
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The permeability of packed (un-porous) homogenous spherical grains can be estimated using the 

Kozeny-Caramen [154] equation:  

 

 

  
  

 

          
   

 

 

(3.6) 

According to this equation the permeability is 5.82 D – a similar order of magnitude, but four times 

higher, is observed in our laboratory measurements, but this is not a sufficiently accurate prediction 

for quantitative analysis. 

 

Passive tracer  

 
Figure 3.7 shows a typical breakthrough curve for the passive saturated low salinity tracer. Here, the 

injection the tracer is injected at a constant flow rate of 5 ml/min and the conductivity of the effluent is 

measured. This is a typical breakthrough curve, where a certain time is needed for the tracer to flow 

through the porous medium and breakthrough at the outlet, then a tailing period is observed where 

mixing and transport is still taking place to finally reach a stabilization plateau at approximately the 

conductivity of the initially injected solution.  

 

Figure 3-7: Conductivity evolution of fluid at the outlet with time during the saturated low 
salinity tracer injection at a constant flow rate of 5ml.min
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The average conductivities (based on a minimum number of 5 experiments) as well as the standard 

deviation for the injected fluids are reported in Table 3.3.   

 

  Salt content Density (g/cm
3
) Conductivity (mS) 

Saturated deionised water  - 0.9984 ±0.0003 (52.75 ±8.53) x10
-3

 
Saturated low salinity 
brine 1%wt NaCl + 0.2wt KCl 1.0067±0.0002 20.22±0.66 

Table 3-3 Average conductivity and density of the two fluids involved in the passive tracer 
experiment injections.  Note the significant difference in the conductivity (two orders of 
magnitude). This will facilitate the measurement of breakthrough curves. These values were 
measured in the laboratory at ambient conditions.  

The measured breakthrough curves can be compared and analysed further using dimensionless 

analysis. Therefore, the dimensionless conductivity is [32]:  

 

 
            

       
          

 

 

 

(3.7) 

where: 

           is the dimensionless conductivity 

       is the conductivity (mS) of the tracer e.g. the saturated low salinity brine.  

   is the conductivity (mS) of the initial solution used to saturate the pore space e.g. the saturated 

deionised water.  

 

The dimensionless time is:  

 
   

   
    

 

 

(3.8) 

Figure 3.8 shows the dimensionless breakthrough cures that were obtained for three different 

experiments. The flow rate in all the experiments is 5 mL.min
-1

. The results are quite similar and the 

reproducibility is acceptable. Here, the tracer breaks through after approximately 0.8PV (˂1) which is 

anticipated for a passive transport.  In addition, the obtained breakthrough curves are characterized 

by a relatively short tailing, the increase in the conductivity is quite sharp with time. This is a sign of a 

low dispersion coefficient. 
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Figure 3-8: Passive tracer breakthrough curves plotted in dimensionless axis. Three different 
experiments are reported. The injection flow rate of the tracer is 5 ml.min

-1
. The different 

results are reproducible.  

 
In Figure 3.9 two different injection flow rates are compared: Q =5 ml.min

-1
 and Q = 1ml.min

-1
. The 

shape of the breakthrough slightly changes, However, overall the dimensionless analysis shows that 

the breakthrough is independent of the injection flow rate. This is a sign of a purely advective-

dispersive transport.  
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Figure 3-9: Dimensionless passive tracer breakthrough curves. Two injection flow rate are 
compared: Q=5ml.min-

1
 (black curves) and Q=1 ml.min

-1
 (blue curves). Three different 

experiments are reported for the high flow rate and two experiments are shown for the low 
flow rate.  

 
Analysis of breakthrough curves for passive tracer  
 
In order to better describe the transport properties, AD equations representing the passive tracer 

experiments can be solved using finite difference techniques or semi-analytical solutions of the one-

dimensional AD equations. PHREEQC is one of the available numerical tools that can simulate one-

dimensional transport and a variety of low temperature aqueous geochemical reactions. Therefore, 

PHREEQC v.2 software was used in order to match the obtained breakthrough curves by choosing 

the dispersion coefficients as a primary matching parameter.  From this dispersion coefficients can be 

estimated based on the measured breakthrough curves.  

 

There is a complication in this analysis: we cannot match the breakthrough curves assuming a single 

porosity model, using the measured total porosity.  Instead a dual porosity model has to be invoked, 

which has transport through the intergranular pore space with diffusive exchange with a largely 

stagnant intra-granular porosity.. 

 

In PHREEQC, the advection dispersion equation for a dual porosity system is modelled as:  
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(3.9) 

 

 
   

    
  

           
(3.10) 

where:  

 

Cm is the dissolved concentration in the mobile domain (mol.m
-3

) 

Cim is the dissolved concentration in the immobile domain (mol.m
-3

) 

   is the porosity of the mobile domain  

    is the porosity of the immobile domain  

DL is the hydrodynamic dispersion coefficient (m
2
.s

-1
) 

  is the exchange factor (s
-1

) 

 

Equation (3.9) is a statement of mass conversation for the total mass, while equation (3.10) is for the 

mass of the immobile domain. Here we assume that no retardation/sorption is taking place.  

 

In PHREEQC the hydrodynamic dispersion coefficient is represented as [155]: 

 

           

 

(3.11) 

where    is the effective diffusion coefficient and    is the dispersivity (m), in the simulations, the 

dispersivity was used as a matching parameter of the breakthrough curves. The transport is solved 

with an explicit finite difference scheme that is forward in time, central in space for dispersion and 

upwind for the advective transport. Any chemical interaction terms are calculated separately from the 

transport part for each time step. With each time step, first advective transport is calculated, then all 

equilibrium and kinetically controlled chemical reactions, dispersive transport is subsequently 

estimated, this is followed finally by calculation of chemically and controlled chemical reactions – this 

is a typical splitting method.  

 

In a dual porosity model in PHREEQC, exchange of water and solute between the mobile and 

stagnant regions of the pore space occurs through diffusion. Here, the dual porosity media is 

simulated with the first-order exchange approximation.  Diffusive exchange between mobile and 

immobile water and solutes can be formulated in terms of mixing process between mobile and 

stagnant cells. One mobile cell is associated with one stagnant cell. The diffusive exchange is 

controlled by the exchange factor (equation 3.12).  

 

The exchange factor can be related to specific geometries for the stagnant zone [155]. For example 

when the geometry is spherical, the relation is:  
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(3.12) 

where a is the sphere radius (m) and the factor 0.21 is a shape factor.  

 

Using the finite difference method, the column is discretized into different cells (here 2,200) of the 

same length. The breakthrough curve of the tracer is simulated by shifting the solute from one cell to 

adjacent one, the time step needed for this shift is an input and it is calculated:  

 

       

 
 

    
 

  

 

(3.13) 

where     is the time is step (s) and    is the cell length (m).  The time step is chosen to be 

sufficiently small to ensure convergence.    

 

The boundary conditions used in all our PHREEQC models are:  

 

 

 

          
        

  
  

  

 

 

(3.14) 

where    is the length of the modelled column (m).  

 

Table 3.4 summarizes the input parameters that were used to model the breakthrough curves of the 

passive tracer experiments.   

Number of 
cells  

Cell length  
( x10

-5
 m) 

Boundary 
conditions 

Diffusion 
coefficient  

(m
2
/s) 

Tracer chemical 
concentrations 

 (mol/kgs) 

2,200 2.139 

Inlet: constant 
concentration  

Outlet : constant 
gradient  

2.03x10
-09a

 
Na: 0.357 
K: 0.0555 
Cl: 0.4125 

Table 3-4 Summary of the input properties used to model the breakthrough curves for the 
passive tracer experiments. The total length of the column is 50 cm; however the effective 
length of the grains is 46 cm, as calculations are made in the centre of each cell, a fictitious 
cell is added to model salt breakthrough. 

a
Yuan-Hui and Gregory (1974) [156].  

 
A series of different PHREEQC simulations were performed in order to match the breakthrough 

curves of the passive tracer. The main matching parameter is the dispersivity, which typically altered 

the shape of the tailing of the breakthrough. Once the shape of the breakthrough (tailing) was 
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matched, the inter-granular porosity (affecting the average flow speed) was altered to change mainly 

the breakthrough timing.  

 

We first attempted to match the experiments using a single porosity model. For this, the porosity of 

the immobile domain was set equal to zero (     , equation 3.9). Figure 3.10 shows the 

comparison between breakthrough curves obtained using single porosity models and the 

experimental measurements. The experimental flow rate is here 5 ml/min, hence calculations of the 

numerical time step were set accordingly. Two models are presented. In the first model, the total 

porosity is considered for advective transport. Here we observe that the breakthrough timing is close 

the one observed in the experiments. A relatively small portion of the pore space is immobile and this 

is delaying the breakthrough curves. We assume that no retardation occurs due to sorption. However, 

the match is still quite poor, and an even larger – unphysical – porosity would be needed to line up the 

breakthrough times.  This implies that there is further slowing of the solute due to largely stagnant 

flow in the intra-granular pore space. For the second model, only the inter-granular porosity (24.6% 

based on the previous approximation) is considered and intra-granular porosity is ignored – this is a 

representation of a purely advective transport in the inter-granular space. Here the breakthrough is 

obtained too early, indicating that the effective porosity of the system is larger.  

 

 
Figure 3-10: Comparison between single porosity PHREEQC models and experimental data. 
Here the experimental measurements (black) are obtained for an injection flow rate of 5ml/min. 
Two results for the models are presented: a single porosity model that considers only the 
inter-granular porosity (blue) and another single porosity model where total porosity is 
considered (red).  
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In dual porosity models, a part of the solute is mobile and flowing through the connected parts of the 

pore space whereas another part of the solute is immobile in within the cavities and unconnected 

pores. Exchange between the two parts may occur through diffusion. In order to model a dual porosity 

porous medium in PHREEQC, we selected the first order exchange approximation method, where the 

diffusive exchange between mobile and immobile regions can be formulated in terms of mixing 

process between mobile and stagnant cells (equations 3.9 and 3.10). Each mobile cell is associated 

with one stagnant cell [157].  

 
Figure 3.11 shows a comparison between the experimental data (for an injection flow rate of 5 ml/min) 

and the results of the dual porosity model. In this model 24.6% of the pore space is considered to be 

mobile and the remaining porosity is stagnant (         and           ). The exchange factor 

is calculated accordingly by assuming spherical shape for the grains and an average radius of 100μm. 

This is based on the approximations made above where we considered the single grain porosity to be 

equal to the consolidated Guiting porosity. Although the generated breakthrough timing is closer than 

the single porosity model, due to the delay in the stagnant regions, we still observe differences with 

the experimental measurements.  

 

 
Figure 3-11: A comparison between experimental measurements and results obtained for a 
dual porosity model using PHREEQC. The flow rate is 5 ml/min. The experimental 
measurements are represented in a continuous line whereas the results generated from the 
model are highlighted in dashed line.  
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We can observe in Figure 3.10 with a single porosity model that the breakthrough curve is similar to 

the experimental model. This could indicate that the intragranular porosity did not participate at the 

macroscopic overall flow.  This could be an indication that the saturation and flow is occurring only at 

the macro-pores due to low capillary pressures involved in the process.  

 

In order to match the experiment data using a dual porosity model, we use the dispersivity    factor 

and the immobile porosity     as matching parameters. The dispersivity factor (which impacts the 

hydrodynamic dispersion) affects mainly the shape of the breakthrough curve while the immobile 

porosity (which impacts mobile porosity and hence the velocity) influences directly tracer 

breakthrough time. 

 
Figure 3.12 shows the match of the measured breakthrough curves (Q=5 ml/min) obtained using a 

dual porosity model. The immobile porosity is         and the dispersivity is    8.10
-3

 m. The 

tracer breakthrough timing is perfectly matched with the first order approximation rate exchange. The 

mobile porosity is therefore          .  Table 3.5 summarizes the main parameter used to match 

the experimental data with a dual porosity model.  

 

Mobile 
porosity  

(%) 

Immobile 
porosity  

(%) 
Exchange factor  

 (s
-1

) 

Dispersivity 
(m)  

Diffusion 
coefficient 

(m
2
/s) 

37.77% 10% 46.03 8.10
-3

 2.03x10
-09a

 

Table 3-5: summary of the main parameters used to match the experimental data using a dual 
porosity PHREEQC model. 

 

Overall, 10% of the pore space can empirically be considered as stagnant, where exchange is 

occurring through diffusion. This could be interpreted in two different ways. First, we can consider that 

the single grain porosities are not connected and transport occurs only through diffusion within these 

grains (and with the inter-granular space). Therefore, the inter-granular porosity is equal to 37.77%, 

therefore the single grain porosity is 16% according to equation (3.2).  Note that in PHREEQC, the 

porosities are linearly added (total porosity is the sum of stagnant and mobile porosities). Second, we 

can consider that some parts of single grain porosities are connected, advective transport might take 

place within the single grains. Here, 10% of the pore space is not connected and diffusion is the main 

transport mechanism. Both approximations are physically valid.  

 

A long tailing is observed in the experimental measurements and this is not matched with the model. 

This could be due to experimental errors, or represent the fact that some of the solute is still stagnant 

in the immobile regions of the pore space and the diffusion process is taking a longer time to 

effectively transport all the solute. Based on the match the reduced dispersion coefficient (ratio of 

longitudinal dispersion to molecular diffusion coefficient) can be calculated using the parameters in 

Table 3.6.  
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Figure 3-12: Match between experimental measurements (continuous line and points) and dual 
porosity model (dashed) using PHREEQC. Here the experimental measurements are observed 
for a flow rate of Q=5 ml/min. The match is obtained considering an immobile porosity of 10% 

and a dispersivity coefficient    8.10
-3

 m.   

 

 

Flow rate 
(m3/s) 

Inter-
granular 

porosity (%) 
 Surface 

area  (m2) 
Peclet 

number 
Dispersivity 

(m) 
DL 

(m2/s)a 
(DL/De)

b
   

8.33E-08 41.96 3.14E-04 62.26 8.00E-03 
5.07E-

07 250.6 
Table 3-6:  summary of the main parameters used to characterize dispersion of the dual 
porosity column system. (a) DL is the hydrodynamic longitudinal dispersion coefficients. (b) is 
the reduced dispersion coefficient (ratio of longitudinal dispersion to molecular diffusion 
coefficient. For calculation of the Peclet number, the characteristic length is considered to be 
equal to the average grain size (200μm) and flow is occurring in the inter-granular porosity for 
velocity calculations.  

 
Figure 3.13 shows a comparison between the reduced dispersion coefficients (ratio of longitudinal 

dispersion to molecular diffusion coefficient) obtained empirically by matching the breakthrough 

curves and values from the literature. Based on our experiments, we obtain a reduced dispersion 

coefficient of 250. The comparison shows that the system is quite dispersive and the obtained values 

are close to what can be estimated with numerical models for Portland carbonate and from other 

experiments.  
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Figure 3-13: A comparison between Peclet vs. reduced dispersion coefficient between the 
measurement based on our matching of the experimental observations and values obtained 

from Mostaghimi [158] .The point obtained from this study is shown in black.   

 

 

Reactive transport  

 
Figure 3.14 shows the time evolution of the Ca

2+
 cation concentration at the outlet of the columns 

during the injection of acidic brine (pH=3) solutions at constant flow rates of 1 ml/min. As acid is 

continuously injected, calcite carbonate dissolves to produce Ca
2+

 cations. Measurements of the time 

evolution of these products provide valuable information regarding reactive transport kinetics.  From 

this curve, one can distinguish three regimes. First, a certain time is needed for      to breakthrough 

(100 min) and the     concentration is constant. As the acidic brine is continuously injected the 

dissolution of calcium carbonate is taking place - however, a certain time is needed for the created 

product      to mix with the stagnant fluids to be subsequently transported and reach the outlet of the 

sample; this is an early dissolution regime. The time needed for breakthrough is dependent on the 

hydraulic conductivity of the sample and on the kinetics of the reaction.  A second regime is 

characterized by an increasing time evolution of      (from 100 min to 180 min). This is a regime 

where complex kinetics is taking place. Local dissolution kinetics is coupled with gradual transport 

dynamics of flowing fluids along the column. Finally, the      concentration stabilizes at relatively 
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high values (after 225 min). This is an indication of constant dissolution kinetics and a steady-state 

dissolution regime is reached.  

 
 

 
Figure 3-14: Ca

2+
 concentrations time evolution in the effluent during acid injection. The 

injection of acidic brine is performed at constant flow rate (Q=1 ml/min). Two experiments are 
shown in order to assess the reproducibility of the results.  

Figure 3.15 shows    2   concentrations profiles at 11 sections along the columns for different pore 

volumes injected (PVI) of acidic brine.  Depending on the injected pore volumes (i.e. time) different in 

situ profiles can be observed. During the intermediate dissolution regime (2 PVI) effluent’s        is 

increasing which is translated by an increasing    2  along the column. The experimental curve after 

2 PVI shows the interplay between transport and chemical reaction in the intermediate dissolution 

regime. The chemical dissolution in the near-entrance column sections results in the product creation 

and an increase in    2   concentration. However due to transport, the product flows along the 

column resulting in a continued increase in the    2   concentration in the further and near-end 

column sections. As the number of PVI increases to 10 the effluent    2   is in the late dissolution 

regime and we can observe in Figure 3.15 that the    2   concentration profile along the column is 

flat. The reaction rate has reached its maximum in the near-entrance column sections and remains 

constant throughout the column.  

 

We notice higher    2   concentration values in the column than the    2   concentrations in the 

effluent stream. This implies that only a proportion of    2   is mobile, there are some effectively 

stagnant    2  cations within and near the surface of the grains. This is a sign of a more 

heterogeneous porous medium where    2   is immobile in the already existing intra-granular 
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channels and reaction-formed cavities. This is apparent in the results, where the effluent 

concentration of    2   is less than that measured in the last section of the column. This picture is 

consistent with the dual porosity model used to match the non-reactive tracer experiments: there is a 

partition between a mobile, flowing, region of the pore space and effectively stagnant or immobile 

regions. 

The increase in the concentrations is due a priori to the transport of the created cations through the 

column. The chemical kinetics of calcite dissolution are assumed to be rapid, therefore, the transport 

of the created Ca
2+

 cations is the origin of the difference in the observed profiles.  

 
 

 
 

Figure 3-15:       concentration profiles along the column. The profiles were 
obtained upon completion of the acidic brine injection after different pore volume 
injected. 2 pore volume (circle), 10 pore volume (star).   

 
 
The impact of the dissolution on single grain morphology can be observed through SEM images of 

single grains of Guiting carbonate.  Figure 3.16 shows a comparison between the grain surface 

between the pre-acidic brine injections and the images obtained after the injection. Changes in the 

single grain micro-morphology as well as the creation of holes on single grain are observed. The 

surface area available to reaction dynamically changes during the acidic brine injection.  In addition to 

the micro-porosity that is available in the column, the creation of these cavities can delay the transport 

of the created products further, leading to an immobile domain whose effective porosity changes with 

time.  Therefore, in order to better understand the reactive transport dynamics, the Ca
2+

 breakthrough 

curves can be plotted in a dimensionless time while comparing different injection flow rates. 
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Figure 3-16: Grain surface SEM displays of sample grain collected from the first 
section near the inlet prior to the acidic brine injection. The grain size distribution is 
150-250 µm. The magnification is increasing from left to right: ×170, ×300 and ×1000. 
The upper set of images represent grains prior to the injection whereas the bottom set 
is for the post injection grains. This is not a grain by grain comparison.  

 
 
Figure 3.16 shows the evolution of the chemically created Ca

2+
 cations with dimensionless time during 

the acidic brine injection for two different injection flow rates: 5 ml/min and 1ml/min.  In both cases, 

the breakthrough of the created products occurs after the injection of 1 PV of acidic brine.  This is a 

delay that can be explained by the chemical reaction, the adsorption/desorption of the products as 

well as the different mixing processes in the mobile and immobile regions of the pore space.  In 

addition, the breakthrough time for the higher flow rate is longer – this is a sign of a rate-limited 

reactive transport phenomenon. For lower injection flow rates, the effect of diffusion is more dominant 

- due to more torturous paths in finer grains, transport of supplied reactants and created products will 

take longer.   

 



116  
 

 
Figure 3-17: Evolution of the chemically created Ca2+ cations with the dimensionless 
time during the acidic brine injection.  The results obtained for two different injection 
flow rates are presented: 5 ml/min (dashed) and 1 ml/min (continuous).  

 
 
 

 
Figure 3-18 Impact of grain size distribution: Evolution of                       for 
coarse and fine grain size distribution with time. (Fine grains: dashed line with cross 
markers. Coarse grains: continuous line with circle markers).The injection flow rate 
for both curves is 2 ml/min. 

A comparison between time evolutions of                      for coarse and fine grain size 

distribution is provided in Figure 3.18. For the same injection flow rate (2 ml/min), different 

breakthrough behaviours are observed. Firstly, the time needed for the created      to be transported 

and reach the outlet of the column is slightly higher in case of fine grain size (30 min for coarse grains 

and 60 min for fine grains). Also, the unsteady-state regime is longer for the fine grains. Steady-state 
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is reached at 165 min for coarse grains and 225 min for fine grains. Ultimately, for both fine and 

coarse grain size distribution, a steady-state regime is reached. 

 

For the fine grain size distribution, the surface available for reaction is higher implying a greater 

reaction rate. On the other hand, in the column packed with fine grains the tortuosity may be higher 

and diffusive paths for reactants (acid) to reach the grain surfaces and products (    ) to be 

transported away from the surface into the mainstream are longer. Since we observe longer times for 

     products to breakthrough for finer grains, this confirms that the calcite dissolution under reported 

experimental conditions is a mass transfer limited process.   

 

The complexities of this process preclude simple reactive transport modelling.  It is clear that we have 

reaction in a dual porosity system, where the balance between mobile and immobile domains 

changes over time.  This means that a simple extension of the model used for the passive tracer case 

is inappropriate: at best we could manage a match to the data with a plethora of fitting parameters, 

whose physical interpretation would be difficult.  Hence, while we have a quantitative assessment of 

passive tracer transport, we are unable to extract a valid reaction rate that accounts for all the 

phenomena that are occurring in these experiments.  Further reactive transport modelling could be 

the subject of future work, if based on a pore-level description of the reaction dynamics – a start 

towards this characterization is provided in the next Chapter. 

 

 

3.5 Conclusions and implications  

 

A series of laboratory column experiments were performed in order to analyse the coupling of 

transport and chemical reaction for homogenous sample at the Darcy scale. The porous medium 

consists of crushed and sieved grains of Guiting carbonate packed into a cylindrical tube.  

 

First, the transport properties of the porous medium were characterized. The laboratory observations 

cannot be interpreted quantitatively using a single porosity model; instead a coherent physical picture 

of the transport required a dual porosity formulation with transfer from flowing to stagnant regions of 

the pore space.  Numerical modelling using PHREREQC geochemical software was performed and a 

good match of the passive tracer breakthrough curve was obtained using a dual porosity model. The 

dispersion coefficient was estimated based on this match, as well as an estimate of the porosities of 

the mobile and stagnant portions of the pore space.   The dispersion coefficient was reasonable in the 

light of previous literature data and modelling studies. 

 

Moreover, chemical analysis of the effluent during reactive dissolution of this system identified the 

existence of an unsteady-state regime, where complex interplay between flow, transport and reaction 
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is taking place. Characteristics of this regime are dependent on the structural heterogeneity and the 

injection flow rate. For finer grain size, more grain surfaces are available for reaction; however, 

heterogeneous and complex porous structure delays the reactants access to and product transport 

from the available surface which results in a longer time needed for created      products to 

breakthrough. This confirms that the calcite dissolution is a mass transfer limited process. 

 

SEM imaging highlighted the complex nature of calcite dissolution. Dissolution and cavity formation is 

induced by surface dissolution, leading to a more heterogeneous porous medium and changing the 

surface available for the reaction. The comparison between time evolution of      concentration in 

the effluent stream and       concentrations measured inside the sample showed that the effluent’s 

chemical evolution is representative of the in situ       trends. However, significant concentrations 

of       reside in the immobile regions near the surface and within the porous calcite grains. This 

demonstrates that during calcite dissolution it is possible to create more heterogeneous porous 

structures that increase the importance of the immobile region to reactive transport. 

 

This Chapter demonstrates that pore-scale processes are important to obtain a quantitative 

understanding and interpretation of these experiments.  Hence the focus in this thesis will now switch 

to experiments where reaction and changes in pore structure are observed at the pore scale, 

presented in the next Chapter. 
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4 Chapter 4  

 

Elevated Pressure and 

Temperature CO2 Injection at the 

Pore Scale 
 

4.1 Introduction  

Prior to wide-scale implementation of CCS in carbonates, it is vital to experimentally and numerically 

investigate different phenomena that occur during carbon dioxide (CO2) injection in carbonate 

formations. In this context, pore-scale experimental and numerical studies can add valuable – in some 

cases predictive – information regarding the physics of single and multi-phase flow and transport 

properties [83, 85, and 96].  

 

As highlighted in the introduction, during CO2 injection in deep saline carbonate aquifers, a series of 

physical and chemical phenomena take place. At typical storage conditions CO2 is injected at depths 

below 800m where it exists as a supercritical phase (P> 7.39MPa and T> 31.04
o
C). First, a portion of 

the injected supercitcal-CO2 (sc-CO2) dissolves in the saline brine (solubility trapping) and a plume of 

the CO2-saturated/enriched brine simultaneously flows along with the sc-CO2 phase throughout the 

aquifer [22].  Due to the formation and dissociation of the formed carbonic acid (equations 1.1 to 1.5), 

a decrease in the pH takes place; the flowing brine saturated with sc-CO2 and therefore reacts with 

the host carbonate porous media, as we investigated in the previous Chapter. Consequently, the host 

formation is exposed to dynamic fluid-rock interactions where dissolution or precipitation may occur. 

The reaction kinetics is strongly dependent on the pH, salinity, temperature and sc-CO2 partial 

pressures [27].  Dissolution of the host formation can lead to an increase in porosity possibly 

increasing injectivity and storage capacity; however this dissolution could compromise the integrity of 

any seals, allowing the CO2 to escape. On the other hand, precipitation of the host carbonate can 

effectively transform the CO2 into solid minerals contributing to another important trapping mechanism 

(mineral trapping) [159, 160]. Characterizing transport properties and reaction regimes that are 

caused by the plume migration is a reactive transport mechanism where advection is coupled with 
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diffusion and chemical reaction [161]. This is a challenging phenomenon to describe since reaction 

rates and transport properties vary over different time and spatial scales [55-58].  The complexity is 

exacerbated in carbonates where complex pore structures, wide heterogeneities and non-uniform 

mineralogical compositions are present.  

 

In the previous Chapter we investigated rock dissolution and reaction chemistry at the core scale in a 

series of column experiments; here we study reaction in an intact rock sample at the pore scale.  We 

investigate fluid-rock interactions that occur in the context of carbon dioxide (CO2) storage in saline 

carbonate aquifers. Brine saturated with super critical CO2 is injected into two carbonate samples 

(Estaillades limestone and an aquifer sample) at typical storage conditions (9MPa and 50
o
C). Dry high 

resolution micro-computed tomography scans are obtained prior to and after the experiments and the 

pore structure, connectivity and computed flow fields are compared using image analysis and pore-

scale modelling techniques. We perform direct simulations of transport properties and velocity fields 

on the 3D scans and we extract representative pore-throat networks to compute average coordination 

number and assess changes in pore and throat size distributions. In this study, we experimentally 

mimic near wellbore region conditions by injecting fluids at relatively high flow rates.  

 
In order to achieve this goal, a new experimental apparatus has been designed to mimic pore-scale 

fluid-rock interactions that occur in the context of CO2 injection in deep saline carbonate aquifers. The 

new experimental methodology combines high-resolution imaging of selected carbonate samples, 

elevated temperature and pressure core flood injections, and pore-scale modelling based on native 

and altered high-resolution 3D scans of dry samples.  One of the aims of this work is to establish a 

methodology as a basis of future studies in reactive transport.  Therefore, the emphasis in this 

Chapter will be put on the experimental framework. In addition, some results of permeability and 

porosity changes induced by CO2 injections in carbonates as well as the corresponding changes in the 

velocity field distribution will be highlighted in this study.    

4.2 Experimental procedure 

4.2.1 Sample preparation and flow cell 

 
Small cylindrical consolidated cores of selected carbonate samples were drilled using a manual 5 mm 

head drilling equipment. Upon drilling, the cores were polished in order to obtain cylindrical cores of 5 

mm diameter and 20 mm length. Subsequently, the micro-samples were allowed to dry into a vacuum 

oven set at 40
o
c for 24 hours. In our experiments, a specific in-house designed flow cell was used. 

Once the cores were dried, the cores were gently wrapped in Vitton sleeve in order to be able to apply 

a pressurized confining fluid for long term experiments. The inlet face of each sample is marked in 

order to distinguish the flow direction. Finally, assembly of the flow cell can take place. The flow cell 

allows the injection of fluids at pressures and temperatures up to 20MPa and 150
o
C. In addition, the 
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flow cell has an X-ray transparent, which can be used for in situ type experiments. Figure 4.1 shows 

pictures of the different stages of the processing.  

 

Figure 4-1: pictures of the different processes involved in the core flooding. (a) Gives an idea 
of the sample scale that we are investigating in this section; the length of the sample is 20 mm. 
(b) The arrangement of the flow cell: the sample is wrapped in Vitton sleeve and marked in 
order to distinguish the flow direction. (c) The post-injection imaging of the sample, which is 
performed using Xradia scanner, during the imaging the sample remains wrapped in a Vitton 
sleeve.    

4.2.2 Experimental apparatus 

 
A new elevated temperature and high pressure experimental apparatus was designed and 

constructed during this study to investigate fluid-rock interactions that occur in the context of CO2 

injection in carbonate aquifers at the pore scale. Figure 4.2 shows the schematic diagram of the 

experimental apparatus specifically designed and built for this study. Figure 4.3 shows a picture of the 

actual setup in the laboratory at the Royal School of Mines.  
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Figure 4-2: A schematic diagram of the experimental apparatus used in this study. 
The main components of the apparatus are: high precision ISCO pumps, HPHT mixing 
vessel, an oven and sampling vessels. 
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Figure 4-3: A photograph of the elevated temperature and high pressure CO2- brine- 
carbonate interactions at the pore scale.  

4.2.3 Pre-treatment and pore space saturation 

 
Prior to any injection, pre-treatment steps were first undertaken; these steps consisted of cleaning of 

pumps, vessels and lines as well as de-airing of the lines (sequentially) using vacuum pumps. Once 

the preliminary conditions were finalized, filling of different pumps and core flood injections could take 

place.  

In order to fully saturate the pore space of the carbonate core sample, pre-equilibrated de-aired high 

salinity brine (5%wt NaCl + 1%wt KCl) was first prepared at ambient laboratory conditions by stirring 

sacrificial material and crushed grains of the carbonate sample with brine for a long time (overnight). 

The mixture is then filtered using filter papers. Subsequently, the de-aired brine was introduced to the 

pump (pump A) and saturation of the pore space was initiated at ambient temperature [142] to 

minimize the chemical reaction that might take place during the saturation. Once a significant number 

of pore volumes were injected (~ 500-1000 PV), the system was heated to the experimental 

temperature (50
o
C). During all the experiments, no chemical reaction was clearly observed during the 

pre-saturation step. This was observable through the constant pressure drop across the core 

throughout the pore space saturation process.  A confining pressure was applied in order to ensure a 

more homogenous saturation of the pore space using a high pressure (constant pressure mode) 

ISCO pump [162]. Finally, a back pressure system was ensured through another high precision pump, 

which is equipped with inline filters to prevent damage of the seals. Figure 4.4 illustrates the part of 

the apparatus where the pore space is saturated.  

 

Figure 4-4: schematic diagram representing the sub-part of the apparatus where the 
pore-space is saturated with pre-equilibrated de-aired high-salinity brine.  A system of 
three pumps is used: an injection pump, a confining pressure pumps and a back 
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pressure pump. The core holder is contained into an oven and flow is monitored 
through readings on pressure transducers.  

4.2.4 CO2/brine equilibrium  

 
An equilibration reactor (500mL, C276 autoclave with gas entrainment stirrer – Parr Instruments Co, 

IL, USA) heated to experimental conditions using an electrical built-in heater system was used to 

establish equilibrium between the CO2 and the brine phase [163] – and if applicable carbonate grains 

for the low Damkhöler number experiments. The pressure in the reactor was monitored using a built-

in manual pressure transducer as well as a digital pressure transducer. High precision syringe pumps 

(Teledyne ISCO 1000D, Lincoln, NE, USA) maintained pressures with high accuracy [162]. A water 

heating jacket was used to heat the pump to the desired temperature (50
o
C). CO2 cylinder was used 

to supply CO2 for the experiment. The brine composition was 5wt % NaCl and 1wt % KCl in deionised 

water. 

Firstly, sc-CO2 was prepared in a syringe ISCO pump. The pump as well as all the tubing was 

vacuumed for 20 min using a vacuum pump, subsequently high pressure gaseous CO2 (5 MPa at 

15
o
C) was transferred to the pump from a CO2 cylinder by operating the pump at a constant refill 

mode (the pump is driven by a stainless steel piston which is set at 0 ml volume which is driven back 

to full capacity i.e. 1015 ml). When the pump was completely filled with CO2 gas at the gas cylinder 

pressure, it was isolated by closing all valves, and then pressurized to experimental pressure (9 

MPa), at these thermo physical conditions sc-CO2 was generated.  

Then the reactor was heated, then vacuumed and filled with de-gassed brine using a precision 

syringe pump. The reactor was then pressurized up to our experimental conditions. The reactor is 

connected to the sc-CO2 pump operating at the same pressure, and then 200 ml from the brine 

volume in the reactor was displaced back sc-CO2 into the brine pump (the CO2 pump is operated at 

constant pressure mode whereas the brine pump is receiving at a constant refill flow rate mode). The 

reactor was then isolated from the brine pump.  

Finally the CO2 and brine were brought to equilibrium inside the reactor by stirring at 200 rpm. The 

stirrer is a mixing shaft attached to a magnetic motor and has a gas entrapment design. It essentially 

pushes the lighter phase (sc-CO2) into the bottom phase (brine) and generates a large surface area 

between the fluids by splitting the CO2 into many small bubbles as illustrated in Figure 4.5. 
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Figure 4-5: Schematic of the mixing vessel showing the brine/sc-CO2 mixing process 
[164-166].  

The pressure was maintained constant during the dissolution process with the sc-CO2 pump set to 

constant pressure mode. The pressure in the reactor was monitored using a pressure transducer.  In 

addition the volume and pressure of the sc-CO2 pump were monitored. 

As CO2 starts to dissolve in the brine, the pressure in the mixer will decrease, so an additional amount 

of CO2 was pumped into the vessel during the equilibration process to maintain a constant pressure. 

Equilibrium is reached if no more CO2 is pumped into the reactor and no change in the CO2 volume –

within experimental error –  in the sc-CO2 pump is detected. Equilibration was reached in around 60 

minutes, as seen in Figure 4-6; however the system was left overnight to stabilize. 
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Figure 4-6: The evolution of the volume of the CO2 pump with time during the CO2-
brine equilibrium inside the reactor. Stabilization hence equilibrium is reached after 
60 mins.  

Once equilibrium of the CO2 and brine is achieved, the CO2 enriched brine is slowly transferred to a 

high precision 100D ISCO pump (flow accuracy 0.5% of set point [162]).  The CO2 pump is used to 

displace the mixture at a constant flow rate mode (low flow rates to ensure stable displacement). 

Subsequently, fluids are displaced back to the accumulator in order to ensure stabilization inside the 

tubing and the different pumps. This step is done using constant flow rate mode for the injecting 

pump; again the flow rates are quite low. In addition, the receiving pump is turned upside down to 

allow better control of the fluids (in case a gas cap is formed during the experimental time) and to 

ensure that the CO2 enriched brine phase is effectively injected (density difference) – in case a gas 

cap is formed during the transfer  and injections processes.  The use of a high precision pump is 

important in order to ensure injection at constant flow rate of the order of 0.1 ml/min. Figure 4.7 shows 

the schematic diagram of the sc-CO2/ brine equilibration and transfer process.  
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Figure 4-7: schematic diagram representing the part of the apparatus where sc-CO2 is 
generated, then equilibrated with brine inside the high pressure and temperature 
reactor. The blue line represents the flow of brine, the green line depicts the flow line 
of sc-CO2 and the brown colour shows the pathway of the CO2 enriched brine. 

4.2.5 CO2 enriched brine injection 

 
 
After saturating the pore space with pre-equilibrated brine and upon creating the CO2 enriched brine 

and transferring the mixtures to the high precision pump, the injection of the reactive fluids can start.   

The injection of the reactive fluids took place at a constant flow rate (Q= 0.1 ml/min) at 9 MPa (1,300 

psi) and 50
0
C.  Measurements of permeability with time were recorded using a National Instrument 

data logging system and software. Therefore, to obtain good measurements of initial permeability, 

during the pore space saturation with non-reactive fluids, it is important to experimentally observe 

steady-state (constant pressure drop across the core sample at constant flow rate) for a relatively 

long time prior to the reactive CO2 enriched brine injection. The flow rate used to establish the steady-

state with the non-reactive pre-equilibrate brine was set to the targeted experimental flow rate 

(Q=0.1ml/min). This procedure reduces disturbance of the system during the measurement of 

permeability change. Only fine-tuning of the back pressure is needed due to the difference in viscosity 

between the different fluids (pre-equilibrated brine and CO2-enriched brine).   



128  
 

4.2.6 Post-injection treatment 

 
Upon completing the injection of the reactive fluids, it is important to irreversibly terminate the 

chemical reaction. Therefore, once the targeted volume of CO2 enriched brine is injected, the system 

(injection lines and core holder) is depressurized in order to separate the CO2 phase from the brine 

phase, this will create a significant amount of gaseous CO2 inside the line and probably inside the 

pore space. Subsequently, the pore space is flooded with brine that was pre-equilibrated with 

carbonates. The aim of this step is to remove the gas phase which has formed during the 

depressurizing. A large number of pore volumes of pre-equilibrated brine is injected (> 100 PV).  

Finally, a few pore volume of iso-propanol are injected in the pore space. Iso-propanol (miscible with 

brine and water) acts as a solvent and helps flush out all salts and remaining chemical substances 

such as residual CO2  – in our experimental apparatus, the flushing with iso-proponal is performed 

separately inside a specifically dedicated cleaning flow loop (a 500D ISCO injection pump, a manual 

back pressure valve and a pressurized nitrogen cylinder to apply confining pressure). After the 

flooding with a few pore volumes, the sample is gently removed from the core holder and is allowed to 

dry in a vacuum oven overnight at 50
o
C.  

4.2.7 3D high resolution scanning 

 
In this study, two different X-ray sources – or beamlines – for high resolution scans were used: a 

synchrotron source at ELETTTRA Synchrotron in Trieste, Italy and an in-house X-Radia Versa 500 

(Zeiss) commercial scanner. (Details and comparison of these two imaging tools were discussed in 

the first chapter). In order to minimize the experimental errors due to mechanical operations, we 

image the selected carbonate samples with the Vitton sleeve wrapping. Scanning the cores with the 

Vitton sleeve may result however in a slight loss in resolution using the micro-CT scanner where the 

resolution is related to the source-sample distance. The loss in resolution is not significant and the 

effective obtained pixel size is around 5 µm. For the scans at ELETTRA Synchrotron, there is no 

restriction on the source-sample distance as long as the size of the sample wrapped with the Vitton 

sleeve fits in the field of view (FOV). For each core sample, pre and post injection scans where 

performed on the same physical volume using the same scanning parameters. Here we do not use 

the pore space registration technique [167], which allows superposing the pore space and helps the 

analysis on a pore by pore basis.  In our approach, we mark the inlet of the sample and use manual 

image processing and comparison to identify similar pores. 

 

4.3 Results  

4.3.1 Fast Reaction Experiments 

 
First, we validate the experimental apparatus and methodology by investigating the worm-holing 

regime for three carbonate samples. The aim here is to phenomenologically address the dominant 
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wormhole regime while testing the limits of the novel pore-scale experimental methodology. In this 

perspective a set of three experiments were conducted in order to mimic reactive transport induced by 

the injection of CO2 in a carbonate saline aquifer near the wellbore region. In this region the 

concentration of sc-CO2 is high and transport is mainly controlled through advection (high flow rate). 

Therefore, high salinity brine saturated with sc-CO2 was injected at a relatively high constant flow rate 

of 0.1 ml/min in carbonate samples saturated with pre-equilibrated brine. Table 4.1 gives a summary 

of the injection parameters. Here, the chemical reaction is maximized through the use of brine fully 

saturated with sc-CO2. Estimation of the pH of the solution was obtained numerically using 

geochemical software developed by Leal et al.  [168].  

 

In reactive transport experiments, it is important to control the confining pressure to avoid core 

collapse. In our experiments, the confining pressure was set equal to 110% of the pore pressure and 

the values were monitored accordingly during injection [68, 69].   

 

Temperature 
(
o
C) 

Pore pressure 
(MPa) 

Injection flow rate 
(m

3
.s

-1
) 

Salinity 
(%wt) 

Carbonate 
content 

Estimated 
pH 

50 9 1.667 x 10
-9

 

5%wt 
NaCl 

1%wt KCl 0% 3.02 

Table 4-1: Experimental parameters used in the high Damkhöler number experiments. Injection 
of brine fully saturated with sc-CO2 took place at a constant flow rate. The carbonate content 
indicates that  the brine was not pre-equilibrated with any carbonate before injection. The pH 
was estimated numerically using Leal et al.  geochemical modelling software [168].  

Three different carbonate cores with different pore structure and permeability where used. Table 4.2 

gives the petro-physical and mineralogical properties of the samples. One sample was cored from a 

deep saline aquifer in the Middle East.  

 

The porosity and permeability were measured on larger core samples using mass balance and Darcy 

law respectively. The micro-cores were subsequently drilled from the same cores. Different flowrates 

were used to measure the permeability.  

 

  Porosity (%) 
Permeability 

(mD) 
XRD Mineralogical Composition 

(%) 

Estaillades  29.5 151 

Calcite: 97.9% 

Quartz: 2.1% 

Portland  19.37 3.2 

Calcite: 97.9% 

Quartz:2.1% 

Aquifer Sample 28 217 

Calcite: 97.2% 

Quartz: 2.8% 

Table 4-2 Experimental measurements of petro-physical properties of the carbonate samples 
used in this study.  

At the targeted flow rate, the dissolution is not uniform and – as expected form analysis presented in 

Figure 1.9 – wormholes are observed in the scans (Figure 4.9).  During approximately the first 300 
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µm, significant dissolution is observed where the rock is subject to significant reaction. Then the 

wormhole forms and propagates in most cases around the centre of the sample. Therefore, the first 

300 µm were ignored during the segmentation process. Figure 4.8 represents the methodology that 

was used during the image processing. 

 
Figure 4-8: Example schematic of the cropping methodology for the aquifer sample. 
Significant face dissolution occurs at the inlet of the sample. The remaining solid structure is 
cropped and segmented into a 3D binary representation of the pore space.  Blue indicates the 
pore space and green represents the solid.  

 
Figures 4.9) show 2D sections of 3D micro-computed tomography scans of Portland, Estaillades and 

the aquifer sample prior to and after injection of brine saturated with sc-CO2. For each sample, the 

same 2D slice is compared. The propagation of the wormhole is clearly visible along the samples. For 

Estaillades, the formation of a dominant single wormhole at around the centre of the sample is noticed 

on the scans (Figure 4.9 (a)). Similar observations are noticed for Portland, the low permeability 

sample. A single dominant wormhole is clearly visible around the centre of the sample.  For the 

aquifer sample, however, we notice a significant increase in porosity for the larger pores with the 

formation of wormholes (ramified) along the samples. For the similar injection conditions (flow rate, 

chemical reactions and volumes injected) different dissolution patterns are observed, depending on 

pore structure and pore space connectivity.  
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Figure 4-9(a): 2D images of 3D micro-computed tomography scans of Estaillades prior to (left) 
and after (right) reaction. The same physical location is shown in both cases. The images  
represent the same slices. The presence of the wormhole can be clearly seen in the image to 
the right.  

                
Figure 4-9(b): 2D images of 3D micro-computed tomography scans of aquifer sample prior to 
(left) and after (right) reaction. The same physical location is shown in both cases. The images 
represent the same slices. The presence of the wormhole can be clearly seen in the image to 
the right.  
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Figure 4-9(c): 2D images of 3D micro-computed tomography scans of aquifer sample prior to 
(left) and after (right) reaction. The same physical location is shown in both cases. The images 
represent the same slices. The presence of the wormhole can be clearly seen in the image to 
the right.  

 

 

In order to better compare the pore space, the cropped segmented images of the same slices are 

shown in Figure 4.10 In addition to the wormhole propagation along the studied samples; we notice 

the increase of porosity in the regions away from the wormholes. However, this is a local effect which 

is observed on a single 2D slice.   

 

 
 

Figure 4-10 (a): Binary 2D images of Estaillades limestone prior to (a) and after (b) reaction. 
The pore space is represented in black and the solid in white. The size of the images is: 429 x 
365 pixels ant the resolution is 7.7µm. The generation of new connections in the regions away 
from the wormholes are highlighted by the red boxes.  

 

Figure 4-11 (b): Binary 2D images of Estaillades limestone prior to (a) and after (b) reaction. 
The pore space is represented in black and the solid in white. The size of the images is: 350 x 
350 pixels ant the resolution is 7.7µm. The generation of new connections in the regions away 
from the wormholes are highlighted by the red boxes.  
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To assess the impact of dissolution on overall pore space connectivity, representative pore-throat 

networks are extracted in order to compute the coordination number, and this will be discussed in the 

following sections. 3D scans representing the same physical volume were processed i.e. cropped and 

segmented in order to generate 3D binary images of the pore space. Topologically representative 

pore and throat networks were extracted in order to assess the impact of reaction on the pore 

structure. The maximal ball algorithm developed by Dong and Blunt (2009) was used to extract the 

networks [130].   A summary of the network properties is presented in Table 2. Overall, the number of 

pores and throats decreases as a result of the dissolution process: individual pores and throats are 

merged to form the wormhole and this effect dominates over the formation of new connections in the 

rest of the pore space. However, the average coordination number (average number of throats 

connected to a single pore) does not change significantly. The maximum coordination number 

increases dramatically since this represents the wormhole.. Formation of the wormholes leads to the 

creation of one single large pore with very high coordination number. Flow and transport 

characteristics will be controlled by this conductive channel. 

 

  
Number 
of pores  

Number of 
throats 

Average 
coordination 

number 

Standard 
deviation of 
coordination 

number 

Maximum 
coordination 

number 

Estaillades native  8649 13053 2.98 2.81 37 

Estaillades altered  5853 8084 2.72 3.36 141 

Portland native  6564 5650 1.65 2.2 10 

Portland altered  4460 2991 1.27 3.1 23 
Aquifer sample 
native  7564 14328 3.74 3.82 46 
Aquifer sample 
altered 5092 8763 3.39 4.44 112 

Table 4-3  Description of the extracted network properties: numbers of pores and throats and 
coordination numbers for the native and altered Estaillades and Aquifer samples.  
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Figure 4.13 shows a comparison of the pore and throat size distributions of the native and altered 

networks. The shape of the distributions remains very similar; however fewer pores and throats are 

present in the altered networks.  The shift in the distributions is more pronounced in Estaillaldes with a 

greater fraction of larger pores in the altered sample.  

 

 
Figure 4-12 Pore and throat size distributions of the native (continuous line) and altered 
carbonate (dashed line) samples. The first column represents the pore radii distributions 
whereas the second column shows the throat radii. Three samples are shown: Portland, 
Estaillades and the aquifer sample. Pore and throat size distributions for Estaillades are 
shown in the first row , the Aquifer sample is on the second row and Portland is represented 
by the third row  

We simulate incompressible viscous steady state flow directly on the pore space images by solving 

the volume conservation and momentum balance equations [169]. Figure 4.13 shows the normalised 

velocity distribution – computed at the centre of each void voxel in the image using the method 

presented in Bijeljic et al., 2013(a,b) for the native and altered Estiallades limestone. In both cases a 

wide range of velocities is observed [170,171]. However, in the altered case, the flow is more 

concentrated in the wormhole regions.  Non uniform dissolution leads to a sharpening of velocities 

within the large channels.  
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Figure 4-13: Normalised velocity distributions for native (continuous line) and altered (dashed 
line) Estaillades limestone. The vertical axis represents the probability density function of 
(u/uav) where u is the local velocity magnitude at the centre of a single voxel and uav is the 
sample/image average pore velocity.    

Figure 4.14 shows the experimental measurements of the permeability during the injection of brine 

saturated with sc-CO2 in samples of Portland limestone. These measurements represent fast flow and 

reaction conditions: high Damkhöler Peclet numbers. Three regimes of permeability evolution can be 

observed. First a plateau of permeability is observed as brine saturated with sc-CO2 is injected, but 

any dissolution does not affect the overall connectivity of the pore space.. Then, the permeability 

starts to increase linearly with a relatively low slope (period between 30 to 55 mins). Finally, the 

permeability increases dramatically over three orders of magnitude (period between 60 and 80 mins). 

The comparison between the results obtained from two different experiments show good 

reproducibility.  
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Figure 4-14: Sample-scale permeability evolution with time during the injection of brine 
saturated with sc-CO2. Two different injections were performed to assess the reproducibility of 
the measurements on Portland limestone. 

 

Due to the high permeability (200mD) and the short length of the samples (Aquifer sample and 

Estaillades), it was challenging to measure in real time the pressure difference during the injection of 

sc-CO2 saturated brines. Therefore, the permeability evolution is not presented for these samples. In 

the following section, a complete analysis on a low permeability sample,  Portland limestone, is 

performed.  

 

Figure 4.6 shows 3D visualization of the pore space after the injection of brine saturated with sc-CO2 

at the sample scale. The images were obtained using the in-house scanner and the resolution is 

approximately 10 µm. Clearly non uniform dissolution and wormholing are observed at the pore-scale. 

At the inlet of the sample, a wormhole with a rather large diameter is observed. Then a thin single 

wormhole propagates in the middle of the sample whereas near the outlet a ramified wormholing with 

different branches is shown.  

 

Differences in single core sample dissolution observations can be explained by the heterogeneity of 

the pore space. However, based on the 3D images and the measurements of permeability changes, 

dissolution scenarios can be determined. A large dominant wormhole is first created at the inlet of the 

sample whereas the remaining part of the core remains unaltered. During this step, the effective 

changes in permeability are not captured experimentally. Then the wormhole propagates to approach 

the outlet of the sample, most probably the permeability starts to increase during this regime. Finally 

the wormhole breaks through (permeability increases dramatically) then new connections and 
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branches are formed upon breakthrough – these are post-injection assumptions that can only be 

validated using in situ imaging. 

 

 

 

Figure 4-15: 3D visualization of the pore space after the injection of brine saturated with sc-
CO2 in Portland limestone. The sample length is 20 mm and the image resolution is 
approximately 10 µm.  

4.3.2 The impact of calcite saturation in the brine 

 
In the previous section, fluid-rock interactions induced by the injection of sc-CO2 that occur near the 

well-bore region were investigated on three carbonate samples. The injected brine was fully saturated 

with sc-CO2 and the flow rates were quite high. While CO2 is injected in a carbonate aquifer, further in 

the field (or the aquifer), the migration of the plume (fluids saturated with sc-CO2) as well as the 

chemical reaction lead to the formation of a sc-CO2 saturation gradient. Hence, further in the field the 

fluids that are transported are not fully saturated with sc-CO2 which will lead to lower reaction rates as 

the saturation index decreases.  Hence the expected dissolution regime will be a priori different from 

the dominant single wormholing.   

 

In this section, we study the impact of CO2 concentration on the reactive transport mechanisms in the 

context of CO2 storage in carbonates. For a set of four different core flooding experiments on Portland 

limestone, the Peclet number (flow rate) is kept constant by applying the same flow rate (we assume 

that changes in molecular diffusion coefficient induced by under-saturating the brine-sc CO2 mixture 

with carbonates is negligible) constant while we alter the reaction rate by changing the CO2 

concentration in the injected brine – essentially we make the brine less acidic..  

 

In our study, we mechanically under-saturating the sc-CO2 enriched brine with carbonates, through 

pre-equilibration of the CO2 with different amounts of calcite before injection. The experimental 

procedure here consists of the following steps:  

 

1. Numerically estimate calcite solubility under the experimental conditions: temperature, CO2 

partial pressure (corresponding to brine fully saturated with sc-CO2, hence the sc-CO2 partial 

pressure is equal to the system pressure) and salinity for brines saturated with sc-CO2. This 

was done using Duan and Li (2008) geochemical code [168].  
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2. Based on the obtained calcite solubility, we calculate calcite concentrations that correspond to 

brine saturated with sc-CO2 but under saturated with calcite.. A mass of calcite that 

corresponds to certain under-saturation is obtained.  

 

3. De-air the brine mixture for a short time 

 

4. Prepare at ambient conditions, the brine with added mass of crushed and sieved grains of 

carbonate samples i.e. Portland limestone.  

 

5. Add the brine-grains mixture to the high pressure high temperature reactor and saturate the 

brine with sc-CO2 as the previously highlighted protocol.  

 

Here two cases were studied: the first case is for the fast reaction (the injected sc-CO2/brine mixture 

does not contain any calcite) and the second case for slow reaction case, where the injected sc-

CO2/brine mixture is 90% saturated with calcite.  

 

Temperature  
(
o
) 

PCO2  

(bar) 
NaCl  

(mol/kg) 
KCl  

(mol/kg) 

Carbonate 
content 

 (mol/kg) 
(a)

 pH 
(b)

 

Calcite 
saturation 
index (%) 

50 89.6 0.8556 0.1341 0 3.12 0 

50 89.6 0.8556 0.1341 0.02907 4.63 90 

50 89.6 0.8556 0.1341 0.0323 4.87 100 

Table 4-4 Summary of experimental conditions: temperature, partial CO2 pressure, salinity 
carbonate content, pH and calcite saturation. These values are characterizing brine – sc-CO2 – 
calcite mixtures inside the high pressure and temperature reactor. The carbonate content was 
numerically estimated using Duan and Li (2008), while the pH values were estimated using 
Leal et al. (2013)  [168].  The third row represents a sc-CO2/brine mixture fully saturated with 
calcite (solubility rate) whereas the first line corresponds to brines saturated with sc-CO2 

(wormholing experiments presented above). The row in the middle corresponds to the slower 
reaction rate experiments.  

Peclet and Damkhöler number estimations:  

We define the characteristic length based on a cubic packing of regular spheres. For this idealized 

system, the grain diameter is Vb/S, where Vb is the bulk volume of the porous medium (pore plus 

grain) and S is the area of the pore/grain interface [158]. We use the same definition for our images, 

since the volume and pore/grain area are readily computed:  

 

 
  

   
 

 

 

 

 

 

 

(4.1) 
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Injection flow 
rate  

(m
3
/s) 

Surface 
area 
(m

2
) 

Porosity  
(%) 

Average 
velocity 
 (m/s) 

Characteristic 
length  

(m) 

Diffusion  
coefficient 

(m
2
/s) 

Peclet  
number 

1.67x10
-09

 1.96x10
-05

 19.37 4.39x10
-04

 2.90x10
-04

 7.50x10
-10

 169.56 

Table 4-5: summary of the calculation of the Peclet number for Portland. The average velocity 
is calculated using equation (1.16). The Characteristic length is calculated according to 
equation (4.1). The overall Peclet number is obtained from equation (1.15) and (1.16).  

 

It is difficult to estimate the Damkhöler number – the ratio of reaction to advection rate – accurately, 

but it is possible to estimate its magnitude using well-established experimental data in the literature.  

Plummer et al. (1978) measured dissolution rates of calcite in water in well-controlled batch reactions 

for different saturations of CO2 and at different temperatures [181].  Unlike our experiments, they did 

not consider high pressures, or brines. More significantly, these measurements are made in bulk with 

pure phases and immediate ideal contact between reactants – in a porous medium the reaction rates 

are likely to be lower.  Hence, we can only use this data to estimate a reasonable upper-bound 

reaction rate. However, if we assume – to a reasonable approximation, supported by their 

measurements – that the controlling factors for determining the dissolution rates are the pH and 

temperature, we can sue their data to estimate reaction rate and hence Damkhöler number. The 

Peclet number is higher than 1. Therefore, from Eq. (1.17) the Damkhöler number, Da is  

   
  

 
  where k is a reaction rate (measured in units of inverse time, s

-1
, and – as in the definition of 

Pe – L is the characteristic length and u is the flow rate.  Da measures the relative contribution of 

reaction to advection.  k represents, physically, the time constant for the dissolution of calcite over a 

characteristic (pore or grain) size L: essentially 1/k is the time needed to dissolve a significant fraction 

of a single  grain in the porous medium. 

 

Plummer et al. (1978) report reaction rates, r, measured in units of mmoles cm
-2

 s
-1 

for dissolution as 

a function of pH at 25
o
C [181].  Taking the pH values in Table 4-4 and using Figure 1 of Plummer et 

al. (1978), values of log(r) of approximately -4.8 and -5.9 for the fast and slow reactions respectively.  

Converting to SI units – moles m
-2 

s
-1

 – we multiply by 10
7
, giving log(r) of 2.2 and 1.1.   

 

Next we need to correct for temperature.  Figure 8 of Plummer et al (1978) shows the effect of 

temperature on reaction rate obeying, as expected, an Arrhenius law [28].  From this figure, log(r) is 

approximately 0.5 higher for reactions at 50
o
C compared to 25

o
C, leading to log(r) values of 2.7 and 

1.6 at the temperature of our experiments. 

 

Now we need to convert r to k, with units of inverse time.  As mentioned before, physically this 

represents the time-scale for dissolution of a grain of size around L with a reaction rate r.  If calcite 

has    moles per unit volume, where: 

 

       

 

(4.2) 
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  is the calcite density and M is the molecular mass (kg mole
-1

)  then 

 

   
 

   
 

 

(4.3) 

Then from the definition of Da, Eq. (1.17), we find: 

 

    
 

   
 

 

(4.4) 

 

Using the velocity in Table 4-4, a calcite density of 2,710 kgm
-3

 and a molecular mass of 0.1 kgmole
-1

, 

we find log(Da) values of 1.6 and 0.5, corresponding to Da of around 40 for the fast reaction and 3 for 

the slow reaction.  Both of these are in the wormholing regime according to the phase diagram of 

Golfier et al. [45], but we do see over an order of magnitude variation in reaction rate with the slower 

reaction being intermediate between this and ramified wormholes – consistent with the experimental 

observations.  Also note that the real reaction rates in a porous medium are likely to be lower, so 

these are upper-bound determinations of Da. 

 

Figure 4.16 shows the permeability measurements which were obtained for the slow reaction 

experiments. Here, the permeability increases slightly from 5 mD to around 8 mD for a long time 

period of injection. As the injected fluids have a higher pH, the chemical reaction rate is lower and the 

dissolution of the pore space is less intense leading to a relatively low increase in the overall pore 

space and connectivity.  

 

 
Figure 4-16: Sample-scale permeability evolution measurements during the injection of 
brine/carbonate/sc-CO2 mixture (representing low reaction numbers).  The permeability 
increases from 5 mD to approximately 9 mD.  
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Figure 4.17 shows 3D representation of the pore space of Portland limestone after the injection of sc-

CO2/brine/carbonate mixtures. The dissolution regime is clearly different from the one obtained in the 

first case. Near the inlet of the sample, facial dissolution is noticed. Then a thin wormhole is formed 

and the dissolution is more spread laterally – a single conductive channel is not clearly observed 

here. Finally, in the 3D images, non-connected pores are observed.  This can be due to the relatively 

coarse image resolution or simple by the heterogeneity of the carbonate sample.  

 
  
 

 
Figure 4-17: 3D visualization of the dissolution patterns generated after the injection of sc-
CO2/brine carbonate mixture representing A relatively slow reaction rate. The image resolution 
is 10µm and the sample length is 20 mm.  A more smooth dissolution pattern is observed than 
for the fast reaction experiment. 

 
Figure 4.18 shows a comparison between the permeability as a function of time for the low and high 

reaction rate experiments. Here the permeability is plotted in a logarithmic scale. Clearly, two regimes 

of permeability changes are measured at the sample scale. For the high reaction rate case, the 

permeability increases over several orders of magnitude. The measured increase in permeability is 

significantly less intense in the case where the reaction rate is reduced. In both cases, a plateau in 

permeability evolution is observed. After the stabilization period, the permeability starts to increase 

sharply for the case with the higher reaction rate (wormhole propagation and breakthrough) whereas 

the increase in almost negligible for the low reaction rate. Therefore, an intermediate permeability 

time-evolution regime could be experimentally investigated where the permeability will fit between the 

two observed curves (thinner wormhole with lower propagation speed).  
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Figure 4-18: comparison between permeability time-evolutions for the two experiments 
representing the slow and fast reactions. Note that the permeability axis is plotted here on a 
logarithmic scale. The slow reaction experiments are in blue while the high reaction rate is 
plotted in black.  

Figure 4.20 shows a comparison between the pore and throat extracted networks for the native and 

altered Portland samples. For the fast reaction case, the formation of very large pores is captured with 

the network extraction. For the slow reaction, the dissolution is more uniform.  

 
 

 
Figure 4-19: 2D pictures of 3D topologically representative networks of the native Portland 
(left), the altered Portland after the fast reaction and the altered Portland after the slow 
reaction.  

Figure 4.21 shows the normalised velocity distribution – computed at the centre of each void voxel in 

the image using the method presented in Bijeljic et al., 2013(a,b) for the native and altered Portland 

limestone. In both cases a wide range of velocities is observed [170,171], however for the altered 

samples we notice that the velocity range is narrow and flow is more uniformly distributed throughout 

the pore space in comparison to the native case.  
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Figure 4-20: Normalised velocity distributions for native (continuous line) and altered (dashed 
line) Portland limestone. The vertical axis represents the probability density function of (u/uav) 
where u is the local velocity magnitude at the centre of a single voxel and uav is the 
sample/image average pore velocity.    

4.3.3 Two-phase reactive flow at the core scale 

 
In the previous section, fluid-rock interactions induced by the injection of single phase e.g. aqueous 

brine enriched with sc-CO2, in carbonate samples were investigated at the core scale.  However, as 

highlighted previously, when injected in a carbonate reservoir/aquifer, CO2 is in the supercritical-

phase. Therefore, two phase (brine saturated with sc-CO2 and sc-CO2) displacement will occur in 

zones near the wellbore. Therefore, here we aim to experimentally investigate fluid rock interactions 

that are induced by two-phase reactive flow in carbonates. 

 

The experiments that are presented in this section were conducted within Shell International B.V. 

research centre in Amsterdam.  The experimental apparatus is a state of the art reactive transport 

equipment which is composed of a micro-CT scanner, four high pressure injection pumps, automatic 

valves,  phase separators and automatic sampling unit. Further details on the experimental procedure 

and apparatus can be found at Ott et al., (2012) [172]. Figure 4.22 shows pictures of the apparatus.  
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Figure 4-21:  Photos of the experimental apparatus used at Shell International B.V research 
facility at Amsterdam. (a) The full experimental apparatus inside the safety cabinet. (b) Picture 
of the core holder  

 
The first experiment considered the injection of single-phase brine saturated with super-critical CO2 in 

a limestone sample (Euville limestone from France).  This is similar to the experiments presented 

previously. The main steps of the experimental procedure were: 

1- Cleaning of the apparatus: all the lines are first flooded with citric acid then, the lines are 

flooded with deionised water. The aim of this step is to dissolve and flush out any solid 

carbonate residue that may have precipitated during the previous injection.  

2- Degassing of the apparatus: all the line ad pumps are submitted to vacuum 

3- Saturation of the core using low salinity brine (2%wt NaCl): the core is first saturated with 

brine at atmospheric pressure with a few pore volumes, once the pressure drop across the 

core stabilizes, the pore pressure is gradually increased to the experimental pressure. The 

back pressure system is also gradually increased to ensure that the pressure is maintained.  

Note: The brine that we use for these experiments is not pre-equilibrated with the limestone 

sample. The saturation of the core with the brine will generate dissolution of the sample. We 

assume that the interaction of brine and carbonate is negligible compared to the carbonate 

interaction induced by brine/CO2 mixtures. 

4- Mixing of brine and CO2 

A HPHT reactor to mix the brine with the CO2 was not used here; instead we use a system of 4 ISCO 

pumps combined with a static mixer to allow for the fluids to be mixed (Figure 4.23). The steps are: 

 

 Fill the pump P1 with brine (around 450 ml) 

Note: the lines (connecting the 4 pumps, mixer included) are also filled with brine 

at the operation pressure and temperature. 
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 Fill the pump P2 with CO2 (around 250 ml) 

Note: It is preferable to fill the pump in the liquid phase; this will ensure that the 

pump is filled with the desired volume of CO2 in one cycle within a reasonable 

time. This is explained by the high compressibility of the CO2 at the gas phase.  

In order to ensure that the CO2 is effectively pumped at the liquid state, the 

temperature of the CO2 bottle has to be slightly higher that the temperature of the 

pump, hence cooling the pump is needed. However, this cooling might take some 

time. 

 

 The CO2 is now at super-critical phase and the mixing can start at the 

experimental temperature. Up to half of the total volume  is simultaneously 

pumped into pump P3 (volume ratios are calculated for this purpose)  

 

Figure 4-22: A diagram representing the system used to mix sc-CO2 with brine. Four pumps 
along with a static mixer are used to prepare brine saturated with sc-CO2.  

 

5- Injection of single phase brine saturated with CO2 at constant flow rate. 

6- Collection of effluent samples and real time measurements of pressure response 

7- Stop the injection  

8- Flood the lines with deionised water prior to depressurizing of the system dry CT scans of the 

altered sample: the sample is allowed to dry in a vacuum oven before dry scans (95
o
C degree 

until no changes in weight are observed). 

Results  

 

 

 

 

 

 

 

P1 

P2 

P3 

P4 

static mixer 

Injection  
line 
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Porosity 
(%) Brine permeability (mD) Limestone classification  

XRD Mineralogical  
composition (%) 

17.6 240 
Euville Grainstone 
Source: France 

Calcite: 99.8% 
Other: 0.2% 

Table 4-6 Characterization of Euville Limestone 

 
For geological sequestration of CO2, we envisage reactive transport to occur in single-phase flow (e.g. 

gravity driven brine convection) and in two-phase flow (e.g. during the primary displacement process). 

Therefore, a question is whether or not the simultaneous flow of an aqueous and a CO2-rich phase 

suppresses wormholing, since the non-wetting phase is assumed to predominantly enter the low 

capillary pressure regions of the rock matrix – the larger pores – which is essentially where the 

wormhole is likely to form. If CO2 enters, the wormhole might not grow further, since the reactions 

takes place between the rock's surface and the aqueous phase and not with the CO2-rich phase 

directly. Following this idea, the presence of CO2 should lead to a compact dissolution rather than 

wormholing. We tested this idea in different core flood experiments, injecting (1) CO2-saturated brine, 

(2) co-injecting CO2 and brine into initially brine saturated rock, and (3) co-injecting CO2 and brine into 

an initially CO2-saturated rock sample. We performed this study on Euville limestone with CO2 and 

brine injection rates of 1 ml/min, leading to sample-scale Pe~3000, in order to keep the global Pe 

number constant, the brine flow rate was kept the same in all three experiments. 

 

Figure 4-23: 2D pictures of 3D scans of altered Euville Limestone. The first image (left) shows 
the case of single phase sc-CO2 saturated brine injection into brine-saturated samples, the 
second image (centre) shows sc-CO2/brine co-injection in 100% brine saturated sample and 
finally the last figure (right) shows sc-CO2/brine co-injection in 100% sc-CO2 pre-saturated 
samples. In all three cases, wormholes are observed. 

The resulting dissolution patterns are shown in Figure 4.24. The left image shows the result of the 

brine flood. As expected and in line with the observations for the experiments already presented in 

this Chapter, a wormhole formed. The second experiment is done in exactly the same way, but 

additionally co-injecting CO2 at the same rate. Again, we observe wormhole formation. The individual 

wormholes look different, but both experiments show a qualitatively similar dissolution pattern. As we 

showed, the CO2 saturation in multi porosity carbonate samples is usually small (0.2 in the example 

above) and maybe even at a high CO2 fractional flows this is too little to prevent wormholing. In a third 

experiment, we attempt to artificially increase the CO2 saturation by starting at 100% CO2 saturation. 

Even in this case, a similar dissolution pattern appeared as in case (1) and (2). From these 

experiments we conclude, that the global Pe and Da numbers determine the dissolution regime 

independent of the presence of a second fluid phase influencing local Pe and Da numbers. 
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4.4 Conclusions 

 
 
In this chapter, a new HPHT experimental apparatus that allows the injection of sc-CO2 in micro-core 

carbonate samples was presented. A novel methodology that combines high pressure and 

temperature injections, high resolution imaging and pore scale modelling has been defined to study 

reactive transport at the pore scale.  The reproducibility of the obtained results is satisfactory as 

experimental measurements were reproducible.  

 

First, at the pore scale, we studied the impact of the injection single phase brine saturated with sc-

CO2 on pore structure near the wellbore region. As expected, for high flow rates and high reaction 

rates, wormholes were observed.  Then, we investigated the impact of the reaction rate as two 

different regimes of dissolution have been observed: dominant wormhole and a more uniform 

dissolution pattern; this helps to highlight the impact of reaction rate (or brine pH) on reactive 

transport.  Permeability changes significantly for the wormholing regime whereas the changes are 

much smaller for the uniform dissolution regime.  Overall we see fewer pores and throats: dissolution 

merges connections, not increase them. We see small changes in average connectivity, similar size 

distributions, but with some super-connected pores (the wormhole).  Analysis of the velocity fields 

confirms that although a wide of velocity is observed, the flow in the altered samples is concentrated 

at the wormhole with a sharpening of the mobile regions of the pore space. For the more uniform 

dissolution changes in velocity fields are less significant. Finally, we investigated the impact of the 

injection of two-phase reactive flow in carbonates.  The experimental results confirmed that the main 

controlling mechanisms for reactive transport are the flow rate and brine composition and were 

relatively unaffected by the presence of a free CO2 phase..  
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5 Chapter 5 

Conclusions and recommendations 
 

5.1 Conclusions  

 
In this work, we have investigated multi-phase flow and reactive transport in carbonate porous media. 

Although there is a wide range of applications to this study (such as EOR, acid stimulation) the main 

focus here was on carbon dioxide storage in carbonate aquifers.  

 

Carbonates are challenging to describe and characterize from petrophysical point of view. The main 

common characteristics that we observed however are the presence of calcite (by definition of 

carbonates, hence the high reactivity with acidic solutions) and the presence of micro-porosity in the 

pore space.  

 

In an attempt to obtain a generic behaviour of carbonates, we used pore scale imaging and modelling 

to investigate two phase flow.  We used high resolution computed tomography scanning at ELLETRA 

synchrotron in Italy to scan a set of six different carbonate samples obtained from deep saline 

aquifers and different quarries worldwide. We segmented the images into void space using image 

processing software and used the maximal ball algorithm to extract topologically representative 

networks of pores and throats. The generated networks showed significantly different coordination 

numbers. Subsequently, we modelled two phase displacement sequences (drainage and water flood) 

in mixed-wet carbonates. We showed that relative permeability is strongly dependent on wettability 

and pore space connectivity. The degree of trapping decreases with increasing pore space 

connectivity.  The impact of wettability alteration is less pronounced in highly connected carbonates. 

We suggest that water-flooding leads to higher recovery for mixed-wet systems with a high fraction of 

oil-wet pores (around 75%) compared to strongly water-wet or oil-wet cases. We showed that water-

flooding leads to lower residual oil saturation in the case of highly connected samples, but that 

recovery is most effective for the poorly connected samples under mixed-wet conditions.   
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A comparison of the generated results with measurements obtained from carbonate reservoirs 

showed similar behaviour and confirmed the capabilities of network modelling to reproduce the 

relative permeability observed in mixed and oil-wet reservoir carbonate samples.  

 

In order to highlight the effect of carbonate micro-heterogeneities on Darcy scale transport properties, 

we experimentally investigated reactive and non-reactive transport in columns packed with crushed 

and sieved carbonate grains. We measured breakthrough curves using brine as a passive tracer and 

we compared the experimental measurement with transport models obtained from PHRREQC 

software that solves the advection-dispersion equation. We matched the experimental with a dual 

porosity model and obtained a dispersion coefficient consistent with other experimental 

measurements in the literature. The local heterogeneities at the pore (and sub-pore) scale impacts 

the transport properties at the Darcy scale. For reactive transport, obtaining experimental results with 

a satisfactory reproducibility for such heterogeneous system was a challenge. We experimentally 

highlighted the impact of flow rate and grain size distribution on solute breakthrough curves. We 

showed that both flow rate and grain size distribution affect reactive transport properties. We also 

experimentally observe a difference between the concentration of the in situ fluids and the flowing 

effluent. This is often not captured by reactive transport models and is explained by the stagnation of 

solute in the cavities and non-connected pores.   Finally, we used SEM images to visualize chemical 

dissolution on single grain and we observe the changes in the available surface area for reaction and 

creation of micro-heterogeneities due to reaction. 

 

We then address reactive transport induced by the injection of sc-CO2 in carbonates at the pore scale. 

A novel experimental apparatus was designed and engineered at Imperial College and a new 

methodology that combines high resolution imaging, high pressure and temperature injection, and 

pore scale modelling was defined. Two different regimes of dissolution have been observed: dominant 

wormhole and a more uniform dissolution regime – controlled by the brine pH. Permeability changes 

significantly for the wormholing regime, whereas the changes are much smaller for the uniform 

dissolution regime. Overall we see fewer pores and throats: dissolution merges connections, not 

increases them; we see small changes in average connectivity, similar size distributions, but with 

some super-connected pores (the wormhole). Analysis of the velocity fields confirms that although a 

wide range of velocity is observed, the flow in the altered samples is concentrated at the wormhole 

with a sharpening of the mobile regions of the pore space. For the more uniform dissolution changes 

in velocity fields are less important. We investigated the impact of the injection of two-phase reactive 

flow in carbonates: the experimental results confirmed that the main controlling mechanisms for 

reactive transport are the Peclet and Damkhöler numbers.  

 

While this work has provided several useful insights into flow and transport in carbonates, we are still 

some way from a predictive methodology to understand oil recovery and long-term carbon dioxide 

storage in carbonate formations.  There is ample opportunity for future work, addressed below. 
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5.2 Recommendations and future work  

 

 Tackling of micro-porosity in carbonates 
 
As highlighted in this thesis, the presence of micro-porosity is an interesting characteristic of 

carbonates. It impacts single-phase reactive and non-reactive transport at the Darcy scale 

and it also influences multi-phase flow properties such as non-wetting phase trapping, relative 

permeability and irreducible saturations. Currently the available imaging capabilities 

(commercial and synchrotrons) do not allow the capture of micro-porosity for size-

representative samples (5 mm x 20 mm typically). Therefore, multi-scale imaging 

methodologies that combines FIB-SEM, SEM, micro-CT scanning and CT-scanning could be 

used to incorporate micro-porosity in carbonates [175, 176]. The idea is to image the same 

sample or sub-samples at different scales to finally combine the different images in a 

representative 3D pore space. In addition, network extraction and modelling, which is 

currently the most efficient modelling technique for multi-phase flow at the pore scale, should 

incorporate micro porosity. Novel network extraction techniques should be investigated to 

consider micro-porosity in carbonates [177, 178]. 

 

 Pore scale in situ imaging of reactive transport  
 
This study has highlighted the difficulties and challenges encountered in the study of complex 

and dynamic physical and chemical processes such as reactive transport. The number of 

parameters and variables that are dynamically varying is important. A way forward would 

consider real time in situ imaging of dissolution in carbonate samples as there is currently a 

significant improvement of the imaging capabilities [179, 180]. Injection of acidic solutions (at 

ambient or reservoir conditions) while micro-CT scanning is performed will allow the 

observation and study of reaction front displacement, pore space connectivity changes, and 

the merge of pores and throats. In order to achieve this rather challenging goal, simple 

experiments using an X-ray transparent core holder can be designed for synchrotrons where 

the scanning time could be of the order of seconds. In bench-top scanners, slower reactions 

taking hours to days could be observed. In parallel, pore space registration can used to 

observe changes induced by reaction on a pore by pore basis. This will significantly add to 

the understanding of reactive transport. Numerical models can be at the pore scale built to 

match the time-evolution dissolution patterns.  

 

 Development of up-scaling methodologies 
 
Differences in surface area, changes in overall reaction rates coupled with mineralogical and 

structural heterogeneities often poses challenges in up-scaling of reactive transport in 

carbonates. For example, the pore volumes to breakthrough and reaction rates that are 

measured in the laboratory are often significantly different from field observations. Therefore, 

multi-scale up-scaling techniques can be developed in parallel to multi-scale core flooding 
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experiments.  Effective reaction rates and pore volume to breakthrough can be first up-scaled 

from pore to core scale using laboratory measurements. This helps the transition from pore 

scale observations to field scale applications. 

  

 Generic behaviour of carbonates 
 
There is a need to further investigate the reproducibility of the observations in carbonates and 

to investigate whether a generic behaviour that is based on simple parameters such as 

porosity or permeability can be observed.  A suggested way forward is to consolidate the core 

flooding data that was observed in the area of reactive transport in carbonates. This will help 

defining a first assessment on similarities and perhaps might define empirical equations for 

reactive transport.  Therefore, a database of core flooding in the area of reactive transport 

that consolidates flow rates, porosities permeability and mineralogy can valorise the important 

amount of data that could be found in the literature.   

 

In this perspective, phenomenological experiments such as the column experiments can add 

value as more simplified porous systems can be created to study reactive transport. Column 

could be packed with perfect spherical (porous and non-porous) grains of pure calcite and 

dissolution can be experimentally quantified.  

 

 Field trials of carbon storage  
 
In parallel to the experimental and modelling studies in the area of Carbon Capture and 

Storage, it is important to perform small scale storage demonstrations to seriously address 

climate change. We need to study CO2 injection in the Middle East in general and in Qatar in 

particular to help mitigate carbon emissions in the region. Monitoring of the demonstration 

studies will provide valuable data that can be used in modelling activities to better design 

efficient and safe large scale storage projects.  In this operational context, it is important to 

combine the studies related to flow in porous media with well engineering in order to 

maximize the storage efficiency. To date, little research has been performed on well 

implementation patterns or well design that can help CO2 storage. When CO2 storage will be 

applied industrially, these real operational challenges will be faced. It it important to address 

these challenges through a combination of multi-scale experiments and modelling. 
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Middle Eastern sample 2 
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Appendix 2 - MATLAB Codes for network 

characterization  

function Distribution(w) 

% This funtion opens the 4 files : link1, link2, node1,node2 

% calculate aspect ratio, coordination number and plot aspect ratio, 

% coordination number 

% We open the 4 files 

[link1]=xlsread('link1.xlsx'); 

[link2]=xlsread ('link2.xlsx'); 

[node1]=xlsread('node1.xlsx'); 

[node2]=xlsread('node2.xlsx'); 

% size of the matrixs are l1n, 11m: link1 n, link1 m.  

[l1n,l1m]=size(link1); 

[l2n,l2m]=size(link2); 

[n1n,n1m]=size(node1); 

[n2n,n2m]=size(node2); 

% create new matrixes that do not inlcde 0, -1 and 1 pore nor throat indexs 

% we calculate the size of the new matrix  

 nn=0; 

 for (i=1:l2n) 

if (link2(i,1)~= 0 &&  link2(i,1)~= -1 && link2(i,1)~= 1 )&& ( (link2(i,2)~= 0 &&  

link2(i,2)~= -1 && link2(i,2)~= 1))&&( (link2(i,3)~= 0 &&  link2(i,3)~= -1 && 

link2(i,3)~= 1)) 

   nn=nn+1; 

  end  

 end 

%*************** 

% ASPECT RATIO  

%*************** 

nc=0; 

throatsum=0; 

averagethroat=0; 

aspectratio=zeros(n2n,1); 

for (i=1:n2n) 
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    nc=0; 

     throatsum=0; 

      averagethroat=0; 

      aspratio=0; 

     for (j=1:l1n) 

          if ((node2(i,1)== link1(j,2))| (node2(i,1)== link1(j,3)))    

          nc=nc+1;   

          throatsum=throatsum+link1(j,4); 

          averagethroat= throatsum /nc; 

          aspratio=node2(i,3)/averagethroat; 

        end 

    end 

     aspectratio(i,1)=aspratio; 

end 

AverageAspectRatio = mean(aspectratio) 

%************************** 

% Distibutions 

%*************************** 

% NOTE : pores (pore radii) are in micro meteres. 

% Pores 

 

poreradii = zeros (n2n,1); 

for (i=1:n2n)    

poreradii (i,1) = 1000000 * node2(i,3); 

end  

% throats  

throatradii = zeros (l1n,1); 

for (i=1:l1n) 

    throatradii(i,1)=1000000*link1(i,4); 

end  

minthroatradii=  min (double (throatradii)) 

maxthroatradii=  max (double (throatradii)) 

averagethroatradiuss=  (mean(double(throatradii))) 

% min and max pore radii  

minporeradius = min (double (poreradii)) 
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maxporeradius = max(double (poreradii)) 

averageporeradius = mean(double(poreradii)) 

% the distribution of pore radii, the number of values is w to be set by 

% the user 

distthroats=linspace (double (minthroatradii),double(maxthroatradii),w); 

distpores= linspace (double (minporeradius),double(maxporeradius),w); 

% freqs is the count 

[freqs, vals] = hist(poreradii, distpores); 

[freqsthroats, valsthorats] = hist(throatradii,distthroats); 

% normalized frequency 

freqss = (freqs / (n2n)); 

freqsst= (freqsthroats/l1n); 

xx=vals'; 

yy=freqs'; 

xx; 

yy; 

n2n; 

xxt=valsthorats' 

yyt=freqsst' 

plot (vals, freqss); 

fid = fopen ('Results.txt','w'); 

fprintf(fid,... 

'Average Aspect Ratio %4.2f \n Average Pore Radius %4.2f \n Min Pore Radius 

%4.2f \n Max Pore Radius %4.2f \n Min Throat radius %4.2f \n Max Throat 

radius %4.2f \n Average Throat radius %4.2f \n  '... 

,AverageAspectRatio,averageporeradius, 

minporeradius,maxporeradius,minthroatradii,maxthroatradii,averagethroatradiu

ss) 

fclose (fid); 

 

figure1 = figure('Color',[1 1 1]); 

% Create axes 

axes1 = axes('Parent',figure1,'XScale','log','XMinorTick','on',... 

    'TickDir','out',... 

    'LineWidth',2,... 
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    'FontSize',16); 

box(axes1,'on'); 

hold(axes1,'all'); 

% Create bar 

bar(vals,freqss,'FaceColor',[0 0 0]); 

figure2 = figure('Color',[1 1 1]); 

% Create axes 

axes2 = axes('Parent',figure2,'XScale','log','XMinorTick','on',... 

    'TickDir','out',... 

    'LineWidth',2,... 

    'FontSize',16); 

box(axes2,'on'); 

hold(axes2,'all'); 

 

% Create bar 

bar(valsthorats,freqsst,'FaceColor',[0 0 0]) 
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Appendix 3 – PHREEQC Codes  

 

Example of dual porosity code using PHREEQC 

 

TITLE Match_exp7 

 

SOLUTION 0  # This is the infilling solution. The low salinity tracer 

 temp 25.0 

 pH 7.0 charge       

 units mol/kgs 

 Na  0.357 

 K   0.0555 

 Cl  0.4125   # make sure you have a neutral solution by adding Cl- 

 

USE SOLUTION 0 

 

EQUILIBRIUM_PHASES  1-4401     # The tracer is saturated with Calcite 

 # number of cells is 2200, each cell is assigned a stgnant value 

 # therefore total number is 2200*2 = 4400, there is a transition cell 

 Calcite 1.0 

 save solution 1-4401 

END 

 

SOLUTION 1 

 temp 25.0 

 pH 7.0 

 

 

USE SOLUTION 1    

EQUILIBRIUM_PHASES 1-4001 

 Calcite 1.0    # First number is saturation index, second the amount 

save solution 1-4001 # By saving the solution 1 to 2200, we have equilibrated 

water with Ca and CO3 

END 
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TRANSPORT 

  -cells 22     

                 -shifts 200 # shift is the number of time steps, total simulation time is: 

#shift x time_step 

  -time_step  0.3384 # this has been adjusted to say that imobile poro is 20% 

# the intergranular poro is 34.71% 

#here t=d/v, v=5.56*10-4 m/s, this is the pore water velocity 

 # for total porosity (47.77) and a flow rate of 5ml/min 

  -flow_direction forward 

  -boundary_conditions constant flux 

  -lengths 2200*0.0002139 # Total length of the column is 50cm - 2*2cm = 

46cm of grains 

# we want to simulate brekhtough, so we add a ficitve cell 

# because the calacualtions are done in the centre on the cells 

# we have 22 cells, 21 + 0.5 cells = 46cms 

  -dispersivities  22*0.0008  # there is a min disp value in phreeqc 

  -correct_disp true 

  -diffusion_coefficient 20.3E-10 #(this is for cl-,from Li and Greogry 1974 

for calcium it should be # 7.92 E-10 m/s2) 

  -stagnant 1 0.46 0.41 0.10 # the exchange factor, porosity in mobile cell 

and porosity in the immobile cells 

# shperes are considered + porosity in mobile and immobile cells can be added 

  -print_cells 2200 

  -print_frequency 1 

  -punch_cells 2200 

  -punch_frequency 1 

 

SELECTED_OUTPUT 

 -file   Match_exp7.sel 

 -totals Na Cl K Ca C  # also include Ca and C 

#PRINT 
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Appendix 4: Column Engineering Drawing 

 
Figure 1: Full-length column with end caps. 

 

 
Figure 2: Column inlet/outlet (without end caps). 

 

 

 
Figure 3: Column inlet/outlet (with end caps). 
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Figure 4: End caps. 

 

 

 

 

 


