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Summary 

Enhanced Gas Recovery (EGR) by re-injecting carbon dioxide into producing natural gas 

reservoirs is considered a promising technology to both sequester CO2 and improve recovery 

of natural gas. However, unexpected mixing could lead to asset contamination, and thus 

accurate descriptions of dispersive mixing of the supercritical CO2 and CH4 are essential to 

quantitatively evaluate the viability of EGR projects by reservoir simulations.  Dispersion is the 

process by which molecules effectively spread and deviate from their flowing streamlines due 

to varying velocities (advection) as well as molecular diffusion. It is a quantity that depends on 

both the fluid’s thermophysical properties and the hydrodynamics of the flow. In porous 

media, two properties are crucial to the dispersion observed, namely tortuosity and 

dispersivity, as these characterise the length scales for diffusive and advective mixing, 

respectively.  Reliable reservoir simulations of EGR should include accurate correlations for 

both the fluid and rock properties relevant to dispersion; however, there are virtually no such 

accurate correlations available because of the difficulties associated with measuring these 

properties accurately.  The aim of this work was to deliver such dispersion data, as a function 

of temperature, pressure, fluid composition, interstitial velocity and residual water saturation, 

for ready implementation into accurate reservoir simulations of EGR scenarios. 

To obtain such accurate dispersion data, it is necessary to design high-pressure, high-

temperature measurements that can access the relevant properties without inadvertently 

introducing artefacts that corrupt the experimental data. A review of the literature describing 

core-flooding experiments relevant to EGR demonstrated that virtually all were afflicted by 

one or more of the following systematic errors: gravitational segregation, excessive 

composition gradients, and erroneous mixing contributions due to entry and exit effects. The 

significance of these entry and exit effect contributions to mixing was demonstrated using 

Magnetic Resonance Imaging (MRI) for the first time to study the displacement of high-

pressure CH4 from a bead-pack using CO2. A method for correcting entrance and exit mixing 

effects in rocks was developed using short and long-cores, and the impact of gravitational 

segregation was demonstrated by transitioning from horizontal to vertical core-floods. Nuclear 

Magnetic Resonance (NMR) experiments were conducted to independently characterise the 

tortuosity and pore size distribution of the rock cores. The impact of excessive composition 

gradients was mitigated by injecting short pulses of equimolar CO2+CH4 mixtures into the 

methane-filled core, rather than displacing the gas with a front of pure CO2. The optimised 

experimental method was then demonstrated using two different sandstones over a wide 

range of temperatures, pressures and velocities. The accurate dispersion data produced had 
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50 times less scatter than the best data previously available, which were measured for bead 

packs.  

The optimised experimental apparatus was then used to investigate the effect of medium 

heterogeneity on dispersive mixing by studying four very different rock cores, including two 

sandstones and two carbonates. Effluent pulse profiles which exhibited early breakthroughs 

and long tails were observed in one of the carbonate cores with significant intragrain micro-

porosity because the pulse’s residence time was insufficient and the flow behaviour remained 

pre-asymptotic.  Thus, Mobile-Immobile Model was applied in these cases to determine the 

asymptotic dispersion values that would be relevant to EGR simulations. These experiments 

validated a recent theoretical prediction that the power law dependence of the observed 

dispersion on velocity should have an exponent 1.2 and 1.4 for sandstones and carbonates, 

respectively. The results also demonstrated that the microporous structures probed by CO2 

dispersion experiments can be quite different to those accessed with water floods or from X-

ray CT core maps.  

Finally, the effect of irreducible water on the dispersion of CO2 and CH4 was studied by 

conducting experiments with residual water-saturated sandstones and carbonates. The 

homogeneity of the water’s spatial distribution along the rock axis as well as the distribution of 

pore sizes occupied by the water were measured using NMR. The residual water saturation 

produced narrower pores and more tortuous flow-paths and consequently increased the 

dispersion of supercritical CO2 and CH4 substantially. The presence of irreducible water 

increased the core’s dispersivity by a factor of up to 7.3.  However, the power law exponents 

of 1.2 and 1.4 for sandstones and carbonates, respectively, were found to be unaffected by the 

presence of irreducible water.  

The work in this thesis provides a better understanding of the factors governing supercritical 

CO2 and CH4 mixing in porous media, and the experimental methods needed to quantify them 

reliably. The high-quality dispersion data produced can be described in terms of a general 

correlation that can be readily implemented into EGR reservoir simulations. The correlation 

accounts for the effects of multiple phenomena on in-situ mixing, including pressure, 

temperature, gas composition, interstitial velocity, rock tortuosity, dispersivity, and residual 

water saturation. This will allow future researchers to investigate optimal EGR injection and 

production scenarios in specific reservoirs by considering each of these properties in field-scale 

simulations. The NMR techniques demonstrated in this work could also potentially be used to 

develop correlations that allow rapid estimates of a rock’s dispersivity from measurements of 

its pore size distribution.  
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Nomenclature 

C  concentration of the dispersing species 

Cm  concentration of the dispersing solute species in the mobile region 

Cim  concentration of the dispersing solute species in the immobile region 

D  molecular diffusion coefficient 

D0 free diffusion coefficient 

dct  capillary tube internal diameter 

d  characteristic mixing length-scale 

dp  mean particle diameter 

g  gravitational acceleration 

G Gravity parameter 

I1 modified Bessel function of the first kind 

k  permeability 

Kct  dispersion coefficient in capillary tubing 

Klong  uncorrected dispersion coefficient for long cores 

Kshort  uncorrected dispersion coefficient for short cores 

Kcorr  corrected dispersion coefficient 

KL longitudinal dispersion coefficient 

L  the experimental length scale (core length) 

M injected pulse mass 

n  power law exponent 

p  pressure 

Peexp  experimental Péclet number 

Pem  medium Péclet number 

Q  volumetric flow rate  

r  radial distance from the centre of tube 

Sw  residual water saturation 

t   time 

tD  dimensionless time 

T  temperature 

T1 , T2 NMR relaxation times 

u(r)  radial velocity profile in the tube 

um  mean interstitial velocity in the direction of bulk flow in the porous medium 

x  distance along the tube  

xD  dimensionless position  
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Greek symbols 

α  dispersivity 

αa  apparent dispersivity 

αac  apparent conformance dispersivity 

β  mass transfer coefficient 

δ Dirac delta function 

ϴm  mobile fraction of the fluid in the porous media 

ϴim  stagnant fraction of the fluid in the porous media 

μ  viscosity  

τ  tortuosity 

Φ porosity 
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Carbon dioxide capture and sequestration (CCS), which mainly relies on the geological 

storage of CO2, is considered as one of the key climate change mitigation strategies 

(Hoffert et al., 2002). CO2 has a critical temperature and pressure of 31 °C and 7.38 MPa, 

respectively (Span and Wagner, 1996).  Therefore, when CO2 is injected into a formation 

as deep as 800 m, it will be in a supercritical condition due to the formation pressure and 

temperature expected at this depth. The density of the CO2 at supercritical conditions 

becomes appreciable, which in turn means a reasonable mass of CO2 can be stored within 

a given volume of the formation. However, concerns about the integrity of a storage site 

and the stability of trapped CO2 over extended geological time-scales, along with the costs 

of injection wells and required facilities often lead to uncertainty about the viability of a 

sequestration project. Even though deep saline aquifers are considered to have the 

largest CO2 storage potentials (Boot-Handford et al., 2014), technologies that could offset 

or eliminate the cost of this sequestration, such as Enhanced Oil Recovery (EOR) or 

Enhanced Gas Recovery (EGR) where the CO2 is used to accelerate hydrocarbon 

production and thus investment returns, could encourage the implementation of CCS by 

energy companies. 

As of January 1, 2016, the world’s proved natural gas reserves (proved reserves refer to 

the natural gas that can be produced economically from already discovered gas fields) 

have increased to 6950 trillion cubic feet (Tcf) (U.S. EIA report 2016). The abundance of 

natural gas as well as the fact that it is a cleaner source of energy than coal or other 

petroleum products have encouraged governments to consume more of this energy 

resource. The U.S. Energy Information Administration (EIA) reported that the global 

natural gas consumption was 120 Tcf in 2012 and is expected to increase to 203 Tcs by 

2040; this would constitute the largest growth among all energy resources. Similarly, it 

has been forecast that LNG production will increase from 12 Tcf in 2012 to 29 Tcf in 2040, 

with major contributions to the supply coming from Australia and North America (U.S. EIA 

report 2016). One challenge, however, associated with this transition is that natural gas 

reserves often contain CO2 at concentrations range from about 1 to 70% by volume (Pöyry 

Energy Consulting 2009). Prior to its custody transfer, the CO2 must be removed from the 

natural gas to pipeline (4 %) or LNG specification (50 ppm). The CO2 captured from such 

natural gas is usually vented to the atmosphere but the price on Carbon that has been 

introduced by some governments (e.g. Norway since 1991) and is increasingly likely to 

occur in other jurisdictions further incentivises its sequestration from first production. 

While some CCS projects use aquifers for sequestration, for many projects the only 

convenient geological formation for storage will be the gas reservoir itself. The use of CO2 

to conduct EGR helps maintain reservoir pressure, increase the sweep efficiency of the 
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natural gas, accelerate the natural gas production rate and store the supercritical CO2. In 

any EGR scenario, it is crucial to minimise CO2 breakthrough and maximise natural gas 

recovery up to the point where further recovery is no longer economically viable given the 

costs of CO2 separation. 

1.1 Outline of this thesis 

This thesis is prepared in a format consisting of a series of published (or submitted for 

publication) papers, forming chapters 2, 3, 4, 5 and 6. It preserves the content of the 

published work, re-formatted to ensure a consistency of presentation throughout the 

document. The motivation for the work and relevant literature are reviewed to some 

extent in all of these Chapters; however, the most extensive literature review is presented 

in Chapter 2. 

The design of a specialised core flooding apparatus, allowing accurate measurements of 

the supercritical CO2-CH4 dispersion at reservoir conditions, is detailed in Chapter 2. The 

need for such an approach is justified by a thorough review of the literature concerning 

EGR core flooding experiments.  Several significant systematic artefacts (including 

gravitational effects, large gradients in flowing fluids concentration and erroneous 

entrance and exit effects) overlooked in previous work are identified. To assess the 

significance of these systematic errors, displacement experiments were conducted in both 

horizontal and vertical core orientations using the specialised core flooding apparatus to 

allow observations of the gravitational effects observed for low velocity floods in 

horizontal cores with high permeabilities. Additionally, fluid transport experiments were 

performed for short and long rock cores and a novel numerical approach was introduced 

to quantify and correct the considerable entry and exit effects by using the breakthrough 

curves measured separately for both short and long rock cores.  

Chapter 3 describes an experimental apparatus with Magnetic Resonance Imaging (MRI) 

of fluid flow through porous media designed to observe directly the high pressure CO2 

front as it displaces the resident CH4. One dimensional magnetic resonance profiles were 

obtained using a low-field 
1
H NMR instrument and used to determine CH4 gas 

concentration profiles during the CO2 displacement process.  The spatially resolved MRI 

approach allowed breakthrough profiles within the porous medium to be measured 

directly, eliminating the need to correct for entrance and exit effects.  Consequently, the 

significance of the entrance/exit artefacts on conventional (non-imaged) dispersion 

experiments could be directly quantified by comparison of the MRI results with 

simultaneous analysis of the effluent using the infrared spectroscopy (IR) approach 

described in Chapter 2.   
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Chapter 4 describes the modifications made to the original apparatus and method to 

allow the injection of small (volume) pulses of equimolar CH4 and CO2 mixtures into CH4 

saturated core samples, instead of displacing the CH4 by pure CO2. The optimized method 

consequently reduces the adverse impact of active dispersion, which occurs during the 

displacement of pure CH4 by pure CO2 due to large composition/fluid property gradients 

present at the front. Mitigation of these active dispersion effects and the elimination of 

both gravitational segregation and erroneous entrance and exit contributions, collectively, 

enabled high-accuracy dispersion data to be measured for two sandstone cores over a 

various range of pressures, temperatures and interstitial velocities. Characteristic mixing 

length scales were then determined for the sandstones from the high quality dispersion 

data, which allowed them to be reconciled with the dispersion data available in the 

literature for bead packs. The accurate dispersion data reported here had 50 times less 

scatter than those previously measured for packed beds. Additionally, experiments using 

NMR are also described which allow the tortuosity and the pore size distribution of the 

rock cores to be independently quantified.  

In Chapters 5 and 6, the experimental techniques developed in the first phase of this 

research were applied to deliver new insights into the impact of rock heterogeneity and 

residual water saturation on dispersive mixing. Importantly the high resolution and small 

uncertainty achievable as a result of the carefully designed experiments allowed these 

important real-world effects to be studied systematically for the first time.  In Chapter 5 

the effect of porous medium heterogeneity on the in-situ mixing of CO2 and CH4 was 

studied for structurally different sandstone and carbonate rock cores, using the optimised 

core flooding apparatus. Core samples with broader multimodal pore size distributions 

produced wider breakthrough profiles at similar experimental conditions, indicating more 

dispersive mixing of the fluids. One of the carbonate cores reached the asymptotic flow 

regime within the experimental time scale because of its overall enhanced pore 

connectivity; however, the pulse breakthrough profiles obtained in the other carbonate 

rock showed long tailing and early breaking through, indicating persistent preasymptotic 

transport behaviour. This study showed that presence of significant intragrain micro-

porosity, combined with a short pulse residence time collectively causes the development 

of the pre-asymptotic flow behaviour. Thus, the Mobile-Immobile Model was applied to 

extract dispersion coefficients characteristic of the asymptotic regime. These dispersion 

data were then used to validate a theoretical prediction for the power law dependence of 

dispersion on velocity in the two classes of rocks, with an exponent of 1.2 for sandstones 

being clearly distinct to the value of 1.4 for carbonates. Furthermore, the results show 

how using supercritical CO2 as the dispersive fluid assists improves the resolution of the 
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core’s micropore structure within the time scale of laboratory experiments; the micropore 

structures accessed in this work for the same carbonate were appreciably different to 

water flooding experiments the micro-CT images with limited resolutions. 

Finally, in Chapter 6 the investigation of the effect of irreducible water on the dispersion 

of CO2 and CH4 is reported. Fluid transport experiments were conducted in residual water-

saturated sandstones and carbonates with supercritical CO2. The details of the apparatus 

modifications needed to include water phase and the adjusted experimental procedures 

to measure the dispersion in two sandstones and one carbonate at different residual 

water saturation levels are described. To ensure the homogeneous spatial distribution of 

water over the core axis, one dimensional profiles of water content throughout the core 

were measured with NMR. The NMR T2 relaxation technique was also used to determine 

the pore size distribution occupied by the water in its irreducible state. The results show 

that the fluid flow pathways are become significantly different with narrower pores and 

more tortuous flow channels being formed as a result of the irreducible water, resulting in 

a significant increase of the dispersion observed. The validity of the power law exponents 

of 1.2 and 1.4 for sandstones and carbonates, respectively, was also evaluated in the 

presence of irreducible water and, despite the 7-fold increase in the cores’ dispersivities, 

the power law exponents remained unchanged. 

The key contributions of this research to Enhanced Gas Recovery by CO2 Sequestration are 

summarised in Chapter 7. The suggestions for the future work are also detailed. 
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1.2 Publications arising from this thesis 

The publications arising from the research conducted as part of the development of this thesis 

are: 

1. Hughes, T.J., Honari, A., Graham, B.F., Chauhan, A.S., Johns, M.L., May, E.F., 2012. CO2 

Sequestration for Enhanced Gas Recovery: New measurements of supercritical CO2-CH4 

dispersion in porous media and a review of recent research. International Journal of 

Greenhouse Gas Control 9, 457-468.  

 

This manuscript appears as Chapter 2. I was responsible for conducting experiments, data 

analysis and preparing part of the manuscript. Dr. Thomas Hughes contributed to the 

experimental design, MATLAB code to quantify the entrance and exit effects and 

preparation of part of the manuscript. Professors Eric May and Michael Johns provided 

project guidance and edited the manuscript. All of the co-authors provided the motivation 

for this work, contributed to the experimental design, data analysis and review of the 

results. 

 

2. Honari, A., Vogt, S.J., May, E.F., Johns, M.L., 2015. Gas–Gas Dispersion Coefficient 

Measurements Using Low-Field MRI. Transport in Porous Media 106(1), 21-32.  

  

This manuscript appears as Chapter 3 and I was responsible for the experimental design, 

conducting experiments, data analysis and preparing part of the manuscript. Dr. Sarah 

Vogt contributed to the preparation of part of the manuscript. Professors Eric May and 

Michael Johns provided project guidance and editorial contributions. All co-authors also 

contributed to the research motivation, experimental design and data analysis.  

 

3. Honari, A., Hughes, T.J., Fridjonsson, E.O., Johns, M.L., May, E.F., 2013. Dispersion of 

Supercritical CO2 and CH4 in Consolidated Porous Media for Enhanced Gas Recovery 

Simulations. International Journal of Greenhouse Gas Control 19, 234-242.  

 

This manuscript appears as Chapter 4. I was responsible for the experimental design, 

conducting experiments, analysing data and writing the manuscript. Professors Eric May 

and Michael Johns provided project guidance, feedback on the manuscript and editorial 

contributions. All of the co-authors contributed to the research motivation, experimental 

design and data analysis. 
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4. Honari, A., Bijeljic, B., Johns, M.L., May, E.F., 2015. Enhanced Gas Recovery with CO2 

Sequestration: The Effect of Medium Heterogeneity on the Dispersion of Supercritical 

CO2-CH4. International Journal of Greenhouse Gas Control 39, 39-50.  

 

This manuscript appears as Chapter 5. I was responsible for the experimental design, 

conducting experiments, data analysis and writing the manuscript. Dr Bijelic provided the 

carbonate samples and the results of their characterisation by X-Ray CT and mecury 

porosimetry. Professors Eric May and Michael Johns and Dr. Branko Bijeljic provided 

project guidance and edited the manuscript. The co-authors also contributed to the 

research motivation, experimental design and data analysis. 

 

5. Honari, A., Zecca, M., Vogt, S.J., Iglauer, S., Bijeljic, B., Johns, M.L., May, E.F., 2016. The 

Impact of Residual Water on CH4-CO2 Dispersion in Consolidated Rock Cores. International 

Journal of Greenhouse Gas Control 50, 100-111. 

 

This manuscript appears as Chapter 6 and I was responsible for the experimental design, 

conducting experiments, data analysis and writing the manuscript. Dr Bijelic provided the 

carbonate samples and the results of their characterisation by X-Ray CT and mecury 

porosimetry.  Professors Eric May and Michael Johns and Dr. Branko Bijeljic provided 

project guidance and editorial contributions. All co-authors also contributed to the 

research motivation, experimental design and data analysis. 

 

6. Hussain, R., Vogt, S.J., Honari, A., Hollingsworth, K.G.,  Sederman, A.J., Mitchell, J., Johns, 

M.L., 2014. Interfacial Tension Measurements Using MRI Drop Shape Analysis. Langmuir 

30, 1566-1572. 

 

This paper does not form part of the thesis directly but reports the results of our initial 

efforts to estimate gas-water interfacial tensions using low field NMR. The ability to do 

this during high pressure core flooding experiments could provide significant new insight 

the optimisation of EGR processes. However, while imaging of water-gas interfaces was 

shown to be possible, the reduced signal-to-noise associated with low-field NMR (and 

needed for use with rock-cores) prevented reliable quantitative measurements. 
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2.1 Chapter summary 

The enhanced recovery of natural gas by the injection and sequestration of CO2 is an attractive 

scenario for certain prospective field developments if the risks of gas contamination or early 

CO2 breakthrough can be assessed reliably. Simulations of enhanced gas recovery (EGR) 

scenarios require accurate dispersion parameters at reservoir conditions to quantify the size of 

the miscible CO2-CH4 displacement front. To obtain such accurate dispersion data, a specialised 

core flooding apparatus is designed, allowing accurate measurements of the supercritical CO2-

CH4 dispersion at reservoir conditions. It can access the relevant properties without 

inadvertently introducing artefacts that corrupt the experimental data.  

In this chapter, the review of the existing literature reporting core-flooding experiments 

relevant to EGR processes revealed several significant systematic artefacts associated with 

those previous measurements: gravitational segregation, excessive composition gradients, and 

erroneous mixing contributions due to entry and exit effects. A method for correcting entrance 

and exit mixing effects in rocks is developed using short and long-cores, and the impact of 

gravitational segregation is demonstrated by transitioning from horizontal to vertical core-

floods.  
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2.2 Introduction 

Atmospheric emissions of CO2 can be reduced by geo-sequestration and in some 

circumstances the cost of this sequestration could be offset or eliminated by using the CO2 to 

enhance the recovery of hydrocarbons. The injection of CO2 into oil reservoirs is a well-

established technique known as enhanced oil recovery (EOR) (Stalkup 1984).  The migration of 

oil in the reservoir to the production well is enhanced by the partial or complete miscibility of 

CO2 with the oil, which reduces the viscosity and increases the oil volume and oil-water 

relative permeability.  Similar, significant advantages exist in the potential use of CO2 to 

enhance natural gas recovery (EGR) including the maintenance of reservoir pressure, increased 

sweep efficiency, and accelerated production rates.  There have been several reservoir 

simulation studies of prospective EGR scenarios, including by Blok et al. (1997) and Oldenburg 

et al. (2001); however the only current field-scale implementation of EGR is into the depleted 

K12-B reservoir (http://www.k12-b.nl/, 2011; Vandeweijer et al., 2011) offshore of The 

Netherlands. The limited application of EGR is in part due to the risks associated with 

inadvertently reducing the value of the natural gas asset. 

Enhanced gas recovery differs from EOR in several important ways: CO2 and natural gas are 

from all evidence miscible in all proportions at reservoir conditions, results of Amin et al. 

(2010) notwithstanding, and the separation of CO2 from natural gas requires the use of costly 

gas sweetening processes as opposed to the simpler post-production depressurization process 

in the EOR case. The amount of mixing that occurs between CO2 and natural gas in the field is 

therefore very important in determining whether EGR is technically and economically feasible.  

If there is significant mixing, CO2 may breakthrough at the producing well earlier than 

expected.  Quantification of this mixing at the field scale can be achieved with reservoir 

simulators if reliable values of key physical parameters governing the mixing process are 

available for input into the simulation.  In particular accurate, quantitative values of the 

dispersion coefficient for CO2 and CH4 at reservoir conditions are needed to improve the 

reliability of field-scale simulations.  

Even though this study focuses on core-scale mixing to inform its impact at the reservoir scale 

as measured by CO2 breakthrough at a production well, the effect of other parameters on the 

propensity for early breakthrough, such as reservoir stratification where horizontal layers with 

various permeabilities and porosities and potential interlayer cross-flow are present, should of 

course not be neglected. Fluid channelling, cross flow due to gravity and the effect of adjacent 

wells can all force the injected CO2 to spread out, causing early breakthrough and indicating 

dispersion-like behaviour even if no diffusion/advection mixing takes place in the reservoir 
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formation itself (Garmeh and Johns, 2010; Iqbal and Tiab, 1989; John et al., 2010). Blok et al. 

(1997) simulated the injection of CO2 into a natural gas reservoir, consisting of five layers with 

significant permeability contrasts, at the end of the primary production phase when reservoir 

pressure had decreased to 30 bar.  While EGR reduced the cost of sequestration by a factor of 

6 in their simulation, the large permeability contrast of the various simulated layers resulted in 

a rapid CO2 breakthrough and widespread contamination of the remaining natural gas.  As 

discussed by Coats et al. (2009), conformance effects, such as permeability contrasts coupled 

with well pattern and injection intervals, will dominate the spread and mixing of the injected 

CO2 on the field scale.  However these should be quantifiable if the simulation has sufficient 

fidelity to the geological, hydrodynamic and thermodynamic properties of the reservoir and 

fluids therein.  Blok et al. (1997) did not mention any attempt to model the dispersion of CO2 in 

the natural gas, which would increase further the extent of mixing.  

Oldenburg et al. (2001) discussed the physical properties of CO2 and CH4 in the context of EGR 

and also simulated the sequestration of CO2 to enhance recovery from the depleted Rio Vista 

gas field.  They showed that CO2 is both more dense and viscous under all relevant conditions 

for gas reservoirs.  The consequences of this are that the injected CO2 will migrate downwards 

thereby inhibiting mixing and, furthermore, viscous fingering will not occur because the 

mobility ratio is always less than one.  By assigning uniform lateral and vertical permeabilities 

throughout the reservoir model, and by injecting CO2 at the bottom of the formation, 

Oldenburg et al. minimized the spread and mixing due to conformance effects.  They simulated 

scenarios in which CO2 was injected over a ten year period and found (i) the gas recovery 

increased by more than 5 times relative to the no-injection scenario, and (ii) that produced gas 

had a CO2 content of less than 1 % for the first five years of production following the (start of) 

injection. Five years thereafter, however, the CO2 content of the produced gas had risen to 

20 %.  Physical dispersion was not included in the simulation, with the only mixing mechanisms 

being advection and diffusion; moreover the CO2-CH4 diffusion coefficient was taken to be on 

the order of 1×10
-5

 m
2
·s

-1
. It is possible that numerical dispersion had the greatest impact on 

the simulated mixing since the numerical dispersion mixing length of 1 km (out of 6.5 km) 

corresponded to a longitudinal dispersivity of 100 m.  Oldenburg et al. suggested that the 

effects of numerical dispersion might mimic those of hydrodynamic dispersion; it is likely that a 

lot of such dispersion modeling is contaminated to varying extents by numerical dispersion. 

Clearly, however, if an EGR scenario were to progress past the stage of initial feasibility 

studies, a more rigorous approach to the modeling of hydrodynamic dispersion would be 

required, which in turn means that accurate correlations for the dispersion coefficient of 

CO2-CH4 at relevant conditions of pressure and temperature are required. 
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To mitigate the risks associated with potential early CO2 breakthrough and/or gas 

contamination, consideration of EGR has mostly been in the context of depleted gas reservoirs.  

The Rotliegend gas field’s K12-B platform in the Dutch North Sea is the first site in the world 

where CO2 produced from the natural gas has been re-injected back in to the field 

(http://www.k12-b.nl/, 2011; van der Meer et al., 2004; Vandeweijer et al., 2011c).  The gas 

from this field contains about 13 % CO2 and from 1987 to 2004 this CO2 was separated from 

the gas and vented.  In 2004 CO2 reinjection began in an effort to enhance recovery from the 

depleted field.  The migration of CO2 within the reservoir has been monitored by chemical 

tracers and gas analysis and compared with the results of reservoir simulations.  The 

comparison suggests that the dispersion models used in the simulation need refinement 

(Vandeweijer et al., 2011c). The only other relevant trial of CO2 injection into a depleted gas 

field that we are aware of was the pilot-scale Otway project conducted by the Australian 

CO2CRC  (Boreham et al., 2011; Underschultz et al., 2011). In that work over a 17 month 

period starting in 2008 about 65000 tonnes of a mixture containing 75% CO2 and 20 % CH4 was 

injected into the water leg of a depleted gas field, making it quite different to the EGR scenario 

considered in this work. 

The imposition of a sufficiently high price for CO2 emissions could potentially change the 

paradigm of only conducting EGR with depleted fields.  In particular, in future cases of large-

scale offshore gas production from fields with high CO2 content and limited options for CO2 

disposal, the application of EGR from almost first production may require serious 

consideration.  In such cases, the risks associated with the EGR would be significantly greater 

thus requiring a commensurate improvement in the reliability of simulated production 

scenarios.  Central to reliable simulations are accurate correlations anchored to high-quality, 

representative data for the key thermophysical and hydrodynamic parameters required by the 

simulation.  Currently, however, in many cases the requisite data are unavailable and/or their 

accuracy is uncertain, primarily because the measurements necessary to acquire them are 

challenging.  Clearly there is a need for new high-quality, relevant data, which in turn requires 

the consideration and analysis of experimental systematics that could limit the data quality. 

The objectives of this chapter are (1) to review the available measurements relevant to the 

dispersion of supercritical CO2 in CH4 and identify any limitations, (2) present a method of 

evaluating CO2-CH4 dispersion coefficients experimentally that addresses some of those 

limitations, and (3) present the CO2-CH4 dispersion coefficients measured over a range of 

temperature, pressure, velocity, and rock core permeability. In Section 2.3, the necessary 

theoretical framework for dispersion in porous media is presented and in Section 2.4 we 

review the available literature on laboratory-scale measurements of CO2-CH4 displacement. In 
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Section 2.5, the apparatus and method used for the experiments in this work are presented 

with the results and data analysis discussed in Section 2.6. This includes our novel 

quantification of entry and exit effects based on numerical extrapolation from short to long 

rock cores.    

2.3 Theory 

2.3.1 Fundamentals of dispersion 

Taylor Dispersion is the “physical blending” of two fluids due to different stream flow velocities 

(advection) as well as molecular diffusion (Blackwell, 1962).  This is in contrast to non-

dispersionary processes such as channelling (gross fluid bypassing caused by permeability 

stratification), gravity segregation and viscous fingering. Dullien (1992) discusses dispersion in 

capillary tubes by considering the injection of a slug of tracer fluid into a laminar flowing 

stream.  The spreading of the slug of tracer is described by the two-dimensional differential 

equation: 

( )
2

2

1
,

C C C c
u r D r

t x x r r r

 ∂ ∂ ∂ ∂ ∂+ = + ∂ ∂ ∂ ∂ ∂ 
 (2.1) 

where C is the concentration of the tracer, u(r) is the radial velocity profile in the tube, D is the 

molecular diffusion coefficient, t is time, r is the radial distance from the centre of tube and x is 

distance along the tube.  Since diffusive length is proportional to the square root of time and 

convective length is proportional to the product of time and velocity, for a short initial period 

of time, axial advection will dominate the spreading of the tracer.  This establishes a radial 

concentration gradient that drives molecular diffusion in the radial direction.  Given sufficient 

time in a capillary tube the radial concentration gradient is eliminated and, as shown by Taylor 

(1953) and (1954b) the dispersion process can be described by the one-dimensional advective-

dispersion (AD) equation: 

2

L 2
,

C C C
K u

t x x

∂ ∂ ∂= −
∂ ∂ ∂

 (2.2)  

where KL is the longitudinal dispersion coefficient and u is the mean fluid velocity. This 

derivation assumes that the velocity and dispersion coefficients are constant (independent of 

concentration).  When applied to dispersion in porous media a constant porosity is also 

assumed (Seo, 2004). 

The dispersion that occurs during a displacement processes is also described by Equation (2.2).  

It can be shown (Aronofsky and Heller, 1957; Brigham, 1974; Coats and Smith, 1964; Gupta, 
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1972; Seo and Mamora, 2005) that the solution to the AD equation for the boundary 

conditions C(t = 0, x = 0) = 1, C(t = 0, x > 0) = 0 and C(t, ∞) = 0 is: 

( )D D D D
D exp

D exp D exp

1
erfc exp erfc

2 2 2

x t x t
C x Pe

t Pe t Pe

    − +
    = +

        

. (2.3) 

In Equation (2.3) Peexp is Péclet number, which for clarity we refer to as the experimental 

Péclet number, which represents the ratio of advection to dispersion over the experimental 

length scale, Lexp: 

exp
exp

L

uL
Pe

K
= .  (2.4) 

The other dimensionless quantities are the scaled position xD = x/Lexp and scaled time tD = 

ut/Lexp.  By treating the dispersion coefficient as a fitting parameter Equation (2.3) can be 

regressed to measured concentration breakthrough profiles.  

For certain experimental geometries the dispersion coefficient can also be calculated using 

expressions that are well established in the literature.  Aris (1956) (referenced in Dullien 

(1992)) gives the following expression for the axial dispersion coefficient in capillary tubing, Kct, 

in terms of the molecular diffusion coefficient, D, the capillary tube’s internal diameter, dct, 

and the average fluid velocity in the tube, uct ,which is the ratio of Qct/Act where Qct and Act are 

flow rate and capillary tube cross section, respectively: 

2 2
ct ct

ct .
192

d u
K D

D
= +  (2.5) 

2.3.2 Dispersion in porous media 

Dispersion in porous media is similar to the phenomenon observed in capillary tubes; and is 

also described by the one-dimensional advective-dispersion (AD) equation, repeated here for 

clarity. 

2

L 2
,

C C C
K u

t x x

∂ ∂ ∂= −
∂ ∂ ∂

 (2.6) 

However there are some differences.  Firstly the local flow generally travels at an angle of 45° 

or greater (Perkins and Johnston, 1963).  This effect is quantified by the porous medium’s 

tortuosity, τ, which quantifies the additional distance that a fluid element must take through 

the porous medium to travel a certain distance in the direction of the bulk flow.  The effective 

diffusion coefficient in a porous medium, D / τ is smaller than the corresponding free 
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molecular value.  For a fluid travelling locally at an angle of 45° to the direction of bulk flow 

2 1.4τ ≈ ≈ , which is approximately the case for packed granular material (Blackwell, 1962); 

however for consolidated rock this value is typically higher (Perkins and Johnston, 1963).  

Secondly, in a porous medium dispersion occurs in both the direction of bulk flow (longitudinal 

dispersion), and in the directions orthogonal to the bulk flow (transverse dispersion).  

Measurements in sand packs show that transverse dispersion coefficients are typically about 

20 times lower than longitudinal dispersion coefficients under the same conditions (Blackwell, 

1962).  ADE has been broadly used to model solute transport in porous media. However, 

simulation studies have shown this may result in some abnormal behavior called upstream 

migration (de Marsily, 1986; Matheron and de Marsily, 1980; Neretnieks, 2002), when dC/dx is 

positive (which is the case when a clean fluid is flowing through a contaminant in porous 

media) and both dC/dx and the dispersion coefficient are large in magnitude. The diffusion 

term in the AD equation can then become larger than the advection term, with the dispersing 

component appearing to move upstream against the flow (de Marsily, 1986). This so-called 

upstream migration is unlikely to occur in EGR scenarios, however, because the CO2 

concentration is generally higher at upstream locations, and dC/dx will stay negative. 

 

Figure 2.1 Longitudinal dispersion coefficients in porous media (based on Perkins and Johnston (1963)). 

Figure 2.1 shows a plot adapted from Perkins and Johnston (1963) in which KL / D is plotted 

against the Péclet number of the porous medium, Pem = umdp/ D,  where um is the mean 

interstitial velocity in the porous medium and dp is a characteristic length scale of the medium, 

such as the grain or particle diameter.  At low values of Pem, diffusion dominates over 
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advective mixing and KL / D = 1/τ.  At high values of Pem, advective mixing dominates, and in 

this region: 

n
L m1

.
K u

D D

α
τ

= +  (2.7) 

Here n is an empirical exponent that allows for the non-linearity in the variation of K/ D with 

um at very high velocities but commonly n is set equal to 1 (Coats et al., 2009), and α is a 

medium property known as the dispersivity.  Accurate values of the medium’s dispersivity are 

central to the reliable modeling of displacement processes in porous media involving miscible 

fluids, such as is the case for EGR. For more complex porous media structures extending over 

longer length-scales, the use of continuous time random walk (CTRW) theory to describe 

dispersion has gained popularity (e.g. Metzler and Klafter (2000)); recently this approach has 

been shown to be applicable to rock cores (Bijeljic et al., 2011). 

It is apparent from Equation (2.7) that reliable simulation of dispersion in an EGR scenario 

requires accurate knowledge of D, τ and α at the pressure and temperatures of interest.  The 

latter two parameters are properties of the porous medium and α can be obtained from 

experiments in which the flow rate through that medium is varied such as those described in 

this work.  However, the pressure and temperature dependence of KL is determined primarily 

by that of D, and thus accurate values of the molecular diffusion coefficient are central to a 

reliable dispersion correlation.  Molecular diffusion coefficients for CO2 in CH4 at conditions 

relevant to EGR and the miscible displacements conducted in this work were measured by 

Takahashi and Iwasaki (1970) at temperatures of (25, 50, and 75) °C and pressures between 

(1.5 and 25) MPa in a porous bronze diffusion cell using 
14

CO2 as a radioactive tracer.  

Takahashi and Iwasaki’s data have been correlated with the function: 

( )13 11 1.75

CO2,CH4

4.3844 10 8.5440 10
,

p T
D

p

− −− × + ×
=  (2.8) 

where D CO2,CH4 is the diffusion coefficient of CO2 in pure CH4 calculated in m
2
·s

-1
 for p in MPa 

and T in K. The absolute average deviation (AAD) of this correlation from the experimental 

data was 1.5 % over the range of (25 to 75) °C and (5 to 15) MPa.  Diffusion coefficients at 

atmospheric pressure (required for modeling the dispersion in tubing leading from the back 

pressure regulator in our apparatus – see below) were estimated using Fuller et al.’s 

method (Fuller et al., 1969; Fuller and Giddings, 1965; Fuller et al., 1966; Reid et al., 1988).  
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An additional consideration is the effect of non-flowing dead-volume in porous media, often 

referred to as capacitance, which has been considered by Deans (1963) and Coats and Smith 

(1964).  Capacitance results in asymmetrical breakthrough profiles.  By considering the fraction 

of the pore volume which is dead-volume these asymmetrical breakthrough profiles can be 

modeled; however in our work none of the breakthrough profiles observed were significantly 

asymmetric. 

2.3.3 Dispersion at the field scale 

Coats et al. (2009) discussed the difference between the physical dispersivities characteristic of 

a homogeneous porous medium and the apparent dispersivities, αa, obtained by 

(inappropriately) analyzing the results of field-scale tracer tests or numerical simulations with 

Equation (2.3). Apparent dispersivities exhibit a length-scale dependence and are often orders 

of magnitude larger than the medium’s physical dispersivity; however, as indicated by the 

simulations of Blok et al. (1997), and also by Mercado (1967) some 40 years ago, this apparent 

increase in the (apparent) dispersion coefficient is due to conformance effects such as rock 

heterogeneity coupled with well areal pattern and well completion intervals. Thus, if these 

conformance affects are incorporated correctly into field-scale model, the use of αa as the 

input dispersivity in the numerical simulation would result in substantial over-estimates of the 

degree of mixing. However, Coats et al. (2009) pointed out that several authors (Arya, 1986; 

Arya et al., 1988; Mahadevan et al., 2003) have attempted to quantify the impact of dispersion 

on reservoir processes using apparent dispersivities up to 8000 times larger than the physical 

dispersivity for consolidated rock. 

Coats et al. (2009) demonstrated (see Figure 4 therein) that apparent dispersivities derived 

from simplistic fits of Equation (2.3) to field-scale experiments and numerical simulations were 

approximated as the sum of a constant physical dispersivity and a scale-dependent apparent 

conformance dispersivity, αac: 

a acα α α≈ +  (2.9) 

Although there are many potential contributions to αac, the apparent conformance dispersivity 

is dominated by the choice of well pattern as it affects areal sweep and by permeability 

stratification as it affects vertical sweep.  Coats et al. stated that physical dispersivities for 

consolidated rocks are on the order of 0.003 m and are significantly smaller for sand packs. 

Thus, for any length-scale relevant to a reservoir, αac will be much larger than the value of α 

determined in laboratory-based core-scale experiments.  Regardless of whether the physical 

dispersivity in a porous medium is small relative to the apparent conformance dispersivity, 
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reliable modelling of field scale phenomena means one needs to fully understand the physics 

of fluid mixing at the microscopic scale. Only then can mixing laws be constructed for 

macroscopic (field) scales that can improve modelling the mixing process and better estimate 

the relevant properties at such large scales (Berkowitz et al., 2006; Bijeljic et al., 2004; Nunge 

and Gill, 1969; Rhodes et al., 2008). Besides, αac is not a quantity with physical meaning 

beyond the context of the particular well pattern and permeability stratification pertaining to 

the specific field scenario.  Clearly then, if an EGR simulation is to reliably predict the extent of 

mixing and/or time to CO2 breakthrough at the production wells, it must both adequately 

represent the field-scale conformance effects and use accurate values of D, τ  and α derived 

from laboratory measurements conducted at relevant conditions. 

2.4 Review of CO2 miscible core-flood experiments 

Over the past decade several core-flooding experiments with CO2 at sub- and super-critical 

conditions have been reported by several different authors. We note that all of these 

experiments were conducted with the core oriented horizontally and none considered the 

impact on their results of either core-entry/exit effects or any ancillary tube dispersion. While 

the magnitude of these systematics can vary depending on the experimental details, without a 

discussion of them it is difficult to assess the reliability of the data reported. 

Seo and Mamora (Mamora and Seo, 2002; Seo, 2004; Seo and Mamora, 2005) measured 

breakthrough profiles for the displacement of CH4 by CO2 through a dry 305 mm carbonate 

core at temperatures between (20 and 80) °C and pressures between (3.5 and 20.5) MPa. The 

flow rate of injected CO2 for these experiments was reported to be 0.25 ml·min
-1

 at room 

temperature.  Dispersion coefficients were derived from the measured breakthrough profiles 

by regression to Equation (2.3).  The repeatability of the measured breakthrough profiles was 

limited presumably because the back pressure regulator used to control the core’s pressure 

during the floods was manipulated manually (Seo, 2004).  Seo and Mamora (2005) noted that 

the dispersion coefficients increased with temperature and decreased with pressure; this 

reflects the temperature and pressure dependence of the diffusion coefficient.  Seo and 

Mamora did not attempt to extract dispersivities from their data.  Rather their miscible 

displacement data for CO2-CH4 was ‘history matched’ to give a relative permeability for use in 

simulations.  It was not apparent to us how saturation-dependent relative permeability curves 

were generated for this displacement process since there is no interfacial tension between the 

supercritical CO2 and the CH4. 

In an extension of Seo’s work, Nogueira and Mamora (Nogueira and Mamora, 2008; Nogueira, 

2005) investigated the effect of gas impurities on EGR.  Several breakthrough profiles were 
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measured at 10.3 MPa and 70 °C by injecting CO2 containing various impurities into a dry, 

methane-saturated 305 mm long chalk core, from which the ultimate recovery and dispersion 

coefficient were derived. The experiments indicated that CO2 containing less than 1% of 

impurities had essentially the same dispersion and CH4 recovery as pure CO2.  However, 

injecting a mixture of 80% nitrogen and less than 15 % CO2, resulted in up to 10% less methane 

recovery and dispersion coefficients that were between (20 and 67) % higher. Essentially the 

mobility ratio of the N2 + CO2 mixture with CH4 resulted in viscous fingering and thus a less 

efficient displacement of the CH4.   

Sidiq and Amin (Sidiq and Amin, 2009; Sidiq and Amin, 2010) measured breakthrough profiles 

for the displacement of a CH4 + CO2 gas mixture from a 194 mm long sandstone core with a 

supercritical mixture of 0.98 CO2 + 0.02 CH4. The gas initially in the core had a CH4 mole 

fraction of between 0.25 and 0.90.  The core was pre-saturated with brine and reduced to 

residual water content using the gas mixture, the temperature of the core was 160 °C and the 

pressure range was from (10 to 40.7) MPa.  Rather than regressing their breakthrough profiles 

to Equation (2.3), Sidiq and Amin (Sidiq and Amin, 2009; Sidiq and Amin, 2010) calculated the 

dispersion coefficients from the single point corresponding to the initial rise in the 

breakthrough curve.  Whilst a very simple method to extract the dispersion coefficient, small 

perturbations in the breakthrough point (e.g. channelled flow) as well as the difficulty in 

accurately defining the initiation point of a concave slope will lead to significant uncertainty in 

the dispersion coefficients extracted.  In subsequent work, Al-Abri et al. (Al-Abri and Amin, 

2010; Al-Abri et al., 2009) presented premature breakthrough curves with the injected 

amounts ranging between 0.2 and 0.9 pore volumes, with faster interstitial velocities resulting 

in larger injected volumes prior to breakthrough.  Al-Abri et al. (Al-Abri and Amin, 2010; Al-Abri 

et al., 2009) stated that the early breakthrough “could be either through dissipating miscible 

fluid, channeling or inter-fingering”. 

Throughout this body of work (Al-Abri and Amin, 2010; Al-Abri et al., 2009; Amin et al., 2010; 

Sidiq and Amin, 2009; Sidiq and Amin, 2010), and principally in the first paper by Amin et al. 

(Amin et al., 2010), it is suggested that CH4 and CO2 forms an ‘immiscible’ interface that is 

thermodynamically stable allowing an interfacial tension to be measured via analysis of a 

pendant drop shape.  However, this is inconsistent with the fact that at the pressures and 

temperature of their measurements CH4 + CO2 are miscible in all proportions and do not 

exhibit any vapor-liquid equilibria. Nonetheless this conjectured dynamic interfacial 

phenomenon would dissipate much more rapidly than any timescale relevant to CO2-CH4 

miscible core floods.  Given the complete miscibility of CH4 and CO2 at conditions relevant to 

EGR, we are confident that interfacial tension is irrelevant to CO2-CH4 displacement processes.   
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Hawkins and coworkers conducted displacement experiments by injecting CO2, N2, or a 

simulated flue gas of 14 % CO2 + 86 % N2 into a CH4-saturated, 500 mD Berea sandstone core 

(Turta et al., 2008) and, in later work, a 2000 mD sandpack (Sim et al., 2009). The conditions of 

the experiments were 70 °C and 6.2 MPa for the Berea experiments and (0.69 to 3.5) MPa at 

ambient temperature for the sandpack experiments. Most displacements were conducted at 

irreducible water saturation although some experiments were completed with a dry Berea 

core.  The relative methane recovery was 28 % higher for CO2 displacements in cores with 

connate water than those without (recovery was defined by the amount of methane collected 

containing up to 1 % contamination of the displacing fluid). It was hypothesized that the 

connate water occupied narrow flow paths throughout the water-wet Berea sandstone core 

and effectively reduced the core heterogeneity. Dissolution of CO2 into the connate water was 

also suggested as another reason for the higher recovery. Although dispersion increases with 

flow velocity, they found that if the displacement velocity was increased through the core or 

sandpack, the CH4 recovery increased because of the shorter (residence) time available for 

mixing. For example tripling the CO2 velocity through the sandpack increased the recovery of 

methane by 17% at breakthrough.  We note that the relative CH4 recovery from the sandpacks 

was approximately 45 % higher when pure CO2 rather than the flue gas was the displacing 

fluid.  For the Berea measurements the recovery was independent of the displacing fluid (the 

recoveries were the same within the experimental uncertainty).  Two experiments with 

sandpacks (N2 displacing CH4) were conducted with different flow velocities [(0.012 and 0.064 

mm·s
-1

] at constant pressure (0.69 MPa) to further establish whether diffusion or advection 

were dominant. Experiments matched simulation results when a constant diffusion coefficient 

was selected for both flow rates. It was concluded that the dispersivity term of equation (2.7) 

could be ignored at these low flow rates because they were in the diffusion dominant region. 

While none of the experiments described above attempted to quantify or correct for potential 

systematic effects, methods for doing so have been reported elsewhere.  Corrections for extra-

core effects on the apparent breakthrough profiles are considered in other porous media 

experiments (Rajendran et al., 2008) but are often neglected in core flooding experiments. The 

correction methods presented by Bischoff and Levenspiel (1962) and (Catchpole et al., 1996) 

appear to be the most comprehensive reported in the literature for estimating quantitatively 

the dispersive contributions of the inlet tubing, porous media and outlet tubing. Accordingly, 

we broadly followed this approach in the analysis of our experiments. To quantify the effect of 

gravity on the measured breakthrough profiles we conducted several core-flooding 

experiments with the core oriented horizontally; the majority of our experiments which were 

conducted with the core oriented vertically with injection from below.  The estimation of core-



21 

 

entrance and exit effects have been presented in some other porous media experiments such 

as those presented by (Baril et al., 2008) who were interested in their influence on the 

measurement of permeability.  We have shown (Scheven et al., 2007) that via analysis of 

dispersivity values (as measured in-situ using NMR techniques) as a function of time (and 

hence length-scale) that systematic effects such as entry and exit effects can be quantitatively 

accounted for; however we are unaware of any comparable analysis for the experimental 

determination of dispersion coefficients based on more conventional measurements of 

breakthrough curves.  We present here a new approach of comparing long and short core 

breakthrough profiles for quantifying the magnitude of such entrance and exit effects. 

2.5 Method, Materials and Apparatus 

In this section the materials and specialized apparatus used to make the CO2-CH4 dispersion 

measurements are described.  Then the experimental and data analysis methods are 

presented; this includes an analysis of the contribution of the tubes to the observed dispersion 

before and after the core.  The results of the measurements are presented and discussed in 

Section 2.6. 

Ultra-high purity methane with a mole fraction purity of 0.99995 was supplied by BOC 

Scientific.  Liquid CO2 with a mole fraction purity of greater than 0.999 was also supplied by 

BOC Scientific.  Two types of 1.5 inch diameter cores, Berea and Donnybrook, with nominal 

lengths of (50 or 100) mm were used for the floods.  The specific dimensions of the four cores 

used are listed in Table 2.1, together with their pressure-dependent permeabilities and 

porosities. 

Table 2.1 Core dimensions, porosities and permeabilities as a function of confining pressure. 

Cores pconf/MPa Φ k/mD 

Berea: 8 0.2043 463.3 

Blong (l = 100.4 mm, d = 37.6 mm) 10 0.2039 460.7 

Bshort (l = 50.4 mm, d = 37.6 mm) 12 0.2036 458.2 

Donnybrook: 8 0.1576 12.07 

Dlong (l = 101.0 mm, d = 37.5 mm) 10 0.1573 12.01 

Dshort (l = 52.4 mm, d = 37.2 mm) 12 0.1572 11.95 

 

A specialized core flooding apparatus was constructed for measuring the dispersion 

coefficients of CO2 in CH4. Figure 2.2 shows a simplified diagram of the apparatus.  The 

apparatus utilized a supercritical fluid extraction (SFE) unit for pumping CO2.  The SFE also 

contained solenoid valves, V1 and V2, which were plumbed to the CH4 and CO2 supplies 

respectively.  These valves, controlled by the SFE computer software, allowed for a quick 

switchover between flowing CH4 and CO2. Methane was pumped using a high-pressure 
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metering pump (Quizix QX-6000) connected in-line between the methane cylinder and V1.  

The back pressure regulator (BPR) used was also part of the SFE unit.  This BPR was fully 

automated with the SFE software.  Although not perfect, this BPR provided much better 

control than a manual type BPR.  The pressure was typically stable within a ± 0.1 MPa band; 

however there were often noticeable pressure releases and build ups during the period when 

the breakthrough was taking place and when the flow was switching from pure CH4 to pure 

CO2. 

 

Figure 2.2 Simplified experimental diagram of the core flooding apparatus, shown in its vertical orientation. 

Typically, core holders are mounted inside air baths; however for increased temperature 

stability our core holder was mounted inside an insulated bath filled with silicone oil (Admil 

Adhesives, CF100 fluid, flash point 300 °C).  The absolute stability of this bath was typically less 

than ± 0.025 °C.  The fluids in the tubing leading to the core holder were preheated in a 2 m 

tubing coil contained inside this bath.  Two temperature controlled baths were constructed so 

that core floods could be completed vertically (flow directed upwards) as well as horizontally 

to investigate gravitational effects on the measured breakthrough profiles. The thermometers 

used were calibrated to ITS-90 with an uncertainty of 0.1 °C. 

Three pressure transducers, one at the inlet to the core, another at the outlet of the core and a 

differential gauge were used to monitor the core.  The inlet and outlet pressure sensors were 

strain gauges (0-69 MPa, Omega PX01S0-10KAI) with a stated uncertainty of ± 35 kPa.  These 

pressure transducers were calibrated in the range 0-6.9 MPa against a high accuracy quartz 

crystal pressure standard (Paroscientific model 745-1K, uncertainty ± 0.6 kPa).  The differential 
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pressure transducer (Fuji Electric model FKCW45VS-2TCYY-BE-H) allowed the pressure drop 

across the core to be measured to a resolution of 0.01 kPa.  This high resolution pressure drop 

measurement provided a useful check on the apparatus as the permeability of the core sample 

could be calculated and compared to independent measurements.  The differential transducer 

was also calibrated against high accuracy quartz crystal pressure standard (Paroscientific 

model 745-30A, uncertainty ± 0.025 kPa). 

The concentrations of CO2 and CH4 in the effluent stream were monitored using an infrared 

(IR) spectrometer (Varian 640-IR) located downstream of the BPR.  The IR spectrometer was 

fitted with a heated gas flow cell (Pike 162-2010), set to 45 °C for all experiments, with KBr 

windows.  The spectrometer was calibrated with four gravimetrically prepared mixtures of CH4 

+ CO2.  Through this calibration procedure we estimate an absolute uncertainty in mole 

fraction of CH4 or CO2 mole fraction of about 0.01. Of more relevance to the determination of 

dispersion coefficients, the resolution of the effluent composition measurement system was 

approximately 0.0001 mole fraction.  Between the BPR and the infrared spectrometer, a 

flowmeter (Alicat M-1SLPM-D) was installed to measure the expanded gas flow rate.  This flow 

meter provided a secondary check that was useful for detecting the effects of any small leaks 

in the system and was also used to evaluate the performance of the back pressure regulator. 

A Temco tri-axial core holder (RCHT-1.5) designed for cores of length up to 102 mm and 

pressures up to 69 MPa was used with viton sleeves used to encase the core.  Before being 

placed inside the viton sleeves the cores were wrapped in three layers, firstly with Teflon gas 

seal tape, then with a layer of aluminium foil and finally a layer of FEP (fluorinated ethylene 

propylene copolymer) heatshrink. The aluminium foil layer was necessary as in early 

experiments the CO2 was found to be diffusing through the Teflon tape, heat shrink and Viton 

core sleeves and appearing as bubbles upon depressurization of the confining fluid. The 

confining fluid chambers of the core holder were filled and pressurized with silicone oil using a 

high pressure syringe pump (ISCO μLC-500). 

Prior to commencing an experiment, the axial confining chamber of the core holder was filled 

and pressurized with hydraulic fluid to 5.5 MPa.  The radial chamber was then filled and also 

pressurized to 5.5 MPa.  Once the core holder was inspected for confining fluid leaks, the fluid 

fittings for the core side inlet and outlet tubing were tightened in place. The core holder was 

then lowered in either a vertical or horizontal orientation into the temperature controlled bath 

using a crane. 
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To fill the system with methane, the back pressure regulator was set to the desired pressure 

set-point and then valve V1 was opened. Once the methane in the core had reached the 

desired pressure, the SFE pump was set to deliver a specified flow rate and pressure, which 

caused the CO2 pressure upstream of V2 to increase. Once the pump pressure had just 

exceeded that of the CH4 in the core, V1 was closed and V2 was opened, switching the flow 

source from CH4 to CO2 (the CH4 pump was stopped immediately after switchover).  The time 

at which the switchover occurred was recorded and the spectrometer was set to automatically 

record spectra at fixed time intervals.  Once the breakthrough was observed (from the decay 

of the CH4 peaks and the rise of CO2 peaks in the IR spectrum) the time elapsed since the 

injection began was noted and the experiment was continued for approximately this time 

again.  Alternatively the data recording time for the injection was estimated from past 

experiments so that the 50 % breakthrough occurred at approximately half the total data 

recording time.  After the completion of measurements the CO2 pump was stopped and the 

system was depressurized. 

Experiments were conducted at CO2 flow rates between (0.48 and 2.90) g·min
-1

 and interstitial 

velocities of (0.05 to 1.13) mm·s
-1

 [(14.2 to 320) ft·day
-1

] at pressures of (8, 10 or 12) MPa and 

core temperatures of (40, 60 or 80) °C.  Breakthrough measurements at several tests points 

(different p, T and flow rates) were conducted multiple times to evaluate reliability of the 

breakthrough profile measurements.  Measurements with the long Berea core (see Table 2.1 

for details) at 40 °C, 12 MPa and 0.050 mm·s
-1

 and 40 °C, 8 MPa and 0.12 mm·s
-1

 were both 

repeated four times and at 40 °C, 12 MPa and 0.20 mm·s
-1

 five times.  The standard deviation 

divided by the mean for the dispersion coefficients (determined by regression to Equation (2.3)

) from these runs were (3.6, 6.4 and 8.3) % respectively.  Similarly measurements were 

repeated with the long Donnybrook core four times both at 40 °C, 12 MPa and 0.27 mm·s
-1

 and 

at 80 °C, 12 MPa and 0.64 mm·s
-1

.  The standard deviation divided by the mean for the 

dispersion coefficients (determined by regression to the AD equation) from these runs were 

(8.8 and 4.7) % respectively.  We therefore extrapolate that the relative uncertainty of 

dispersion coefficients values is at most 10 %. These results indicate that our apparatus and 

methods produced more repeatable breakthrough profiles than similar literature studies.  Seo 

(2004) repeated breakthrough measurements of CO2 in CH4 at 20 °C, 13.9 MPa and 0.036 

mm·s
-1

 thrice and the reported dispersion coefficient standard deviation divided by the mean 

for these repeat runs was 12.3 %. The resolution to set the CO2 flow rate in the supercritical 

fluid pump was 0.01 ml·min
-1

, the estimated uncertainty in this flow rate was taken as this 

resolution.  This uncertainty in the volumetric flow rate corresponds to an uncertainty in the 
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mass flow rate of about ± 0.01 g·min
-1

 (in terms of velocity this is equivalent to an uncertainty 

of about 0.001 mm·s
-1

 at v = 0.05 mm·s
-1

 and 0.01 mm·s
-1

 at v = 1.70 mm·s
-1

). 

To investigate the effects of dispersion in the tubing before and after the core, additional 

experiments were conducted. In ‘no core’ experiments the core was removed and the two 

distribution plugs of the core holder pressed directly together, while in ‘no core holder’ 

experiments the entire core holder was by-passed with the inlet tubing to the core holder 

connected to the outlet tubing.  To investigate the effects of core-entry and exit effects, 

experiments were repeated at several pressure-temperature-flow conditions with both the 

short and long Berea and Donnybrook cores. 

2.6 Results and Analysis 

2.6.1 Breakthrough profiles and tubing effects 

An example set of  breakthrough profiles measured for the conditions ‘core in place’, ‘no core’ 

and ‘core holder’ carried out at a flow rate of 1.93 g·min
-1

 of CO2 at 40 °C and 12 MPa are 

shown in Figure 2.3.  It is apparent that the ‘no core’ and ‘no core holder’ profiles are 

considerably sharper than the profile with the ‘core in place’; however it also clear that the 

concentration profile at the entrance to the core is not a step function as assumed in the 

derivation of Equation (2.3).  

 

Figure 2.3 Core, no core and no core holder breakthrough profiles (yCO2 is the effluent CO2 mole fraction) for a mass 

flow of 1.93 g·min
-1

 of CO2 at 40 °C and 12 MPa.  Dashed lines are simulation results.  The long Donnybrook core 

was used in the core breakthrough profile measurement and in the simulation KL = D/2 was used. 

To further explore and quantify the erroneous additional contribution of dispersion in the tube 

to core dispersion, the following numerical simulation was performed:  A CO2 injection rate of 
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1.93 g·min
-1

 (at 40 °C and 12 MPa) into the long Donnybrook core was modelled.  Dispersion 

was simulated in the various tubing components before and after the core using Equation (2.5) 

and the core dispersion coefficient was set to D /2.  The breakthrough profile simulated for the 

entire system (tubing before the core, core, tubing after the core) was compared with the 

corresponding breakthrough profile generated with Equation (2.3) assuming a step function 

concentration profile at the core’s inlet.  The breakthrough profile generated using Equation 

(2.3) was regressed to the profile simulated for the composite system (tubes + core) with an 

adjustable dispersion coefficient and time offset.  The fitted dispersion coefficient was 5.6 % 

higher than the value used for the core in the simulation.  This indicates that the effects of 

tubing dispersion are not negligible and can be comparable in magnitude with the 

experimental repeatability. As highlighted later in section 2.6.2, the combined erroneous 

tubing and entrance/exit effect was found to be significantly larger in comparison to tubing 

effect alone (e.g. the combined effect was 41.2% for the experiment plotted in Figure 2.3). 

Thus a correction method, as described below, should be applied to obtain reliable values of 

dispersion coefficients from the breakthrough profiles from our system. 

Accordingly, apparent core dispersion coefficients were obtained by least squares regression 

of Equation (2.3) (and, hence, Equation (2.4)) to measured breakthrough concentration 

profiles at each set of test conditions. The parameters KL and Lexp were adjusted in the 

regression; it was necessary to adjust Lexp to achieve good fits because the velocity used in 

Equation (2.3) was held constant at the calculated core interstitial velocity, whereas the 

residence time in the tubing varied in a complicated way with the temperature, pressure and 

flow rate of each experiment. 

Table 2.2 lists the apparent dispersion coefficients obtained from measured breakthrough 

concentration profiles for each of the four cores listed in Table 2.1.  

Table 2.2 Apparent dispersion coefficients (KL) of carbon dioxide in methane as a function of breakthrough 

conditions (vertical orientation unless otherwise noted)  

Core T 

°C 

p 

MPa 

u 

mm·s
-1

 

D  

10
-8

m
2
·s

-1
 

KL 

10
-8

m
2
·s

-1
 

Blong 40 10 0.140 18.9 5.55 

 40 10 0.223 18.9 7.29 

 40 12 0.050 15.6 3.15 

 40 12 0.074 15.6 3.54 

 40 12 0.124 15.6 4.85 

 40 12 0.198 15.6 4.94 

 40 12 0.297 15.6 6.84 

 60 10 0.302 21.1 15.2 

 60 10 0.484 21.1 21.4 
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 60 12 0.204 17.4 14.0 

 60 12 0.327 17.4 17.6 

 80 8 0.862 29.5 133 

 80 12 0.120 19.2 10.9 

 80 12 0.479 19.2 34.7 

Bshort 40 10 0.225 18.9 8.35 

 40 12 0.050 15.6 4.17 

 40 12 0.075 15.6 4.07 

 40 12 0.125 15.6 5.34 

 40 12 0.199 15.6 6.33 

 40 12 0.299 15.6 9.09 

 60 12 0.206 17.4 16.3 

 60 12 0.330 17.4 24.6 

 80 12 0.483 19.2 58.8 

Blong 40 10 0.140 18.9 33.7 

(Horizontal) 40 12 0.050 15.6 32.5 

 40 12 0.199 15.6 30.9 

 80 12 0.120 19.2 75.7 

Dlong 40 8 0.650 23.9 101 

 40 10 0.182 18.9 5.21 

 40 10 0.292 18.9 18.9 

 40 12 0.065 15.6 1.88 

 40 12 0.097 15.6 3.45 

 40 12 0.162 15.6 4.59 

 40 12 0.259 15.6 11.1 

 40 12 0.388 15.6 14.5 

 60 8 0.589 26.6 193 

 60 10 0.395 21.1 63.4 

 60 10 0.632 21.1 102 

 60 12 0.267 17.3 25.3 

 60 12 0.427 17.3 56.4 

 80 8 1.127 29.5 401 

 80 10 0.517 23.3 131 

 80 12 0.156 19.2 18.5 

 80 12 0.626 19.1 104 

Dshort 40 10 0.298 18.9 14.7 

  40 12 0.066 15.6 2.46 

 40 12 0.099 15.6 3.94 

 40 12 0.165 15.6 6.66 

 40 12 0.264 15.6 13.3 

 40 12 0.396 15.6 17.0 

 60 12 0.273 17.4 28.8 

 60 12 0.437 17.4 46.0 

  80 12 0.639 19.2 140 

Dlong 40 10 0.182 18.9 6.53 

 (Horizontal) 40 12 0.259 15.6 7.15 

  80 12 0.626 19.2 120 

 

In constructing in Table 2.2, we only included breakthrough measurements that did not 

feature (i) obvious distortions in the slope of the curve or (ii) an excessively early 

breakthrough.  With respect to (i), a major contribution to rejection of obviously distorted 
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profiles was imperfect back pressure regulation (BPR); this was evident during experiments 

and it was correlated with spikes or sudden changes in the pressure reading of P2 (as shown in 

Figure 2.2) during the CO2-CH4 displacement process.  Control of the flooding process is 

difficult in that both flowrate and pressure must be controlled for a variable composition fluid 

mixture, the viscosity of which increases with time.  In future we will explore alternative back 

pressure regulation options as well as the implementation of effluent composition 

measurement before the back pressure regulator.  With respect to (ii), we attribute the 

instances of excessively early breakthrough to an imperfect radial seal between the Viton 

sleeve and the outer FEP heatshrink wrapping of the cores. 

2.6.2 Gravitational and core-entry/exit effects 

Figure 2.4 shows the breakthrough composition profiles measured for the long Berea core at 

40 °C, 12 MPa and 0.20 mm·s
-1

. The profile measured for the Berea core in the horizontal 

orientation is significantly broader than for the same conditions in the vertical orientation, 

indicating that the effect of gravity is significant for this core at these conditions.  The apparent 

horizontal dispersion coefficient obtained by regression to the data is 3.49 × 10
-7

 m
2
·s

-1
, some 7 

times larger than the apparent vertical dispersion coefficient of 4.96 × 10
-8

 m
2
·s

-1
.   

 

Figure 2.4 Breakthrough profile for the displacement of CH4 by CO2 in vertical and horizontal orientations through 

the long Berea core at 40 °C, 12 MPa at u = 0.20 mm·s
-1

: (×) horizontal displacement, (○) vertical displacement. 

A similar comparison of the horizontal and vertical breakthrough profiles were made for this 

core at 80 °C, 12 MPa and 0.48 mm·s
-1

 which resulted in an apparent horizontal dispersion 

coefficient 2.7 times larger than the apparent vertical dispersion coefficient. The reduction in 

the magnitude of the gravitational effect is attributable to the reduction in the ratio of CO2 to 

CH4 densities (8.4 to 4.2) and to the nearly 60 % reduction in residence time. The core’s 

permeability also contributed significantly to the magnitude of the gravitational effect; the 
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dispersion coefficients determined at the same pressures, temperatures and flow rates as for 

the Berea core (460 mD) but with the Donnybrook core (12 mD) in the vertical and horizontal 

orientations were identical within the statistical uncertainties of the fits. A Gravity (G) 

parameter (Berg et al., 2010; Riaz and Meiburg 2003): 

1

,
gkld

G
Q

ρ
µ

∆=  (2.10) 

for all experiments conducted can be calculated, where Δρ represents the density difference 

between the displaced (CH4) and the displacing fluid (CO2), g is gravitational acceleration, k is 

the permeability of the porous medium, l is the length of the core, μ1 is viscosity of the 

displacing fluid (CO2) and Q is the volumetric flow rate calculated over the full cross section 

with the diameter d. For the Berea core, G values ranged from 1.44 to 16.67 and for the 

Donnybrook core, G values ranged from 0.04 to 0.31. These values are consistent with gravity 

dominant flow (Berg et al., 2010). Because of the potential systematic effects of gravity on 

horizontal core floods, all further analysis was conducted only on dispersion coefficients 

measured for vertically-oriented cores exclusively. 

Core entry and exit effects result in an inhomogeneous velocity profile at either end of the 

rock core. Effectively this results in a deviation from plug flow in these vicinities which will add 

to the degree of mixing that occurs during the CH4 by CO2 displacement process and hence 

increase the apparent dispersion coefficient measured.  Quantitative estimates of this effect 

were obtained in the following manner:  Breakthrough profiles were measured at the exact 

same conditions of T, p and flow rate for the short and long cores.  This was performed for 

sixteen sets of rock core (seven sets for Donnybrook and nine sets for Berea).  The resultant 

apparent dispersion coefficients (Klong and Kshort), as determined by regression to Equation (2.3)

, are presented in Table 2.3 for all cores.  What is immediately obvious is that the K values for 

the short core are consistently larger than those for the long core.   This is a consequence of 

the proportionally greater contribution of entry/exit effects to the measured value of K for the 

short cores relative to the long cores. 

Table 2.3 Comparison of long, short and corrected dispersion coefficients of CO2 in CH4 for Berea and Donnybrook 

cores. 

Core 
T p u Klong Kshort Kcorr (Klong - Kcorr) 

°C MPa mm·s
-1

 10
-8

m
2
·s

-1
 10

-8
m

2
·s

-1
 10

-8
m

2
·s

-1
   Klong   

Berea 40 12 0.050 3.15 4.17 1.61 
 

49.0% 
 

 
40 12 0.075 3.54 4.07 2.63 

 
25.7% 

 

 
40 12 0.125 4.85 5.34 4.17 

 
14.0% 

 

 
40 12 0.199 4.94 6.33 3.21 

 
34.9% 

 

 
40 12 0.299 6.84 9.09 3.96 

 
42.0% 
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40 10 0.224 7.29 8.35 5.63 

 
22.8% 

 

 
60 12 0.329 17.6 24.6 10.7 

 
39.4% 

 

 
60 12 0.206 14.0 16.3 10.9 

 
22.7% 

 

 
80 12 0.482 34.7 58.8 12.9 

 
62.9% 

 
Donnybrook 40 12 0.098 3.45 3.94 2.92   15.3%   

 
40 12 0.163 4.59 6.66 2.70 

 
41.2% 

 

 
40 12 0.261 11.1 13.3 8.72 

 
21.3% 

 

 
40 12 0.392 14.5 17.0 11.2 

 
23.0% 

 

 
40 10 0.294 18.9 14.7 14.7 

 
22.2% 

 

 
60 12 0.270 25.3 28.8 22.1 

 
12.8% 

 
  80 12 0.632 104 140 74.9   27.8%   

 

We proceeded to eliminate the contribution from entry and exit effects (which is common to 

both core lengths) in the following manner.  With reference to Figure 2.5, we took the 

breakthrough profile as measured for the short core, and used it as the initial inlet boundary 

condition for a hypothetical core extension (as shown schematically in Figure 2.5(a)) that 

resulted in a total core length equivalent to the long core (as shown schematically in Figure 

2.5(b)).   

 

Figure 2.5 Illustration of the method for estimating core-entrance and exit effects. (a) Modeled composite core 

consisting of a short core followed by simulated “undisturbed” core without entrance or exit effects (with corrected 

dispersion coefficient Kcorr) (b) Long core. (c) Example of method: squares are short core data, circles are long core 

data, the red line is a calculated breakthrough profile for a core of the long core length with a dispersion coefficient 

of Kcorr. 

Using this experimentally measured initial inlet boundary condition, the AD equation, Equation 

(2.2), was then solved numerically with a central finite difference method, implemented in 
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Matlab (version 7.7.0 R2008b)(2008), for the hypothetical core extension.  Note that all entry 

and exit effects are included in the initial inlet boundary condition and hence dispersion in the 

hypothetical core extension was not contaminated by these artefacts.  The resultant simulated 

breakthrough profile from the hypothetical core extension was then compared to that 

measured experimentally for the long core and the value of K (hereafter referred to as Kcorr) 

adjusted using least squares regression so that the two profiles matched as closely as possible.  

The resultant values of Kcorr determined by this method for each set of measurements 

conducted with both a long and short core are listed in Table 2.3.  With the use of the short 

core experimental profile this method of core entry and exit effect correction also provides a 

correction for any tubing dispersion.  We note that this method also naturally accounts for the 

residence time of the fluids in the tubing. 

The method is demonstrated in Figure 2.5(c).  Assumptions include that the entry and exit 

effects are common for both the short and long cores and that all entry and exit effects can be 

adequately modeled by inclusion in the inlet boundary condition.  The last of these 

assumptions was tested by dividing the additional dispersion effect between the entry and the 

exit of the hypothetical core extension with no discernible effect on the results produced.  The 

ratio of the corrected to long core dispersion coefficient are plotted as a function of interstitial 

velocity in Figure 2.6 and indicate that the correction for core entrance and exit effects is 

significant across the range of conditions considered.   

 

 

Figure 2.6 Relative size of dispersion coefficient correction as a function of interstitial velocity.  Donnybrook: circles, 

Berea: squares. 
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The correction is generally larger for the more porous and permeable Berea core than for the 

tighter Donnybrook core.  Whilst the effect is significant, there is significant scatter in the data 

in Figure 2.6 and we were unable to extract any further trends.  In future we will reduce this 

uncertainty by employing longer cores which should improve our assumption that entry and 

exit effects are common to both lengths employed and also provide a better defined 

breakthrough curve reducing statistical error.  In addition we will employ both X-ray 

tomography and Magnetic Resonance Imaging to better understand these effects, in particular 

their length-scale and their relationship to the conventional distribution plates used.  

Nonetheless our data, we believe, allows us to assert that simulations performed using 

uncorrected Klong (or Kshort) values would provide an overestimate of the mixing zone. 

2.6.3 Dispersivity correlations for EGR simulations 

The ratios KL / D for each of the data listed in Table 2.2 and Table 2.3 corresponding to vertical 

core floods are plotted against the corresponding interstitial core velocities in Figure 2.7. The 

error bars indicate the estimated uncertainty of the KL, based on the repeatability of the 

measured values reported above.   
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Figure 2.7 Dispersion coefficient to diffusion coefficient ratio for vertical breakthrough profiles plotted as a function 

of the core interstitial velocity. Lines for α (dispersivities) were calculated assuming a tortuosity of 2 and with a 

mean diffusion coefficient of 1.82×10
-7

 m
2
·s

-1
. (a) Raw dispersion coefficient data, Donnybrook short core: unfilled 

circles, Donnybrook long core: filled circles, Berea short core: unfilled squares, Berea long core: filled squares.  (b) 

Dispersion coefficient data that were corrected for core-entry and exit effects, Donnybrook: circles, Berea: squares. 

In Figure 2.7(a), which corresponds to data from Table 2.2 that were not corrected for core-

entry and exit effects, lines are shown representing dispersivities of α = (0.0001, 0.0010 and 

0.0025) m for an assumed tortuosity of 2 and <D > = 1.82×10
-7

 m
2
·s

-1
, where the angled 

brackets denote the average of all the points plotted.  Most of the measured data lie within 

the bounds of α = (0.0001 to 0.0025) m and the α = 0.0010 m line is the line of best fit.  Figure 

2.7(b) shows the equivalent plot for the dispersion data that were corrected for core-entry and 

exit effects, Kcorr, with lines representing dispersivities of α = (0.0001, 0.00025 and 0.0011) m 
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plotted.  The absolute effect of the correction is prominent particularly at larger velocities.  

The data is certainly consistent with the statement by Coats et al. (2009) that physical 

dispersivities are typically smaller than 0.01 ft (0.003 m).  This, therefore, provides a practical 

input value for the dispersivity of CO2 into CH4 at reservoir conditions for use in EGR 

simulations. As presented in Figure 2.7, the dispersion/diffusion coefficients ratio approaches a 

value equal to the inverse of the porous medium’s tortuosity (approximately 2 in this case) at 

low fluid flow rates where the process is diffusion dominant. 

The distribution of data in Figure 2.7 suggests that most of our measurements correspond to 

the diffusion dominated regime of dispersive behavior. Péclet numbers, calculated using 

Equation (2.4) and assuming a length-scale of 100 μm (the approximate grain size), ranged 

from 0.0321 to 0.3309. With reference to Figure 2.1, this corresponds to the edge of the 

diffusion-dominated regime. The range of interstitial velocities studied in this work 

corresponds to within an order of magnitude of the front velocities that would occur in an EGR 

scenario at any significant distance from the injection site. Our results indicate that mixing in 

an EGR scenario will be diffusion limited in the context of a mixing process occurring in the 

bulk of the reservoir at a reasonably small distance away from injection and production wells 

and in the absence of gravitational and conformance effects. 

We have not attempted to convert Figure 2.7 into a more general correlation such as that 

shown in Figure 2.1 because it is not clear what value should be assumed for the characteristic 

length-scale of the particle diameter (dp).  In particular such a quantity is poorly defined for a 

rock core and will depend on the method of measurement; for example it could possibly be 

the mean pore-throat diameter derived from porosimetry or a ratio of core’s permeability and 

porosity such as k φ .  More data acquired using longer cores allowing more accurate 

correction for entry/exit effects as discussed above, accompanied by pore space 

characterization at appropriate conditions to determine this characteristic dimension (e.g. 

using NMR relaxometry techniques to determine the mean pore size) is required. 

2.7 Conclusions 

We have reviewed the existing literature relevant to enhanced gas recovery (EGR) and focused 

on experimental core-flood measurements of the required methane-supercritical CO2 

dispersion coefficient.  We subsequently described a core-flooding apparatus to measure this 

dispersion coefficient and demonstrated the importance of considering systematic effects such 

as gravity and entry/exit effects.  We presented solutions to both of these in the form of 

avoiding horizontal flood orientations and the use and appropriate analysis of short and long 

cores to eliminate entry/entry effects.  
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3 GAS-GAS DISPERSION COEFFICIENT 

MEASUREMENTS USING LOW-FIELD 

MRI 
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3.1 Chapter summary 

Following the method introduced in Chapter 2 to determine the entrance/exit effect, the 

significance of this effect is validated in this chapter using Magnetic Resonance Imaging (MRI) 

for the first time. An experimental apparatus with Magnetic Resonance Imaging (MRI) of fluid 

flow through porous media designed to observe directly the high pressure CO2 front as it 

displaces the existing CH4 from a bead-pack. One dimensional magnetic resonance profiles are 

obtained using a low-field 
1
H NMR instrument and used to determine CH4 gas concentration 

profiles during the CO2 displacement process.  The spatially resolved MRI approach allows 

breakthrough profiles within the porous medium to be measured directly, eliminating the 

need to correct for entrance and exit effects.  The MRI results validate the existence and 

significance of the entry and exit effects previously quantified by non-imaged core flood 

experiments in Chapter 2. In addition, low-field NMR experimental methods developed in this 

chapter is used to reveal important aspects of the CO2-CH4 mixing process in consolidated 

porous media.   
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3.2 Introduction 

Dispersion is an important fluid mixing phenomena to study for a wide range of engineering 

processes such as packed bed reactors for catalysis, ion exchange columns, and fluid flow 

through the sub-surface (Delgado, 2006).  Optimization of fluid flow through these various 

types of porous media has been studied experimentally for many years.  Briefly, at low fluid 

flow rates the dispersion process is dominated by molecular diffusion, while at high fluid flow 

rates mechanical dispersion is the dominant mechanism.  In 1958, Carberry and Bretton 

presented data at low fluid flow rates where the dispersion process is dominated by molecular 

diffusion (Carberry and Bretton, 1958).  In this limit, the dispersion/(free) diffusion coefficients 

ratio asymptotes to a value inversely proportional to the tortuosity of the porous medium.  

Theoretically, for random packs of spherical beads the tortuosity is approximately 1.4 (Perkins 

and Johnston, 1963).  At high velocities where mechanical dispersion dominates, this 

dispersion coefficient is usually expressed as a function of the Péclet number ( 0/ DuLPe= ), 

where u is the superficial fluid velocity, L is a characteristic length scale of the system, and D0 is 

the self-diffusion coefficient of the fluid. 

 

A common method to measure dispersion (as well as diffusion and adsorption) processes 

through porous media is dynamic column breakthrough (DCB) experiments.  These 

experiments involve detecting the amount of a certain chemical species (often an inert tracer 

such as salt) in the effluent after the species has propagated through the porous medium 

under study.  The resultant concentration as a function of time is plotted and fitted to an 

advection-dispersion equation to determine the dispersion coefficient (and adsorption 

characteristics if present).  While these experiments are well-established and relatively 

straight-forward to perform, the data are obtained after effluent propagation through the 

entire experimental system and so the measurements are adversely impacted by entrance and 

exit effects into the column (and associated pipework); these are, of course, significantly 

dependent on the apparatus used. Non-invasive methods such as Magnetic Resonance 

Imaging (MRI) are an attractive alternative for measuring such dispersion processes as they 

can be engineered to avoid measurements across these entry and exit regions.   They also are 

able to identify any spatial heterogeneities in the porous media samples studied.   

 

A particular area of current research, where dispersion in porous media is important to 

measure and understand, is for petrophysical applications such as enhanced oil and gas 

recovery (EOR and EGR).  EGR is an emerging technology in which CO2 is injected into 

reservoirs to both increase production of the natural gas (CH4) assets in the reservoir and as a 
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means of long term CO2 sequestration.  A major challenge is the contamination of natural gas 

assets by carbon dioxide as they are fully miscible in all proportions (Oldenburg and Doughty, 

2011; Oldenburg et al., 2001; Oldenburg et al., 2004a).  Field scale tests have been performed 

in the Netherlands and Canada (Pooladi-Darvish et al., 2008; Vandeweijer et al., 2011a; 

Vandeweijer et al., 2011b) but reservoir modelling is critical for predicting the fluid’s behavior 

and resulting gas recovery in these complex systems.  An important parameter for such 

reservoir simulations is the dispersivity (mixing) between CO2 and CH4 within the reservoir.  

This dispersivity will depend on the geology of the reservoir, as well as temperature and 

pressure, and it is important to obtain experimental data on realistic systems to improve the 

required dispersion inputs into the reservoir models.  Recent work described in Chapeter 2  

has accurately measured this dispersion within sandstone rock cores using a high pressure, 

high temperature core flooding apparatus.  These measurements are historically difficult to 

perform accurately due to gravity effects and apparatus dependent entrance and exit effects 

(Yu et al., 1999).   

 

When performing dispersion experiments, the measured dispersion will depend on the 

apparatus used, as in addition to mixing within the porous sample, there will be contributions 

to the mixing process from flow in tubing and valves associated with the apparatus as well as 

the method/equipment employed to distribute the fluid into the rock core/sample entrance 

face and remove it from the other end.   A variety of ways to correct these collective entrance 

and exit effects are possible.  For dynamic column breakthough experiments used to measure 

gas adsorption, the experiment is often performed without the porous media and with the 

media in order to correct the breakthrough curve point-by-point for erroneous dispersion 

outside of the column (Edwards and Richardson, 1968; Guntuka et al., 2008). This assumes 

that the erroneous dispersion effects are additive and independent of the presence of the 

porous medium.   However, this assumption that the dispersive effect of the apparatus is 

linearly additive may be too simplistic (Catchpole et al., 1996; Rajendran et al., 2008). Using a 

dynamic model of the entire DCB apparatus, Saleman et al. (Saleman et al., 2013) accounted 

for the dispersion introduced by the flow in tubes before and after the column but this still 

does not account for the impact of the flow pattern change as gas enters and leaves the 

sample.  The entrance and exit effects for each different experimental apparatus can also be 

measured and accounted for by determining the dependence on sample length of the 

measured dispersion (Chapter 2 and Baril et al. (2008)), this method is however very time 

consuming and does not translate to other experimental set-ups. Measurement of 

displacement processess and transport in porous media using NMR techniques directly avoids 
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such entrance and exit effects (Brosten et al., 2012; Fridjonsson et al., 2011; Manz et al., 1999; 

Price, 2009; Scheven et al., 2007; Seymour and Callaghan, 1997; Tallarek et al., 1998). 

 

Conventionally, MRI is used to study liquid samples as the technique itself has inherently low 

signal to noise (Callaghan, 1991).  Nevertheless, gas phase NMR is applied usefully to a range 

of systems (see the review by Newling (Newling, 2008)).  Gas phase NMR and MRI in porous 

media is particularly relevant to the study of catalysis (Koptyug, 2012; Sankey et al., 2009; 

Weber et al., 2010; Wood and Gladden, 2003), gas adsorption (Bar et al., 2002; Prado et al., 

1999), and general fluid transport (Codd and Altobelli, 2003; Koptyug et al., 2002; Mair et al., 

1999).  Spatially resolved MRI has been used to study fluid transport in porous media using 

liquids for many years (Anadon et al., 2006; Bencsik and Ramanathan, 2001; Gladden and 

Sederman, 2013; Romanenko and Balcom, 2011).  In situ breakthrough curves have been 

obtained for a variety of liquid systems using tracers such as paramagnetic contrast agents 

(Deurer et al., 2004; Deurer et al., 2002; Greiner et al., 1997; Oswald et al., 2002) and gas 

adsorption using Xe gas (Bonardet et al., 1999) and 
13

CO2 gas (Cheng et al., 2005). However, to 

our knowledge, the use of gas phase MRI to obtain in situ breakthrough curves and thereby 

study gas mixing at elevated pressures and over a range of flow rates has not been previously 

reported.    

 

In this work we present 1D magnetic resonance profiles obtained using a low-field NMR 

instrument (12.9 MHz 
1
H resonance frequency) to measure CH4 gas concentration profiles 

during a CO2 displacement process; the use of 
1
H NMR means that our signal is only sensitive 

to the CH4.  The use of such spatially resolved MRI allows us to obtain breakthrough curves 

(BTC) within the sample, avoiding entrance and exit effects.  We quantify the entrance and exit 

effects by comparison of these MRI results with conventional infared spectroscopy (IR) analysis 

of the effluent.  We demonstrate the methodology by focussing on dispersion data obtained 

near the asymptotic limit at low Péclet number where diffusion dominates dispersion.   

3.3 Theory 

3.3.1 Dispersion in porous media 

Dispersion is the process by which molecules effectively spread and deviate from their flowing 

streamlines.  Three processes are generally recognized as contributing to dispersion:  Taylor-

Aris dispersion, mechanical (advective) dispersion, and holdup dispersion.  Depending on the 

flow regime and the type of porous media being studied, the total dispersion may be 

dominated by one of the three dispersion processes.  At low fluid velocities, diffusive 

processes dominate; at higher fluid velocities mechanical dispersion will dominate.  These 
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regimes are typically differentiated using the Péclet (Pe) number, defined for a homogeneous 

packed bed as: 

0/PPe ud D=  (3.1) 

where dP is the characteristic length scale (usually the particle diameter), u is the velocity and 

D0 is the free diffusion coefficient.  For a comprehensive review of longitudinal and axial 

dispersion for a range of Pe numbers, see Delgado (2006).  For Pe < 0.1, diffusion will 

dominate; for Pe > 10 advection will dominate, with a transition regime between these two 

regimes.  For Pe << 1, the measured dispersion coefficient in a porous medium asymptotes to 

the free diffusion coefficient divided by tortuosity (τ), which is a parameter that characterizes 

the degree to which the trajectories of fluid elements deviate from straight paths.   

 

For macroscopically homogenous porous media such as that used in this study (monodispersed 

packed bed), the dispersion phenomenon is well described by the one-dimensional advective-

dispersion equation (ADE) for concentration of the dispersion species C, assuming mean 

velocity u, dispersion coefficient K, and porosity are all constant (Taylor, 1953, 1954a): 

2
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 (3.2)  

For a displacement experiment with boundary conditions 1)0,0( === xtC  and 

0)0,0( =>= xtC  and initial condition 0),( =∞→xtC , the solution of Equation (3.2) is 

(Seo and Mamora, 2005): 
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where  exp/ LxxD = ,  exp/ LuttD = , and Pe number is defined as KuLPe /expexp = .  Here Lexp is the 

length of the sample used (rock core length).  Experimentally, the dispersion coefficient K is 

obtained by fitting the concentration profile of a displacing fluid as a function of time to 

Equation (3.3).   

 

3.3.2 Breakthrough Curve Analysis 

For this study, breakthrough curves of CO2 displacing CH4 were obtained by both magnetic 

resonance images (MRI) in situ and infrared spectroscopy (IR) ex situ.  Magnetic resonance 

experiments detect an oscillating voltage signal from nuclei such as hydrogen that have a non-

zero nuclear spin.  This signal is made spatially dependent by the application of constant 

magnetic field gradients; 1D profiles are obtained by applying a gradient in one spatial 
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dimension.  For further details on NMR imaging, please consult the following texts: (Blumich, 

2000; Callaghan, 1991).  In our experiments, the porous medium was saturated first with CH4 

and then CO2 was used as the displacing fluid, so that the loss of CH4 signal as the CO2 

propagated through the bead pack was measured to obtain the concentration profiles. 

Infrared spectroscopy measures the absorption of light with a frequency in the mid-infrared 

region (4000 – 400 cm
-1

) by chemical bonds with characteristic resonance frequencies in that 

range.  For example, relevant to our study, the C-H bonds in methane have absorbance peaks 

at 3020 and 1300 cm
-1

 and the C=O bonds in carbon dioxide have absorbance peaks at 2350 

and 667 cm
-1

.  By analyzing the spectra of the effluent of the displacing experiment as a 

function of time, the relative concentrations of CH4 and CO2 are obtained and converted into 

concentration profiles.  

3.4 Experimental Methods  

3.4.1 Model porous media 

The experimental set up is shown in Figure 3.1.  An 81 mm long, 29 mm inner diameter PEEK 

column was constructed capable of maintaining pressures up to 80 bar.  This column was 

packed with monodispersed borosilicate glass beads with a mean diameter of 100 μm.  The 

porosity of the bead pack was measured using the bulk NMR signal intensity to be 39.5%, and 

the tortuosity was measured using NMR self-diffusion measurements (Sen, 2004) to be 1.9.  

Two syringe pumps (Teledyne ISCO 260D) were used for injection of the methane and carbon 

dioxide respectively, with a third syringe pump used at the outlet for collection and as a back 

pressure regulator.  
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Figure 3.1 Schematic of experimental setup.  BT refers to the location of in situ Breakthrough Curves determined 
using MRI. 

The column was first saturated with CH4 gas at 45 bar and the desired flow rate for the 

respective experiment was established.  The inlet flow was then switched to CO2 to begin the 

displacement experiment.  Displacement flow occurred against gravity (i.e. upwards) as 

employed in Chapter 2.  

3.4.2 MRI experimental details 

MRI experiments were performed using an Oxford Instruments Rock Core Analyzer (Oxford, 

UK) with a 
1
H resonant frequency of 12.9 MHz and magnetic field gradients in three directions 

of a maximum strength of 0.3 T/m.  A standard spin echo pulse sequence was used to obtain 

the 1D profiles of the CH4 concentration within the beadpack (Callaghan, 1991).  The profiles 

were obtained in the axial direction (flow direction).  The number of scans was 64-256 

depending on displacing fluid velocity, the pixel size was 0.8 mm, leading to an experimental 

time for each profile of between 1 and 4 minutes and a total of 64 profiles acquired.  Profiles 

were repeated with the same experimental parameters from the time the flow of CO2 was 

started until all of the CH4 was displaced from the bead pack.  All experiments were performed 

at 45 bar and room temperature (23
o
C) and a range of superficial gas flow velocities between 
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0.00486 and 0.0648 mm s
-1

, resulting in a range of Pe (Equation (3.1)) for the experiment from 

0.002 to 0.02.   

3.4.3 IR experimental details 

The concentration profiles obtained using MRI profiles were compared to the effluent stream 

breakthrough concentration of CH4 and CO2 using an IR spectrometer (Varian 640-IR) located 

inline before the collection pump.  The spectrometer was calibrated with eight gravimetrically 

prepared mixtures of CH4 + CO2, leading to an absolute uncertainty of the mole fraction of CH4 

or CO2 of about 0.01 (detailed in Chapter 2).  Measurements were taken at fixed time intervals 

after the start of CO2 injection.  The effluent concentration profiles were then fitted to 

Equation (3.3) using linear least squares regression analysis, demonstrated in Chapter 2.  

3.5 Results and Discussion 

Examples of acquired 1D MRI profiles are shown in Figure 3.2.  The fluid flow occurred from 

left to right (bottom to top of bead pack).  The field of view of the profiles was between 10 mm 

and 42 mm along the axis of the bead pack in the column.  The amount of signal decreases 

with time as CO2 replaces CH4 within the bead pack, with the signal reaching the noise level at 

the end of the experiment.  Apparent loss of signal at the edges of the profiles originates from 

both r.f. inhomogeneity and entrance/exit effects.  Consequently the only data used were at 

the positions of 20 and 35 mm (as indicated in Figure 3.2) where the effect of r.f. 

inhomogeneity was minimal and there were no apparent entry or exit effects.  Variations 

evident between these positions are due to the inherent signal-to-noise ratio (SNR) attainable, 

natural porosity variations and local variations in CH4 content. As the signal magnitude directly 

reflects the CH4 content, concentration (mole fraction) profiles can be generated via  direct 

interpolation of the signal magnitude at time t between that in existence before CO2 flooding 

was initiated (i.e when the sample was saturated with CH4) to that when all the CH4 had been 

displaced (as determined by SNR).    
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Figure 3.2 Example of 1D profiles obtained as a function of time during CO2 displacement of CH4. The signal was 

normalized by the maximum amount of signal for the bead pack saturated with pure CH4 (t = 0 min). Data are shown 

for the conditions: 23
o
C, 45 bar, 0.00486 mm s

-1
. 

The concentration (mole fraction) in a specific pixel along the profile (and thus a given axial 

position) can hence be determined as a function of time using the series of acquired profiles.   

In this way in situ breakthrough curves at different axial positions within the column are 

obtained.  Examples of such in situ breakthrough curves are shown in Figure 3.3, as assembled 

from 140 time resolved profiles (acquired every 4 minutes), for the two axial positions 

indicated – these data sets correspond to CO2 injection rates of 0.00486 mm s
-1

 (Figure 3.3(a)) 

and 0.0146 mm s
-1

 (Figure 3.3(b)).  To determine the dispersion coefficient K, the 

concentration profile at x = 20 mm was used as the effective inlet boundary condition for the 

concentration profile at x = 35 mm.  Similar to Chapter 2, Equation (3.2) was then solved 

numerically using a central finite difference method (the method of lines) implemented in 
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Matlab (version 7.7.0 R2008b).  In this way, the impact of entrance and exit effects was 

avoided as all experimental data were sampled in the actual column itself. 

 

Figure 3.3a) Examples of in situ breakthrough curves obtained from MRI 1D profiles from two separate 

experiments, showing the reproducibility of the data.  Data are shown for the conditions: 23
o
C, 45 bar, 0.00486 mm 

s
-1

; b) Examples of typical MRI and IR data, along with the theoretical fit used to obtain the dispersion coefficient 

(K).  Data are shown for the conditions: 23
o
C, 45 bar, 0.0146 mm s

-1
. 

To ensure that the profiles are quantitative with respect to the concentration of CH4 (and 

hence by difference CO2), the NMR relaxation times (T1 and T2) were measured at the core 

flooding conditions employed.  The T2 of CH4 was measured both in the bulk phase and within 
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the bead pack.  The relaxation is increased due to surface interactions with the glass bead 

surfaces, decreasing the T2 time from approximately 900 ms to 200 ms.  T2 relaxation will 

reduce the signal intensity of the MRI profiles, but given that the echo time of the profiles was 

1.5 ms, this relaxation is insignificant (< 0.75% reduction in signal intensity).  The T1 of bulk CH4 

was 1.5 s and within the bead pack it was 0.85 s – using a constant repetition time of 1 s 

results in signal loss of 31%, but no spatial variation in the value of T1 was observed (for which 

a single component fit was always adequate) across the bead pack so this effect was 

normalized by keeping the repetition time constant.  The flow of the gas will also potentially 

impact the measured MRI profiles due to the flow of gas out of the pixel during the 

measurement. This effect can be mitigated by averaging the concentration over several 

adjacent pixels (which also serves to increase the SNR), so that the displacement of the 

composition front during the acquisition time was small relative to the length scale of the 

‘augmented’ pixel size. Given that the maximum flow rate used was 1 ml min
-1

 (interstitial 

velocity of 0.0648 mm s
-1

) and the total acquisition time for each scan was 3.5 ms, by averaging 

across three adjacent 0.8 mm pixels, the maximum possible displacement within a scan was 

kept significantly below 1% of the augmented pixel size (2.4 mm). Any relaxation or out-flow 

effects were also reduced by the normalisation procedure required to convert the NMR signal 

profiles to (mole fraction) concentration.   

Figure 3.3 (a) shows breakthrough curves for two different spatial positions within the bead 

pack for two separate repeat experiments at the same displacing flow rate (0.00486 mm s
-1

).  

As shown in Figure 3.3(a), the in situ breakthrough curves obtained by MRI were very 

reproducible.  Examples of the data fits obtained and used to determine the dispersion 

coefficient are shown in Figure 3.3(b) for both the in situ MRI data and the ex situ IR 

measurements.  The breakthrough curve obtained by MRI (x = 20 mm) of the bead pack was 

used as input to determine the breakthrough curve at x = 35 mm with the dispersion 

coefficient (K) as the fitting parameter.  The breakthrough curve obtained by IR was analyzed 

independently from the MRI data, as discussed in Section 3.3.  Figure 3.3(b) shows excellent 

fits of Equation (3.3) to the various experimental data sets.  The slight early breakthrough 

observed for the IR data is attributed to erroneous exit effects, which are obviously not 

accounted for by the formulation of Equation (3.3).  The dispersion coefficient (K) results 

obtained from the data fitting of all of the data collected are shown in Figure 3.4 as a function 

of Pe number.  In determining Pe number (Equation (3.1)), the required diffusion coefficient 

was sourced from the literature (Takahashi and Iwasaki, 1970) as in Chapter 2. Error bars for 

both the MRI and IR data are derived from repetition of the measurements and consequential 

statistical uncertainty.  The relatively larger error bars for the MRI data are due to the 

inherently lower signal-to-noise ratio relative to that for the IR data.  The additional dispersion 
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due to entrance and exit effects can be readily observed by the fact that the in situ 

breakthrough curves measured with MRI result in lower dispersion coefficinient values than ex 

situ breakthrough curves measured with IR.  At lower Pe numbers where the flow is more 

dominated by diffusion, the difference between MRI and IR is between 20 and 32 %. This is 

similar to the results obtained in Chapter 2 by comparing effluent profiles from sandstone 

cores of different lengths.  However as the Pe number increases, the values for the two 

dispersion coefficients become closer, with a difference of only 8% and 13% for the two 

highest flow rates tested.   

 

Figure 3.4 a) K/D0 vs Pe for IR and MRI analysis; b) Percentage difference between dispersion derived from IR 

analysis and from MRI analysis. 

Numerical studies such as Bijeljic et al. (2011) predict that the transition between diffusive and 

advection dominated regimes occurs at a Pe of approximately 1 for unconsolidated porous 

media (sandpacks).  The data obtained from MRI profiles in Figure 3.4 shows an upward trend 

for Pe between 0.01 and 0.1, broadly consistent with the experimental results also presented 
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in Bijeljic et al. (2011), however our experiments do not access high enough Pe numbers to 

reach the obvious transition between diffusion and advection dominated regimes.     

Having demonstrated the veracity of the methodology here, future work will focus on 

extending the range of Pe number accessible, with a clear ambition being to attain a Pe value 

in excess of 1 where diffusion and advection effects on dispersion are comparable. The 

accessible Pe number range is currently limited at the lower end by pump reliability at low flow 

rates, whilst the upper end is limited by the temporal requirements to produce the required 

profiles at a sufficient spatial resolution.  Higher pressures will deliver more NMR signal 

alleviating the amount of signal averaging required to deliver the necessary NMR signal-to-

noise ratio.  Future studies will also extend this technique to consolidated porous media such 

as sandstone and limestone rock cores.  An important consideration will be to ensure that 

measured MRI concentration profiles have a sufficient field of view such that the dispersion 

coefficients obtained represent asymptotic values (Scheven et al., 2007; Scheven et al., 2005) 

and are thus not unduly influenced by local flow effects.   

3.6 Conclusion 

Accurate measurements of dispersion are presented based on temporally resolved 1D axial 

MRI of core flooding of high pressure CO2 into a methane-saturated model porous media.  

These are performed in situ and, via comparison with more conventional analysis of the ex situ 

effluent using IR, we are able to quantify the magnitude of the erroneous entry/exit 

contribution to the measured values of dispersion.  This error is significant and becomes more 

severe as Pe number is reduced.     
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4.1 Chapter summary 

This chapter highlights the further experimental modifications made to the original apparatus 

to allow the injection of small (volume) pulses of equimolar CH4 and CO2 mixtures into CH4 

saturated core samples, instead of displacing the CH4 by pure CO2. The optimised experimental 

method mitigated the adverse impact of active dispersion, which occurs during the 

displacement of pure CH4 by pure CO2 due to excessive composition/fluid property gradients 

present at the front.  

Mitigation of these active dispersion effects and the elimination of both gravitational 

segregation and erroneous entrance and exit contributions described in Chapter 2 and 3, 

collectively, enable high-accuracy dispersion data to be measured for two sandstone cores 

over a wide range of pressures, temperatures and velocities. Characteristic mixing length 

scales are then determined for the sandstones from the high quality dispersion data, which 

allow them to be reconciled with the dispersion data available in the literature for bead packs. 

Finally, the accurate dispersion data produced here have 50 times less scatter than the best 

data previously available, which were measured for bead packs.  
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4.2 Introduction 

Sequestration of CO2 is a widely considered climate change mitigation strategy.  Most 

proposed sequestration projects involve the injection of CO2 into aquifers or depleted oil or 

gas reservoirs (Moritis, 2003; Wildenborg and Lokhorst, 2005).  A well-known alternative, with 

greater economic incentives, involves the injection of CO2 into oil reservoirs, which has been 

used for decades as a method of enhanced oil recovery (EOR) (Manrique et al., 2007; Thomas, 

2008); CO2 reduces the oil’s viscosity and increases both its volume and the oil–water relative 

permeability. Here we consider the analogous process of EGR, via the injection of CO2 into 

producing natural gas reservoirs. In addition to geologically sequestering the CO2, the injection 

process can enhance gas recovery by maintaining the reservoir pressure, increasing sweep 

efficiency and hence accelerating the production rate.  In contrast with EOR, however, natural 

gas and CO2 are completely miscible in all proportions at all reservoir conditions.  Hence, 

excessive mixing is a key risk associated with EGR as it would result in undesirable 

contamination of the natural gas asset and/or early breakthrough of the injected CO2 at the 

production wells.  

This risk of excessive mixing of CO2 and natural gas within the reservoir has limited the practice 

of such EGR processes; currently there is only one industrial trial of CO2 injection underway 

with the objective of enhancing recovery from the depleted Rotliegend K12-B gas reservoir 

offshore of the Netherlands (Vandeweijer et al., 2011c). The maximum synergistic benefits of 

sequestering CO2 and enhancing gas recovery would be achieved by commencing injection 

towards the beginning of a field’s life; however, such a scenario would require a quantitative 

assessment of the rate, extent and nature of any mixing over the course of the field’s 

production life. Reservoir simulations that accurately capture the CO2 – natural gas mixing 

process are therefore essential if EGR through CO2 sequestration is to be adopted. 

To quantitatively model mixing within these simulations, accurate and relevant values of the 

dispersion coefficient, K, for natural gas-CO2 displacement processes at reservoir conditions 

are required as input parameters.  Typically, such dispersion coefficient (K) data are correlated 

with the medium Péclet number (Perkins and Johnston, 1963): 

m
m ,

u d
Pe

D
=  (4.1) 

where um is the mean interstitial velocity through the porous medium, D is the diffusion 

coefficient and d is a characteristic length scale for mixing. However, while this important 

length scale is well defined for packed beds of discrete particles (approximately 1.75 times the 

mean particle diameter (Perkins and Johnston, 1963), it is not clear what value should be used 
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for consolidated porous media such as sandstone. Several different metrics have been 

suggested such as grain size and pore throat diameter (Brigham et al., 1961; Gist et al., 1990; 

Legatski and Katz, 1967). 

In Chapter 2, we reported experimental data for dispersion coefficients extracted from 

breakthrough profiles measured for rock core floods in which 
SC

CO2 displaced CH4. Dispersion 

coefficient data were presented for two sandstone core samples of comparatively high (Berea) 

and low (Donnybrook) permeability over a range of flow velocities, temperatures and 

pressures. In Chapter 2, a large number of similar previous studies were reviewed and several 

significant systematic errors that can afflict such experiments were identified. It was shown 

that the measured breakthrough profiles, and hence the corresponding dispersion coefficients, 

could be greatly affected by gravitational effects acting to spread the CO2 front when core 

flooding is conducted in a horizontal orientation. These systematic artefacts are more obvious 

for low displacement velocities or comparatively high permeability rock cores.   

One aim of the work presented both in Chapter 2 and this chapter is to improve the reliability 

and consistency of available CO2 – CH4 dispersion data, so that robust correlations for K can be 

implemented in reservoir simulations of EGR via CO2 sequestration. The experimental data 

upon which such correlations are founded must be free of confounding artefacts from other 

hydrodynamic or thermodynamic contributions, such as density or concentration, which 

should already be accounted for within the reservoir simulation. While the dispersion data 

reported in Chapter 2 were a significant improvement upon the values available from previous 

rock core floods involving CO2 displacements of natural gas, those measurements still suffered 

from some deficiencies, which limited their precision and generality. The data scatter was 

larger than desired because of the limited back pressure control system used to allow 

measurement of the effluent concentration at ambient pressures. Of more concern were the 

large gradients in concentration (and hence density, viscosity and diffusion coefficient) 

inherent in such displacement experiments, which violate several of the assumptions (no 

density or viscosity variations between the two fluids, diffusion coefficient independent of 

concentration) within the models used to extract dispersion coefficients from such 

breakthrough profiles. Further, the displacement of pure CH4 by pure CO2 constitutes an active 

dispersion process in that the mixing significantly modifies the local density and viscosity of the 

fluid.      

In this work we report the experimental modifications and the resulting accurate new data for 

dispersion of 
SC

CO2 in CH4, that improve significantly upon the results reported in Chapter 2. 

Specifically, we conducted dispersion experiments in rock cores by pulse injections of CO2 + 
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CH4 mixtures so as to minimize the effects of density and concentration gradients, and we also 

measured effluent concentrations at high pressure. Importantly, the greatly improved data 

quality allows us to present a method of determining the value of the mixing length scale, d, in 

Equation (4.1) such that dispersion data from the rock cores can be reconciled with that from 

more general results obtained for unconsolidated porous media (packed beds). These results 

allow the effects of temperature, pressure, composition and flow velocity on the dispersion 

data to be correlated in a form suitable for inclusion in reservoir models of EGR via CO2 

sequestration.     

4.3 Literature review and background 

Chapter 2 provided a comprehensive review of core flooding experiments involving CO2 and 

CH4, as well as EGR reservoir simulations and an overview of some EGR trials at pilot- and field-

scale. In this section, a brief summary of the EGR field trial and reservoir simulation research, 

including recent developments, is presented, followed by a brief review of pertinent dispersion 

concepts and experiments relevant to the new results we present subsequently. In particular, 

general results for the dispersion of gases and supercritical fluids from experiments with 

packed beds are reviewed for ready comparison with the data presented here for consolidated 

porous media.   

4.3.1 Previous EGR studies  

Limited field trials of CO2 injection into depleted gas reservoirs have been conducted to 

investigate the feasibility of enhanced gas recovery (EGR) with CO2 sequestration (Orr Jr. and 

Taber, 1984; Vandeweijer et al., 2011c). The only current industrial scale implementation of 

EGR began in a depleted field (K12-B) offshore of The Netherlands (Vandeweijer et al., 2011c).  

Natural gas containing 13% CO2 has been produced from that field since 1987; in 2004 the CO2 

content was re-injected into the formation having previously been vented. Migration of the 

injected CO2 has been monitored via tracer analysis, and the comparison of the results with 

reservoir simulations indicated the latter needed improvement. Enhanced gas recovery with 

CO2 sequestration was also tested in a depleted gas reservoir in Canada in 2002. In that case 

CO2 broke through to the reservoir wells one to three years following the start of injection, 

which caused the field to be abandoned (Orr Jr. and Taber, 1984).  

Field-scale EGR processes have been simulated using various reservoir models and, invariably, 

the results have deviated greatly from the field observations. Such comparisons have served to 

highlight the deficiency of the dispersion models employed in the reservoir models. Many of 

these simulations will have only included advection and diffusion as explicit mixing 

mechanisms, with the effects of numerical dispersion probably making an un-quantified 
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contribution to the spread of the injected CO2; Oldenburg et al. (2001) systematically modeled 

EGR with CO2 sequestration for a depleted gas reservoir in the USA without including physical 

dispersion.  These studies reveal the clear need for accurate correlations for the dispersion of 

SC
CO2 in CH4 to enable the development of more reliable models of hydrodynamic mixing and 

dispersive behavior in reservoir formations.  

4.3.2 Dispersion measurements 

Dispersion in floods of cylindrical core plugs with injection along the axis can be adequately 

described by the one-dimensional advective-dispersion (AD) equation: 

2

L m2
,

C C C
K u

t x x

∂ ∂ ∂= −
∂ ∂ ∂

 (4.2) 

where C is the concentration of the dispersing species, t is time,  KL is the longitudinal 

dispersion coefficient and um is the mean interstitial velocity in the direction of bulk flow, x, in 

the porous medium.  Equation (4.2) does not account for any spatial velocity variations due to 

differences in density or viscosity between the fluids.  We note the use of alternative models 

(continuous time random walks and multi-rate mass transfer models) to describe dispersion in 

more complex, heterogeneous porous media (Berkowitz et al., 2006; Haggerty and Gorelick, 

1995).   

The ratio of the dispersion coefficient calculated from Equation (4.2) to the diffusion 

coefficient, KL/D, has been commonly plotted as a function of Pem (Equation (4.1)) (Perkins and 

Johnston, 1963). Additionally, Equation (2.7) has been frequently used to characterize the 

different dispersion behaviors evident in such correlated data. Generally 1 ≤ n < 1.5 (Brigham 

et al., 1961; Gist et al., 1990; Legatski and Katz, 1967)  and τ can range from 2  (for ideal 

packed beds only) to as much as 13 for certain consolidated media (Gist et al., 1990; 

Hurlimann et al., 1994). Generally for consolidated media these three parameters are treated 

empirically and must be determined from experiments with the rock; while τ can be 

determined via several methods, α and n can only be determined from experiments involving 

flow through the core. If n = 1, then the group mu

D

α  is equivalent to Pem with α identifiable as 

the characteristic length scale for mixing in Equation (4.1). In general, at approximately 

Pem < 0.1 diffusion dominates the dispersion process and the ratio of KL/D is constant and 

equal to 1/ τ. At approximately Pem > 10 advective mixing dominates the dispersion process 

and KL/D increases approximately linearly with Pem.  A transition region exists for Pem values 

between 0.1 and 10 in which both diffusion and advection are significant. 
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4.3.3 Dispersion measurements of gases and supercritical fluids  

There have been many studies investigating dispersion of gases in unconsolidated porous 

media (Delgado, 2006).  However, there have been limited studies on dispersion of gases in 

consolidated media such as rocks (Legatski and Katz, 1967; Newberg and Foh, 1988). Legatski 

and Katz (1967) focused on the dispersion of gases in sandstone and dolomite rock cores. They 

conducted pulse dispersion experiments at ambient conditions by injecting nitrogen pulses 

into an argon filled core and estimated the uncertainty of their dispersion coefficient 

measurements to be approximately 30%.  Newberg and Foh (1988) investigated the degree of 

mixing between methane and nitrogen at elevated pressures using a wide range of 

consolidated rock cores.  

Tan and Liou (1989) were the first group to systematically investigate the dispersion of 
SC

CO2 

and CH4, conducting a series of displacement experiments through packed beds 

(unconsolidated media). Their results suggested that the measured dispersion coefficients 

increased with increasing pressure and decreasing temperature, which is inconsistent with the 

known behavior of the diffusion coefficient.  The authors did not observe the diffusion-

dominated, advection-dominated and transient zones and their data quality was not sufficient 

to correlate the dispersion of 
SC

CO2 and CH4 with either Pem or Reynolds number.  

Later, Yu et al. (1999) measured the dispersion of 
SC

CO2 and CH4 through a packed bed which 

was saturated with CO2 prior to the injection of a pulse of a dilute CH4 and CO2 mixture. Their 

measured dispersion coefficients decreased with increasing pressure, consistent with expected 

diffusion behavior. They also demonstrated that the dispersion behavior for supercritical fluids 

was similar to that of gases and liquids with some differences in dispersion coefficient values 

ascribed to the different fluid densities, viscosities and diffusivities.  Their attempt to develop 

an accurate empirical correlation for the dispersion coefficient of 
SC

CO2 and CH4 as a function of 

Pem was not successful due to a large degree of data scatter and the authors suggested that 

general predictions of dispersion made on the basis of their data should be treated with 

caution.  

The dispersion behavior of 
SC

CO2 with other fluids such as squalene, benzoic acid and oleic acid 

(Catchpole et al., 1996) and hexachlorobenzene (Ghoreishi and Akgerman, 2004) through pack 

beds has also been examined. However, Catchpole et al. (1996) did not observe the three 

different dispersion regions, while the findings of Ghoreishi and Akgerman (2004) for 

dispersion dependency on pressure and temperature were inconsistent with expected 

diffusion behavior. 
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Recently, Delgado and co-workers (Delgado, 2006, 2007; Guedes de Carvalho and Delgado, 

2003) completed an extensive literature review and reported new experiments regarding 

dispersion in packed beds. This included attempts to develop dispersion correlations that 

reconciled dispersion in liquid, gas and supercritical fluid systems. However, while the 

resultant correlations could successfully describe the majority of the data considered for liquid 

and gases, they were not able to capture the supercritical fluid results of Catchpole et al. 

(1996), Tan and Liou (1989), Yu et al. (1999), and Ghoreishi and Akgerman (2004) due to the 

degree of scatter in those data (Delgado, 2007). 

4.4 Methodology 

4.4.1 Materials 

The methane, carbon dioxide and nitrogen used in our experiments were supplied by BOC 

Scientific at purities greater than 0.999 mole fraction.  Mixtures of CO2 and CH4 for pulse 

injection were prepared gravimetrically.  Two types of 1.5 inch diameter sandstone cores, 

Berea and Donnybrook, with nominal lengths of 50 or 100 mm were available.  These cores 

were cleaned prior to use by Soxhlet extraction with a mole fraction mixture of 0.9 

dicholormethane (Chem-Supply) + 0.1 methanol (Ajax-Finechem). The specific dimensions of 

the three cores used are listed in Table 4.1, together with the mean grain diameters, dp, of 

each sandstone and their pressure-dependent porosities, Φ, and permeabilities, k. 

Table 4.1 Rock core characteristics. 

Sandstone core 
Length 

(mm) 

Diameter 

(mm) 

dp 

(mm) 

pconfining 

(MPa) 
Φ k (mD) 

Long Berea 

Short Berea 

100.4 

50.4 

37.6 

37.6 
0.15 

8 0.2043 463.3 

10 0.2039 460.7 

12 0.2036 458.2 

Long Donnybrook 101 37.5 0.15 

8 0.1576 12.07 

10 0.1573 12.01 

12 0.1572 11.95 

 

4.4.2 Apparatus and method 

The specialized core flooding apparatus for 
SC

CO2-CH4 dispersion measurements was adapted 

from our previous experimental set-up for breakthrough measurements, reported in Chapter 

2, to allow for pulse injection.  A schematic of the apparatus is shown in Figure 4.1, with the 

important modifications to the apparatus, required by the work conducted here, highlighted in 

red.  Specifically, a HPLC switching valve was included to allow for a controlled injection of a 

pulse of a CH4 and CO2 mixture; analysis of the core effluent was conducted at measurement 
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pressure using a HPIR cell; and a syringe pump was used for effluent collection, ensuring better 

pressure regulation during the pulse displacement process.  Details of the core holder, core 

wrapping, the core holder bath temperature control, pressure instrumentation and calibration 

of FT-IR spectrometer are included in Chapter 2.  All experiments described below were 

conducted with the core in the vertical orientation. 

 

Figure 4.1 Simplified schematic of the improved core-flood apparatus for accurate dispersion measurements.  The 

HPLC switching valve is shown in the sample loop filling position. To inject the pulse the valve is switched (rotated 

180°) so that the CH4 flow flushes the sample out of the loop. 

Most experiments were performed with the core initially flooded with methane to examine 

the dispersion of CO2.  However, a subset of experiments was also completed with the core 

initially flooded with CO2 to investigate the dispersion of CH4 in CO2.  The saturating fluid (pure 

CH4 or pure CO2) was initially pressurized into the core via the injection syringe pump.  The 

composition of the flow from the outlet of the core was monitored using a Varian 640-IR 

infrared spectrometer (IR) containing a high pressure cell, with the ‘collection’ syringe pump 

operated in constant pressure mode. When the IR spectrometer indicated the effluent’s 

composition was that of the pure saturating fluid the pulse injection was initiated.  To 

introduce the pulses a HPLC switching valve (Valco EPC6W) with a fixed-volume sample loop 

was utilized; the injected sample volume could be varied by changing the loop. The pressure of 

CH4 + CO2 mixture samples within the loop was pressurized to match the flowing pressure at 

the core’s entrance. The concentrations of CO2 and CH4 in the effluent stream from the core 

were then monitored using the IR spectrometer.  The flow from the injection pump was 

stopped when the dispersed pulse was monitored to have passed completely through the IR 

cell. 
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The experiments were conducted at core temperatures and pressures of 40 to 100 °C and 8 to 

14 MPa, respectively, and interstitial velocities of the carrying gas between 0.007 and 0.813 

mm s
-1

. For each set of experimental conditions (T, p, um), measurements were performed 

using both the long Berea and Donnybrook sandstone cores respectively.  Measurements were 

also performed at all experimental conditions using the short Berea sandstone core to 

determine the systematic error arising from the combination of dispersion in the tubing and 

core entrance/entry effects.      

4.4.3 Data analysis 

For pulse experiments, the boundary conditions are: 

C(x > 0, t = 0) = 0, C(x = ∞, t) = 0,  C(x = 0, 0 < t < δ) = C0 and C(x = 0, t > δ) = 0 where δ is the 

pulse duration. The solution to Equation (4.2) with these boundary conditions (Levenspiel, 

1999) is: 

( )2

mm

LL

exp ,
44

L u tu
C

K tK tπ

 −
= − 

 
 

 (4.3) 

where L is the experimental length scale (core length). Equation (4.2) and its solution (Equation 

(4.3) ) are one-dimensional, as such they are unable to account for any velocity variations in 

the radial or cross-sectional direction.  The dispersion that occurs in the tubing leading to and 

from the core, and the inhomogeneous velocity profiles around the core entry and exit, both 

add to mixing and erroneously increase the apparent dispersion.  As discussed in Chapter 2, to 

remove these effects, measurements were conducted at the same conditions of T, p and flow 

rate with both short and long Berea rock cores.  The concentration profiles collected with the 

short core were used as inlet boundary conditions to a hypothetical undisturbed core of a 

length equal to the difference in length between our long and short core.  Equation (4.2) was 

then solved numerically using a central finite difference method (the method of lines) 

implemented in Matlab (2008) (version 7.7.0 R2008b) within this hypothetical core and 

regressed to the experimental (long core) data in order to determine Kcorr.  In this manner this 

systematic error, between Klong extracted via Equation (4.3) and the above methodology 

employing long and short core, was quantified.   

In the case of the Donnybrook rock cores, this numerical approach employing long and short 

cores was no longer viable, as sample to sample variability (specifically between the long and 

short cores) overwhelmed the contribution from tubing and core entry/exit effects.   



59 

 

This highlights a limitation of this correction methodology for entry/exit effects and tube 

dispersion; a more satisfactory approach, which we employ, is to use a comparatively 

homogeneous medium (in our case the Berea Sandstone) to quantify the correction required 

to account for these effects.  This amounted to an average correction of 23 % and showed no 

significant dependence on velocity. Consequently all Klong data measured for both the Berea 

and Donnybrook cores were reduced by 23% to account for these systematic errors and give 

the Kcorr values listed in Table 4.2.    

Table 4.2 Dispersion coefficients of equimolar mixtures of CO2-CH4 into pure CH4 or pure CO2 for Berea and 

Donnybrook sandstone cores. 

 

Dispersion coefficients of equimolar CO2-CH4 mixtures into pure CH4 

Core T (°C) P (MPa) u (mm s
-1

) D (10
-8 

m
2 

s
-1

)  Kcorr (10
-8 

m
2 

s
-1

)  

Berea 

40 8 0.025 16.4 6.63 

40 8 0.062 16.4 7.50 

40 8 0.140 16.4 8.97 

40 8 0.125 16.4 9.37 

40 8 0.499 16.4 22.12 

40 9 0.140 14.2 8.23 

40 10 0.006 12.5 3.98 

40 10 0.011 12.5 4.13 

40 10 0.140 12.5 9.58 

40 11 0.140 11.1 7.68 

40 12 0.010 10.0 4.00 

40 12 0.050 10.0 6.37 

40 12 0.141 10.0 7.58 

40 12 0.199 10.0 10.37 

50 10 0.140 13.9 7.89 

60 8 0.452 19.6 20.24 

60 10 0.012 15.2 5.39 

60 10 0.024 15.2 6.13 

60 10 0.085 15.2 7.48 

60 10 0.140 15.2 8.83 

60 10 0.304 15.2 13.63 

60 10 0.486 15.2 19.57 

60 12 0.004 12.3 3.21 

60 12 0.008 12.3 3.99 

60 12 0.035 12.3 5.36 

60 12 0.165 12.3 9.00 

70 10 0.140 16.6 9.21 

80 8 0.034 23.1 8.00 

80 8 0.043 23.1 8.22 

80 8 0.121 23.1 10.15 

80 8 0.216 23.1 13.27 

80 8 0.541 23.1 23.20 

80 10 0.016 18.0 6.18 

80 10 0.034 18.0 6.44 
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80 10 0.085 18.0 8.47 

80 10 0.121 18.0 9.08 

80 10 0.140 18.0 9.48 

80 10 0.397 18.0 17.47 

80 12 0.034 14.7 6.07 

80 12 0.120 14.7 8.45 

80 12 0.482 14.7 18.67 

80 14 0.034 12.3 5.54 

80 14 0.120 12.3 8.10 

100 8 0.085 26.6 10.17 

100 10 0.085 21.0 8.45 

100 10 0.142 21.0 9.64 

100 12 0.035 17.2 6.41 

100 12 0.085 17.2 7.81 

100 12 0.207 17.2 10.18 

100 12 0.236 17.2 11.37 

100 12 0.443 17.2 12.91 

100 14 0.085 14.5 17.61 

Donnybrook 

40 8 0.025 16.4 7.21 

40 8 0.140 16.4 18.22 

40 8 0.188 16.4 26.00 

40 12 0.050 10.0 6.69 

40 12 0.141 10.0 18.66 

60 10 0.007 15.2 5.17 

60 10 0.304 15.2 39.95 

60 10 0.486 15.2 66.67 

60 10 0.813 15.2 115.39 

60 12 0.008 12.3 2.72 

60 12 0.035 12.3 5.36 

Dispersion coefficients of equimolar CO2-CH4 mixtures into pure CO2 

Core T (°C) P (MPa) u (mm s
-1

) D (10
-8 

m
2 

s
-1

)  Kcorr (10
-8 

m
2 

s
-1

)  

Berea 

80 8 0.121 23.1 11.67 

80 8 0.216 23.1 14.81 

80 10 0.121 18.0 9.17 

80 10 0.140 18.0 8.85 

80 12 0.120 14.7 9.49 

Donnybrook 

40 8 0.140 16.4 19.58 

40 12 0.050 10.0 5.73 

40 12 0.141 10.0 16.74 

60 12 0.035 12.3 5.99 

 

4.4.4 Independent measure of tortuosity  

The diffusion coefficients D in Equation (2.7), which depend on pressure, temperature and 

composition, were obtained from the data of Takahashi and Iwasaki (1970). An error in the 

calculation of D would cause an offset in the value of (KL/D) determined from the dispersion 

measurements, which would be most pronounced in the limit um → 0. To confirm that no such 

offset was present, we measured the core’s tortuosity, τ using a second, completely 
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independent technique. The Berea and Donnybrook rock core samples were evacuated and 

then saturated with distilled water at a pressure of 10 MPa and left for several hours to ensure 

complete saturation. These saturated cores were then placed in a 12.9 MHz nuclear magnetic 

resonance (NMR) rock core analyser (Oxford Instruments) to enable self-diffusion 

measurements via the application of pulsed field gradient stimulated-echo (PGSTE) techniques 

(Stejskal and Tanner, 1965).  Measurement of the water’s self-diffusion coefficient for a free 

liquid sample (D0) and for the water in the saturated rock core (D), enables calculation of the 

system tortuosity (τ = D0/D) if a sufficiently long observation time is allowed to ensure the 

diffusion within the core is completely restricted.  Significant literature is available which 

further details this methodology and its application to a range of porous media (Hurlimann et 

al., 1994; Sen, 2004).  

NMR measurements of T2 signal relaxation were also acquired for both rock cores saturated 

with water and converted to pore size (expressed as pore surface-to-volume (S/V) ratio) 

distributions, as detailed by Latour et al. (1993), Latour et al. (1994) and Hurlimann et al. 

(1994).  This was required to investigate the heterogeneity of the respective sandstone cores.    

4.5 Results and discussion 

4.5.1 Commissioning experiments  

Prior to commencing the dispersion experiments, it was necessary to determine the optimum 

values of two experimental parameters: the composition of the CO2 + CH4 mixture used in the 

pulse, and the optimum pulse volume. The pulse composition selection involves a trade-off 

between minimizing the density contrast between the pulse and the saturating fluid so as to 

minimize mixing caused by gravitational effects (density contrast), and maintaining an 

adequate signal to noise ratio in the compositional profile of the effluent pulse. Five different 

pulse mixtures with CO2 mole fractions between 0.11 and 1 were used to examine the effect of 

pulse concentration on the dispersion results.  These experiments were conducted with CH4 

saturated cores at temperatures of 60 and 80 °C, pressures of 10 and 12 MPa, and interstitial 

velocities of 0.016, 0.035, 0.085 and 0.48 mm s
-1

. 

Figure 4.2 shows breakthrough profiles for four pulses with different CO2 concentrations for 

Berea sandstone at 60 °C, 10 MPa and 0.085 mm s
-1

.  Residual plots following regression of 

Equation (4.3) to the data are also shown.  The breakthrough profile for 100% CO2 shows a 

clear extended tail, which is also evident in the accompanying residual plot, that was caused by 

the density of pure CO2 being about 4.6 times larger than that of pure CH4 at this condition 

(REFPROP (2012) version 9.0). This density ratio increases to a factor of about nine at 40 °C 
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and 10 MPa. However the mixture containing only 50% CO2 showed an extremely small 

residual (maximum less than 1% across all conditions considered); the density ratio in this case 

was 2.1. Across the range of conditions studied, it was found that at certain conditions, 

effluent pulses with CO2 concentrations lower than 50% exhibited unsatisfactory signal to 

noise ratios  Thus,  mole fraction mixtures of 0.5 CH4 + 0.5 CO2 were used as the injected pulse 

for all of the dispersion measurements.   

 

Figure 4.2 Effect of pulse concentration on the breakthrough profiles to find the optimum mixture concentration 

with sufficient signal to noise (SNR) ratio and no gravitational systematic error. The lower panel shows effluent 

pulse profiles from the long Berea core at 60 °C, 10 MPa and 0.085 mm s
-1

 for injected pulses with different CO2 

mole fraction. The upper panel shows the residuals of the fits of Equation (4.3) to the measured effluent profiles. 

The density ratios of each mixture to the pure CH4 at the measurement conditions are listed in this graph caption. τ 

is mean residence time.   

The optimum pulse volume is also a tradeoff between a lower limit dictated by a sufficient 

signal-to-noise ratio at the IR detector, and an upper limit set by need for the pulse length to 

be small in comparison with the core length. A series of loop volumes between 0.02 mL and 1 

mL were tested and multiple pulse breakthrough curves were obtained and dispersion 

coefficients extracted. Across the range of conditions explored, it was found that loop volumes 

smaller than 0.5 mL (corresponding to 0.022 pore volumes for the long Berea cores) resulted in 

deviations in KL greater than 15% from the mean value achieved with larger volume loops at 
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certain specific conditions (typically low flowrates) due to poor signal-to-noise. Consequently 

0.5 mL was selected as the loop volume in all subsequent experiments.   

The repeatability of the resultant measured KL was tested by conducting several of the 

measurements at a given (p, T, um) condition six times.  Figure 4.3 illustrates the breakthrough 

curves obtained for two experiments conducted at 40 °C, 10 MPa and 0.14 mm s
-1

, and also 

shows the residual plots for the regression used to determine KL. The dispersion coefficients 

extracted for these two experiments were 1.24×10
-7

 and 1.23×10
-7

 m
2 s

-1
 with statistical 

relative uncertainties of 2 and 3.7%, respectively.  Across all conditions subjected to multiple 

repeats, the relative standard deviations of the extracted dispersion coefficients were 

consistently less than 7%, which is about three times smaller than that due to the necessary 

correction for tubing and core entry/exit effects outlined above.   

 

Figure 4.3 Typical measured pulse profile and the repeatability of the results. The lower panel shows two pulse 

breakthrough profiles from the long Berea core at 40 °C, 10 MPa and 0.14 mm s
-1

 (circles and squares) and the fits 

of Equation (4.3) to the measured data (solid lines). The upper panel shows the residuals of the fits. 

4.5.2 Dispersivity data  

Table 4.2 summarizes all our experimental conditions (T, p and um), and corresponding 

dispersion coefficients (Kcorr) for both the Berea and Donnybrook sandstones. The values of 

Kcorr have been corrected for entry/exit and tubing effects as outlined above.   
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Figure 4.4 plots the corrected pulse dispersion coefficients (Kcorr) divided by diffusion 

coefficient (D) as a function of interstitial velocity; also shown is an enhanced view of the data 

at very low velocities. Also plotted are the corresponding data from Chapter 2 acquired from 

displacement experiments of CH4 by CO2 using the same rock cores. The new dispersion data, 

acquired using the revised pulse technique and improved apparatus, produces significantly less 

scatter and a significantly better linear fit. Even though the significant reduction of the density 

contrast between the fluids substantially improved the dispersion data in pulse experiments, 

other factors (such as reduced viscosity contrast and the reduced dependence of diffusion on 

local concentration) may have potentially also contributed to the reduction of active 

dispersion and this improvement in the dispersion signal. There is also a much clearer 

distinction between the data for the low permeability Donnybrook core and high permeability 

Berea core.  It is apparent that the dispersion coefficients determined from the displacement 

experiments are systematically lower than those determined using the pulse technique. One 

explanation for this is that the large density contrast between pure CO2 and pure CH4 

suppressed the degree of mixing observed in vertical core floods with the CO2 front moving 

from bottom to top. 
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Figure 4.4 (a) Dispersion coefficients for Berea and Donnybrook cores as a function of interstitial velocity from the 

pulse injection measurements in this work and the displacement experiments reported in Chapter 2; the 

independent NMR measurements of rock tortuosity were 4.3 and 4.8 for Berea and Donnybrook sandstone cores, 

respectively; (b) Inset of data from 4a for low velocities. 

Application of Equation (2.7) to the new data allowed the dispersivity (α) to be determined for 

the two sandstone cores. For the Berea and Donnybrook rocks, α = 0.35 mm and 1.31 mm, 

respectively, with a relative statistical uncertainty in these parameters from the regression of 

less than 5%. These values are consistent with those reported for sandstones by  Coats et al. 

(2009), although in the case of the Berea sandstone, the dispersivity measured here is 

moderately lower than other values reported in the literature: 1.2 mm (Gist et al. (1990)); 3.75 

mm (Brigham et al. (1961)); 2.2 mm (Legatski and Katz (1967)); 1-6 mm (Schulze-Makuch 

(2005)). However, as demonstrated by the discussions above, the value of the apparent 

dispersivity obtained can readily be affected by systematic measurement errors, compounded 
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by the effects on α due to variation in sample length employed and, of course, variability in the 

actual samples used.   

Figure 4.5(a) shows all the dispersion data acquired using the pulse method as a function of 

medium Péclet number (Pem) where the calculated dispersivity (α) for the two rock cores is 

used as the characteristic length-scale, d.  The data collapses well onto a single curve with the 

diffusion dominated and intermediate regime clearly evident.  The NMR measurements of 

tortuosity were 4.3 and 4.8 for Berea and Donnybrook sandstone cores, respectively.  These 

are plotted on Figure 4.5(a) as dashed lines and are clearly consistent with the dispersion data 

acquired at low Pem.  Agreement between the two rock cores is entirely expected given the 

method of determining α.  However, we note that the data collapse onto a common curve in 

Figure 4.5(a) despite significant variations in measurement temperature, pressure and the 

consideration of both CO2 and CH4 diffusion. Clearly these contributions to dispersion are 

adequately captured by the calculated value of D.  The solid line in Figure 4.5(a) represents a 

plot of: 

m

1
,

K
bPe

D τ
= +  (4.4) 

with b set equal to 1. This adequately captures the data in a form suitable for inclusion in 

reservoir models.  However, if Equation (4.4) is to be used in EGR reservoir simulations, 

estimates of the dispersivity and tortuosity for the system being simulated would be required.   
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Figure 4.5 (a) Kcorr/D vs. Pem for the Berea and Donnybrook sandstone cores measured in this work. The dashed 

lines denote the independent NMR measurements of rock tortuosity which were consistent with the hydrodynamic 

measurements. (b) Measured dispersion coefficients of CH4 and CO2 in this study together with the data from Yu et 

al. (1999) for packed beds. The curves represent Equation (4.4): for the consolidated rock cores τ and b were set to 

their measured values while for the bead pack literature data they were treated as adjustable parameters.  

4.5.3 Reconciliation with unconsolidated media dispersion data 

Figure 4.5 (b) plots our dispersion data for the rock cores against that extracted from the 

literature for 
SC

CO2 dispersion in CH4 for unconsolidated media – bead packs (Yu et al., 1999).  

The larger tortuosities for the rock cores, relative to the packed beds are clearly evident at 

lower Pem. According to Perkins and Johnston (1963), the characteristic mixing length-scale, d, 

in the packed beds is approximately equal to 1.75 times the mean particle diameter (dp).  Thus 

in constructing Figure 4.5(b), the Pem values for the data of Yu et al. (1999) were calculated 

using Equation(4.1) with d = 1.75dp. Such an approach is not appropriate for rock cores 

(a)

(b)

0.1

1

10

100

K
co

rr
/D

Pem

Data of this work

Yu et al. data

Our correlation with Berea Tortuosity

Our correlation with Donnybrook tortuosity

Our correlation to Yu et al. data

0.01 0.1 1 10 30

0

2

4

6

8

10

K
co

rr
/D

Pem=αu/D

Equimolar pulse into CH4 saturated Donnybrook

Equimolar pulse into CO2 saturated Donnybrook

Equimolar pulse into CH4 saturated Berea

Equimolar pulse into CO2 saturated Berea

0.01 0.1 1 10 30



68 

 

(consolidated media) and a range of approaches have been adopted to approximate it, 

including various multiples of the mean grain size to account for heterogeneity (σdp) (Legatski 

and Katz, 1967) and the square root of permeability (Bacri et al., 1987).  With reference to 

Figure 4.5(b), use of the dispersivity as the value for d in Pem leads to reasonably good 

reconciliation of our data with that acquired for packed beds.  This is not true if grain diameter 

or the square root of the permeability is used instead.  Indeed the dispersivities we measured 

equate to approximately 2.5 grain diameters for the Berea sandstone and nine grain diameters 

for the Donnybrook sandstone.  In Figure 4.5(b) we show a plot of Equation (4.4) evaluated for 

the Berea and Donnybrook sandstone, accounting appropriately for each rock’s measured 

tortuosity and with b set to 1.   

Also plotted is Equation (4.4) with a tortuosity corresponding to that of the packed bed data of  

Yu et al. (1999). They obtained τ by regression of their data to a correlation with a slightly 

different functional form to that of Equation (4.4) but which contained two adjustable 

parameters that are essentially equivalent to b and τ in Equation (4.4) (the functions are 

exactly equivalent when their β2 = 0). The root mean squared (r.m.s.) error of their correlation 

from their data was 5.9 (the r.m.s. error of 5.7 is achieved if Equation (4.4) is used instead of 

their correlation). In contrast the r.m.s. error of Equation (4.4) from our pulsed dispersion data 

is 0.11. Clearly, the refinements to the apparatus and experimental method developed in this 

work were very effective in producing high quality, wide-ranging dispersion data with nearly 50 

times less scatter than achieved previously for pulse experiments. 

Comparison of Equation (4.4) with the dispersion data measured in Chapter 2 using 

displacement experiments is useful in quantifying the magnitude of the reduction in scatter 

and systematic effects that the new experimental approach has achieved. As shown in Figure 

4.4, the displacement experiments exhibited greater scatter in the measured dispersion 

coefficients and smaller dispersivities to the point where the data for the Berea and 

Donnybrook rocks were indistinguishable. If the values of α determined for the two rocks from 

the pulse experiments are used to calculate the Pem values for the displacement experiments, 

then Equation (4.4) can be regressed to the displacement data if b is treated as an adjustable 

parameter. The outcome of such a fit is an r.m.s. error of 0.73 and a best-fit value of b = 0.45. 

Thus the improvements in this work have eliminated a systematic error that suppressed the 

measured dispersivity by a factor of two on average, and have reduced the data scatter by a 

factor of almost seven. 

The identification of the measured core dispersivity (α) as the characteristic length scale that 

adequately reconciles the dispersion behavior of consolidated rock with packed beds is to the 
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best of our knowledge unique and leads to questions of the mechanism that gives rise to this 

length scale. Several authors (e.g. Brigham et al. (1961)) have suggested that the dispersivity 

could be considered as a measure of the sample’s heterogeneity. Coats et al. (2009) 

distinguished between physical dispersivities, determined from core scale measurements, and 

conformance dispersivities which are obtained using Equation (4.2) to interpret field scale 

tests of injected fluids breaking through at production (or monitoring) wells. This conformance 

dispersivity is named as such because it is set by geometrical effects such as well spacing and 

injection intervals, as well as the formation’s heterogeneity at that length scale. The results of 

our core-scale dispersivity experiments suggest that physical dispersivity is simply 

conformance dispersivity at the core scale: we hypothesize that it is a measure of 

heterogeneity in the core.  The larger dispersivity of the Donnybrook sandstone core is 

consistent with its larger value of tortuosity and its broader pore size distribution. Figure 4.6 

presents the NMR measurements of pore size distribution (presented as volume-to-surface 

(V/S) ratios) for the two sandstone cores – the standard deviation for Donnybrook is 6.08 µm 

and for Berea it is 3.75 µm.  It is acknowledged that tortuosity (as we measure it) is indicative 

of heterogeneity at the length-scale of several adjacent pores whereas the heterogeneity 

dictating dispersivity (α) is likely to correspond with the core length-scale.  

 

Figure 4.6 Pore size (volume-to-surface (V/S) ratio) distributions for the Berea and Donnybrook sandstone cores.  

V/S corresponds to 1/3 of the pore radius for ideal, enclosed spherical pores. The calculated standard deviations of 

the distributions were 6.08 μm for Donnybrook and 3.75 μm for Berea. 

Heterogeneity at such length scales is extremely difficult to quantify, with hydrodynamic 

dispersivity measurements such as those presented here being the only method that we are 

aware of. However, the range of core flooding experiments necessary is time consuming and 
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expensive, and it would be advantageous if another more efficient method of quantifying core-

scale heterogeneity could be developed.     

4.6 Conclusions 

A pulsed measurement apparatus was established for the measurement of the dispersion 

coefficient (K) for 
SC

CO2 and CH4 in various sandstones. The methodology was adapted to 

minimize the effects of density and concentration contrasts; the reproducibility and data 

scatter obtained were excellent. Measurements of dispersivity (α) up to a maximum Pem value 

of 7.5 were revealed to be appropriate values for the characteristic mixing length, d, 

reconciling the rock core data with that from unconsolidated media extracted from the 

literature. All acquired data collapsed onto a common curve when K/D was plotted as a 

function of Pem, capturing variation with temperature, pressure and concentration of the 

dispersing species.   

Future work will focus on including this correlated data into EGR reservoir simulations.  

Essential to its application is knowledge of both the rock dispersivity and tortuosity.  In the 

current chapter, dispersivity was measured via multiple time-consuming dispersion 

measurements as a function of velocity.  Future work will also focus on rapid measurements of 

dispersivity (e.g. Scheven et al. (2007)) suitable for more routine use.  The effects of irreducible 

liquid phases present in the cores will also be investigated. 
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5.1 Chapter summary 

Following the advances achieved in the experimental techniques during the first phase of this 

research (described in Chapter 2-4), the optimised experimental apparatus was then used to 

investigate the effect of medium heterogeneity on the in-situ mixing of CO2 and CH4 by 

studying four structurally different sandstone and carbonate rock cores. Core samples with 

broader multimodal pore size distributions produced wider breakthrough profiles at similar 

experimental conditions, indicating more dispersive mixing of the fluids. The results also 

showed that the two sandstone cores and one of the carbonate cores reached the asymptotic 

flow regime within the experimental time scale. However, effluent pulse profiles which 

exhibited early breakthroughs and long tails were observed in one of the carbonate cores with 

significant intragrain micro-porosity because the pulse’s residence time was insufficient and 

the flow transport behaviour remained pre-asymptotic.  Thus, the Mobile-Immobile Model 

was applied to extract dispersion coefficients characteristic of the asymptotic regime that 

would be relevant to EGR simulations.  

These dispersion data were then used to validate a theoretical prediction for the power law 

dependence of dispersion on velocity in the two classes of rocks, with an exponent of 1.2 for 

sandstones being clearly distinct to the value of 1.4 for carbonates.  Furthermore, the results 

showed how using supercritical CO2 as the dispersive fluid assists improves the resolution of 

the core’s micropore structure within the time scale of laboratory experiments; the 

microporous structures probed by CO2 dispersion experiments were appreciably different to 

those accessed with water floods or from X-ray CT core maps with limited resolutions. 

 

  



73 

 

5.2 Introduction 

Carbonate formations contain more than half of the world’s current oil reserves together with 

a huge portion of the proven gas resources in the Middle East (Ahlbrandt et al., 2005; Akbar et 

al., 2000; Roehl and Choquette, 1985). They are naturally fractured and their porosity and 

permeability are heterogeneously distributed, with the fracture matrix having a wide range of 

pore sizes that lead to complex flow and transport process behavior. Extensive efforts have 

been made for decades to improve oil recovery from such reservoirs using various approaches 

including chemical, gas injection and thermal methods. Mitchell et al. (2008) reviewed more 

than 1500 Enhanced Oil Recovery (EOR) projects worldwide and reported that 18% of the total 

projects were implemented in carbonate reservoirs. Among all EOR methods, gas flooding 

(especially CO2 flooding) has recently become arguably the most attractive approach for 

carbonate formations due to the potential for greenhouse gas mitigation. In the USA, nearly 

85% of EOR projects in carbonate reservoirs involve CO2 flooding (Manrique et al., 2007).   

Even though EOR via CO2 flooding is a well-established method to improve the recovery factor 

of oil reservoirs and geologically sequester CO2, enhanced gas recovery (EGR) with CO2 

flooding/sequestration has not been widely considered by the oil and gas industry. This 

process not only can safely store CO2 within the formation but also can improve the natural 

gas recovery by maintaining the reservoir pressure and enhancing sweep efficiency and 

production rates. However, natural gas and CO2 are entirely miscible in all proportions and 

consequently the risks of mixing these fluids within the reservoir formation and early CO2 

breakthrough into production wells are the main hurdles for EGR implementation. These 

associated risks and uncertainties of EGR projects can be estimated by using reservoir 

simulations in which fluid flow in reservoir formations can be quantitatively modeled and, in 

principle, the mixing process between the injected CO2 and natural gas captured. Doing so 

reliably, however, requires (1) adequate characterization of physical dispersion at all relevant 

length-scales, and (2) that numerical dispersion in such simulations be kept sufficiently small. 

The latter remains an ongoing challenge in practice (e.g. Adepoju et al., 2013; Peaceman, 

1977). Extensive studies of dispersion at the field scale have been published (Arya et al., 1988; 

Coats et al., 2009; Lake, 1989) but generalizing the results of these studies is not 

straightforward. Physical dispersion at smaller length scales is also important because, as 

discussed below, the description of transport at the core scale can play an important role in 

the prediction of mixing at the field scale, particularly for carbonate formations. These 

challenges to describing the mixing of CO2 and natural gas have limited EGR projects to only a 

few field trials (Pooladi-Darvish et al., 2008; Vandeweijer et al., 2011c). The only current field-

scale EGR project is the Rotliegend K12-B gas reservoir, located offshore of the Netherlands, 
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which started in 2004 after 17 years of conventional gas production (Vandeweijer et al., 

2011c). The EGR process began by injecting produced CO2 into the formation of this depleted 

gas reservoir, improving the gas recovery along with CO2 sequestration. A Canadian depleted 

gas reservoir was also used for an EGR/CO2 sequestration trial in 2002 but the operation was 

terminated after three years due to the early CO2 breakthrough into the producing wells 

(Pooladi-Darvish et al., 2008). Both of these two EGR field trials were implemented in 

sandstone formations, and carbonate reservoirs have not yet been considered for any EGR 

projects, largely due to their inherent heterogeneity and fluid flow and transport complexity.  

Whilst an accurate simulation lattice or model defining the field heterogeneity at the macro-

scale is critical for the actual deployment of any reservoir simulation, fundamental system 

parameters are needed to describe the mixing process between injected CO2 and natural gas. 

It has been shown that the physical description of transport at small scales can be important 

for field-scale behaviour, and therefore such descriptions have been used as fundamental 

inputs into large-scale simulations, including Multiple Rate Mass Transfer (MRMT) models (e.g. 

Haggerty et al., 2000)) and Continuous Time Random Walk (CTRW) based models (e.g. Rhodes 

et al., 2008)). While the early breakthrough of the solute at the field scale is caused by high 

permeability flow channels dominating at the large length scale, diffusive retardation of the 

solute plume at the pore scale may result in long residence times and is seen as prolonged 

tailing of the breakthrough curves (Gouze et al., 2008; Witthȕser et al., 2003). One of the main 

contributions of our study is to demonstrate how complex carbonate pore structures with a 

significant portion of pore space at the sub-micron scale can have a different impact on the 

transport behaviour. This helps us better understand the nature of the influence that complex 

pore structures can have on the longer residence times observed in large-scale natural 

systems. 

The measured dispersion coefficients (KL) of CO2 and CH4 for two sandstone cores (Berea and 

Donnybrook) over a range of pressure, temperature and interstitial velocities were presented 

in Chapter 3. Those highly reproducible data were used to obtain the characteristic mixing 

length for the sandstone samples and a generalized correlation was developed for reservoir 

simulators; however the data and hence the resulting correlation were limited to the 

sandstone cores only. Extending that work to help address the lack of experimental studies of 

CO2-CH4 dispersion in carbonates was the primary motivation of the work presented in this 

chapter. The high accuracy achievable with this measurement approach also allowed recent 

theoretical developments for well-characterised carbonates and sandstones to be tested 

experimentally. 
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First, two carbonate rock samples (Ketton and Estaillades) were used to systematically 

measure pulse breakthrough curves for a range of pressures, temperatures and flow velocities. 

An analysis of the experimental results was then performed (using a multi-phase mass transfer 

model in one case) to extract the dispersion coefficients characteristic of the asymptotic 

regime. The results were interpreted in terms of the known pore-scale heterogeneity for each 

core, which has been measured using three independent techniques: mercury injection, NMR 

and X-ray CT. In addition, a new set of dispersion measurements was conducted for the 

Donnybrook sandstone core at very high interstitial velocities. These new sandstone data 

along with the carbonate results were used to examine the validity of the power law 

associated with dispersion in sandstones and carbonates reported by Bijeljic and Blunt (2006) 

and Bijeljic et al. (2011).  

5.3 Literature Review 

In this section, a summary of previous dispersion experiments for carbonate rocks is presented 

first. In particular, the long-tailed and early breakthrough curves reported for carbonates in the 

literature are reviewed and the proposed causes of these elongated breakthrough profiles are 

discussed to establish the most appropriate means of analysing the pulse breakthrough data 

for the Ketton carbonate presented here (e.g. Figure 5.1).  

 

Figure 5.1 Pulse breakthrough curves measured for Berea sandstone and Ketton carbonate at 40 °C, 10 MPa with an 

interstitial velocity of 0.22 mm s
-1

. The result for the carbonate core exhibits an early breakthrough followed by a 

long-tailed profile, characteristic of a mass transfer limitation between regions in the core where fluid was mobile 

and immobile. 

Subsequently, the effect of heterogeneity on fluid flow behaviour within porous media 

including bead packs, sandstones and carbonates is reviewed in the context of establishing (a) 

the time scale required for the transition from non-Fickian (pre-asymptotic) to Fickian (or 
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asymptotic) flow regimes and (b) the dependence of dispersion coefficient on velocity in the 

limit of high Péclet number.   

5.3.1  Dispersion measurement in Carbonate rocks 

Fluid transport through carbonate rocks has been studied for decades, with early 

breakthrough and long-tailed curves at later times having been found to be characteristics of 

these rock types. Brigham (1974) conducted step-input dispersion experiments for a carbonate 

core and reported long-tailed breakthrough curves. These were attributed to the presence of 

existent dead end pores in the carbonate for which mass transfer rates were limited. Baker 

(1977) investigated the dispersion of benzene and meta-xylene by conducting step-change 

miscible displacement experiments through a vugular heterogeneous limestone (carbonate) 

core. The resultant effluent profiles indicated early breakthrough followed by long tailing, 

again presumably caused by stagnant regions. This type of breakthrough profile was also 

reported by Spence Jr. and Watkins (1980) who used xylene to miscibly displace iso-octane 

through San Andres carbonate cores from West Texas. Gist et al. (1990) measured dispersion 

coefficients by injecting a pulse of concentrated NaCl(aq) through consolidated rocks. Long tail 

breakthrough profiles appeared in two of the five carbonates tested. The macroscopic 

heterogeneity in permeability associated with the variability between those carbonate cores 

(i.e. heterogeneities on the length scale of 10
-2

 to 10
-1

 m)  was considered to be the source of 

this anomalous behaviour rather than the width of the pore size distributions (which would be 

the basis of microscopic or intrinsic heterogeneity at the core scale).  

Orr and co-workers systematically conducted miscible core flood experiments through four 

carbonates (Bretz and Orr Jr., 1987; Bretz et al., 1988; Orr Jr. and Taber, 1984). The cores were 

saturated with brine and step input or pulse experiments were conducted using a solution of 

the same brine containing 0.4% sucrose as the tracer. Even though the three carbonates 

produced early breakthrough curves with long tails, one of the cores showed more symmetric 

breakthrough profiles, similar to those observed for sandstone cores. The dispersion 

coefficients calculated for the carbonate rocks were also significantly greater than the ones 

obtained for the sandstones. They argued that the early breakthroughs for the three 

carbonates were caused not only by the widths of the measured pore size distribution but also 

by pore connectivity providing preferential flow paths.  

The X-ray CT scanning approach has been also utilized to measure in-situ tracer concentration 

curves through several brine-saturated carbonate rock cores (Fourar and Radilla, 2009; Hidajat 

et al., 2004; Olivier et al., 2005).  The early and long-tailed effluent breakthrough was the 

common signature for all resultant breakthrough profiles. This behavior was attributed to the 
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heterogeneous characteristic of the carbonate rocks. For instance, Fourar and Radilla (2009) 

conducted tracer experiments at ambient conditions by saturating carbonate cores with a 

known NaCl brine and subsequently displacing it with a tracer consisting of a different NaCl 

concentration. The tracer concentrations as a function of time were measured both in-situ 

using X-ray CT and at the outlet of the core holder using a conductometer. The X-ray CT 

scanning provided the concentration profiles at several locations along the cores, and showed 

the evolution of early and long tailed breakthrough profiles. These profiles were also 

consistent with the effluent long tailed breakthrough curves measured at the cores outlet 

using the conductometer.   

Even though the flow of incompressible fluids through carbonate rocks has been broadly 

investigated, very few dispersion measurements have been conducted on gas-gas systems in 

carbonates (Batycky et al., 1982; Legatski and Katz, 1967; Mamora and Seo, 2002; Seo, 2004). 

Legatski and Katz (1967) initiated the gas-gas dispersion measurements in carbonate cores by 

conducting pulse dispersion experiments at ambient conditions and various interstitial 

velocities. Nitrogen pulses were injected into the argon-saturated cores and the dispersion 

coefficients were extracted. The dispersion was larger for the carbonates than the ones 

measured for sandstone samples; however the obtained dispersion values contained 

uncertainties of about 30%, based on the error bars shown explicitly in the reported figures.  

Batycky et al. (1982) performed supercritical N2-CH4 displacement experiments on five 

carbonate cores at a pressure of 6.9 MPa and temperature of 23°C. Similar to other 

investigators, long tailed and early breakthrough profiles were detected during the course of 

their work, and were hypothesized to be the effect of stagnant pores. The resultant dispersion 

coefficients of carbonate samples were larger than the ones measured for Berea sandstone. 

Their experiments were only conducted for a maximum of three different flow velocities, 

which is insufficient for the development of a general correlation relating dispersion 

coefficient and velocity.   

Seo and Mamora (Mamora and Seo, 2002; Seo, 2004; Seo and Mamora, 2005) measured 

breakthrough profiles for CH4 displacement by CO2 through a carbonate core at temperatures 

between 20 and 80°C and pressures between 3.5 and 20.5 MPa. The repeatability of the 

measured breakthrough profiles was limited due to the manual back pressure regulator used 

to control the core pressure (Seo, 2004). Several long-tailed breakthrough curves were 

observed during the course of their work and their attempts to appropriately regress these 

long-tailed profiles to the 1D-AD equation failed (Mamora and Seo, 2002; Seo, 2004). 
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5.3.2  Asymptotic and preasymptotic regimes in porous media 

The one dimensional advective-dispersion (1D-AD) equation (Equation (4.2)) has been used 

widely to model solute transport through porous media. This equation is a valid description of 

transport where the solute molecules quickly sweep over the whole potential velocity field 

within a chosen representative volume, as it occurs in Fickian processes. A narrow Gaussian 

spread of flow velocities is a signature of a Fickian process and is classically formed in 

homogeneous, unconsolidated bead packs (Blunt et al., 2013; Scheven et al., 2005). Thus, it is 

important to know whether the well-known asymptotic (Fickian) regime has been fully 

developed in various porous media prior to applying the 1D-AD equation. Prior to reaching this 

stage, the flow is considered to be pre-asymptotic (Blunt et al., 2013) and the time taken 

before this pre-asymptotic (or anomalous) behavior disappears is a function of the spatial 

heterogeneity of the porous media. In general, carbonate rocks are characterized as a more 

heterogeneous media than sandstone rocks and therefore require a longer time to reach the 

asymptotic regime. Recently, there have been extensive studies on pre-asymptotic dispersion 

in various porous media (Bijeljic et al., 2011, 2013a; Bijeljic et al., 2013b; Blunt et al., 2013; 

Mitchell et al., 2008; Scheven et al., 2007; Scheven et al., 2005). Most of these focused on 

velocities in the transition region or above (where the medium Péclet number, m

ud
Pe

D
= , > 1  

with D being the diffusion coefficient and d a characteristic length scale for mixing) to examine 

role of the porous media heterogeneity on the development of the pre-asymptotic and 

asymptotic flow regimes. For flow rates within the range of the diffusion-dominated region 

(Pem < 1), this distribution of fluid displacement is Fickian-like and predominately dictated by 

restricted diffusion (Blunt et al., 2013; Gist et al., 1990; Levy and Berkowitz, 2003; Sahimi, 

1995). 

It was experimentally shown using NMR displacement propagator measurements that  

asymptotic flow in a column packed with 100 μm beads was achieved (at velocities of about 1 

mm/s) when the solute travelled for a distance equivalent to only a few pores (Scheven et al., 

2005). However, the pre-asymptotic regime for naturally consolidated sandstone and 

carbonate rocks was more persistent. Scheven et al. (2005) indicated that both types of rock 

cores consisted of large numbers of stagnant zones occupied by solute which did not 

completely diffuse out during the observation time of the NMR experiments conducted 

(Mitchell et al., 2008; Scheven et al., 2005). It was also shown that the stagnant regions in the 

carbonate rock were larger and more persistent than those of the sandstones confirming that 

greater heterogeneity existed in the flow field within the carbonate rock (Mitchell et al., 2008; 

Scheven et al., 2005).  
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Pore network models have been initially developed to investigate fluid (water) flow through 

porous media at the pore scale (Bijeljic and Blunt, 2006; Blunt et al., 2013; Bruderer and 

Bernabe, 2001; Rhodes et al., 2009; Saffman, 1960; Sahimi et al., 1986), where the advective 

solute motion in the flow field is combined with random movements to account for molecular 

diffusion. The asymptotic dispersion predictions were in good agreement with experimental 

values for bead packs, sand packs and sandstones (Blunt et al., 2013; Rhodes et al., 2009). It 

was noted that, unlike bead packs, the solute molecules in sandstone network lattices at high 

Pe numbers (Pe>100) were required to travel through hundreds to thousands of pores before 

reaching the asymptotic regime.  More recently, transport simulations directly on the voxels of 

3D X-ray tomography images of various porous media have been presented (Bijeljic et al., 

2011, 2013a; Bijeljic et al., 2013b; Blunt et al., 2013). The fluid flow and transport was modeled 

through a bead pack, Bentheimer sandstone and Portland carbonate rock cores similar to the 

ones used in NMR studies by Scheven et al. (2005) and Mitchell et al. (2008). The model’s 

results were in excellent agreement with the NMR measurements for probability density 

functions of displacement (Bijeljic et al., 2011; Bijeljic et al., 2013b; Blunt et al., 2013). The 

investigation was expanded to cover a range of carbonate rocks (Bijeljic et al., 2013a), where 

the results demonstrated that the rocks with poor connectivity and a consequential wider 

range of velocities had more persistent preasymptotic behavior than those with better pore 

connectivity and narrower velocity distributions. This persistence of the non-Fickian transport 

behavior was attributed to the existence of correlated heterogeneity within those carbonates, 

which caused the fluid molecules to have to diffuse through many pores in which no flow was 

present so as to reach the high-flow channels.      

The ratio of the dispersion coefficient to the diffusion coefficient, KL/D, is commonly shown as 

a function of Pem; Equation (5.1) has been frequently used to describe this relationship: 

L
m

1
,nK

Pe
D τ

= +  (5.1) 

Here τ is system tortuosity and n is an exponent. Different values of n have been reported in 

the literature such as n = 1 (Perkins and Johnston, 1963) and 1 < n < 1.4 (Blunt et al. (2013)). It 

was found that the heterogeneity of the porous media causes the velocity variations in the 

advection-dominated transport regime and controls the value of n, which is ∼1.2 for sandpacks 

and sandstones (10 < Pem < 600) and  ∼1.4 for carbonates (5 < Pem < 100) (Bijeljic and Blunt, 

2006; Bijeljic et al., 2011). 
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5.4 Methodology 

5.4.1 Materials and Experimental method 

Methane, carbon dioxide and nitrogen were supplied by BOC Scientific at purities higher than 

0.999 mole fraction.  Estaillades and Ketton carbonate rock cores, each 1.5 inch diameter and 

with lengths of 100-105 mm were used – the 2D cross sections of 3D micro-CT images of these 

carbonate rocks have been provided elsewhere (Bijeljic et al., 2013a; Tanino and Blunt, 2012).  

Berea and Donnybrook sandstone cores were also considered for reference purposes. The 

cores characterisations (dimensions, porosities, Φ, and permeabilities, k, at various confining 

pressures) are summarised in Table 5.1.  

Table 5.1 Rock core properties. 

Core 
Length 
(mm) 

Diameter 
(mm) 

pconfining 
(MPa) 

Φ k (mD) 

Berea sandstone 100.4 37.6 

8 0.2043 463.3 

10 0.2039 460.7 

12 0.2036 458.2 

Donnybrook sandstone 101.0 37.5 

8 0.1576 12.07 

10 0.1573 12.01 

12 0.1572 11.95 

Estaillades carbonate 105.6 37.9 

8 0.2817 211.7 

10 0.2811 211.0 

12 0.2806 210.1 

Ketton carbonate 104.7 38.0 

8 0.2277 2922.4 

10 0.2274 2912.2 

12 0.2270 2902.7 

 

The core flood apparatus, shown in Figure 4.1, was designed to allow pulse injection 

experiments to be conducted through vertically-oriented cores at reservoir conditions as 

detailed in Chapter 2 and 3. After being placed in the core holder, the core was initially 

saturated with CH4 and pressurized to the test pressure using the injection syringe pump. A 

pre-mixed pulse of 50 mol% CH4 and 50 mol% CO2 was pressurized up to the experimental 

pressure, injected upstream of the core, and was carried through the core by CH4 at the 

interstitial velocity specified. The composition of the core effluent was subsequently measured 

using a FT-IR spectrometer. The CH4 injection was stopped when the complete breakthrough 

profile had been recorded and no trace of CO2 was detected. These pulse experiments were 

conducted at pressures and temperatures of 8 to 14 MPa and 40 to 60 °C, respectively, and 

interstitial velocities ranging from 0.0036 to 3.56 mm s
-1

. Since the critical pressures and 
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temperatures of CO2 and CH4 are (31 °C, 7.38 MPa) and (-82.6 °C, 4.6 MPa) respectively 

(REFPROP, 2012), all tests were hence performed at supercritical conditions. 

5.4.2 Data analysis  

Levenspiel (1999) presented the following solution to Equation (4.2) for pulse experiments 

with the following initial and boundary conditions: 

C(x > 0, t = 0) = 0, C(x = ∞, t) = 0,  C(x = 0, 0 < t < T) = C0 and C(x = 0, t > T) = 0. 

( )2

LL

exp
44

L utu
C

K tK tπ

 −
= − 

 
 

 (5.2) 

Here T is the pulse duration and L is the experimental length scale (core length). The 

breakthrough profiles obtained for the Estaillades carbonate core were regressed to Equation 

(5.2) and the resultant fit quality was comparable to those obtained for sandstone cores in 

Chapter 4.  

However, Equation (5.2) alone was not adequate for description of the effluent tracer 

concentration curves produced from the Ketton carbonate, as shown in Figure 5.1, because of 

the non-Fickian/preasymptotic transport behavior associated with its heterogeneity in pore 

sizes. To describe this non-Fickian flow regime and its corresponding early and long-tailed 

breakthrough curves, several alternative models have been developed including the mobile-

immobile model (MIM), diffusion models, MRMT models (Haggerty and Gorelick, 1995) and 

CTRW models (Berkowitz et al., 2006). In this case, it was found that the non-Fickian behavior 

of Ketton carbonate could be adequately modeled utilizing the MIM approach, which assumes 

the existence of two distinct regions in the rock, mobile and stagnant/immobile, and which 

describes the diffusional transport of species between these two zones using a first order mass 

transfer expression.  This model was initially proposed by Sederman et al. (1998), who added 

two new parameters to Equation , namely the mass transfer coefficient and immobile volume 

fraction, but did not include the longitudinal dispersion coefficient. Levy and Berkowitz (2003) 

modified Deans’ version of Equation (4.2) by adding this dispersion coefficient to produce 

(Levy and Berkowitz, 2003; Van Genuchten and Wierenga, 1976): 

2
m im m m

m im m L m m2
,

C C C C
K u

t t x x
θ θ θ θ∂ ∂ ∂ ∂+ = −

∂ ∂ ∂ ∂
(5.3) 

( )im
im m im

C
C C

t
θ β∂ = −

∂
 (5.4) 
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where Cm and Cim are the concentrations of the dispersing solute species in the mobile and 

immobile regions, respectively; ϴm and ϴim are the mobile and stagnant fractions of the fluid in 

the porous media; β is a mass transfer coefficient; and um is the mean interstitial velocity in the 

mobile zone. This model has been used for several dispersion studies on carbonate rocks 

(Baker, 1977; Batycky et al., 1982; Bretz and Orr Jr., 1987; Bretz et al., 1988; Brigham, 1974; 

Spence Jr. and Watkins, 1980). Equation (5.3) and (5.4) may be analytically solved for a pulse 

input where semi-infinite initial-boundary conditions were assumed (Goltz and Roberts, 1986; 

van Swaaij, 1967; Villermaux and Van Swaaij, 1969): 
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 (5.7) 

Here M is the injected pulse mass, δ(x) is Dirac delta function, τ is the integration variable and 

I1 is a modified Bessel function of the first kind. To apply this solution to the measured effluent 

pulse profiles obtained for the Ketton core, the dispersion coefficient (KL), the mobile fluid 

fraction (ϴm) and the mass transfer coefficient (β) were treated as the fitting parameters and 

the measured pulse breakthrough profiles were regressed to Equation (5.5).  

As discussed above, the MIM was developed based on the existence of mobile and immobile 

regions, indicating the mixing process occurred at two different time scales (Haggerty and 

Gorelick, 1995).  

Within the range of experimental flow velocities (0.011-2.32 mm·s
-1

), the transit time for the 

injected pulse through the 105 mm long Ketton carbonate rock core was (9545-45) s.  Given 

that the diffusion coefficient of CO2 in CH4 was in the range (8.1-16.4)×10
-8

 m
2
·s

-1
, this would 
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correspond to a minimum root mean squared displacement due to diffusion over this time 

frame of 4.67 mm (according to the Stokes-Einstein equation). With reference to Figure 5.2, 

this significantly exceeds any length-scale evident in this X-ray CT image of the Ketton rock 

core. Thus, it is hypothesized that the resultant dispersion coefficients (KL) determined using 

the MIM for the Ketton carbonate in this study represent the asymptotic values. 

 

 

Figure 5.2 A two-dimensional cross section of three-dimensional X-ray scans of the Ketton carbonate with 5 mm 

diameter (adapted from Tanino and Blunt (2012)). 

 

Finally, the tubing upstream and downstream of the cores and the inhomogeneous velocity 

profiles at the core entrance and exit contribute additional mixing and erroneously increase 

the apparent dispersion. The correction for the erroneous contribution of these effects to 

dispersion associated with our experimental apparatus (as measured previously in Chapter 2 

and 4) was applied to our new results. The concentration profiles were measured at the same 

conditions of T, p and flow rate for short and long Berea rock cores. Then, the breakthrough 

profiles of the short core were used as the initial inlet boundary condition for a hypothetical 

core extension equal to the length difference between long and short cores. A central finite 

difference method, implemented in Matlab (2008) (Version 7.7.0 R2008b), was used to 

numerically solve Equation (4.2) for this hypothetical core and regressed to the corresponding 

experimental long core data. Consequently, the systematic error, between the calculated long 

core dispersion (Klong) using Equation (5.2) and the resultant dispersion applying the above 

numerical method, was quantified. An average correction of 23% was found to be required 

and all data presented herein are the corrected longitudinal dispersion values (Kcorr). 

5.5 Results and Discussion  

5.5.1 Repeatability and uncertainty in the experimental measurements 

The reproducibility of the pulse breakthrough profiles through the carbonate rock cores were 

examined by replicating the flow experiments at various conditions. The relative standard 

1mm 
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deviations of calculated dispersion coefficients were consistently less than 9%.  Figure 5.3(a) 

illustrates the two breakthrough curves from the Estaillades carbonate at 60 °C, 10 MPa and 

0.14 mm·s
-1

 with their 1D-AD fit. Figure 5.3(b) shows two breakthrough profiles from the 

Ketton carbonate  at 60 °C, 10 MPa and 0.28 mm·s
-1

 together with the results of both the 1D-

AD and MIM fits.  

 

Figure 5.3 Repeatability of the pulse-breakthrough profiles for (a) Estaillades carbonate core at 60 °C, 10 MPa and 

0.14 mm s
-1

 and (b) Ketton carbonate core at 60 °C, 10 MPa and 0.28 mm s
-1

. The lower panel demonstrates the 

breakthrough profiles and the fits achieved using Equation (5.2) for Estaillades and both Equation (5.2) and (5.5) for 

Ketton. The upper panel shows the resulting residuals of the fits. 

It is evident from Figure 5.3(b) that the 1D-AD fit failed to capture tail of the Ketton 

breakthrough curves whereas the MIM model was able to describe those experimental data 

adequately. The dispersion coefficients (Kcorr) obtained for the repeat Estaillades pulse profiles 

were 1.46×10
-7

 m
2
·s

-1
 and 1.43×10

-7
 m

2
·s

-1
, with a root mean squared error (RMSE) in CO2 mole 

fraction of 0.0005 between the measured data and the fitted breakthrough pulse; this RMSE is 

comparable to the instrumental noise floor of the experimental composition measurements. 

For the Ketton carbonate, the apparent dispersion values obtained from the 1D-AD fits were 

5.92×10
-7

 m
2
·s

-1
 and 5.83×10

-7
 m

2
·s

-1
 with an RMSE of about 0.001 mole fraction whereas the 

MIM fit resulted in dispersion coefficients of 4.03×10
-7

 m
2
·s

-1
 and 3.91×10

-7
 m

2
·s

-1
 with an 

RMSE of 0.0005. The statistical uncertainties of the KL values obtained using Equation (5.2) for 

Estaillades and Equation (5.5) for Ketton were consistent with those obtained previously for 

sandstone cores in Chapter 4, as were standard deviations of multiple repeat measurements. 

The nominal dispersivity (Kcorr/v) for the Estaillades based on this data was ∼1 mm and that for 

the Ketton was ∼2.11 mm for the MIM fit.  We note that these are similar and discuss this 

point further below with respect to Figure 5.8. 
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5.5.2 NMR distributions of T2 relaxation for sandstones and carbonates 

Figure 5.4 (a) summarises the NMR distributions of T2 (which is related to pore size, detailed by 

Latour et al. (1993), Latour et al. (1994) and Hurlimann et al. (1994)) relaxation for the Berea 

and Donnybrook sandstones and the Estaillades and Ketton carbonates. The Berea sandstone 

was characterized by a unimodal distribution of T2 relaxation whereas Donnybrook showed a 

broader multimodal distribution. In our previous work reported in Chapter 4, large proportions 

of the pores in these sandstones were demonstrated to be over one micron and the relatively 

small numbers of micro pores observed was attributed to the presence of clay-bound water 

(Jorand et al., 2011; Straley et al., 1997). The distributions of T2 relaxation for the carbonate 

rocks consisted of two distinct peaks, which was consistent with the pore size distributions 

previously reported (Bijeljic et al., 2013a; Tanino and Blunt, 2012).  

 

Figure 5.4 (a) Distributions of T2 relaxation for Berea and Donnybrook sandstone and Estaillades and Ketton 

carbonate rocks at fully saturated conditions. (b) Distributions of pore throat size obtained by MICP method for 

Estaillades and Ketton carbonates (adapted from Bijeljic et al. (2013a)). 

 

Figure 5.4 (b), which is adapted from the data presented by Bijeljic et al. (2013a), illustrates the 

pore throat size distributions for Ketton and Estaillades carbonate rocks using the Mercury 

Injection Capillary Pressure  (MICP) approach. It shows two distinct peaks for both Estaillades 

and Ketton that is attributed to intra-aggregate pores and intra-particle pores. A large portion 

of the pore throat size for these carbonates are less than one micron. Importantly both the 

NMR and MICP data indicate that while both cores have bi-modal pore size distributions, the 

lower mode of the Ketton core is about an order of magnitude smaller in length scale than the 

lower mode of the Estaillades core. 
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5.5.3  Difference in sandstone and carbonate pulse breakthrough curves 

Figure 5.5 compares the pulse breakthrough profiles of Berea and Donnybrook sandstones 

with the ones measured for Ketton and Estaillades carbonates at similar flow, temperature and 

pressure conditions.  Our previous results in Chapter 4 showed the 1D-AD equation was 

adequate for the description of dispersion of CO2-CH4 system through Berea and Donnybrook 

sandstone cores. Larger dispersion coefficients at similar conditions for Donnybrook sandstone 

were reported, indicating a higher level of heterogeneity relative to the homogenous Berea 

sandstone. Since carbonate rocks are known as heterogeneous porous media, long tailing and 

early breakthrough profile of the CO2 together with comparatively higher dispersion 

coefficients were expected. After comparing several measured dispersion coefficients of the 

sandstones and carbonates at similar conditions, the dispersion coefficients for both carbonate 

samples were found to be larger than for the homogeneous sandstone rock (Berea) whereas 

Estaillades showed similar dispersive behaviour to the more heterogeneous (Donnybrook) 

sandstone. Ketton exhibited the greatest dispersion among all the core samples used during 

this study.  

 

Figure 5.5 Comparison of the pulse breakthrough profiles obtained for Estaillades carbonate core (left) with those of 

Berea and Donnybrook sandstones at 60 °C, 10 MPa and mean interstitial velocity of 0.45 mm s
-1

, and Ketton 

carbonate core (right) with those of Berea and Donnybrook sandstones at 40 °C, 10 MPa and mean interstitial 

velocity of 0.22 mm s
-1

. 

The pulse breakthrough profiles we observed for Ketton carbonate showed a more persistent 

long tail and an earlier breakthrough (Figure 5.5-right) than for Estaillades carbonate, which 

produced breakthrough curves similar to those observed for Donnybrook sandstone. We note 

that this is not entirely consistent with the modelling studies of pre-asymptotic transport on 

mm-scale micro-CT images of carbonates (Bijeljic et al., 2013a), for which Estaillades was 

predicted to have more anomalous transport behaviour than Ketton.  

There are several reasons for the discrepancy between the modelled preasymptotic transport 

in these cores and that observed here using supercritical CO2 in methane. First, the modelling 
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studies were based on direct simulation of transport in which the achievable resolution of the 

X-ray tomography did not allow consideration of microporosity (<1 micron). The NMR and 

MICP measurements (Figure 5.4) both indicate that the sub-micron pore sizes in Ketton are 

smaller by an order of magnitude than those in Estaillades. This will cause the diffusive transit 

times of molecules in a supercritical phase to be longer in the Ketton carbonate, leading to 

increased dispersion.  

The difference in the degree of anomalous transport can also be ascribed to the difference in 

the phase of the fluid being injected into the carbonate core compared with that considered in 

the simulations (supercritical fluid vs liquid). This means that the relevant diffusion coefficient 

was up to nearly 2 orders of magnitude larger in our supercritical fluid experiments (Takahashi 

and Iwasaki, 1970) than in the modelling study of liquid transport, which has a significant 

impact on the time required to reach the asymptotic regime. Physically, the time scale taken to 

reach the asymptotic regime is that required for a particle to sample the entire medium’s 

heterogeneity by molecular diffusion (Blunt et al., 2013). Thus, Blunt et al. (2013) calculated 

that a bulk fluid with a velocity of 1 mm s
-1

 and a diffusion time of 1000 s (calculated based on 

2 mm domain) needs to travel for several meters before the asymptotic flow condition can be 

formed. In contrast, since the interstitial velocities used for Estaillades carbonate during this 

study were limited from 0.0036 to 1.65 mm s
-1

 and the diffusion coefficient was larger by an 

amount approaching 2 orders of magnitude, the asymptotic regime should have been achieved 

in our experiments with the Estaillades rock in about two centimetres.  

We hypothesize that for our core flooding experiments with CO2, the microporosity together 

with inter-aggregate (macro) pores enhanced the pore connectivity within the Estaillades core, 

accelerating the transition from the preasymptotic to asymptotic regime. Consequently, fully 

developed asymptotic flows were established in the Estaillades core and so the measured 

pulse breakthrough profiles could be adequately described by the 1D-AD equation. In contrast, 

Ketton had the most well-connected pores at larger length scales (as evident in the XMT 

images) and also the smallest micro-pores indicated by the MICP measurements of pore size 

distribution (Bijeljic et al., 2013a; Tanino and Blunt, 2012) and by the NMR measurements in 

Section 5.5.2. Thus, we hypothesize that while bulk fluid flowed preferentially through Ketton’s 

larger inter particle pores (very high permeable region), an appreciable number of CO2 

molecules travelled through to and from the intra-grain stagnant pores via extremely tortuous 

paths to reach the fast flow regions. This delayed the diffusion of CO2 out of these micro-pores 

and the time required to reach the core outlet, causing long tail breakthrough profiles. 

Consequently, it demonstrated persistent flow behaviour in the preasymptotic regime. 
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Finally, the carbonate micro-CT images used in the modelling studies were significantly smaller 

(<5 mm domain) than the samples used during this study. As the carbonates are considered 

heterogeneous porous media at multiple scales, large variations in their pore network 

structures are, therefore, expected from one sample to another and also when the upscaling 

process from a smaller sample to a core-size sample is performed. Thus, this could lead to 

different results in various samples from the same carbonate formation.  

The MIM model was adequately fit to the Ketton pulse breakthrough profiles using KL, the 

mobile fluid fraction (ϴm) and the mass transfer coefficient (β) as the adjustable parameters. 

The ϴm data were approximately constant with the mean value of about 0.76 over the range of 

interstitial velocities whereas β increased linearly with increasing the interstitial velocity 

(Figure 5.6 (a)). This indicates that as the flow velocity increased an insignificant reduction 

occurred with respect to the immobile fluid fraction.  

 

Figure 5.6 (a) Mass transfer coefficient and mobile fluid fraction as a function of interstitial velocity defined in 

Equation (5.5) for Ketton carbonate; (b) mass transfer coefficient obtained for Ketton carbonate along with the 

results reported for carbonate rocks in literature. 

In contrast the increased velocity in the mobile fraction resulted in a significantly reduced 

diffusion film length for exchange between the mobile and immobile fractions manifesting in 

an increase in β.  This is consistent with the results of Johns et al. (2000) in which detailed 3D 

Magnetic Resonance Imaging (MRI) velocity measurements were acquired for flow through 

unconsolidated porous media. Those results revealed that the stagnant portion of the fluid 

was relatively constant as flow rate was increased, whereas the velocity profile in the 

individual (mobile) pores increased and flattened, consistent with an increased value of β.    

Figure 5.6(b) indicates that the mass transfer coefficients obtained in this study were 

comparatively consistent with the ones described in literature (Baker, 1977; Batycky et al., 

1982; Bretz and Orr Jr., 1987; Orr Jr. and Taber, 1984; Spence Jr. and Watkins, 1980). The 

resultant corrected dispersion coefficients (Kcorr) and their corresponding experimental 
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conditions (T, p and um) for the Estaillades and Ketton carbonates, as well as new high velocity 

data obtained for the Donnybrook sandstone, are listed in Table 5.2.  

Table 5.2 Dispersion coefficients of CO2 - CH4 for (a) Estaillades carbonate and Donnybrook sandstone and (b) 

Ketton carbonate. 

(a) 

Core T (°C) P (MPa) u (mm s
-1

) D (10
-8 

m
2 

s
-1

)  Kcorr (10
-8 

m
2 

s
-1

)  

Estaillades 

40 8 0.066 16.4 8.50 

40 8 0.090 16.4 10.38 

40 10 0.004 12.5 3.79 

40 10 0.040 12.5 5.76 

40 12 0.024 10.0 4.49 

40 12 1.151 10.0 140.03 

60 10 0.009 15.2 4.22 

60 10 0.012 15.2 4.36 

60 10 0.144 15.2 14.39 

60 10 0.230 15.2 21.59 

60 10 0.387 15.2 38.18 

60 10 0.696 15.2 74.39 

60 10 1.149 15.2 133.65 

60 12 0.016 12.3 4.39 

60 12 1.646 12.3 214.59 

60 12 1.364 12.3 158.06 

Donnybrook 

40 12 2.425 10.0 324.29 

40 12 2.868 10.0 409.17 

40 14 2.870 8.1 496.21 

40 14 3.563 8.1 680.01 

60 10 1.141 15.2 151.75 

60 10 1.467 15.2 205.90 

60 10 1.956 15.2 288.04 

60 10 2.445 15.2 346.54 

60 10 2.934 15.2 435.74 

60 12 1.986 12.3 281.49 

60 12 2.428 12.3 358.08 

60 12 2.869 12.3 441.99 

 

(b) 

Core T (°C) P (MPa) u (mm s
-1

) D (10
-8 

m
2 

s
-1

)  Kcorr (10
-8 

m
2 

s
-1

)  ϴm β (10
-4

 s
-1

) 

Ketton 

40 8 0.018 16.4 10.48 1.000 - 

40 8 0.031 16.4 18.60 0.785 3.39 

40 8 0.053 16.4 17.08 0.707 6.16 

40 8 0.072 16.4 18.29 0.712 8.29 

40 10 0.006 12.5 6.39 1.000 - 
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40 10 0.011 12.5 8.49 1.000 - 

40 10 0.028 12.5 15.59 1.000 - 

40 10 0.056 12.5 17.09 0.763 6.55 

40 10 0.086 12.5 18.62 0.753 9.58 

40 10 0.141 12.5 27.06 0.700 16.38 

40 10 0.224 12.5 44.14 0.718 24.05 

40 10 0.336 12.5 57.11 0.737 36.89 

40 10 0.561 12.5 99.73 0.758 59.84 

40 10 0.787 12.5 143.05 0.758 87.22 

40 10 1.124 12.5 212.49 0.764 124.55 

40 10 1.682 12.5 399.90 0.731 191.12 

40 12 1.743 10.0 381.70 0.791 187.02 

40 14 1.908 8.1 424.03 0.809 209.90 

40 14 2.323 8.1 538.10 0.813 260.90 

60 10 0.015 15.2 10.03 1.000 - 

60 10 0.277 15.2 39.73 0.794 28.20 

60 10 0.745 15.2 115.94 0.787 76.45 

60 10 1.192 15.2 217.73 0.785 122.66 

 

In Chapter 4, the dispersivity of consolidated rocks (α) was identified as the characteristic 

length scale (d) that should be used in the calculation of Pem. Thus, the dispersion values for 

the examined sandstones were plotted against interstitial velocities and the dispersivities were 

calculated using Equation (5.1) where the value of n was equal to 1 (see Figure 4.4 for more 

detail). To determine the dispersivity of a porous medium by regression of Equation (5.1) to 

dispersion coefficients measured as a function of velocity, the value of n must be held constant 

because of the parameter correlation between it and α. The dispersivities for Berea and 

Donnybrook sandstones and Estaillades and Ketton carbonates were again determined using 

Equation (5.1) but in this work n was constrained to be either 1.2 or 1.4 for the sandstone and 

carbonate rocks, respectively. These exponents have been shown by simulations to better 

represent the different advective mixing behaviour exhibited by these types of rock in the limit 

of high Pem as a result of their different heterogeneities (Bijeljic and Blunt, 2006; Bijeljic et al., 

2011). As discussed below, while the difference between exponent values at moderate Pem on 

the predicted dispersion is small, at high Pem numbers it is significant. Figure 5.7 illustrates the 

determination of the dispersivities using the larger exponents for sandstones and carbonates, 

while Table 5.3 lists the values of α determined from the dispersion coefficient data using the 

various power law exponents.  
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Figure 5.7 Variation of dispersion coefficients for Berea and Donnybrook sandstones (left) and Estaillades and 

Ketton carbonates (right) as a function of interstitial velocity. 

The results show that (a) the larger exponents for both types of rock result in reduced 

estimates of the characteristic mixing lengths, particularly for cores where dispersion was 

measured at high interstitial velocities, and (b) once the larger exponent for the carbonates is 

accounted for, their characteristic mixing lengths are actually slightly smaller than that of 

Donnybrook sandstone. This result is broadly consistent with the NMR distributions shown in 

Figure 5.4(a). 

The calculated dispersivities were then used to produce Figure 5.8(a) where the ratios of 

dispersion and diffusion coefficients, Kcorr/D, were plotted against Pem. The data from this 

study and the ones obtained previously in Chapter 4 were included in the plot together with 

two curves utilizing Equation (5.1) where n was 1 for Pem<1 and 1.2 and 1.4 (power-law 

scaling) for Pem>1. Figure 5.8(a) explicitly shows that the curves produced using Equation (5.1) 

with n = 1.2 for sandstones and n = 1.4 for carbonates are consistent with the new sets of 

Donnybrook and Ketton data obtained at Pem>10, which provides experimental support for the 

power law exponents derived from transport simulations (e.g. Bijeljic and Blunt (2006) and 

Bijeljic et al. (2011)).  
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Figure 5.8 (a) Measured Kcorr/D vs. Pem for Berea and Donnybrook sandstone and Ketton and Estaillades carbonate 

cores. The dashed lines indicate the independent NMR measurements of sandstone rocks tortuosity. The fitted 

curves are produced by Equation (5.1) for n equal to 1.2 and 1.4. (b) The data were analysed using Equation (5.1) 

(left) where n was equal to 1.2 (sandstones) and 1.4 (Carbonates) compared to (right) where n was 1.   

To further examine the improvement obtained by the power law, the alternative dispersivity 

values calculated with the constraint n = 1 in Equation (5.1) were used to investigate the effect 

of this assumption at high Pem numbers. The right panel of Figure 5.8(b) shows the Kcorr/D data 

measured for all cores at Pem > 10 plotted against values of Pem calculated using these 

alternative dispersivities (the first row of Table 5.3). It is apparent that for Pem > 45 a power 

law with n = 1 can no longer describe the data adequately.  In contrast, the left panel of Figure 

5.8(b) shows that the Kcorr/D data for sandstone and carbonates are better represented over 
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the entire range using power law exponents of n = 1.2 and 1.4, respectively, together with the 

corresponding mixing length scales shown in the second and third rows of Table 5.3. 

Table 5.3 Dispersivities, α, in units of millimetres, determined by regression of Equation (5.1) to asymptotic 

Dispersion coefficients measured in this chapter and Chapter 4 using various constraints on the power law 

exponent, n. Exponents of n = 1.2 for sandstones and n = 1.4 for carbonates have been shown by simulations to 

better represent advective mixing behaviour in the limit of high Pem and were used to construct Figure 5.8(a). 

α [mm] Berea Donnybrook Estaillades Ketton 

n = 1 0.37 1.43 1.2 1.59 

n = 1.2  0.36 0.85   

n = 1.4   0.57 0.63 

 

Finally, we note that in the diffusion dominated regime (Pem<1) transport behaviour in Ketton 

carbonate was somewhat different to the other three rock cores, exhibiting higher dispersion 

coefficients with an inflection point apparent near Pem = 0.2. At these low values of Pem, the 

impact of the immobile fraction (∼20 % - see Figure 5.6) on the measured dispersion is 

significantly smaller, as indicated by the reduced mass transfer coefficients. One possible 

explanation for the higher dispersion coefficients in the diffusion dominated regime is that the 

immobile fraction largely resides in the micropores of the Ketton carbonate, and that these are 

not well connected with flow paths through the core. Instead, we hypothesise that the mode 

of larger pores (> 10 µm) in the Ketton are well-connected and provide a less tortuous flow 

path that does not restrict the diffusive length scale probed during longer time periods to the 

same extent as occurs in the other cores.    

5.6 Conclusions 

The impact of rock heterogeneity on the dispersion of supercritical CO2 in CH4 has been 

extensively studied using well characterised carbonate and sandstone cores over a large range 

of Péclet numbers. Both carbonates had bimodal pore size distributions with one of the modes 

corresponding to appreciable micro-porosity. However, only the Ketton carbonate, which had 

the larger separation between the PSD modes and intra-grain micropores with pore throats 

below 0.1 µm, exhibited persistent preasymptotic transport behaviour with an early 

breakthrough and subsequent long-tailed profiles. This observation to some extent differed 

from the results of recent sophisticated transport simulations for these two carbonate cores 

because of the limited spatial resolution of the X-ray CT images used to develop the models. In 

addition, diffusion in supercritical CO2 is more rapid than in liquid water, which causes the 

transport observed on the time scales of these experiments to be more sensitive to the rock’s 

micro-porosity. 



94 

 

By using a mobile-immobile model to analyse the breakthrough profiles observed for the 

Ketton carbonate, asymptotic dispersion coefficients were obtained and compared with similar 

dispersion coefficients determined for the other cores using the 1D advective dispersion 

equation. Measurements at high Pem showed that, consistent with the results of transport 

simulations, power law exponents of n = 1.2 and n = 1.4 should be used to describe dispersion 

in sandstones and carbonates, respectively. With these exponents, the dispersivities (mixing 

length scales) of the carbonates (0.6 mm) were nearly twice as large as that of homogenous 

Berea sandstone (0.36 mm) but slightly smaller than that of Donnybrook sandstone (0.85 mm). 

This is broadly consistent with the widths of the pore size distributions for these four cores 

measured by NMR and MICP. In the diffusive regime (Pem < 1), the Ketton core exhibited 

greater dispersion than the other cores, suggesting its larger (inter-grain) pores were well 

connected and provided a flow path of relatively low tortuosity. This work demonstrates how 

the dispersion of CO2 in complex carbonate cores can be assessed and correlated to account 

for the effects of pressure, temperature, composition, velocity, and rock heterogeneity to 

enable accurate simulations of Enhanced Gas Recovery.      
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6.1 Chapter summary 

In previous chapters, the experimental techniques were developed to allow determining the 

dispersion data with high resolution and small uncertainty and fundamentally understanding 

the effect of parameters such as pressure, temperature, dispersing fluid composition, 

interstitial velocity and medium heterogeneity. In Chapter6, the effect of irreducible water on 

the dispersion of CO2 and CH4 is studied by conducting experiments with residual water-

saturated sandstones and carbonates. The details of the apparatus modifications required to 

include water phase and the adjusted experimental procedures to measure the dispersion in 

two sandstones and one carbonate at different residual water saturation levels are described. 

The homogeneity of the water’s spatial distribution along the rock axis as well as the 

distribution of pore sizes occupied by the water are measured using NMR. 

The NMR-pore size distributions measured for cores with residual water saturations 

demonstrate how fluid flow pathways are likely to be significantly altered as pore connectivity 

decreases and effective tortuosity increases as the narrower pores become blocked with 

water, and larger pores become effectively narrower due to the wetting film. This results in a 

significant increase of the dispersion observed. The presence of irreducible water causes the 7-

fold increase in the cores’ dispersivities.  However, the power law exponents of 1.2 and 1.4 for 

sandstones and carbonates, respectively, are found to be unaffected by the presence of 

irreducible water.  

  



97 

 

6.2 Introduction 

Carbon dioxide (CO2) sequestration is a promising technology to mitigate atmospheric 

emissions and control climate change; CO2 has been successfully stored in underground 

formations such as aquifers (Michael et al., 2010) and depleted oil or gas reservoirs (Hovorka 

et al., 2011; Underschultz et al., 2011).  Enhanced oil recovery (EOR) in which miscible CO2 is 

injected into oil formations to reduce oil viscosity, reduce oil-water interfacial tensions and 

generally increase oil sweep efficiencies, has been relatively widely researched and 

demonstrated (Alvarado and Manrique, 2010; Manrique et al., 2007; Thomas, 2008).  

Enhanced Gas Recovery (EGR) considers the injection of supercritical CO2 into gas reservoirs to 

both improve their productivity and store CO2.  In contrast to EOR, to the best of our 

knowledge, there have been just two field-scale EGR trials using CO2 sequestration where CO2 

has been injected into 1) a partially depleted gas reservoir offshore of the Netherlands 

(Vandeweijer et al., 2011c) and 2) a Canadian onshore depleted gas reservoir (Pooladi-Darvish 

et al., 2008); EGR is yet to occur in a gas reservoir from near the start of production, where the 

maximum benefits of CO2 sequestration and enhancing gas recovery could be achieved from 

the beginning of a field’s life.   

Despite EGR with CO2 injection potentially improving natural gas recovery by the maintenance 

of reservoir pressure and improved sweep efficiency of the reservoir (Oldenburg et al., 2001), 

first-contact miscibility of nascent natural gas and CO2 raises the risk of early breakthrough of 

CO2 into the production wells contaminating the natural gas being produced (Oldenburg et al., 

2001; Pooladi-Darvish et al., 2008).  In favour of the adoption of EGR, however, are:  

(i) The often high CO2 content of produced natural gas which is required to be removed 

during gas processing and which is currently vented to atmosphere.   Thus the extracted CO2 is 

usually in relatively close proximity to the reservoir where EGR would be practiced.  

(ii) The comparative proven integrity of the reservoir where CO2 will be sequestered (it 

has stored natural gas), and  

(iii) The greater density of CO2 relative to natural gas at reservoir conditions, causing the 

injected CO2 plume to favour slumping below the nascent natural gas (Oldenburg et al., 2004a; 

Oldenburg et al., 2004b).  This should serve to reduce overall mixing for most reservoir 

scenarios.    

  To quantify the risk associated with the mixing of the injected supercritical CO2 and the 

nascent natural gas, predictive reservoir simulations of the EGR process are necessary. These 

simulations require input parameters derived from accurate and relevant dispersion data to 

adequately quantify this mixing process.     
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In Chapter 2, the dispersion coefficients of supercritical CO2 injected into CH4-saturated 

sandstone rock plugs were measured over a range of temperatures, pressures and 

displacement velocities.  Systematic errors associated with gravitational and entry/exit effects 

were identified.  Chapter 4 addressed these experimental artefacts predominately through the 

analysis of pulses of CO2/CH4 being pumped through the CH4 saturated rock cores. A 

correlation relating dispersion coefficient to various system parameters was generated, shown 

to be compatible with acquired dispersion data over a wide range of experimental conditions, 

and to be readily suitable for inclusion into reservoir simulations of EGR. In Chapter 5, the 

effect of porous media heterogeniety on the dispersion coefficients was examined by 

conducting fluid transportation experiments through both sandstones and carbonates rock 

cores. Mixing of CO2 and CH4 was considerably greater in heterogeneous carbonates than in 

homogeneous sandstones. One of the carbonates (Ketton) showed persistent preasymptotic 

transport behavior with an early breakthrough and long-tailed profiles due to its intra-grain 

micropores.  Despite the progress being made in characterising CO2/CH4 miscible displacement, 

it would be desirable to study the fluid systems found in most real gas reservoirs, in which 

there is usually a water phase in its irreducible state (Ahmed, 2010; Dandekar, 2013). 

In this chapter, dispersion coefficient measurements are performed to consider a second 

phase: (immobile) connate or residual water. We seek to understand how the presence of the 

second phase may affect the nature of miscible displacement and whether this possible impact 

is distinctive for different pore structure heterogeneities in consolidated rock. To this end, 

required modifications to the experimental apparatus are detailed and dispersion 

measurements were conducted on the Berea and Donnybrook sandstones as well as the 

Ketton carbonate at different residual water saturation levels for a range of Péclet numbers.  

Complementary nuclear magnetic resonance (NMR) measurements were performed to 

quantify the spatial distribution of and pore sizes occupied by the residual water. We 

demonstrate how these measurements can be very valuable in interpreting mixing and 

dispersion mechanisms for different pore structure heterogeneities and at different flow 

conditions. 

6.3 Literature review and background 

A significant body of literature, as listed in Table 6.1, exists with respect to the effect of an 

immobile phase in porous media on the breakthrough profiles measured during core flooding. 

For example, Batycky et al. (1981) and (1982) considered nitrogen displacing methane in 

carbonate and sandstone cores at ambient temperature and a pressure of 6.9 MPa. Both dry 

and residual water saturation cores were studied.  In the case of the carbonate cores, methane 

recovery after the injection of four pore volumes of nitrogen was found to decrease when 
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residual water saturation was present; however for the Berea cores, residual water saturation 

had no effect on the equivalent recovery of methane.  In contrast Turta et al. (2008) observed 

up to 28% greater methane recovery when injecting both CO2 and N2  into a methane-

saturated Berea sandstone at 70 °C and 6.2 MPa when a residual brine solution was present.  

Dissolution of CO2 in the residual water solution, as well as the blocking of narrow pore spaces 

by residual water (as the wetting fluid) thereby increasing the effective homogeneity of the 

cores, were both identified as reasons for this enhanced recovery.        

Fewer studies have appeared in the literature detailing measurements of dispersion for fluid 

flow through porous media in the presence of an additional immobile phase. A theoretical 

approach can be found in literature (De Genne, 1983), here we focus mainly on experimental 

works.  Salter and Mohanty (1982) considered the effect of residual water on the dispersion 

experienced by a brine tracer in a mobile oil phase flowing through Berea sandstone cores and 

showed an increase in dispersion due to the residual water.  Haga et al. (1999) considered the 

dispersion of deionised water containing either 5.0 mL of KCl soultion (0.1 mol·L
-1

) or 8.0 mL of 

an ammonia-water solution (28.0 weight% NH4OH) as a tracer through bead packs (average 

particle diameter of 1 mm) and found an increase in dispersion as an immobile N2 phase 

saturation was increased.  Naveed et al. (2012) considered the dispersion of air in a range of 

sand packs saturated with N2. The measured dispersion showed an increase with increasing 

residual-water saturation. Similar results are also shown from a pore scale visualisation of 

transport processes (Jiménez-Martínez et al., 2015).  Legatski and Katz (1967) investigated the 

dispersion of gases in consolidated sandstone rocks by conducting pulse breakthrough 

experiments at ambient conditions, injecting N2 pulses into an argon-saturated sandstone 

core. Paraffin wax was used as the immobile phase.  Dispersion generally increased as the 

immobile paraffin wax content was increased.  Verlaan et al. (1999) considered the dispersion 

of argon in various nitrogen-saturated bead and sand packings.  Residual water saturations 

from 9.8 to 15.5% were considered.  The dispersion coefficients measured in all the porous 

media they studied in the presence of residual water were up to five times larger than the 

equivalent dispersion data measured in dry packings at higher Pe numbers  (Pe >> 5), but were 

somewhat reduced for very slow flowrates (Pe <<0.5) for which diffusion dominates.   

Thus, there is considerable evidence in the literature that the presence of an immobile, 

residual phase in porous media serves to increase the dispersion experienced by fluids flowing 

through it, when advection dominates the dispersion process.  The residual phase serves to 

effectively increase the tortuosity of the system, which serves to increase mixing and hence 

the measured dispersion.  In the diffusion-dominated regime, characterised by low flow rates 

and Pe <<1, this trend is reversed as the dispersion experienced is dominated by diffusion, and 
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in accordance with Equation (6.5), as presented below,  diffusion is reduced as tortuosity is 

increased.   This was also observed by Costanza-Robinson and Brusseau (2002) who considered 

the dispersion of dilute methane into nitrogen in a fine sand medium where  Pe <<1 and found 

it decreased with increasing residual water content.    

Table 6.1 Summary of the previous experimental work for the effect of an immobile phase on dispersion of fluids in 

porous media. 

Reference System used 
Porous Media-

Immobile phase 

Experimental 

conditions 
Remarks 

Batycky 1981 

and 1982 
N2 displacing CH4 

Carbonates and Berea 

sandstone – Immobile 

water 

6.9 MPa and ambient 

temperature 

The methane 

recovery decreased 

in carbonates but 

the recovery 

remained 

unchanged in Berea 

sandstone.   

Turta et al. 

(2008) 

N2 into CH4 

CO2 into CH4 

Berea sandstone – 

Residual water 
6.2 MPa and 70 °C 

Higher methane 

recovery with 

injecting both CO2 

and N2. 

Salter and 

Mohanty (1982) 

Brine tracer in 

hydrocarbons and 

mineral oil 

Berea sandstone – 

Immobile water 
- 

Dispersion 

increased. 

Haga et al. 

(1999) 

Tracer of KCl in 

water solution or 

ammonia in water 

solution 

Glass bead pack – 

Immobile Nitrogen 
Ambient condition 

Dispersion 

increased. 

Naveed et al. 

(2012) 
Air in N2 

Sand pack column – 

Residual water 
Ambient condition 

Dispersion/dispersi

vity increased. 

Legatski and 

Katz (1967) 
N2 into Ar 

Sandstone – Paraffin 

wax as immobile phase 
Ambient condition 

Dispersion 

increased. 

Verlaan et al. 

(1999) 
Ar into N2 

Glass bead or sand 

pack – Residual water 

1, 5 or 9 MPa and 35 

°C 

Increase in 

Dispersion. 

Costanza-

Robinson and 

Brusseau (2002)  

N2-CH4 
Fine sand medium – 

Immobile water 

Near atmospheric 

conditions  

Experiments at 

diffusion dominant 

regime and 

consequently 

dispersion 

reduction was 

observed. 

Sidiq and Amin 

(2009) 
CO2-CH4 

Sandstone – Residual 

water 

From 10 to 40 MPa 

and 160 °C 

No data presented 

for dry cores so 

effect of residual 

water saturation 

unresolvable. 
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However, to the best of our knowledge, no research has been done to systematically examine 

the effect of a residual immobile phase (water) on the dispersion of supercritical CO2 into CH4, 

as required ultimately by EGR simulations.  Sidiq and Amin (2009) did measure the 

breakthrough profiles of a supercritical mixture of 0.98 CO2 + 0.02 CH4 injected into a CH4 + 

CO2 gas mixture in a sandstone rock core.  A residual water saturation of 12.4% was present; 

however corresponding measurements were not reported for dry cores or different residual 

water saturations and, consequently the effect of the residual saturation cannot be elucidated 

from those data. 

6.4 Methodology 

6.4.1 Materials 

Methane, carbon dioxide and nitrogen were supplied by BOC Scientific at purities greater than 

0.999 mole fraction.  The water used for the core saturation was filtered and deionized.  Berea 

and Donnybrook sandstone and Ketton carbonate cores (37.5 – 38.0 mm in diameter and 

100.4-104.7 mm in length) were studied.  These cores were cleaned by Soxhlet extraction with 

a mole fraction mixture of 0.9 dichloromethane (Chem-Supply) and 0.1 methanol (Ajax-

Finechem) and then thoroughly dried prior to use.  Table 6.2 summarizes the core 

characteristics, namely their dimensions, porosities (Φ) permeabilities (k) and the residual 

water saturations (Sw) studied.    

Table 6.2 Rock core characteristic. 

Core 
Length 

(mm) 

Diameter 

(mm) 

pconfining 

(MPa) 
Φ 

k 

(mD) 

Water 

saturation, Sw 

Dispersivity, 

α
(1)

 (mm) 

Berea 

sandstone 
100.4 37.6 

8 0.2043 463.3 0 

0.41 

0.48 

0.36 

10 0.2039 460.7 1.37 

12 0.2036 458.2 2.63 

Donnybrook 

sandstone 
101 37.5 

8 0.1576 12.07 0 0.85 

10 0.1573 12.01     

12 0.1572 11.95 0.58 5.20 

Ketton 

carbonate 
104.7 38.0 

8 0.2277 2922.4 0 0.63 

10 0.2274 2912.2     

12 0.2270 2902.7 0.62 3.52 
(1)

 The α values were obtained using Equation (6.5) where n was equal to 1.2 and 1.4 for sandstones 

and carbonates, respectively. 

 

6.4.2 Apparatus and method 

The core flood apparatus used in the previous chapters to measure dispersion in supercritical 

CO2-CH4 systems was modified to allow inclusion of an immobile liquid phase during dispersion 
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measurements.  A schematic of the apparatus is presented in Figure 6.1, with new tubing, 

fittings and equipment shown in red.  All tubing and fittings exposed simultaneously to water 

and CO2 (which together can form carbonic acid, H2CO3) at measurement temperature and 

pressure were made from corrosion-resistant Hastelloy. Details of the core cleaning and 

wrapping, bath temperature control, pressure regulation of the core flooding experiments 

together with the calibration of FT-IR spectrometer can be found in Chapters 2 and 4. Chapter 

4 also details the CO2-CH4 pulse preparation and injection.   

 

Figure 6.1 Modified core flood apparatus to enable water delivery to, and drainage of, the rock core. Modifications 

required for the inclusion of residual water are shown in red.     

Prior to commencing dispersion experiments, a confining pressure of 5.5 MPa was applied to 

the dry rock core placed inside the core holder. The core holder was oriented vertically and 

lowered into the Silicone oil bath (as shown in Figure 6.1) and subsequently allowed to reach 

the desired test temperature.  The core was then subjected to the following measurement 

protocol: 

 

(1) The core was evacuated (using the vacuum pump in Figure 6.1 for two hours) and then 

saturated with water via ingress in an upward direction using the Brine/Condensate pump 

in Figure 6.1.   

 

(2) The displacement process started by injecting CH4 downwards with a flow rate of 1 ml·min
-

1
 at ambient conditions. This condition was maintained until no more water was produced 

during an injection period lasting at least one Pore Volume (PV) and it was apparent that 

the steady state conditions had been achieved (constant differential pressure over the 

core sample). When the weight of displaced water in the separator remained unchanged 
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(generally after about 3 PV of ambient methane had been injected), the rate of ambient 

pressure methane injection was increased sequentially to 1.5, 2, 3, 5, 10 and 25 ml·min
-1

. 

After each increase in flow rate the additional mass of water displaced into the separator 

was monitored until it became constant for at least one PV.  

 

(3) The pore pressure was then elevated to 10 MPa, the condition at which the experiment 

was to be conducted, after the confining pressure had been increased to 15.5 MPa.  

Additional CH4 displacements were carried out at injection rates of 5 and 25 (actual) 

ml·min
-1

 to ensure no further mobile water was present, although the amount of water 

displaced under these high pressure conditions was negligible. An initial estimate of the 

residual water saturation in the core was then made based on the known pore volume and 

the total mass of water recovered in the separator.  

 

(4) An equimolar pulse of CH4-CO2 then was injected into the core and the resultant effluent 

temporal profile analysed using the IR spectrometer shown in Figure 6.1; this pulse 

composition selection involves a trade-off between minimizing the density contrast 

between the injection pulse and the saturating fluid and maintaining an adequate signal to 

noise ratio in the compositional profile of the effluent pulse as detailed in Chapter 4. The 

resultant CO2 breakthrough profile was then analyzed so as to extract the dispersion 

coefficient, KL, from these data as detailed below.  Such dispersion measurements were 

performed over a range of interstitial velocities (um) between 0.006 and 2.323 mm·s
-1

.   

 

(5) Following the completion of the pulse experiments, the system was de-pressurized and 

the core was removed and weighed. Its mass was compared with the value obtained for 

the dry core prior to Step (1) to determine the amount of residual water within it. These 

gravimetric measurements were then verified by comparison with calibrated NMR 

measurements of total water content, with a maximum deviation between the two 

methods of 0.3 % in the saturation.  The one dimensional NMR-measured profiles of 

water content revealed a homogeneous distribution along the core axis as shown in 

Figure 6.2 for Berea with no significant evidence of water accumulation at either end of 

the rock core.   
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Figure 6.2 (a) The Berea core and (b) the respective one dimensional NMR profile of water signal across the axial 

direction of 41% residual-water saturated Berea core. The NMR signal is directly proportional to water content.    

The residual water saturations (Swr) achieved, as determined gravimetrically were 41 %for the 

Berea sandstone, 58 % for the Donnybrook sandstone and 62 % for the Ketton carbonate. In 

addition, a reduced water saturation procedure was conducted using the Berea core, which 

resulted in a higher residual water saturation of 48 %. In this modified procedure, the three 

lowest flow rates (1, 1.5 and 2 ml·min
-1

) used in the ambient pressure displacement Step 2 

were not used. Comparison of the NMR T2 signal relaxation measurements of the Berea core 

with the two different residual saturations (Figure 6.8) indicated that use of the modified 

procedure allowed additional water to remain in some of the core’s smaller pores. 

Dispersion measurements were also conducted for completely dry cores, to act as reference 

data, using the same experimental conditions as for the wet cores. 
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6.4.3 Data analysis 

Dispersion in core flood experiments through relatively homogenous cores can be described by 

the one-dimensional advective-dispersion (AD) equation:  

2

L m2
,

C C C
K u

t x x

∂ ∂ ∂= −
∂ ∂ ∂

 (6.1) 

where C is the concentration of the dispersing species, KL is the longitudinal dispersion 

coefficient, t is time and um is the mean interstitial velocity in the direction of bulk flow, x. 

For pulse displacement core flooding experiments, the following boundary and initial 

conditions are relevant: 

C(x > 0, t = 0) = 0, C(x = ∞, t) = 0,  C(x = 0, 0 < t < T) = C0 and C(x = 0, t > T) = 0. 

With these, the resultant solution to Equation (6.1) for a semi-infinite medium is (Kreft and 

Zuber, 1978; Levenspiel, 1999):  

( )2

mm

LL

exp ,
44

L u tu
C

K tK tπ

 −
= − 

 
 

 (6.2) 

where L is the experimental length scale (core length) and T is the infinitely short pulse 

duration.   

Equation (6.2) was successfully regressed to the resultant breakthrough curves obtained for 

Berea sandstone at both dry and wet conditions, and for the dry Donnybrook core. However, 

Equation (6.2) could not adequately fit the effluent pulse data obtained for either the wet 

Donnybrook sandstone or the Ketton carbonate (dry or wet). Thus, as was done in Chapter 5 

for measurements of the dry Ketton carbonate, in these cases the Mobile-Immobile Model 

(MIM) was used, which assumes the existence of two distinct regions in the rock, which are 

either mobile or stagnant. This method describes the diffusional molecular transport between 

these two regions using a first order mass transfer concept initially proposed by Deans (1963) 

and later improved upon by Coats and Smith (1964): 

2
m im m m

m im m L m m2
,

C C C C
K u

t t x x
θ θ θ θ∂ ∂ ∂ ∂+ = −

∂ ∂ ∂ ∂
(6.3) 

( )im
im m im

C
C C

t
θ β∂ = −

∂
 (6.4) 

where Cm and Cim are the concentrations of the dispersing fluids in the mobile and stagnant 

zones, respectively; θm and θim are the fractions of fluid in the mobile and immobile regions in 

the porous medium; um is the mean interstitial velocity in the mobile zone; and β is the mass 
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transfer coefficient. The analytical solution of Equation (6.3) and (6.4) for a pulse input, 

assuming semi-infinite initial-boundary conditions are presented in literature (van Swaaij, 

1967; Villermaux and Van Swaaij, 1969) and the details can be found in Chapter 5. 

The resultant dispersion data (KL) has traditionally been presented as a function of medium 

Péclet number ( m
m

u d
Pe

D
= ), where D is the diffusion coefficient and d is a characteristic length 

scale for mixing.   Equation (6.5) (Bear, 1972; Dullien, 1992) is often used to quantify this 

dependency:  

nL
m

1
,

K
Pe

D τ
= +  (6.5) 

where τ is tortuosity and n is an exponent. In some literature, n has been presumed to be one 

(e.g. Perkins and Johnston (1963)) whereas others suggested a range of values between 1 and 

1.4 (e.g. Sahimi (1995) and Bijeljic et al. (2004)). Recently, streamline-based particle tracking 

simulation has been utilized on 3D X-ray images of various porous media, to investigate fluid 

transport at the pore scale for a wide range of Peclet numbers (Bijeljic et al., 2011, 2013a; 

Bijeljic et al., 2013b; Blunt et al., 2013). In the power-law scaling dispersion regime, the results 

from these studies suggest that n is about 1.2 for sandpacks/sandstones and 1.4 for 

carbonates, respectively. Additionally, the dispersion measurements of CH4 and CO2 through 

carbonate rock cores in Chapter 5 showed excellent consistency with these values of n.  

Consequently, the values of 1.2 and 1.4 were used during our data analysis in the power-law 

dispersion regime for the dry and water-saturated sandstones and carbonates, respectively, 

throughout this study. 

Finally, the erroneous tubing and core entrance/exit effects associated with the current 

experimental apparatus were determined using the method described in Chapters 2 and 4. 

Thus, the K values presented herein are the corrected dispersion coefficients (Kcorr). Finally we 

note that Equations (6.1)–(6.5) assume no significant dissolution of CO2 into the residual 

water.  A mass balance between the injected pulse and the measured effluent pulse revealed 

that, consistently, less than 8% of the injected CO2 dissolved in the residual water and was 

independent of injection velocity. Dispersion measurements were also performed with the 

resultant CO2 content of the water less than 2% of its equilibrium saturation value.  Collectively 

this supports our assumption of no dissolution in Equations (6.1)–(6.5) ; its inclusion will 

however be a focus of future work. We also note the significant observation of Oldenburg et 

al. (2013) that solubility of CH4 increases with the dissolution of CO2 in the residual water; this 

would need to be considered in a reservoir-scale model. Even though so-called methane spikes 

have been observed in reservoir-scale models reported in the literature (where CO2 was 

injected into an aquifer with a nearly methane-saturated water phase) (Oldenburg et al., 2013; 
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Taggart, 2010), such a spike was not detected in the current lab-scale work. Firstly, unlike 

previous studies where the continuous phase was water, the continuous phase in this work 

was methane and, secondly, any small amount of methane evolved from the residual water 

would have simply added to the large existing methane flow, and is unlikely to have been 

resolvable with the instrumentation used. 

6.4.4 NMR Rock Core Characterisation 

A 12.9 MHz nuclear magnetic resonance (NMR) rock core analyzer (Oxford Instruments) was 

utilized to measure distributions of the T2 NMR signal relaxation parameter for the Berea and 

Donnybrook sandstones as well as the Ketton carbonate. The distribution of T2 relaxation is 

related to pore size distribution (T2 ∝ r, the pore radius), as detailed widely in the literature 

(Hurlimann et al., 1994; Latour et al., 1993; Latour et al., 1994).  The T2 distribution 

measurements were performed for both fully water-saturated and residual water-saturated 

cores enabling the pore size distribution occupied by the residual water to be quantified.  In 

addition one dimensional NMR profiles of water signal were acquired in the core’s axial 

direction to check for heterogeneous water accumulation due to the drainage regimes 

employed.  All NMR measurements were performed on stationary samples at room 

temperature and pressure.   

6.5 Results and discussion 

6.5.1 Residual water effects on dispersion of CO2-CH4  

Several dispersion measurement experiments were replicated at various interstitial velocity 

conditions to quantify the reproducibility of the experiments. The relative standard deviations 

of KL calculated from duplicated experiments, using either the 1D-AD (Equation (6.2)) or MIM 

models (Equations (6.3) and (6.4)), both for dry cores and those containing residual water were 

consistently less than 9%.   A root mean squared error (RMSE) in CO2 mole fraction between 

the experimental data and the fitted breakthrough profile was calculated for all the 

experiments conducted during this study using the 1D-AD model. The MIM analysis approach 

was found to be needed for breakthrough pulses with RMSE values obtained using the 1D-AD 

equation larger than 0.0008.  In the cases of successful fits using 1D-AD and MIM models, the 

average RMSE values were 0.00067 and 0.00061 respectively.   

All of the experiments with wet cores were conducted at a temperature of 40 °C and a 

pressure of 10 MPa. Figure 6.3 shows repeated breakthrough curves for (a) Berea sandstone at 

48 % water saturation and (b) Donnybrook sandstone at 58 % water saturation, as well as the 

corresponding deviation plots.  The interstitial velocities in these cases were 0.11 mm·s
-1 

for 

the Berea sandstone and 0.53 mm·s
-1 

for the Donnybrook sandstone, respectively. The 



108 

 

extracted dispersion coefficients (Kcorr) for Berea sandstone (Figure 6.3 (a)) were 3.59×10
-7

 

m
2
·s

-1 
and 3.60×10

-7
 m

2
·s

-1
 with statistical relative uncertainties of 2.4 % and 2.2 %, 

respectively. For the Donnybrook sandstone (Figure 6.3 (b)) the Kcorr values were 5.62×10
-6

 

m
2
·s

-1 
and 5.47×10

-6
 m

2
·s

-1
 with statistical relative uncertainties of 2.2 % and 2.0 %, 

respectively.  

 

Figure 6.3 Repeatability of the results: (a) the pulse breakthrough profiles corresponding to two separate 

independent experiments for the 48%-water saturated Berea and (b) 58%-water saturated Donnybrook sandstone 

cores at 40 °C, 10 MPa and interstitial velocities of 0.11 and 0.53 mm·s
-1

 respectively.  The solid line shows the 

model fits to the measured breakthrough profiles.  Deviation plots between experiment and model fit are shown in 

the top frames.    

 

Figure 6.4 shows (a) three pulse breakthrough profiles for the Berea sandstone, (b) two 

profiles for the Donnybrook sandstone and (c) two breakthrough profiles for the Ketton 

carbonate at the different levels of water saturation studied. The experimental conditions 

were 40 °C, 10 MPa and interstitial velocity of 0.31±0.03, 0.34±0.03 and 0.33±0.01 mm·s
-1

 for 

Berea, Donnybrook and Ketton, respectively.  The solid lines are the fit of the 1D-AD model 

(Equation (6.2)), or where appropriate as detailed above, the MIM equation fit (Equations (6.3) 

and (6.4)). For the Berea (at all saturations) and the dry Donnybrook, Equation (6.2) was 

sufficient; this is consistent with the CO2 molecules sweeping the entire potential velocity field 

during transit through the core (Berkowitz and Scher, 2001; Bijeljic et al., 2013a; Scheven et al., 

2007) and the attainment of asymptotic flow regimes. Non-Fickian behaviour was observed for 

the Donnybrook core at residual water saturation and for all the Ketton measurements; 

however, the observed data in these cases could be adequately described by the MIM model. 

Ketton is a carbonate rock with well-connected large pores as well as micro-pores associated 

with the grains (Tanino and Blunt, 2012).  It is plausible that while well-connected large pores 
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formed the main fluid flow path through the rock core, an appreciable number of CO2 

molecules migrated into and out of the intra-grain stagnant pores. These micro-pores with 

their tortuous paths delay the diffusional transport of CO2 molecules back into the bulk flow 

region and consequently create a long tail in the exit pulse. This is consistent with Chapter 5, 

with dry Ketton (where Pe >>0.1) where persistent non-Fickian transport behaviour was 

evident in this pre-asymptotic regime. The data in Figure 6.4 indicate that this behaviour 

persisted in the Ketton at residual water saturation and was created by the residual water 

content for the Donnybrook sandstone.  This is discussed further below with reference to 

Figure 6.6.   

 

Figure 6.4 Measured pulse profiles for dry and wet (a) Berea sandstone, (b) Donnybrook sandstone and (c) Ketton 

carbonate experiments, with different water saturations. The measurements were made at 40 °C, 10 MPa and with 

interstitial velocities of 0.31, 0.34 and 0.33 mm·s
-1

 for the Berea, Donnybrook and Ketton cores, respectively. The 

lower panel demonstrates the breakthrough profiles and their respective fits. The upper panel shows the residual of 

the fits. (d) shows the log-log plot of the experimental data for Dry Ketton carbonate as is presented on a linear 

scale in (c), along with the fit of the ADE equation and the MIM fit.  The rmse are 0.00114 and 0.00051 respectively; 

such data were used to establish the threshold value of 0.0008 for application of the MIM fit as detailed in the text.   
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The dispersion coefficients (Kcorr) obtained from the breakthrough profiles shown in Figure 

6.4(a) were 1.67×10
-7

, 5.59×10
-7

 and 10.92×10
-7

 m
2
·s

-1
 for dry, 41% and 48% water-saturated 

Berea core, respectively. The Kcorr values for dry and 58% water-saturated Donnybrook 

sandstone were 4.42×10
-7

 and 29.74×10
-7

 m
2
·s

-1
, respectively. The Kcorr presented in Figure 

6.4(c) for dry and 62% water-saturated Ketton carbonate were 5.71×10
-7

 and 39.02×10
-7

 m
2
·s

-1
 

, respectively. Thus, the residual water present in the porous sandstones and carbonate 

resulted in a significant increase in dispersion.  All the dispersion coefficient data (Kcorr) along 

with the relevant experimental conditions are collated in Table 6.3.  Also, breakthrough 

profiles in Figure 6.4 explicitly show that the injected CO2 broke through to the core exit much 

more quickly when water was present for all the cores.  This is potentially important for the 

EGR process, in which such contamination of the natural gas asset produced is very 

undesirable.    

Table 6.3 Dispersion coefficients of CO2-CH4 for (a) dry and wet Berea and Donnybrook sandstone and (b) Ketton 

carbonate cores. 

(a) 

Core Sw 
T 

(°C) 
P 

(MPa) 
u 

 (mm s-1) 
D  

(10-8 m2 s-1)  
Kcorr  

(10-8 m2 s-1)  
ϴm β (10

-4
 s

-1
) 

Berea 

0% 40 10 

0.006 

12.5 

4.22 

- - 

0.011 4.41 

0.028 5.11 

0.056 5.70 

0.085 6.57 

0.140 8.98 

0.224 12.1 

0.336 16.7 

0.560 27.3 

0.785 37.8 

1.121 56.4 

41% 40 10 

0.008 

12.5 

3.34 

- - 

0.015 3.60 

0.038 6.44 

0.076 11.8 

0.116 18.6 

0.190 31.8 

0.304 55.9 

0.456 90.0 

0.760 163.7 

1.065 239.3 

1.521 375.3 

48% 40 10 
0.007 

12.5 
4.86 

- - 
0.014 5.91 
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0.036 12.56 

0.072 26.06 

0.109 35.99 

0.180 63.92 

0.285 109.2 

0.438 177.7 

0.722 332.1 

1.007 491.6 

1.445 760.4 

2.167 1068 

Donnybrook 

0% 40 10 

0.030 

12.5 

6.28 

- - 

0.105 14.7 

0.150 19.6 

0.224 32.3 

0.316 44.2 

0.541 63.2 

0.647 75.7 

0.857 105.2 

58% 40 10 

0.072 

12.5 

58.9 0.990 8.74 

0.251 194.2 0.987 31.84 

0.358 297.4 0.987 42.76 

0.533 554.6 0.983 59.02 

0.752 760.3 0.964 85.31 

0.888 1004 0.949 96.46 

1.035 1140 0.948 110.49 
 

(b) 

Core Sw T 
(°C) 

P 
(MPa) 

u  
(mm s-1) 

D  
(10-8 m2 s-1)  

Kcorr  
(10-8 m2 s-1)  

ϴm β (10
-4

 s
-1

) 

Ketton 

0% 40 10 

0.006 

12.5 

6.39 1.000 - 

0.011 8.49 1.000 - 

0.028 15.6 1.000 - 

0.056 17.1 0.763 6.55 

0.086 18.6 0.753 9.58 

0.141 27.1 0.700 16.38 

0.224 44.1 0.718 24.05 

0.336 57.1 0.737 36.89 

0.561 99.7 0.758 59.84 

0.787 143.0 0.758 87.22 

1.124 212.5 0.764 124.55 

1.682 399.9 0.731 191.12 

62% 40 10 

0.041 

12.5 

32.0 0.997 5.67 

0.057 40.8 0.996 7.85 

0.081 67.2 0.995 10.48 

0.124 125.8 0.990 14.96 



112 

 

0.204 229.9 0.983 24.02 

0.325 390.2 0.980 36.88 

0.489 630.1 0.945 53.30 

0.593 738.8 0.961 67.36 

0.819 1129 0.868 82.00 
 

Figure 6.5 shows the mass transfer coefficients (β) and the mobile fluid fractions (θm), obtained 

by fitting the MIM model to the dry and residual water-saturated Ketton and residual water-

saturated Donnybrook. The θm values obtained for the residual water-saturated Donnybrook 

and Ketton were approximately constant with an average value of 0.973 and 0.968, 

respectively, which was larger than the value of 0.76 acquired for dry Ketton in Chapter 5. The 

difference between the θm values for the Ketton core was presumably because many of the 

intra-grain micropores that previously contained the immobile fraction of the supercritical gas 

phase were no longer available because they were filled with connate water. This is also 

consistent with the results of the NMR T2 relaxation distributions described below. The mass 

transfer coefficient, β increased linearly with the interstitial velocity for both Donnybrook and 

Ketton measurements, indicating the substantial decrease in diffusion film length for fluid 

transfer between the mobile and stagnant/immobile regions (Johns et al., 2000).  

 

Figure 6.5 (a) Mobile fluid fraction and (b) mass transfer coefficient as a function of interstitial velocity for 

Donnybrook sandstone and ‘wet’/dry Ketton carbonate. 

In addition, Figure 6.5 also shows that the mass transfer coefficients in the residual water-

saturated rock cores were about 20% larger than the values obtained for dry Ketton. It is 

plausible that with the residual water occupying the smallest micropores that were previously 

available to the immobile fraction of the supercritical gas phase, the exchange between mobile 

and immobile zones was increased as the remaining pores in the immobile zones were larger 

and more accessible on average. This hypothesis is also consistent with the NMR pore-size 

distributions described below.  
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Figure 6.6 shows a plot of K versus u
n
 for all systems studied in this work.  K is seen to increase 

considerably in all cases as water saturation is increased. Values of 1.2 and 1.4 for n are also 

consistent with the observed data for sandstones and carbonates respectively, as was the case 

in Chapter 5. This however is shown here to be true for both dry cores and those at residual 

water saturation.   

 

 

Figure 6.6 Variation of dispersion coefficients for (a) dry and wet Berea and Donnybrook sandstones and (b) dry and 

wet Ketton carbonate as a function of interstitial velocity. 
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6.5.2 Residual Water Morphology  

Figure 6.7 shows the NMR T2 relaxation distributions for the (a) Berea sandstone, (b) 

Donnybrook sandstone and (c) Ketton carbonate samples.  Recall that T2 is proportional to the 

average pore radius, r.  Measurements were performed on fully saturated cores as well as 

cores with residual water content because the NMR signal is received only from the water 

content.  In each part of Figure 6.7, the results shown in the top panel were obtained by 

subtracting the T2 distribution measured for the partially-saturated core from the distribution 

obtained for the fully-saturated core. As such it represents the pore size distribution that 

would be accessible to the supercritical gas (CH4/CO2) phase.    

 

 

Figure 6.7 Distributions of T2 relaxation (and hence pore size) for (a) Berea and (b) Donnybrook sandstones as well 

as (c) Ketton carbonate at fully and residual saturated conditions (lower panels).  The upper panel (created by 

subtraction of the solid trace from the dashed trace in the lower panel) shows the T2 (and hence pore size) 

distribution essentially occupied by the supercritical gas phase.   
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It is clearly evident in Figure 6.7, that residual water preferentially occupies the smaller pores 

for all samples considered.  This is consistent with a water-wet system.  By way of explanation, 

Figure 6.8 schematically shows the pore space morphology change upon the inclusion of 

irreducible water (where it is the wetting phase).  Since mixing of the two miscible fluids, in our 

case supercritical CO2 and CH4, is governed by both diffusion and dispersion (Blackwell, 1962; 

Dullien, 1992; Ho and Webb, 2006), narrower pores and more tortuous flow-paths created by 

irreducible water (Figure 6.8) result in enhanced mixing and dispersion (Naveed et al., 2012; 

Verlaan et al., 1999).  In the case of Ketton and Donnybrook, water preferentially occupies the 

smaller pores and also the Ketton micro-pores as detailed above. It is also conceivable that the 

small amount of water in the larger pores is creating more tortuous pathway and hence 

greater dispersion.  Even in very homogeneous porous media samples, it is observed that flow 

is facilitated by only a few channels with large regions of stagnation (Sederman et al., 1998; 

Sederman et al., 1997). 

 

Figure 6.8 Schematic of fluid flow in (a) unsaturated and (b) water saturated porous rock. 

From the slope of the data in Figure 6.6, we are able to extract the value of dispersivity (α) for 

all systems as per Chapter 4. The dispersivity α is a characteristic length describing mixing, it 

increases with heterogeneity. It hence increases as residual water-saturation is increased. The 

measured values of α are reported in Table 6.2 indicating the dispersivities of the residual 

water-saturated rock cores increased between 3.8 to 7.3 times in comparison to the dry ones. 

These values were used to calculate Pem for the dry and water-saturated sandstones and 

carbonate and subsequently the ratio of measured dispersion coefficient to diffusion 

coefficients (Takahashi and Iwasaki, 1970) was plotted as a function of Pem – see Figure 6.9.  

Equation (6.5) was fit to all dry and water-saturated Berea and Donnybrook sandstone and 

Ketton carbonate data respectively, as shown in Figure 6.9.   Exponents of 1.2 and 1.4 used for 

the sandstones and carbonates, respectively, are clearly appropriate for Pem larger than 4.    

(a) (b) 
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Figure 6.9 Measured Kcorr/D vs. Pem for Berea and Donnybrook sandstone and Ketton carbonate cores with/without 

water saturation. The solid lines are the fit of Equation (6.5).  The dashed lines indicate the NMR measurements of 

sandstone rock tortuosity for Berea and Donnybrook respectively. 

At low values of Pem, the mixing of the CO2 and CH4 is dominated by diffusion, and according to 

Equation (6.5) the ratio approaches the inverse value of tortuosity (τ) as interstitial velocity 

tends to zero.  This is broadly clear in the sandstone data, which is consistent with our 

independent NMR-based measurements of τ, which were reported previously in Chapter 4.  

However, it is evident from Figure 6.9 that water-saturated Berea sandstone shows lower K/D 

values in the diffusion-dominated regime in comparison to the ones extracted for dry Berea 

core, indicating that the irreducible water also increased the tortuosity.  

We proposed previously that Ketton presents different behaviour in this diffusion-dominant 

regime (Pem<1) and an elevated value of K/D indicative of a reduced tortuosity.    The presence 

of micro- and macro-pores, and comparatively slow exchange between them (compared to the 

timescale of the NMR diffusion measurement (∆)), means there are two diffusion regimes in 

this sample and extracting an independent NMR-based measurement of tortuosity is not 

straightforward.   We propose that the K/D values for Ketton in this regime are largely dictated 

by the macro-pores which form well-connected and less tortuous flow channels. Nonetheless 
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there is adequate consistency between the data and Equation (6.5) at the larger values of Pem 

(Pem>1) to warrant its use in EGR simulations provided a reliable estimate of α is available as a 

function of water saturation.  Equation (6.5), however, requires some additional consideration 

when applied to lower Pem (Pem<1). As discussed, residual water saturations are expected for 

most reservoirs. Thus, future work needs to focus on systematically measuring and correlating 

both dispersivity (α) and tortuosity (τ) with water content for representative rock cores. 

6.6 Conclusions 

Dispersion was measured for the first time between supercritical CO2 and CH4 in various 

sandstone and carbonate rock cores as a function of irreducible water content.  The 1D 

advective-dispersion model was adequate to analyze the breakthrough profiles of dry and 

water-saturated Berea and dry Donnybrook sandstones whereas a mobile-immobile model 

was consistently utilized for water-saturated Donnybrook sandstone and dry and water-

saturated Ketton carbonate.  In all cases dispersion was observed to increase substantially due 

to the presence of the water content. NMR measurements confirmed that the water content 

was evenly distributed along the rock core axis and that the gas phase overwhelmingly resided 

in the larger pores.  Irreducible water occupied smaller pores creating narrower pores and 

more tortuous flow-paths, resulting in more mixing/dispersion. The dispersion data for 

different porous media were adequately captured by a K/D-Pem plot in which the power law 

describing the dependency of dispersion coefficient on Pe at comparatively high interstitial 

velocities fitted the data well. Consistent with Chapter 5, power law exponents of n = 1.2 and n 

= 1.4 were required to describe dispersion in sandstones and carbonates, respectively for both 

dry and residual water saturation conditions. Water is present in most of gas reservoirs at its 

residual level and therefore the use of appropriate dispersion data, as measured here for 

residual water-saturated rock cores, is crucial.    
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7 CONCLUSIONS AND FUTURE WORK 
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7.1 Conclusions 

The primary objective of this PhD research was to develop an accurate description of 

dispersive mixing between supercritical CO2 and CH4 for relevant to EGR processes by 

systematically measuring the dispersion between these fluids under a range of relevant 

conditions. The review of the existing literature reporting core-flooding experiments relevant 

to EGR processes revealed several significant systematic artefacts associated with those 

previous measurements: gravitational segregation, excessive gradients in concentration, and 

erroneous contributions to mixing due to entry and exit effects. To rectify these systematic 

errors, a specialised core flooding apparatus was designed to conduct fluid transport 

experiments and accurately measure the dispersion of supercritical CO2 and CH4 at elevated 

pressures and temperatures. The gravitational effect was shown to be significant and 

eliminated by transitioning the core’s orientation from horizontal to vertical. A numerical 

correction based on measurements in short and long rock cores was used to determine the 

mixing of fluids caused by the considerable (average 23%) contribution of entrance and exit 

effects. A MRI-based experimental apparatus was also used to directly measure displacement 

breakthrough profiles and dispersion data within a porous medium. The MRI results validated 

the existence and significance of the entry and exit effects previously quantified by non-

imaged core flood experiments. The adverse impact of active dispersion on data quality was 

mitigated by instead injecting small pulses of equimolar CO2+CH4 mixtures into the core rather 

than displacing all the CH4 from the porous medium with pure CO2.  

Low-field NMR experimental methods were also developed and used in this work to elucidate 

important aspects of the CO2-CH4 mixing process in consolidated porous media. Independent 

measurements of rock tortuosity, τ, which controls the extent of mixing in the limit of zero 

velocity, were made using pulsed field gradient stimulated echo techniques. NMR 

measurements of T2 signal relaxation were used to provide independent estimates of pore size 

distributions for cores, comparable with those obtained by mercury porosimetry. In 

experiments with cores containing residual saturations of water, an NMR technique was also 

used to establish whether the axial distribution of that water was uniform. 

These advances in experimental technique allowed the dispersion of supercritical CO2 in CH4 to 

be investigated in both dry and residually-saturated sandstones and carbonates with 

unprecedented resolution and accuracy. For the first time, the data obtained for consolidated 

porous media were shown to be consistent with the best data previously available in the 

literature for the mixing of supercritical CO2 and CH4 in bead packs.  That is, at all pressures, 

temperatures and compositions, the longitudinal dispersion coefficient, KL, governing the 
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mixing of supercritical CO2 and CH4 in rock cores (and unconsolidated media) can be accurately 

described the equation:  

L
m

1 nK
Pe

D τ
= +  (7.1) 

over wide range of velocities, u. Importantly the pressure, temperature and composition 

dependencies of the mixing are accounted for by the diffusion coefficient, D, in Equation (7.1). 

Accurate pulse injection experiments over a wide range of velocities, such as those conducted 

here, allow the dispersivity, α, which is a characteristic length scale for mixing in the porous 

medium. For bead packs, this characteristic length scale can be estimated from the particle 

size but for consolidated rocks accurate dispersion experiments such as those conducted here 

are the best means of determination. For the dry sandstones and carbonates studied here, the 

mixing length scale α varied from 0.36 to 0.85 mm, which is at least an order of magnitude 

greater than the largest throats in the pore size distribution. Rock cores with wider multi-

modal pore size distributions exhibited greater α values. The value of n in Equation (7.1) was 

determined experimentally to be 1.2 for sandstones and 1.4 for carbonates, respectively, 

which is consistent with recent theoretical predictions. 

In several experiments with both wet and dry rocks, early breakthrough profiles with long tails 

were observed, which is indicative of persistent preasymptotic transport behaviour. Such 

profiles are characteristic of samples where transport limitations are present, such as (dry) 

carbonates with significant intragrain microporosity or wet rocks where water-filled pores limit 

CO2 exchange. In such cases, accurate values characteristic of the asymptotic dispersion 

relevant to EGR should be obtained through the use of the mobile-immobile (MIM) model. The 

NMR-pore size distributions measured for cores with residual water saturations demonstrated 

how fluid flow pathways were likely to be substantially altered as pore connectivity decreased 

and effective tortuosity increased as the narrower pores became blocked with water, and 

larger pores became effectively narrower due to the wetting film. This resulted in a significant 

enhancement of the dispersive mixing with the value of α measured for cores with residual 

water saturation increasing by up to 7 times the dry core’s dispersivity.  

This work has shown that Equation (7.1) provides a sufficient and comprehensive description 

of dispersive mixing between supercritical CO2 and CH4 in consolidated rocks, and has provided 

key insights into the parameters with the equation. High-quality dispersion data such as those 

obtained during the course of this research allows the development of a general correlation 

based on Eq (7.1) which captures the effects of variables such as pressure, temperature, 

dispersing fluid composition, interstitial velocity, water saturation, rock tortuosity and rock 
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dispersivity. Once measured for a particular reservoir rock, such a correlation can be readily 

and reliably used within EGR reservoir simulations that account the effect of density contrast 

between injected CO2 and CH4 in natural gas-bearing formations, as well as heterogeneities 

present at larger length scales, to design the optimum field development strategies and 

production scenarios.      

7.2 Suggestions for future work 

During the course of this research, significant experimental improvements were made to 

accurately measure the dispersion of supercritical CO2 and CH4 and the impact of key factors 

on the dispersive mixing process were systematically identified. However, essential to the 

application of the resulting correlation is the knowledge of rock dispersivity and tortuosity as a 

function of water saturation and rock types. In the current work, dispersivity has been 

measured using multiple, time-consuming dispersion measurements as a function of velocity. 

Thus, future work should focus on developing correlations for more routine use to determine 

rock dispersivities, for example by utilising the NMR T2 relaxation pore size distributions. This 

technique can be applied for a range of rock cores at different water saturation 

levels/distributions. 

In addition, it would be valuable to measure the tortuosity of various rock cores at different 

water saturations and ideally develop a tortuosity correlation as a function of water saturation 

and rock type. It should be possible to do this using a centrifuge-based technique to achieve 

various desired water saturation levels. If the water solution used contained a dissolved 

compound with fast T2 relaxation properties, the irreducible water saturated cores would be 

filled by gas and NMR technique would be applied to measure the corresponding tortuosity 

values. Alternatively D2O could be used in place of H2O as the former has no NMR signal.  

The real-time, in-situ measurement of supercritical CO2 and CH4 dispersion using the MRI 

method has significant potential for elucidating the physics of the relevant mixing, transport 

and exchange processes in consolidated porous media such as sandstone and carbonate rock 

cores.. Future work could focus on extending the range of Pe number accessible, with a clear 

ambition being to attain a Pe value in excess of 1 where diffusion and advection effects on 

dispersion are comparable. The accessible Pe number range achieved in this work was limited 

at the lower end by pump reliability at low flow rates, and at the upper end by the temporal 

requirements to produce the required profiles at a sufficient spatial resolution.  Operating with 

higher gas pressures would deliver more NMR signal alleviating the amount of signal averaging 

required to deliver the necessary NMR signal-to-noise ratio.  Conducting such imaged 
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experiments with residual saturations of D2O could provide further insight into the impact of 

water on dispersivity, tortuosity and mass transfer. 

The newly developed correlation is now ready to be implemented into reservoir simulations 

and used to investigate the design different EGR scenarios. The key factors including pressure, 

temperature, interstitial velocity, water saturations, dispersivity and tortuosity should be 

varied to establish their impact on the breakthrough time and the ultimate gas recovery (when 

CO2 contamination in the produced gas is less than 20%). Field-scale heterogeneities, both in 

general and in specific cases for prospective EGR scenarios, could be examined with 

confidence in the underlying model describing mixing at the core scale. 
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