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Preface

This thesis is submitted as a partial fulfilment of the requirements for a Danish PhD degree. The main supervisor
is Professor lda Lykke Fabricius at the Department of Civil Engineering of the Technical University of Denmark.
The co-supervisor is Claus Kjgller, Head of the Core Laboratory of the Geological survey of Denmark and
Greenland (GEUS). The project included a three-month external research stay at the University of Leeds,
focussed on data mining, which was supervised by Professor Quentin Fisher from the School of Earth and
Environmental Sciences. During a three-week stay at the Rheinisch-Westféalische Technische Hochschule
(RWTH) Aachen data was acquired for image analysis based on electron microscopy and mineral mapping by
using the QEMSCAN® system, in collaboration with Dr. Sven Sindern.

This PhD project is part of the Heat Storage in Hot Aquifers project, which investigates the possibility of heat
storage in Danish geothermal aquifers. The HeHo project is a research collaboration among DTU, GEUS, the
University of Vilnius and Dansk Fjernvarmes Geotermiselskab. Funding is provided by the Danish Council for
Strategic Research. This PhD project addresses mechanisms by which hot brine injection could affect sandstone
permeability.

This is a paper based thesis; manuscripts that are submitted for peer review and non-reviewed conference papers
are included in Appendices B and C respectively. Different aspects of permeability in sandstones are addressed in
one or more manuscripts. In order to present a coherent discussion of sandstone permeability in the thesis, a
selection of content of the papers was re-grouped into five chapters addressing: sandstone permeability modelling
by using Kozeny’s equation; gas slip modelling based on Klinkenberg’s procedure; the effect of immobile water
on brine permeability; thermal expansion; and kaolinite fines migration. The thesis also contains supplementary
material that was not used in the Manuscripts. A discussion of the application of Kozeny’s equation to sandstone
(Chapter 2) was added in order to place the results from the different manuscripts in a broader context.
Supplementary data analysis was included in chapters 3 and 4, based on calculations that are included in
Appendix A; some of these data are to be included in a further study of permeability in Gassum sandstone in the
‘Crossover project’, a collaboration between the HeHo project and the ‘The geothermal energy potential in
Denmark - reservoir properties, temperature distribution and models for utilization’ project at GEUS. Chapter 3.5
is based on unfinished manuscript collaboration with Quentin Fisher, Carlos Grattoni and Nichola Eardley for
which additional experiments are currently being performed at the University of Leeds.

The focus of this thesis is on data interpretation; therefore a chapter is included that addresses the different

methods that were applied in one or more manuscripts.

Laboratory permeability data were measured by: Quentin Fisher and Carlos Grattoni as part of the PETGAS
project at the University of Leeds; students of DTU: Christian Haugwitz, Peter Jacobsen, and Jacob Riis, in

collaboration with Claus Kjgller at the GEUS Core Laboratory; Hanne Holmslykke, Marga Jargensen, Hans



Lorentzen, and Claus Kjgller at the GEUS Core laboratory.

Unless otherwise indicated, images shown in this thesis were acquired by myself using a Quanta 200 (FEI)
scanning electron microscope at DTU Civil engineering, or using a Quanta 650 (FEI) at the Leeds Electron
Microscopy and Spectroscopy Centre, at the University of Leeds. Images in which mineralogy is mapped by the
QEMSCAN® (FEI) system were acquired using a Quanta650 (FEI) scanning electron microscope and QemScan
iDiscover (v.5.3) software at RWTH Aachen in collaboration with Sven Sindern and Roman Klinghardt.

Thanks are due to:

Ida Fabricius and Claus Kjgller for their guidance throughout the project; Quentin Fisher for good discussions
during and following up on my stay in Leeds; Sven Sindern for pleasant collaboration during and after my visit to
Aachen; and my other co-authors for good discussions and data collection: Carlos Grattoni, Christian Haugwitz,
Peter Jacobsen, Frans Kets, Jacob Riis, and Hao Yuan.

Collaborators on the Crossover project, people who helped me with microscopy or with laboratory tests, and
people who shared laboratory data or numerical codes: Hector Diaz, Nichola Eardley, Morten Hjuler, Hanne
Holmslykke, Marga Jgrgensen, Roman Klinghardt, Hans Lorentzen, Bjgrn Maribo-Mggensen, Sing Nguyen,
Mette Olivarius, Ebba Schnell, Ida Shafagh, Richard Walshaw, and Rikke Weibel.

All the colleagues in the long hallway of building 119 at DTU for a pleasant working environment these past
three years. Reviewers from Geothermics for constructive reviews of submitted manuscripts.

Astrid and Gerard Rosenbrand for supporting me in more ways than | can say.
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Dansk sammenfatning

Seesonvarmelagring i forbindelse med geotermiske anleeg i dybtliggende sandsten er en mulighed i Danmark,
men den derved forbundne temperaturstigning kan forarsage permeabilitetsreduktion og dermed fordyre
metoden. Det er derfor ngdvendigt at forstda mekanismen bag temperaturens indflydelse pa permeabiliteten,
og naerveerende forskningsprojekt fokuserer saledes pa sandstenspermeabilitet ud fra forskellige synsvinkler.
Til det formal blev der analyseret data fra forskellige kilder: 1. En database med oplysninger om mere end
120 lavpermeable sandsten; 2. Gennemstrgmningseksperimenter pa Bereasandsten, som ofte anvendes som
reference for reservoirsandsten; 3. Gennemstrgningseksperimenter pa sandsten fra Gassumformationen og
Bunterformationen, der begge er danske geoterme reservoirer. Elektronmikroskopi af polerede tyndslib blev
brugt til at kvantificere sammenhangen mellem sandstenstekstur og permeabilitet.

Kozenys ligning fra 1927 sammenkader permeabiliteten med porgsiteten og den specifikke overflade (som
ogsa kan udtrykke som den &kvivalente porestarrelse). Ligningen er baseret pa en simpel fysisk model og
geelder for et homogent porgst medium med ensartet porestgrrelse, men da porestgrrelsen i en sandsten kan
variere fra nanometer til mikrometer, er det ngdvendigt med flere antagelser for at kunne beskrive
sandstenspermeabilitet ved hjelp af Kozenys ligning. Det kan gares ved at definere en effektiv specifik
overflade, og denne kan estimeres ved hjealp af billedanalyse elektronmikroskopibilleder eller ved hjalp af
kernemagnetisk resonansspektrometri (NMR). Det viser sig, at i sandsten med lav porgsitet er det ofte de
sma porer, der betinger permeabiliteten. | disse sandsten er de store porer gjensynligt forbundet gennem de
sma, sa at stremningshastigheden i de store porer begranses. Her bliver den effektive specifikke overflade
hgj. | andre sandsten, hvor de store porer er direkte forbundet, er det disse porer der betinger permeabiliteten,

mens de sma porer bidrager meget lidt. Her bliver den effektive specifikke overflade lav.

Det er ogsa muligt at definere en &kvivalent porestarrelse ved hjalp af Klinkenbergs procedure fra 1941.
Den indeberer maling af gaspermeabilitet ved en serie forskellige poretryk og hermed, hvor meget ekstra
strgmning der kommer fordi stremningshastigheden for gas er starre en nul ved porevaeggen. En
sammenligning mellem &kvivalent porestarrelse estimeret ud fra Klinkenbergs procedure og ud fra Kozenys
ligning viser den forventede korrelation, men forskellen kan veere op til en stgrrelsesorden. En af grundene til
dette er, at i lavpermeable sandsten er permeabiliteten afhangig af differensspandingen mellem
omslutningstryk og poretryk, og denne &ndres dermed, nar poretrykket &ndres. Det giver en ekstra effekt
ved Klinkenbergs procedure, og derfor blev poreveegseffekten og effekten af omslutningstryk kombineret til
et nyt udtryk.

Det ses ofte at permeabiliteten for saltvand er lavere end den Klinkenbergkorrigerede gaspermeabilitet, og
det er muligt at en del af baggrunden er, at saltvandet interagerer med poreveaeggen, saledes at der opstar et

immobilt vaeskelag pa porevaeggen. Denne effekt kan modelleres, bl.a. ved hjelp af NMR data, men det ser



ud til, at sddan en antagelse ikke er nok og at andre faktorer, der muligvis er relateret til lermineralernes
morfologi spiller ind.

Temperaturstigning, og den dermed forbundne udvidelse af sandstenen, burde ud fra Kozenys ligning i sig
selv kun have meget lille effekt pa permeabiliteten, og i publicerede forsgg fandtes heller ingen malbar
temperatureffekt, nar porevasken er inert. For kaolinholdige sandsten fandtes derimod, at hvis porevasken
er ferskvand eller saltvand, falder permeabiliteten, nar temperaturen stiger. Dette kan skyldes at varmen
betinger a&ndringer i mineralernes elektriske dobbeltlag, og dermed frastadning mellem lerpartikler og
kvartskorn. Et permeabilitetsfald ses ogsa ved reduktion af porevandssaliniteten. Der er tale om to forskellige
effekter: Ved stigende temperatur stiger den absolutte vaerdi af mineralernes overfladeladning, mens ved
faldende salinitet gges tykkelsen af det elektriske dobbeltlag.

Gennemstrgmningsforsgg pa Bereasandsten illustrerer forskellen pa effekten af temperatur og effekten af
salinitet: Mens en permeabilitetesreduktion pa grund af reduktion af porevandssaliniteten var irreversibel ved
20°C, var en permeabilitetesreduktion pa grund af temperaturggning til 80°C reversibel. Ved 80°C var en
permeabilitetsagning ved stigende gennemstramningshastighed reversibel, mens den ikke var ved 20°C.
Dette tyder pa at kaolinitpartikler mobiliseres ved forskellig mekanisme ved 20°C og ved 80°C.
Mekanismerne blev diskuteres ved halp af DLVO teori, der blev udviklet af Derjaguin and Landau i 1941 og
Verwey and Overbeek i 1948. Det er saledes muligt at effekten ved 80°C kan beskrives som &ndringer i
poreveeskens reologi, mens effekten ved 20°C indebarer omplacering kaolinitmineralerne.

Oplgsning og udfzldning af mineraler blev ogsa observeret. | lgbet af et eksperiment hvor NaCl oplgsning i
150 dggn blev injiceret ved 80°C, oplgstes saledes gjensynligt siderit, hvorved Fe-ioner frigjortes. Disse blev
derefter oxideret og feeldede ud som jernhydroxid. Observationerne blev kvantificeret ved hjelp af
billedanalyse af polerede tyndslib i elektronmikroskop. Her blev intensiteten af backscatter electroner
sammenholdt med rgntgenfluorescenssignalet ved hjalp af QEMSCAN® programmet. Analysen tyder pa at
udfeeldningen af jernhydroxid sker i de finkornede og lavporgse lag og dermed fremhaver sandstenens
laminering. Effekten var dog for lille til at have vaesentlig indflydelse pa hverken den modellerede eller den

malte permeabilitet, der kun var 20% lavere end den oprindelige.

Naerveerende undersggelse viser at sandstenens indhold af lermineraler og disses morfologi har betydelig
indflydelse pa: 1. Hvilken del af porgsiteten der kontrollerer permeabiliteten; 2. Forskellen pa veeske- og
gaspermeabilitet; samt 3. | hvor hgj grad temperaturen pavirker permeabiliteten. Injektion af varmt vand kan
forarsage mobilisering af lerpartikler og oplgsning af mineraler; men om det sker, afhaenger af sandstenens
mineralogi og porevaeskens sammensatning. Man kan derfor ikke umiddelbart generalisere resultater fra én

sandstensformation til en anden.



English summary

Hot water injection in geothermal sandstone aquifers is considered for seasonal energy storage in Denmark.
However, an increase in the aquifer temperature might reduce permeability, and thereby increase production
costs. An understanding of the factors that control permeability is required in order to address the effects of
temperature on permeability. Therefore, different aspects of sandstone permeability are investigated in this
research project. Data from a range of sources including: published literature; a database containing over 120
tight gas sandstone samples; new flow-through experiments on Berea sandstone, which is often used as a
reference material to reservoir sandstones; and flow-through experiments on Danish Gassum Formation
sandstone and Bunter Formation sandstone, were analysed. Polished thin sections were studied by using the
electron microscope in order to relate permeability to sandstone texture.

The simple physically based Kozeny (1927) equation, relates permeability to porosity and specific surface
per pore volume, or equivalent pore size, for a homogeneous porous medium with a uniform pore size. As
pore sizes in sandstones can range from nanometres to micrometres, additional assumptions would be
required in order to estimate sandstone permeability based on the Kozeny equation. An effective specific
surface area per pore volume for permeability was estimated by using image analysis and pore size
distributions as from nuclear magnetic resonance (NMR) transverse relaxation data. The smaller pores in the
pore size distribution appear to control permeability in sandstones with a low clay-free intergranular
porosity. Presumably in those sandstones larger intergranular pores are only connected through smaller
pores, which therefore limit the flow rate in larger pores. In sandstones where larger intergranular pores do
form a connected flow path, the higher permeability in these pores would have the dominant effect on the
measured permeability, wherefore the effective specific surface reflects the specific surface of the framework
grains.

A characteristic equivalent pore size can also be determined based on the Klinkenberg (1941) procedure,
which accounts for effects on permeability of gas slip on the fluid-solid interface by means of several
permeability measurements with different pore pressures. A comparison between the equivalent pore sizes as
estimated using the Kozeny equation and the Klinkenberg procedure showed the expected correlation
between the two measures, however, differences could be around one order of magnitude.

In tight gas sandstones, permeability is often sensitive to net stress, which might change due to the pore
pressure change in the Klinkenberg procedure. Besides affecting the Klinkenberg procedure, the combined
effect of slip and changes in permeability would affect production during pressure depletion in tight gas
sandstone reservoirs; therefore effects of gas slip and net stress on permeability were combined in a model
based on the Klinkenberg equation.

A lower permeability to brine than to gas is often observed, which might be due to interaction between the

mineral surface and the pore fluid. By modelling a layer of immobile fluid on the fluid-mineral interface



permeability to brine was estimated, based on both the pore size distribution from NMR combined with the
Kozeny equation and the Klinkenberg procedure. Both methods overestimated the measured brine
permeability; this suggests that additional factors, possibly related to clay morphology, contributed to a

lower brine permeability.

Thermal expansion would have a negligible effect on permeability as estimated based on the Kozeny
equation. Accordingly, a literature survey indicated no effect of heating on permeability in experiments with
an inert pore fluid; in tests with distilled water or brine, heating reduced permeability in sandstones
containing kaolinite clay minerals.

Both heating and reduction of the salinity of the pore fluid can increase the electrical double layer repulsion
between quartz grains and kaolinite particles in Berea sandstone, which could lead to kaolinite mobilisation
and permeability reduction. Heating increases the magnitude of the mineral surface charge, whereas salinity
reduction increases the range over which the surface charge acts. Flow-through experiments in Berea
sandstone samples indicated differences between the effect of temperature and salinity on permeability. A
permeability reduction at 20°C due to salinity reduction was not reversed by restoring the salinity; a
permeability reduction due to heating to 80°C was reversible by restoring the temperature to 20°C. A
reversible permeability increase with increasing flow rate was observed at 80°C, but not at 20°C. Therefore,
it was suggested that mobilised kaolinite particles affect permeability by a different mechanism at 80°C than
at 20°C; at 80°C the main effect might be due to an alteration of pore fluid rheology, whereas at 20°C
particles might be filtered in pore constrictions. DLVO theory (Derjaguin and Landau (1941); Verwey and

Overbeek (1948)) was used to compare effects of temperature and salinity on surface interaction forces.

Quantitative analysis of images, in which mineralogy was mapped based on backscatter electron intensity in
combination with energy dispersive X-ray analysis by using the QEMSCAN® system, was used to compare
a tested sample to an untested Berea sandstone sample. During the experiment, in which an 80°C NaCl
solution was injected for 150 days, apparently siderite dissolutions released iron, which was oxidised and
precipitated as iron hydroxides. Lamination appears to be enhanced by precipitation of iron hydroxides
predominantly in finer grained, lower porosity, lamina. The effect of enhanced lamination, as estimated
based on the specific interface to the pore from image analysis, was negligible; accordingly, the

experimentally measured permeability at the end of the test was only 20% lower than at the start of the test.

This investigation indicates that clay morphology and abundance has a strong effect on: the fraction of the
porosity that is effective for permeability, the difference between brine and gas permeability, and the effect
of temperature. Hot water injection might induce clay particle mobilisation and mineral dissolution;
however, these effects would depend on the mineralogy and pore fluid composition. Therefore, results from

one formation cannot directly be generalised to other formations.



Notation

Latin Symbols
a empirical constant in the SDR, or Mean T, equation, L%/s? m%/s®

bgi, Klinkenberg (1941) slip factor, Lt’/m, 1/Pa

¢ Kozeny constant, -

Co Shape factor in Kozeny’s equation, -

Csiip proportionality factor in Klinkenberg’s equation, -
ds mean Mean diameter of solids, L, m

e elementary charge, g, C

fumr fraction of porosity in NMR T, distribution, -

fwywr fraction of porosity in which water or brine is mobile in NMR T, distribution, -

fug fraction of porosity filled in mercury injection,
h separation between mineral surfaces, L, m

hrc height of a rectangular channel, L, m

k permeability, L% mD

k. apparent permeability with gas slip, L%, mD

kg Boltzmann constant, mL%/t°T, J/K

k. permeability to water or brine, L% mD

| distance parallel to pressure gradient, L, m

I« effective distance travelled by fluid (in Kozeny (1927)), L, m

lix pixel length for square pixels, L, m

Ny net stress parameter for permeability, -

g specific discharge, flow rate, Q/A, L/t, m/s

r characteristic length scale, L, m

ry hydraulic radius, 1/S,, L, m

r, radius for cylindrical capillaries, or equivalent radius for pores (r, = 2/S;), L, m
Io.siip Characteristic equivalent pore radius for gas slip, L, m

Iokozeny €QUivalent pore radius for permeability in the Kozeny equation, L, m

ro.nmrmax Maximum equivalent pore radius that is effective for permeability based on NMR, L, m



rs equivalent radius of solids, L, m
v average flow velocity in capillary, or interstitial velocity in pores, (q/¢ = Q/A¢), L/t, m/s
w width, L, m

z valence of an ion, -,

A cross sectional area, L2, m?

Eeo. electrical double layer interaction energy per square meter, L%/t°m, J/m?
E.qw van der Waals interaction energy per square meter, L%/t?m, J/m?
EpLvo Net interaction energy per square meter, Ep vo = EepL + Evaw, L/, J/m?

H Hamaker constant, mL/t?, J

C concentration, n/L®, mol/m?

Czex shape parameter in model by Beskok & Karniadakis (1999), -

D density, m/L3, kg/m®

D; fractal dimension, -

Iionic strength of electrolyte in mol per litre, n/L*, mol/I

I, specific pore interface per unit pore area, 1/L, m/mm?

lq. specific quartz interface, L, m

K parameter relating 2D specific interface per pore area to 3D specific surface per pore volume, -
K., permeability extrapolated to zero net stress, L%, mD

M molar mass, m/n, g/mol

Na Avogadro constant, 1/n, 1/mol

P mean pore pressure, m/Lt>, Pa

AP pressure gradient (one dimensional), m/L*?, Pa/m

P. capillary pressure, m/Lt?, Pa

Q volumetric flow rate, L3/t, m%s

Qwm molar flow rate, n/t, mol/s

R ideal gas constant, L’m/(t*Tn), J/molK

R. correlation coefficient, (correlation between measurement and model), -

Seex Shape parameter, 4 for cylinders and 6 for rectangles in unified slip flow model, -

S specific internal surface area per bulk volume, 1/L, m2/cm?®



S, specific surface area per pore volume, 1/L, m*/cm®

S, specific surface area per solids volume, 1/L, m*cm®

Sw,, specific surface area per pore volume for mobile water or brine, 1/L, m?/cm?

T absolute temperature, T, K

T, transverse relaxation time, t, s

T2 gm geometric mean transverse relaxation time, t, s

Tomax Maximum transverse relaxation time that is considered effective for permeability, t, s
V, volume of solids, L®m?®

V,, bulk (sample) volume , L3 m?

V, volume of pores, L*m®

Vg volume of mercury, L3 m?

Greek symbols

o empirical parameter in model by Beskok & Karniadakis (1999), -

a1 one dimensional coefficient of thermal expansion, /T, 1/K

aosex Parameter characterizing free molecular flow in model by Beskok & Karniadakis (1999), -
agax function of Kn characterizing rarefaction in model by Beskok & Karniadakis (1999), -
£ empirical parameter in model by Beskok & Karniadakis (1999), -

y stress exponent for permeability, -

yHg SUrface tension, m/t?, N/m

¢ permittivity of vacuum, g*t/mL3, F/m

&, static relative dielectric permittivity, -

{ zeta potential, potential on the shear plane, mL%/qt*, V

6 contact angle, °

x* Debye length, 1/L, 1/m

A mean free path length of gas molecules, L, m

w1 dynamic viscosity, m/tL, Pa.s

p surface relaxivity, L/t, m/s

oo surface charge, or net charge density on the Stern plane, g/L? C/m?

o confining stress, m/Lt?, Pa

o’ net stress for permeability (o1’ = o¢ - N P), M/Lt%, Pa



7 thickness of immobile water layer, L, m

Tstern thickness of Stern layer, L, m

¢ porosity, fraction, -

¢ porosity relating to critical percolation threshold, fraction, -
dmobitle Mobile porosity, fraction, -

wo surface potential, or potential on Stern plane, mL%/qt?, V

I"tortuosity

Subscripts

i counter

mono monovalent ions

AT after temperature increment by AT

T,0 prior to temperature increment in thermal expansion calculations.

Subscripts relating to measurement methods

BET as measured by nitrogen gas adsorption

kozeny as calculated based on Kozeny equation using porosity and permeability
NMR,max maximum T, or maximum equivalent pore size as estimated from NMR.
slip as estimated from Klinkenberg procedure.

Abbreviations

AFM atomic force microscopy

BSEM backscattered electron microscopy

EDS energy dispersive X-ray analysis

FIB focussed ion beam

LSA linear superposition approximation

u-CT micro computed tomography

MRA minimum representative area

NMR nuclear magnetic resonance

REV representative elementary volume (3D equivalent of MRA)

SEM scanning electron microscopy

XRD X-ray diffraction
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1 Introduction

1.1  Motivation
Geothermal energy is used for district heating in Copenhagen and in Thisted (Lund et al., 2011). Both expansion
of the existing plants and new geothermal plants at other sites are being considered in order to increase the supply
of geothermal energy (Lund et al., 2011). Heat from other sources, such as waste incineration, could also be used
for district heating. Whereas this heat is produced all year long, heat demand heat peaks during the winter, which
requires seasonal heat storage.

The Heat Storage in Hot Aquifers project, HeHo, investigates the possibility of seasonally storing heat energy by
means of heating geothermal brine prior to injection into the geothermal aquifer during the summer. This would
increase the aquifer temperature above the natural temperature, which is approximately 44°C in Thisted and 74°C
in Copenhagen (Lund et al., 2011), so that additional energy can be extracted during the winter.

Energy is required for injection and extraction of geothermal brine, and the pumping energy depends on the
aquifer permeability, i.e., the conductivity of the rock to fluid flow. Permeability reduction increases pumping

costs; therefore energy storage would be effective only if permeability is not significantly reduced due to heating.

1.2 Problem statement and scope
Permeability, as defined in Darcy’s law, is a property of the rock; permeability would not depend on the
properties of the fluid (Bear, 1972; Darcy, 1856). The physically based Kozeny (1927) equation relates
permeability to porosity and specific surface area, or equivalent pore size, for a homogeneous rock with a uniform
pore size. Sandstone permeability is often modelled by using the Kozeny equation (Berryman and Blair, 1987;
Carman, 1937; Hossain et al., 2011; Pape et al., 2006; Walderhaug et al., 2012) [Manuscript I, II, I11, IV].
However, due to the presence of clay minerals, sandstones can have a range of pore sizes; therefore additional
assumptions are required to apply the Kozeny equation. Different methods of estimating the specific surface, or
the equivalent pore size, that is effective for permeability are discussed in Chapter 2, based on literature and on

Manuscripts 11, Il and V.

Gas flow can be used to measure permeability (API, 1998). However, permeability to brine is often lower than
permeability to gas in sandstones (Heid et al., 1950; Jones and Owens, 1980; Wei et al., 1986) [Manuscripts
I,11,1V]. Gas slip can increase the gas flow rate at low pore pressures, and increase the apparent permeability to
gas (Klinkenberg, 1941). The effect of gas slip is modelled by Klinkenberg (1941), as a function of both the gas
properties and a characteristic pore size. Klinkenberg shows that a characteristic equivalent pore size for gas slip
can be determined by measuring permeability at three or more different pore pressures. This can be used in order
to estimate the true permeability, and the apparent permeability to a different gas or at a different pore pressure.
The equivalent pore size that is effective for permeability in the Kozeny equation would presumably relate to the

characteristic equivalent pore size for gas slip, however, a scatter is often observed (Florence et al., 2007; Funk et



al., 1989; Heid et al., 1950; Jones and Owens, 1980). Gas slip has a greater effect on apparent permeability in
sandstones with smaller pores, such as tight sandstones. Therefore, gas slip is investigated in Chapter 3 by using
data from both the PETGAS database, which contains petrophysical measurements on tight gas sandstones, and
from sandstones with a higher porosity and permeability, which would be relevant for geothermal energy.
Permeability is often sensitive to net stress in tight gas sandstones (Jones and Owens, 1980; Osorio et al., 1997,
Ostensen, 1983). The stress sensitivity of the true permeability might cause errors when Klinkenberg’s method is
used. Furthermore, the effect of pore pressure on both true permeability and on gas slip would affect production
from tight gas sandstone reservoirs; therefore the combined effect on apparent permeability is considered in
Section 3.4.

A lower brine permeability can be observed even after correcting for gas slip (Heid et al., 1950; Jones and Owens,
1980; Wei et al., 1986) [Manuscripts 1,11,1V] . Therefore, several authors suggest that a layer of immobile water
on the mineral surface reduces the mobile pore volume (Andreassen and Fabricius, 2010; Faulkner and Rultter,
2003; Heid et al., 1950; Jones and Owens, 1980). Effects of an immobile water layer on permeability are
estimated, based on both the Kozeny model [Manuscript 1] and the Klinkenberg model in Chapter 4. Similar to
gas slip, the effect of immobile water would be greater in sandstones with smaller pores, therefore both tight gas

sandstones and more permeable sandstone samples are considered.

Thermal expansion might affect permeability; this effect, as estimated based on the Kozeny equation in Chapter 5,
can be considered negligible [Conference paper I; Manuscript I]. Accordingly, in an overview of published data,
no effect of temperature on permeability is observed in tests with inert fluids, mineral oils or gas; however, some
tests where hot distilled water or hot brine is injected show a significant permeability reduction due to heating
[Conference paper I; Manuscript I]. This indicates that the effect of temperature on permeability relates to
mineral-fluid interaction. Mechanisms by which hot water or brine injection might affect permeability include:
alteration of the thickness of an immobile water layer on the mineral surface (Andreassen and Fabricius, 2010;
Faulkner and Rutter, 2003); chemical reactions leading to dissolution and precipitation (Blair et al., 1984;
Tenthorey et al., 1998); contamination of samples with particles that are generated by corrosion of the equipment
(Milsch et al., 2009; Potter et al., 1981; Stottlemyre, 1981; Ungemach, 2003); and alteration of surface interaction
forces among fine clay particles and sandstone quartz grains that could mobilise fines (Baudracco and
Aoubouazza, 1995; Khilar and Fogler, 1984, 1987; Priisholm et al., 1987; Schembre and Kovscek, 2005)

[Conference papers |, Il, 11I; Manuscripts I, 11, H11].

Permeability reduction due to fines mobilisation is observed in Berea sandstone when the concentration of NaCl
in the pore fluid is reduced (Grey and Rex, 1966; Khilar and Fogler, 1984, 1987; Mungan, 1965; Ochi and
Vernoux, 1998; Schembre and Kovscek, 2005). Kaolinite is the dominant clay mineral in the Berea sandstone
(Churcher, 1991; Khilar and Fogler, 1984). Reducing the NaCl concentration increases the electrical double layer

(EDL) repulsion force between similarly charged kaolinite particles and quartz grains, which might mobilise



kaolinite particles. The DLVO (Derjaguin and Landau, 1941; Verwey and Overbeek, 1948) Theory is used by
some authors to model the effect of salinity on surface interaction forces in Berea sandstone (e.g., Khilar and
Fogler, 1984, 1987; Ochi and Vernoux, 1998; Schembre and Kovscek, 2005) [Conference papers Il and Ill;
Manuscript I1]. Mobilised particles might reduce permeability when these are filtered in pore constrictions, and
this effect would be irreversible when the NaCl concentration is restored (Khilar and Fogler, 1984) [Manuscript
I1]. Heating would also increase the EDL repulsion and mobilise particles (Khilar and Fogler, 1984, 1987,
Schembre and Kovscek, 2005) [Conference papers I, 111; Manuscript I1]. However, the effect of temperature is
found to be reversible with cooling by several authors (e.g., Baudracco and Aoubouazza, 1995; Cassé and Ramey
Jr, 1979) [Manuscript I; I1]. Differences between effects of temperature and NaCl concentration on permeability

are investigated in Chapter 6 [Manuscripts I and I1; Conference papers I, 11, and H11].

Methods that were used for data analysis are discussed in Chapter 7. This includes applications of quantitative
image analysis, both to compare among sandstone formations, and to compare between an untested sandstone
sample and a sample after injection of 80°C NaCl solution [Manuscript 1V]. Chapter 8 summarises the main

conclusions, and Chapter 9 rounds off with recommendations for further research.



2 Permeability
2.1  Definitions

2.1.1 Porosity
Sandstones are porous media, which consist of solids and pores, i.e., voids among the solids (Figure 1). The

bulk volume, Vy, is the volume of pores, V,, plus the volume of solids, Vs, Eq.(1). Porosity, ¢, is the ratio of
V, to V,, (Eq.(2)). For sandstones, the solids include larger grains and cement that compose the framework,
and smaller clay particles that are often present in the intergranular pores, i.e. the pores among the
framework grains. Small, micro-, pores are also observed among clay particles (Desbois et al., 2011; Landrot
etal., 2012).

V, =V, +V, @)
Vv

¢= V—" )
b

a) b)

Figure 1: a) Schematic representation of sandstone consisting of framework grains (white) and pores (black).
b) Schematic representation of sandstone containing clay particles (grey) in some intergranular pores (pores among
framework grains). Smaller pores are also present among clay mineral particles.

2.1.2 Darcy’s law
Darcy (1856) investigated vertical flow through water saturated sand columns and found that the volumetric

flow rate depends on the cross sectional area of the column, the pressure gradient across the column, and the
properties of the sand column. Flow rate also depends on fluid viscosity; thus for a general fluid, flow can be
expressed by Eq.(3), which is known as Darcy’s Law for laminar incompressible flow (Bear, 1972; Hubbert,
1957).

Q
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where, for one dimensional flow, 4P is the pressure gradient, q is the specific discharge, henceforth referred
to as the flow rate, Q is the volumetric flow rate, A is the cross-sectional area perpendicular to 4P, u is the
dynamic viscosity of the fluid, and k is the permeability.

Darcy’s law can be considered valid for a homogeneous incompressible fluid at flow rates where the
Reynolds number for porous media (Eq.(4)) is less than one; inertia effects may cause additional energy
dissipation at higher flow rates (Bear, 1972).

Re = —qus’mea” (4)

Y7,

where ds mean IS the mean diameter of the solids, and D is the fluid density.
There might also be a lower limit to the validity of Darcy’s law (Bear, 1972). Some authors observed no flow
of water or brine below a threshold 4P, which might be due to mineral-fluid interaction (Bear, 1972;
Byerlee, 1990; Swartzendruber, 1962). On the other hand, gas slip on the fluid-solid interface can result in an
apparent permeability that is higher than the true permeability, and that depends on gas properties and pore
pressure (Klinkenberg, 1941). Permeability to gas slip and to brine or water are discussed in chapters 3 and

4.

2.2  Cylindrical capillary model
Darcy’s law can be derived by solving the Navier-Stokes equations for a geometrical model of the pore
geometry (Bear, 1972). Possibly the simplest model is a collection of parallel cylindrical capillaries with a

uniform radius r, (Figure 2a).

a) b)

Figure 2: Model of a porous medium consisting of solids (white) and pores (grey). a) Pores are parallel cylindrical
capillaries with equal radii. b) Pores are parallel capillaries with a general shape but equal size. Capillaries have a
constant size in the third dimension.

The flow rate through a cube with a unit length containing n parallel cylindrical capillaries is given by Eq.(5)

based on the Hagen-Poiseuille equation.



q:K: —AP (5)

The porosity is the volume of the cylindrical capillaries normalised by V,, i.e., normalised by one for a unit
length cube:
2
_ hzr,

¢= v =nzr? (6)
b

Permeability can therefore be expressed in terms of pore size and porosity by Eq.(7) (cf. Eq.(3), (5), and (6)).
1
k = g rp2¢ (7)

2.3 Kozeny equation

Rather than assuming cylindrical capillaries, Kozeny (1927) solved the Navier-Stokes equations for parallel
equal sized, smooth walled capillaries, with a general shape but a constant cross section (Figure 2b), yielding
Eq.(8) (Kozeny, 1927).

3
Cgf AP (®)

q: =

Q
A

= |+~

where S is the specific surface, i.e., the solid-pore interface area normalised by V,, and ¢, is a shape
parameter, which is 1/2 for cylindrical capillaries, and 2/3 for rectangular channels (Kozeny, 1927). The
shape parameter ¢, is often replaced by a factor, ¢, which is referred to as the Kozeny constant (Bear, 1972;
Mortensen et al., 1998). The Kozeny constant characterises not only the channel shape, but also pore

geometry as discussed in Subsection 2.3.1.

The ratio of Sto ¢, S, (EQ.(9)), is inversely related to equivalent pore size, r,, for smooth walled pores. For

cylindrical capillaries, S, is the inverse of the hydraulic radius, ry, and half of the geometric radius, Eq.(10).
S, = S 9)
¢
S =—== (10)
Permeability is expressed in terms of porosity, ¢, and S, in Eq.(11) (cf. Eq.(3), (8), and (9)), which is one

form of the Kozeny equation. Both Eq.(7) and the Kozeny equation characterise permeability in terms of

porosity and equivalent pore size squared.



C
k= S—q,f (12)
p
Permeability can also be expressed in terms of solids size rs (Kozeny, 1927). For a unit cube consisting of n
equal sized spheres, Vs is expressed by Eq.(12), and S by Eq.(13). The surface area per volume of solids, S;,

is related to S by Eq.(14) (cf. Eq.(1) and Eq.(2)), therefore S; is related to r by Eq.(15) (Kozeny, 1927).

V, = % nzr? (12)
S =n4zr? (13)
S
= 14
T (1-9) (44
3(1-¢

Permeability can therefore be expressed in terms of r, by Eq.(16) (Kozeny, 1927).

c—¢3 -1
91-9)

(16)

2.3.1 The Kozeny constant

Kozeny (1927) suggests that fluid flow paths would not be straight when fluid flows around solids. The
effective distance travelled by the fluid in a tortuous, i.e. a winding, flow path, le#, would be greater than the
distance | parallel to 4P; therefore a reduced pressure gradient (cf. EQ.(17)) might be used to express flow as
EQ.(18), whereby ¢ = col/l¢+ (Kozeny, 1927).

AP, =— AP (17)
Ieff
| 4
=Cc,—————Tr.AP 18
q "l 9(1-¢)° a8

Carman (1937) points out that besides a lower flow velocity due to 4P, the cross sectional area
perpendicular to AP is also reduced by I/l.; therefore the flow rate parallel to 4P would be reduced by
(I/1.)%. This parameter can be referred to as tortuosity, 77, and forms of the Kozeny equation in which ¢ = coI”

are often referred to as Kozeny-Carman equations (e.g., Bear, 1972; Berryman and Blair, 1987; Mavko and



Nur, 1997). By fitting /" to laboratory measurements Carman (1937) suggests /"= 0.4, which, combined with
Co = 1/2 yields ¢ = 0.2. Donaldson et al. (1975) model the permeability of glass bead packs and of crushed
sand packs by using the Kozeny equation with ¢ = 0.2 and S as measured by using nitrogen adsorption (the
BET method, Brunauer et al. (1938).

Other properties, such as electrical resistivity, gas slip, or diffusion, are used in order to estimate /" by some
authors (e.g., Berryman and Blair, 1987; Boving and Grathwohl, 2001; Civan, 2002, 2010; Cornell and Katz,
1953; Dullien, 1975; Pape et al., 2006; Walsh and Brace, 1984). However, tortuosity for hydraulic flow,
would not necessarily be the same as tortuosity for diffusion and electrical conduction (Bear, 1972; Pape et
al., 2006). Whereas diffusion and electricity conduction have uniform velocity, i.e., piston-like displacement,
fluid flow has a velocity profile with a zero velocity on the fluid-mineral interface. Therefore, if I"is
considered as purely a geometric length ratio, 7" would reflect tortuosity to diffusion or conduction. Due to
local velocity differences, the average length that is travelled by a volume of fluid in a unit time might differ
from the geometrical average length of the flow paths (Bear, 1972).

Rather than invoking a tortuous flow path, Mortensen et al. (1998) suggest a model where only a fraction ¢
contributes to flow. For a set of orthogonal equal sized regularly spaced interpenetrating capillaries (Figure
3a) pore pressure can be assumed to be equilibrated perpendicular to AP, so that the local pressure gradient
in the cylindrical capillaries would equal the externally applied pressure gradient. Therefore flow would only
be in the volume of the capillaries that is parallel to AP (Figure 3b) (Mortensen et al., 1998).

Ve B Im8

a) b)

Figure 3: Porous medium in which pores are interpenetrating orthogonal equal sized capillaries. a) Entire porosity is
shaded grey. b) Only porosity that is parallel to 4P is shaded grey. (Modified from Mortensen et al. (1998)).

The Kozeny constant in the model by Mortensen et al. (1998) reflects the fraction of ¢ that conducts flow;

accounting for the porosity in capillary intersections, c is expressed by Eq.(19) (Mortensen et al., 1998).
1 64 ) 4 B
c=| 4cos —arccos(¢—3—1j+—7z +4 (19)
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For ¢ tending towards zero, there are no intersections and c tends to 1/6, i.e., Co/3. For ¢ tending to one, the
entire porosity is parallel to flow and c tends to 0.5 (cf. Eq.(7)) (Mortensen et al., 1998). The value of c is
0.20 £ 0.02 for 2% < ¢ < 32%, comparable to the empirical co/” used in e.g., Carman (1937) and Donaldson
(1975). Permeability of two chalk formations is modelled by using Eq.(19) and the specific surface area S as
measured by nitrogen adsorption by Mortensen et al. (1998).

The Kozeny equation is simple and has a physical basis, and is therefore often used to model permeability in
sandstones (e.g., Berryman and Blair, 1987; Carman, 1937; Hossain et al., 2011; Mortensen et al., 1998;
Pape et al., 2006; Walderhaug et al., 2012). Pore geometry is simplified to express permeability in terms of c,
¢, and Sy, and for homogeneous porous media with a uniform pore size, S, can be determined by
measurement of specific surface area or grain size (Kozeny, 1927). However, sandstones often have a pore
size distribution; therefore different methods can be used to estimate the S, that is effective for permeability.

2.4 The Kozeny equation in sandstone

2.4.1 Effective S, versus total surface area

Permeability is underestimated by up to two orders of magnitude when S is measured by using nitrogen
adsorption in samples of: Berea sandstone; sandstone from the Danish Gassum Formation; sandstone from
Danish Bunter Formation; North Sea greensands; and sandstones from the onshore and offshore Rotliegend
Formation (Donaldson et al., 1975; Solymar and Fabricius, 1999) [Manuscripts I;I1; 11l and 1V]. In these
studies c is based on Eq.(19), or ¢ = ¢,/"= 0.2 (Donaldson et al., 1975). The higher S, that is estimated from
¢ and S from nitrogen adsorption, Sy ger, might be affected by roughness of quartz framework grains that
increases S without significantly affecting equivalent pore size and permeability (Berryman and Blair, 1987,

Mortensen et al., 1998; Pape et al., 2006). Furthermore the presence of clay minerals could increase S.

Clay minerals have a high specific surface as compared to quartz grains and therefore make a
disproportionately large contribution to S, ger [Manuscript I1;111;1VV]. Nanometre or micrometre sized pores
can be observed among clay aggregates in sandstones (Desbois et al., 2011; Landrot et al., 2012), however,
the permeability in these micropores would be low due to the high Sy (cf. Eq.(11)). Therefore, when larger
intergranular pores among framework grains form a connected flow path, these pores would make the
dominant contribution to the total permeability (Solymar and Fabricius, 1999; Walderhaug et al., 2012)
[Manuscript 11, IV].

Berea sandstone is often studied as an analogue for reservoir sandstones, as this sandstone is considered to be
relatively homogeneous and readily available (Churcher, 1991); some authors even consider Berea sandstone
as an isotropic clean sandstone (Glover et al., 2006). Nonetheless, Berea sandstone would contain
approximately 6 wt.%-8 wt.% clay minerals, predominantly kaolinite, and small amounts of illite and
chlorite (< 1% illite, and < 1% chlorite (Baudracco and Aoubouazza, 1995; Churcher, 1991)). Figure 4a
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shows an image of Berea sandstone where kaolinite particles can be observed concentrated in some pores
and not in others (Schembre and Kovscek, 2005) [Manuscript Il, 111]. This suggests that intergranular pores
would indeed form connected a flow path and control permeability. Accordingly the effective S; of the Berea
sandstone sample in Figure 4a is 1.5 m?/cm®, whereas the S, ger is 19 m?/cm?® [Manuscript I1].

By contrast Figure 4b shows a sample of kaolinite rich Rotliegend sandstone with an effective S, of

34 m*/cm® and an S, ger of 37 m?/cm® [PETGAS]. This suggests that the specific surface of kaolinite particles
is effective for permeability. Only a small fraction of the intergranular porosity does not contain kaolinite
particles, therefore larger clay-free pores might not form a connected flow path [Manuscript 1V].

ill

kao
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Figure 4: Backscatter electron microscopy, BSEM, images. a) Kaolinite particles are concentrated in some intergranular
pores in a Berea sandstone sample. Some illite and chlorite minerals are also observed [Manuscript I1]. b) Kaolinite
particles are distributed throughout the intergranular pore volume in a Rotliegend sandstone sample [modified; BSEM
image from PETGAS, University of Leeds]. Pores are black and grains are grey. (kao = kaolinite; ill=illite; chl=chlorite;
carb=carbonate)

Redistribution of kaolinite particles due to fines mobilisation would increase the surface area of kaolinite that
is effective to flow and reduce permeability in Berea sandstone. Fines migration in Berea sandstone is
addressed in Chapter 6.

2.4.2 Effective S, from image analysis

Image analysis can be used to estimate the effective Sy in sandstones where permeability is controlled by
larger intergranular pores (Berryman and Blair, 1987; Blair et al., 1996; Borre et al., 1995; Solymar and
Fabricius, 1999) [Manuscript 111]. Those authors use a resolution that does not resolve surface roughness or
micropores among clay minerals. The appropriate resolution depends on the effective S,; some authors
suggest a fixed ratio of pixel length, I, to effective S, can be used (Berryman and Blair, 1987). This could
be compared to flow in cylindrical pipes, where the effect of surface roughness depends on the scale of

asperities relative to the pipe diameter. Accordingly, the resolution used to quantify the effective S, in images

12



of samples of Gassum Formation sandstone and Bunter Formation sandstone is too low to quantify the
effective S, for samples of Berea sandstone [Manuscript I11]. The effective S, of the latter is approximately
twice as large as that of the former two samples (Figure 5). However, increasing resolution by a factor two
still underestimates the effective S; of the Berea sandstone samples. This does not support the suggestion of a
fixed ratio of |, to effective S,; hereby resolution might be considered as a fitting factor that can be used to
compare among samples, rather than to predict permeability.

The Sy as determined by using image analysis is higher for the Gassum sandstone sample than for the Bunter
sandstone sample in Figure 5, in accordance with the effective S, of the respective samples. By contrast,
Sp.ger IS higher in the Bunter sample, in accordance with a higher clay mineral content in this sample
[Manuscript 111]. The higher effective S, of the Gassum sample is probably due to the smaller size of
framework grains (Figure 5a) as compared to the size of the framework grains of the Bunter sandstone,
(Figure 5b). Presumably, intergranular pores control permeability in both samples; therefore the effective S,
would relate to the specific surface of the framework grains. Image analysis resolves differences in grain size
of the framework grains, rather than the specific surface of clay minerals, and thereby gives a better estimate

of the effective S,than S, ger does.
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Figure 5: Backscatter electron microscopy, BSEM, images of: a) A Gassum Formation sandstone sample. b) A Bunter
Formation sandstone sample. c) A Berea sandstone sample. Porosity is black, minerals are grey. [Porosity and
permeability data are from Manuscript I11].

Possibly, S, can be characterised by a fractal relation; thereby S, r:, as measured at resolution R; is related to
Spr2 @s measured at resolution R, by Eq.(20) (Pape et al., 1999, 2006).

R2 D;-1
RL_| 22 (20)
w27

where Dy is the fractal dimension. The empirical parameter Ds depends on texture and mineralogy (Giménez

etal., 1997). Image analysis at different resolutions is applied to estimate Dy, in order to relate S, ger to the
effective S, by Pape et al. (1999, 2006). However, clay minerals would increase S to a greater extent at
higher resolutions, i.e., Ds would depend on the range in which this is measured (Pape et al., 2006).
Therefore, D; as determined by using image analysis with a resolution range of the order of micrometres
might differ from D; when the resolution is approximately the size of one adsorbed nitrogen molecule for

BET measurements, i.e. approximately 0.162 nm? (Sing, 2001).
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An average grain size, r, of the framework grains is estimated by using image analysis by Walderhaug et al.
(2012). Those authors use the Kozeny equation, with a constant c that is fit to data, to model permeability
within a factor four for over 75% of 415 sandstone samples with clay contents less than 3 vol.%. from the
Norwegian continental shelf. This method tends to overestimate permeability in samples with a higher clay
content (Walderhaug et al., 2012). Presumably that is because r, of the framework grains underestimates the
effective S, in samples where permeability is controlled by the smaller pores.

In order to relate the 2D specific pore interface per unit pore area, 1, to the 3D S, or to estimate ry, a
conversion factor is required in Eq. (21)(Peters, 2009; Solymar and Fabricius, 1999; Weibel, 1989):

S, =KI (21)

P p

where K is a constant. For perfect spheres K = 4/z, which is also used for sandstone by several authors
(Peters, 2009; Solymar and Fabricius, 1999; Weibel, 1989). Crandell et al. (2012) compare pore sizes from
2D backscatter electron microscopy, BSEM, images to pore sizes that were estimated from 3D micro-
computed tomography, pu-CT, and suggest, K = 2.11 for a sediment packed column. When K is considered to
depend on pore geometry, this parameter might be considered as a fitting parameter.

Image based quantification of parameters that are relevant to experiments on core plugs requires that a
minimum representative area, MRA, is analysed (Bear, 1972; Landrot et al., 2012; Solymar and Fabricius,
1999). An MRA can be estimated by quantifying an average property, such as ¢ or S,, in an increasingly
large interrogation area until the value stabilises (Bear, 1972). Figure 6a shows that the MRA of ¢ for a
sample of Bunter sandstone would be between 20 mm? and 25 mm?® [Manuscript 111]. Lamination results in
an apparent REV within a lamina, which changes as the area is increased to include multiple laminae; as
observed in a sample of Berea sandstone in Figure 6b. This sample was altered by injection of 80°C NaCl
solution [Manuscript 1], however, lamination on a scale of millimetres is also observed in untested Berea
sandstone samples by Knackstedt et al. (2001).
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Figure 6: Porosity as a function of interrogation area in images of polished thin sections of sandstone samples; the
minimum representative area, MRA, is the minimum size where porosity becomes constant as a function of
interrogation area. a) The MRA of porosity for a sandstone sample from Bunter Formation is between 20 mm?and
25 mm®. b) The MRA of porosity in a sample of Berea sandstone shows a plateau around 8 mm? due to lamination;
whereas the MRA appears to stabilise at 1000 mm?, lamination on the plug scale might result in a higher MRA.
[Manuscript 11].

2.4.3 Effective S, and percolation

Permeability of effectively clay-free samples of Fontainebleau sandstone is overestimated by using the
Kozeny equation based on rs and a constant ¢ in samples where ¢ is less than 5%—10%; by contrast in
Fontainebleau samples with 10% < ¢ < 30% permeability is modelled well by using this method (Bourbie
and Zinszner, 1985; Mavko and Nur, 1997; Walderhaug et al., 2012). Authors of those studies suggest that
percolation effects might play a role at low ¢ (Bourbie and Zinszner, 1985; Mavko and Nur, 1997,
Walderhaug et al., 2012) .

Percolation theory relates to the probability of spatial connectivity among objects (Kirkpatrick, 1973).
Porosity could be considered as a network of pores, where each pore is connected to one or to several other
pores, so that a connected path exists. When pores are randomly removed, a point is reached at which there is
no longer a path across the network, i.e., the network is no longer percolating (Hunt, 2009; Sahimi, 2011).
The minimum porosity that is required in order to have a percolating network is the percolation threshold.
Permeability of a network can be related to the porosity that exceeds the percolation threshold by a power
law (Hunt, 2009). Therefore Mavko and Nur (1997) suggest a modification of the Kozeny equation, cf.
Eq.(22).

k =CM|’2 (22)

(1-¢+4) "

16



where ¢. is an empirical parameter that relates to the percolation threshold (Mavko and Nur, 1997). Values in
the range 2.5% to 5% are fit to data of Fontainebleau sandstone, and to samples from different sandstone
formations of the Norwegian continental shelf (Mavko and Nur, 1997; Walderhaug et al., 2012).

In samples with a low porosity, permeability might be controlled by flow in microfractures along grain
boundaries, rather than by intergranular pores (Brower and Morrow, 1985; Morrow et al., 1983; Ostensen,
1983). Whereas the Kozeny equation is not restricted with regard to pore shape, rs would relate to the S, of
intergranular pores rather than the S, of microfractures. Figure 7 shows a Rotliegend sandstone sample where
¢ = 4.0%,; both intergranular pores and fractures can be observed. When intergranular pores are only
connected by microfractures the flow rate, and accordingly the effective S,, would not reflect the S; of the
intergranular pores. Whereas Eq.(22) reflects that part of the porosity does not control permeability, this
expression does not reflect that the effective S, would not be characterised by r,. Furthermore, introducing ¢,

was found to only improve permeability fitting in samples with a low porosity by Walderhaug et al. (2012).

Figure 7: Backscatter electron microscopy, BSEM, image of a Rotliegend tight gas sandstone sample with 4.0%
porosity. Porosity is black, minerals are grey. [PETGAS, University of Leeds].

Permeability is sometimes modelled by using pore network models, which are based on the analogy between
permeability to fluid flow and resistance to electrical current (Dullien, 1975; Fatt, 1956; Sahimi, 2011). The
porosity is represented as a pore network, consisting of pore bodies that are connected by pore throats. Each
pore body is connected to two or more other pore bodies through a pore throat, and each pore throat is
assigned a permeability. By solving a system of equations for the pressure distribution, the flow through the
network, and the network permeability, can be calculated (Dullien, 1975; Sahimi, 1993). This method can be
used to account for a pore size distribution, and for percolation effects. Characterisation of the network
requires a number of parameters including: the number, the orientation, and the permeability of pore throats
(Blunt et al., 2013; Rahmanian et al., 2013; Sahimi, 1993; Walderhaug et al., 2012). Image based methods,
including 2D BSEM images and 3D p-CT scans can be used to estimate these (Beckingham et al., 2013;
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Blunt, 2001; Blunt et al., 2013). However, as the definition of pore bodies and pore throats can be
ambiguous, network characterisation methods require verification. (Blunt et al., 2013; Kim et al., 2013;
Lindquist et al., 2000; Walderhaug et al., 2012). Furthermore, image based characterisation depends on
resolution; Beckingham et al. (2013) characterise the network properties by using images with I, = 1.8 pm
and with |, = 3 um—4 um. At the higher resolution more smaller pore throats are identified, and more pore
throats are assigned a smaller size, resulting in a network permeability of approximately 7 mD; at a lower

resolution the permeability is approximately 450 mD (Beckingham et al., 2013).

Rather than simplifying pore geometry, permeability can also be calculated by using numerical methods,
such as Lattice Boltzmann simulations, on a 3D representation of the porosity acquired directly from p-CT
(Blunt et al., 2013; Mostaghimi et al., 2013; Prodanovi¢ et al., 2007). This method would also be sensitive to
the resolution used. For sandstones in which permeability is controlled by small pores (e.g., Figure 4a and
Figure 7) a small voxel, volume element, size would be required in order to resolve the connecting pores.
Indeed in a Rotliegend sample with ¢ = 9%, the volume of connected pores is only 1% when a voxel size of
approximately 1 um® is used by Landrot et al. (2012); the majority of the pores appear to be disconnected.
Focussed ion beam, FIB, sectioning in combination with BSEM allows a characterisation of the porosity
among clay minerals of the order of nanometres, which indicates that larger pores would be connected
through micropores in a tight gas sandstone sample examined by Landrot et al. (2012). However, whereas in
the image plane a nanometre scale resolution is achieved, due to the finite thickness of the FIB sections, the
resolution in the third dimension would be lower. Furthermore, calculating the permeability in a
representative elementary volume, REV the 3D equivalent of an MRA, at a high resolution increases
computational costs. Currently 8000 voxels may be considered as a large volume (Blunt et al., 2013). With a
voxel side of 10 nm, an 8000 voxel cube has a length of 20 um; this is comparable to the framework grain

size in some sandstones (e.g. Figure 7), which is presumably smaller than the REV.

2.4.4 Effective S, from nuclear magnetic resonance

Nuclear magnetic resonance, NMR, transverse relaxation time can also be used to characterise S, (Coates et
al., 1999; Dastidar et al., 2006; Hossain et al., 2011; Kleinberg, 1996; Pape et al., 2006; Sen et al., 1990). In
NMR, hydrogen nuclei in water saturated samples are aligned in a permanent magnetic field and flipped in a
temporary magnetic field, and the consequent rate of decay of magnetisation is measured and converted to a
transverse relaxation time, T,, distribution (Coates et al., 1999; Kleinberg, 1996; Sen et al., 1990). The decay
rate of magnetisation is higher near the water-solid interface than in the bulk water. So in the fast diffusion
regime, in which the majority of hydrogen nuclei are relaxed at the fluid-solid interface by surface
relaxation, the T,, time reflects S, as in Eq.(23) (Coates et al., 1999; Kleinberg, 1996; Sen et al., 1990).
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T,=— (23)

where p is the surface relaxivity, which depends on the minerals present (Alam et al., 2014; Keating and
Knight, 2007, 2010). If p is assumed uniform, p can be estimated by combining pore size distributions from
mercury injection with the T, distribution from NMR (Coates et al., 1999; Dastidar et al., 2006; Mbia et al.,
2014) [Section 7.8.2].

The SDR equation, or as the Mean T, equation, Eq.(24), can be used to estimate permeability from NMR
logs (Coates et al., 1999).

k=aT), ¢’ (24)

where a is an empirical constant, T, 4y is the geometrically weighted mean T,. This equation reflects the same
proportionality between permeability and 1/Sp2 as the Kozeny equation (Hossain et al., 2011), but a different
proportionality between k and ¢.

NMR is also used to estimate S, for the Kozeny equation by different authors. Whereas Pape et al. (2006)
estimate and average S, from T, 4m; Hossain et al. (2011) account for the pore size distribution by calculating
the permeability of each increment of the T, distribution (cf. Eq.(23), (11), and (19)):

ki = Cip2¢ fNMR,iTZZ,i (25)

where fywr,i is the fraction of the total porosity that has a specific T,;, and k; is the permeability of ¢ fyur.
The sample permeability would be obtained by summation of the individual permeabilities (Hossain et al.,
2011):

k=>"k (26)

This can be considered as a physically based approach to extend the Kozeny equation to model permeability
of porous media with different pore sizes. By summing k; rather than by summing ¢S,; the contribution of
pores is weighted by their contribution to flow, rather than by their contribution to the pore volume.
Therefore larger pores with a higher ki make a proportionally larger contribution to permeability than the

same pore volume of smaller pores does.

Summation over all pores would model k in samples where all pores contribute to permeability. In samples
of North Sea greensand, where clay minerals are concentrated in glauconite grains and intergranular porosity
exceeds 15%, summation over the full T, range estimates the measured permeability (Hossain et al., 2011).

By contrast, in samples where larger pores are only connected through smaller pores, the permeability of the
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larger pores as estimated from the T, might not be effective for flow, as the flow rate would be limited by the
smaller connecting pores. Therefore, the fraction of the pores that can be considered effective for

permeability, is estimated by summation of k; starting from the smallest T,;, i.e., the smallest equivalent pore
size, up to the T, where the cumulative permeability equals the measured gas permeability in Manuscript IV.

Figure 8 shows the T, distribution and k; of the fraction of pores that are considered effective for
permeability for two samples of Rotliegend sandstone. Nearly the full pore volume would be effective in
Sample 5B, which suggests that larger pores form a connected flow path. By contrast, in Sample 1A only the

smaller pores appear to contribute to the measured permeability.
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Figure 8: The dashed grey line shows the T, distribution from NMR; the height of the curve shows the porosity in the
increment, ¢fywr ;. Permeability for each increment, k;, (black line) is shown for increments that can be considered
effective to permeability for a surface relaxivity, p = 10 um/s. The fraction of porosity that is effective to permeability
would be larger if p were smaller; vertical dashed lines shown the maximum T, that is effective for permeability, T, nax,
for p = 6 um/s and for p = 14 pm/s. a) Most of the pore volume contributes to permeability in Rotliegend sandstone
Sample 5B; total porosity, ¢, ¢ = 17.9%. b) Only smaller pores contribute to permeability in Rotliegend sandstone
Sample 1A, ¢ = 12.2%. [Manuscript 1V].

The clay-free porosity from image analysis indicates in which samples larger pores would be effective for
permeability; Sample 5B has a clay-free porosity of 13%, whereas sample 1A only has 1.0% clay-free

porosity (Figure 9). [Manuscript IV].

A similar effect of clay minerals on permeability is modelled by using a simulated pore network model by
Mehmani and Prodanovi¢ (2014). A network of larger, macropore bodies and macropore throats is generated

based on a packing of spherical grains. Subsequently, some macropore throats are replaced by a second
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network of smaller micropore bodies and micropore throats. Permeability decreases gradually as more
macropore throats are replaced by micropore throats, and a sharp permeability reduction is observed when
the macropores are no longer percolating, i.e., when macropores are only connected through micropores
(Mehmani and Prodanovi¢, 2014).

Group5 B

O o AN T
7N _
o2 vl X ¥

04p

osl".

mm

08} =

-

124

a)

Figure 9: Segmented backscatter electron microscopy, BSEM, images, white pixels are grains, grey pixels contain clay
minerals and porosity, and black pixels are clay-free porosity. Pixel length 3 um/pixel. [Manuscript IV].

The maximum r, that would be effective to permeability, rpnwrmax 1S larger than the r, estimated from the
Kozeny equation rpxezeny (Cf. EQ.(27)). For 63 Rotliegend sandstone samples, which are analysed in
Manuscript IV, 1, nvr max 1S two to four times larger than ryxozeny (Figure 10). This difference would be
expected; Figure 8 shows that only a fraction of the total porosity makes a significant contribution to k (cf.
Eq.(25) and Eq.(26)); by contrast, the full porosity is included in Eq.(27).

PYLS 27)
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S, (o7
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Figure 10: The maximum effective equivalent pore size based on permeability of each T, increment, rpnvrmax, IS
between two and four times larger than the effective equivalent pore size as estimated from the total porosity and the

measured permeability by using the Kozeny equation, rpyeeny. [Data from PETGAS, University of Leeds].
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3 Permeability to gas

3.1 Gas flow regime

The zero velocity boundary condition that is used to solve the Navier-Stokes equations in Chapter 2 would
not necessarily apply for gas flow. During gas flow, driven by 4P, gas molecules that have collided with the
fluid-solid interface may lose their momentum parallel to 4P, however, gas molecules close to the interface
that have not collided with the interface would still have their momentum,; therefore the average velocity
parallel to 4P of all molecules near the fluid-solid interface would be greater than zero (Cao et al., 2009;
Klinkenberg, 1941).

The mean free path length, A, characterises the average distance that a gas molecule in the bulk gas travels
before colliding with another gas molecule; A, depends on the nature of the gas, the temperature, T, and the

mean pore pressure, P, cf. Eq.(28) (Loeb, 1927).
o _H
A==, — 28
S (28)

where M is the molar mass of the gas and R is the gas constant.

Within distances of the order of A from the fluid-solid interface, collisions between gas molecules and the
interface are more frequent than collisions among gas molecules. This layer is known as the Knudsen layer,
and the gas flow regime in a capillary can be characterised by the Knudsen number, Kn (Cao et al., 2009;
Karniadakis et al., 2005):

Kn = (29)

= | N

where r is a characteristic length scale, which would be the radius, r,, for cylindrical capillaries.

When Kn < 0.001, the effect of the Knudsen layer on the volumetric flow rate is insignificant; flow is in the
continuum regime and can be characterised by the Navier-Stokes equations with a zero slip wall velocity.
When 0.001 < Kn < 0.1, flow is in the slip regime; the Navier-Stokes equations are valid in the bulk flow,
however, the volumetric flow rate is increased due to a non-zero wall velocity. When 0.1 < Kn < 10, flow is
in the transition regime where the Navier-Stokes equations are no longer valid due to rarefaction effects (Cao
et al., 2009). The gas can no longer be considered as a continuum and A depends on Kn (Karniadakis et al.,
2005). When Kn > 10, flow is in the free molecular regime (Cao et al., 2009).
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3.2 Klinkenberg equation for gas slip

The effect of slip flow on permeability is modelled by Klinkenberg (1941) based on a slip flow model for
cylindrical capillaries by Kundt and Warburg (1875). Half the gas molecules in the Knudsen layer are
assumed to have lost all momentum parallel to 4P due to collision with the fluid-solid interface, i.e. diffuse
collisions as opposed to spectral collisions; the other half of the gas molecules in the Knudsen layer have the
velocity of their last collision in the bulk flow. Therefore the average velocity in the Knudsen layer is half
the velocity that molecules have at the location of the last collision with other gas molecules (Klinkenberg,
1941). By assuming that velocity increases linearly with distance from the interface, and that a
proportionality factor cg, characterises the average ratio between 1 and the distance from the interface where
the last collision among gas molecules occurs, the velocity on the wall is expressed by Eq.(30) (Klinkenberg,
1941; Kundt and Warburg, 1875).

Vil = Cslipzj_; (30)
where v is velocity in the cylindrical capillary, vy is the velocity on the wall, and y is the distance
perpendicular to the wall. This is a first order slip condition, where v, depends linearly on the velocity
gradient (Cao et al., 2009); this is an estimate, as the velocity gradient would probably decrease with
increasing distance from the wall (Klinkenberg, 1941). Klinkenberg (1941) suggests that cg;, might be
approximately one, but the parameter would depend on pore geometry and surface roughness.

As the volume of a given amount of gas depends on pressure, cf. the ideal gas law PV = nRT, Klinkenberg
(1941) derives the expressions for slip flow in terms of the mole flow rate, Qy, rather than the volumetric
flow rate, Q. Solving the Navier-Stokes equations for flow in a straight cylindrical capillary with a wall
velocity cf. Eq.(30) yields Eq.(31) for Qu (Klinkenberg, 1941).

“_( 4cy A
Q, = 2P| 1+ % |Ap (31)
M8 r

p

Klinkenberg (1941) models porosity as a network of straight orthogonal cylindrical capillaries, similar to
Figure 3, however, without interpenetration of the capillaries. For an incompressible fluid and no slip, i.e.
when Darcy’s Law applies, flow would only be through 1/3™ of the capillaries; therefore the flow rate in a

cube with unit length would be expressed by Eq.(32):

1 n7zl’p4
3 8u

q= AP (32)

Q_
A
Thus permeability cf. Darcy’s Law is expressed by Eq.(33) (Klinkenberg, 1941).
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1 n;rrp4
3 8

k = (33)

By substitution of Eq.(33) in Eq.(31), the molar gas flow rate is expressed as Eq.(34) (Klinkenberg, 1941).

. ZQ_MAE[HQJAP 3

A u r

where k is cf. Eq.(33). Eq.(34) can be rewritten in a form similar to the Darcy law by introducing an apparent
permeability, k, (Klinkenberg, 1941):

q, = _Kapap (35)

where k, is given by Eq.(36) (Klinkenberg, 1941).

4c,. A
k, = k{1+ ¢J (36)

o

Considering that A is inversely proportional to P (cf. Eq.(28)), Eq.(36) can be expressed in terms of a slip

factor bgip, which is constant as a function of P if y is assumed constant with P (Klinkenberg, 1941):

b..
k, = k(1+ S_“”j (37)
P
where by, is expressed by Eq.(38):
4, AP 8)
slip —
rp,slip

where rip iS the characteristic equivalent pore radius for slip flow.

Permeability and by, can be determined by measuring k, at different P, which is known as the Klinkenberg
procedure (API, 1998). In a plot of k, versus 1/P, a Klinkenberg plot, k is the y-intercept, and the gradient is
baipk (Figure 11). Whereas by, depends on both the properties of the rock and on the properties of the gas
(cf. Eq.(38) and Eq.(28)), rpsip Would relate only to the rock properties and can be used to estimate

permeability to different gasses, at different P, and at different T (Klinkenberg 1941).
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3.2.1 Extension of the Klinkenberg equation
For sandstones with a small r,, such as tight gas sandstones, flow might be in the transition regime, where

alternative gas flow models are required (Ertekin et al., 1986; Florence et al., 2007; Rahmanian et al., 2013).
A unified slip flow model is derived by Beskok and Karniadakis (1999), which these authors suggest is valid
over the entire range of Kn. The model is based on a second order slip boundary condition; the velocity at the
wall is dependent on the first and the second derivatives of velocity (Cao et al., 2009). As in the Klinkenberg
model, collisions of gas molecules with the wall are diffuse. In order to account for rarefaction effects, a
term, ogex, IS included, which is a function of Kn. The volumetric flow rate is given by Eq.(39) for
cylindrical capillaries and by Eq.(40) for rectangular channels (Beskok and Karniadakis, 1999).

4
Q= %(u Qgex Kn)(1+ 11K|<nn jAP (39)
CopWh2 6Kn
Q:B&fz—ﬂm(lJf%&KKn)(“H KnjAP (40)

where Cgex IS a constant that depends on the ratio of channel width, w, to channel height, hgc, and the
rarefaction parameter aggy, is expressed by Eq.(41) (Beskok and Karniadakis, 1999).

2.
Agex = g pak ;tan 1(aKnﬁ) (41)

where ag pex characterises flow in the free molecular flow regime (apgex = 64/15x for cylindrical capillaries,
oo pax = 1.527 for rectangular channels where w/hgc = 4), and « and £ are empirical parameters (¢« =4 and S
= 0.4 for cylindrical capillaries; & =2.5and g = 0.5 for rectangular channels where w/hgc = 4) (Beskok and
Karniadakis, 1999).

Using the same derivation as Klinkenberg (1941), Florence et al. (2007) derive permeability when the gas
flow rate is expressed cf. Eq.(39) resulting in Eq.(42). Considering that flow in microfractures may be
characterised by rectangular channels with a high ratio of w/hgc rather than by cylindrical capillaries, the

same derivation is used here to express flow in rectangular channels in Eq.(43).

4Kn
k. =k(1+ Kn)| 1+ 42
a ( Apex )( 1+Knj (42)
6Kn
k. =k(1+ Kn)| 1+ 43
2 = K(1+ e )( 1+Kn) (43)
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Therefore when the unified slip model is used, bgi, would be expressed by Eq.(44) (cf. Eq.(42), (43), and
Eq.(37)).

— Se.. Kn
bSlip =P {(1+ ek Kn)(1+ %j —1} (44)

where Sgex is 4 for cylindrical capillaries and 6 for rectangular channels.

3.2.2  Klinkenberg procedure to determine permeability and rp qip
The effect of using different gas flow models, and of using a model for cylindrical rather than for rectangular

capillaries, is shown in the Klinkenberg plot (Figure 11a), and in a plot of by, as a function of characteristic
pore size (Figure 11b); Kn < 0.03 therefore both gas flow equations may be used. For thin rectangular
channels, Kn = A/hgc. For a specific hgc or Io.siip there would be more slip, a higher k,, for the rectangular
channel model, which is also reflected by a larger by, in Figure 11b. Presumably, this partly due to using hgc
rather than hrc/2. The difference between the two gas flow models for cylindrical capillaries is smaller than
the difference between cylindrical capillaries and rectangular capillaries, and the difference between models
increases with increasing 1/P, i.e., with increasing Kn. Several authors use the derivation by Florence et al.
(2007), Eq.(42), to model flow in tight gas sandstones or in shale, as this model is expected to provide a
better estimate of gas flow at high Kn (e.g., Civan, 2010; Freeman et al., 2011; Xu and Yu, 2008; Ziarani
and Aguilera, 2012).

rp,snp = hRC =05um mean pore pressure = 0.6 MPa
1.3
10° [,
121
2
11t e 10
’ =
=\E -
= &
1} a
10'}
0ol Klinkenberg Klinkenberg
------------------ Unified cylinder Unified cylinder
Unified rectangular 0 Unified rectangular
0.8 : - : . 10
0 0.2 0.4 0.6 0.8 1 0.1 1 10
a) inverse pore pressure, 1/P, MPa” b) Tostip = Mgy KM

Figure 11: a) Klinkenberg plot showing the apparent permeability normalised by permeability, k,/k, as a function of
inverse mean pore pressure, 1/P. At the y-intercept P — oo so that k , = k; the gradient of the lines is kbgp. b) Slip
factor, by, as a function of characteristic equivalent pore radius for slip, ryip, Or channel height, hgc as calculated for
different gas flow models. Results are for helium gas at 25°C; rectangular channels have w/hgc = 4.
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3.3 Relating effective r, g, to effective Sy

As equivalent pore size relates both to gas slip and to permeability, several authors suggest correlations
between by, or 1y i, and K, ¢ and k, or (k/$)¥? (Civan, 2010; Florence et al., 2007; Heid et al., 1950; Jones
and Owens, 1980; Sampath and Keighin, 1982). Whereas those authors include fitting factors, if ryxozeny IS
estimated by using Kozeny’s equation with ¢ cf. Eq.(19), the same geometrical simplifications are made as in
the Klinkenberg model, i.e., straight parallel capillaries with a uniform pore size. The Kozeny constant, c, is
divided out in Eq.(37) as k, is expressed in terms of k. Therefore, no additional parameters would be required

in order to relate rygjip O rp kozeny-

In Appendix A-1: Gas Slip, 1, ip are calculated based data from Klinkenberg procedures for samples of
Rotliegend sandstone, Berea sandstone, Gassum sandstone and Bunter sandstone. Flow was in the transition
regime for both experiments on samples from Rotliegend Group 6, and for experiments on sample Gassum
Aa. For the remaining samples, flow was in the slip regime. For the latter, r, i, as estimated unified slip
model is up to 20% larger than ry i, estimated based on the Klinkenberg slip model.

Figure 12 shows a correlation between ryozeny (EQ.(27)), and rygip, based on the unified slip model for
cylindrical pores (Eq.(42)). The two equivalent pore sizes are within a factor five from each other for
samples of: Rotliegend sandstones from three localities, Berea sandstone, and for Gassum Formation

sandstone from three localities; for Bunter Formation sandstone from one locality 5rp gip < I kozeny-
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Figure 12: The characteristic equivalent pore radius for slip, r,gip, is calculated by using the unified flow model for
cylindrical capillaries. The effective radius for permeability, ryozeny, is calculated from porosity and permeability by
using the Kozeny equation. [Rotliegend sandstone samples are from PETGAS, University of Leeds; other samples are
from the Geological Survey of Denmark and Greenland (GEUS) Core Laboratory. Refer to Appendix A-I for data and
calculations].

Differences between r, as estimated from permeability and from gas slip might be partly due to model
assumptions, i.e., the simplification of the pore geometry to smooth walled straight tubes. Effects of surface

roughness on flow in the Kozeny model would depend on the scale of the roughness relative to the effective
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Sp (Berryman and Blair, 1987; Pape et al., 2006); on the other hand, effects of surface roughness on slip
would depend on the ratio of the scale of the roughness relative to A (Cao et al., 2006; Cao, 2007).
Furthermore, the gas slip model is based on diffuse collisions between gas molecules and pore walls; if gas
molecules retain some momentum, the velocity on the interface would be higher, i.e., there would be more
slip for a specific ry ;. Therefore, models based on diffuse collisions gives a lower bound estimate for r, i,
from a specific bgi,. Nonetheless, the reasonable correlation in Figure 12, and the absence of a systematic
difference between rpgip and rp kezeny, indicates that both models give a similar approximation of equivalent

pore size that is effective to flow; without introducing additional fitting parameters.

Experimental artefacts might also contribute to scatter in Figure 12 (Heid et al., 1950; McPhee and Arthur,
1991). Heterogeneity on the plug scale might possibly cause the onset of inertial energy losses at lower flow
velocities, when the Reynolds number would suggest that flow is laminar (Al-Rumhy and Kalam, 1996;
Noman and Archer, 1987). Inertia effects would be greater at higher P, which would result in a downward
deviation from the straight line in the Klinkenberg plot at high P (McPhee and Arthur, 1991). A straight line
that is fit to such data would have a higher gradient i.e. a higher bg;, that indicates a smaller r, i, Indeed,
Funk et al. (1989) observe a high by, relative to ¢ and k in carbonate samples that have some distinctly larger
pores. A patchy distribution of anhydrite or gypsum is observed in BSEM images of side trims of Bunter
sandstone samples from the same locality as the samples in Figure 12 [Manuscript I11]. Therefore, inertia
might affect tests on the Bunter sandstone samples and contribute to the lower ratio of rpip t0 Iy kozeny. ONly
three measurements are made during the Klinkenberg procedures on those samples, therefore it is difficult to

distinguish whether k, deviate from a straight line.

Data on Klinkenberg plots containing four data points by Rushing et al. (2003)*, would suggest that k, at the
highest P is less than estimated by a straight line in those tests. Those samples are tight gas sandstones where
k could be sensitive to changes in stress; to avoid changing net stress during the Klinkenberg procedure,
Rushing et al. (2003) increase confining stress by the same increments as P. However, the increase in
confining stress might possibly reduce k, and thereby k,, which could contribute to a downward deviation on

the Klinkenberg plot at higher P.

3.4 Klinkenberg procedure and net stress change

The permeability of tight sandstones is often sensitive to the stress and pore pressure at which measurements
are made (Brower and Morrow, 1985; Byrnes, 1997; Jones and Owens, 1980; Keighin and Sampath, 1982;
Rushing et al., 2003; Warpinski and Teufel, 1992). Permeability can be expressed as a function of the net

stress for permeability i.e., k = F(oy’), where net stress for permeability, o, can be expressed by a linear

! Figures 5 and 6 of that publication for samples with 0% water saturation.
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combination of mean pore pressure and confining stress, o, (Al-Wardy and Zimmerman, 2004; Li et al.,
2009; Warpinski and Teufel, 1992; Zoback and Byerlee, 1975):

o, =o,—nP (45)

where ny is the net stress parameter for permeability. In order to maintain a constant g’ during the
Klinkenberg tests, the change in P should be compensated by a change in o, (Keighin and Sampath, 1982;
McPhee and Arthur, 1991; Rushing et al., 2003).

The value of ny is often not known; Berryman (1992) derives ¢ < ny< 1 for a homogeneous, single mineral,
porous medium. For tight sandstones, some authors report n, of approximately one (Warpinski and Teufel,
1992), whereas other authors report n, of four to six (Al-Wardy and Zimmerman, 2004; Zoback and Byerlee,
1975). The latter authors suggested that changes in P might compact clay minerals in intergranular pores,
whereas changes in o, only affect stiffer framework grains. However, samples in those investigations are
allowed to equilibrate only from a few minutes up to two hours after changes in P or o, therefore the high n,

might reflect non-equilibration of the pressure in those experiments.

Some authors suggest that a high stress sensitivity of k in tight sandstones indicates that k is controlled by
microfractures along the grain boundaries, rather than by intergranular pores (Brower and Morrow, 1985;
Ostensen, 1983). Closing of microfractures would reduce the stress sensitivity of k with increasing oy ’, which
is in accordance with laboratory measurements of the stress sensitivity of permeability in some sandstones
(Osorio et al., 1997; Ostensen, 1983). Such a trend can be approximated by a simple power law relation
(Keaney et al., 2004):

-\77
k=K, (o, ~nP) (46)
where K., is the permeability extrapolated to zero net stress, and y is the stress exponent for permeability.

Figure 13 indicates that Eq.(46) approximates the stress sensitivity of a Rotliegend tight gas sandstone

sample.
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Figure 13: Permeability of Rotliegend sandstone Sample 3.4, as fit by a power law. The x-axis shows the net stress for
permeability, o, as the difference between confining stress, ., and pore pressure, P, for a net stress parameter for
permeability, n, = 1. Parameters fit to the power law: permeability extrapolated to zero net stress, K,, = 6.5 mD; stress

exponent for permeability, y = 0.23; correlation coefficient between data and model, R, = 0.997). [Data from PETGAS,
University of Leeds].

The effect of changing oy’ on k, during a Klinkenberg procedure is modelled by combining the expression

for k, as a function of P (Eq.(42)) with the expression for k as a function of o’ (Eq.(46)) to obtain Eq.(47).

= P (et K @

Some authors increase o by the same amount as P during the Klinkenberg procedure (Rushing et al., 2003;
Sampath and Keighin, 1982). However, Figure 14 shows that this would only result in a straight Klinkenberg
plot if n, = 1. If n, < 1, k is reduced due to the increase in oy ; if N, > 1, k increases (Figure 14a). A change in

o has a greater effect on k, at high P, when the effect of slip is small due to a small Kn, or at low g,” when

changes in oy’ have a larger effect on k due to the power law relation.
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A confining stress = A pore pressure constant confining stress
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Figure 14: Apparent permeability, k., as a function of inverse mean pore pressure, 1/P, in a Klinkenberg plot.
a) Confining stress, o, is increased by the same amount as P. b) Constant o.. Parameters: permeability extrapolated to
zero net stress, K,,= 6.5 mD; stress exponent for permeability, y = 0.23; characteristic equivalent pore radius for gas
slip, rpqip = 0.75 pm (based on Rotliegend sandstone Sample 3.4).

The changes in g, ” during a Klinkenberg procedure can be reduced by using a limited range of P; however,
the range must be sufficient to observe a significant difference in k,. For the tests in Figure 12, o is
maintained constant; therefore a change in o” would cause an upward deviation of k, (Figure 14b); which
might reduce by, and overestimate r, i, Cf. Eq.(44). Therefore, changes in oi” would not account for the
small ratio of rpg;p 1O I'pkezeny that is observed in the Bunter sandstone samples (Figure 12). No upward
deviations from the Klinkenberg plots are observed in the tests used for Figure 12, and the correlation
coefficient between the straight line fit and the data, R., exceeds 0.96 for most samples [Refer to Appendix

A-I for data and calculations].

Changing P intentionally over a wide range (6 MPa to 30 MPa) at constant o causes artefacts in the
Klinkenberg procedure as shown in Figure 15a. At lower P, increasing P reduces slip and thereby reduces k,
in accordance with the Klinkenberg model; however, around P > 20 MPa the increase in k with increasing P

offsets the reduction of gas slip with increasing P whereby k, increases.

The combined effects of gas slip and changes in permeability are relevant for production forecasting in gas
reservoirs. The data in Figure 15a are shown as a function of " in Figure 15b, where the absolute
permeability is estimated by using the ry;, as determined from the straight portion of the Klinkenberg plot.
During pressure depletion, the reduction in k due to increasing oy’ might be offset by an increase in flow rate

due to gas slip, as observed in Figure 15b.
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Figure 15: a) At constant confining stress, o, apparent permeability (white symbols) falls with increasing pore pressure,
P, at low P due to the reduction of gas slip; at high P the apparent permeability, k., increases, presumably due to an
increase in permeability, K, as the net stress for permeability, oy ’, is reduced by increasing P at constant confining stress,
o.. b) The same k, and k (black symbols) plotted as a function of o5” where the effective stress parameter for
permeability, n, = 1. [Shown is Rotliegend sandstone Sample 6.23; PETGAS, University of Leeds].
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4  Permeability to water or brine

4.1 Immobile water layer thickness

The permeability that is measured by using flow with water or brine is often lower than the slip corrected gas
permeability in sandstones (Heid et al., 1950; Jones and Owens, 1980; Solymar et al., 2003; Wei et al.,
1986). Different factors can contribute to this difference including clay mobilisation, clay swelling, and
reduction of the mobile porosity by a layer of immobile fluid on the fluid-solid interface (Andreassen and
Fabricius, 2010; Bear, 1972; Faulkner and Rutter, 2000, 2003; Heid et al., 1950; Jones and Owens, 1980;
Rutter, 1983; Wei et al., 1986). The effect of a layer of immobile fluid on permeability may be estimated
both based on an increase in the effective S, (Andreassen and Fabricius, 2010), and based on a reduction in
the characteristic equivalent pore size which can be found for gas slip (Jones and Owens, 1980), if the
thickness of immobile fluid, z, is known. However, as different mechanisms may contribute to an immobile

fluid layer, 7 is uncertain.

The crystal lattice of clay minerals might induce a structuring of water molecules in layers adjacent to the
water-clay mineral interface (Behnsen and Faulkner, 2011; Grim, 1953; Rutter, 1983). Different structures
are suggested, with z ranging from 0.8 nm to 4 nm (Grim, 1953, and references therein). The permeability of
clay-rich fault rocks, and of different clay mineral powders, including kaolinite, illite, and chlorite is indeed
lower when this is measured by using water than when this is measured by using gas (Behnsen and Faulkner,
2011; Faulkner and Rutter, 2003). Thermal energy of water molecules would counteract the structuring
effect of the surface and reduce ¢ (Grim, 1953). This might account for the increase in the permeability of
clay-rich fault rock to water that is observed by Faulkner and Rutter (2003) when they heat samples from

room temperature to 80°C.

Adsorption of water on individual clay platelets might cause expansion of clay aggregates in the pores of
sandstones and reduce the mobile intergranular pore volume, even for non-swelling clays like kaolinite
(Behnsen and Faulkner, 2011). Expansion of dry kaolinite powders when these are moistened is observed by
Rutter (1983), even in tests where kaolinite is compressed by a load 100 MPa. Rutter (1983) estimates that
an adsorbed water layer with a thickness of 1nm-2 nm on the individual kaolinite particles could account for

the measured expansion.

An immobile water layer might also be present on other mineral surfaces, such as quartz. Interaction between
broken bonds on the mineral surface and water molecules or ions results in a layer that can be considered
bound to the surface (Elimelech, 2010; Grahame, 1953; Khilar and Fogler, 1984; Lorne et al., 1999; Stern,
1924). The thickness of this bound layer, also referred to as the Stern layer in Chapter 6, can range from

0.5 nm-2.5 nm as estimated based on the surface interaction forces that are measured between mica surfaces
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(Israelachvili and Adams, 1978). Additionally, surface roughness may immobilise water up to some distance
beyond the Stern plane; to distances of 0.2 nm-2 nm (Ishido and Mizutani, 1981; Lorne et al., 1999).
Measurement of water and brine flow in cylindrical glass capillaries with radii up to 1 um even suggest that z
might be as large as 8 nm (Zheleznyi et al., 1972).

The forces that are exerted on the water layer may affect z; a minimum 4P or Q below which brine does not
flow is observed by several authors in tests on clay-bearing sandstones or in clay-rich fault rocks (Bear,
1972; Byerlee, 1990; Swartzendruber, 1962). This would suggest that measurement of surface forces, or of
flow through capillaries, would not necessarily represent immobile water layer thicknesses in laboratory
experiments on sandstones. Therefore, in order to estimate 7 that would account for measured gas and brine
permeabilities, the effect of z on permeability is modelled based on r, i, in Section 4.2, and based on
Fonmrmax 1N Manuscript IV and in Section 4.3.

4.2 Brine permeability estimated from r, g,
As opposed to gas slip, where the velocity on the fluid-solid interface is greater than zero, z reduces the
effective equivalent pore size resulting in a water or brine permeability k,, that is smaller than the true
permeability k. The volumetric flow rate in a cylindrical capillary with an immobile layer of thickness, z, can
be expressed as:
/4 4
=—1|(r,—7) AP (48)
Q 8,u( p )

In a model of orthogonal equal sized cylindrical capillaries with 1/3" conducting fluid flow, the same model
as used in Klinkenberg’s derivation, the volume flux with immobile fluid for a unit cube is expressed by
Eq.(49).

1nz(r, - 1)’

Q==-—"_7 AP (49)
3 8u

So that k,, is given by Eq.(50) (cf. Eq.(49) and Eq.(3)), and the ratio of k,, to k can be expressed in terms of

only r, and z in Eq.(51) (cf. Eq.(50) and Eq.(33)):

k ==—FP (50)
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Permeability data from PETGAS, University of Leeds, and from the GEUS Core Laboratory, are used to

estimate 7 that would account for measured k and k,, in Appendix A-I1.

4.3  Brine permeability estimated from S,

A layer of immobile water on the fluid-solid interface would reduce the mobile porosity by a volume =S
(Andreassen and Fabricius, 2010). For the S, distribution from NMR, the mobile brine porosity, ¢fwyn,, in a
T, increment is given by the total porosity in the increment, ¢f,.;, minus the immobile water, zS;, on the
fluid-solid interface cf. Eq.(52) [Manuscript IV]:

& Wyri = @ Favri —75; (52)

where fwywir is the fraction of the total porosity in which brine is mobile. Substitution of Eq.(23) and Eq.(9)
yields Eq.(53).

9
Pl

2,

¢fWNMR,i = ¢fNMR,i - (53)

The internal specific surface area, S, is not affected by z; therefore the specific surface per volume of mobile

water, Swp; is:

i Si fNMR,i =9 fNMR,i (54)

Swp,i = = 0i
¢ fWNMR,i ¢ fNMR,i fWNMR,i fWNMR,i

Whereby the permeability to brine of each pore size increment, k;, is expressed in Eq.(55) [Manuscript IV]:

2
Wy i
f

kw,i = pzcw,i¢ fWNMR,iTZZ,i ( (55)

NMR;i

The 7 that would account for the measured k,, is estimated by assuming that the same pore sizes that are
effective for k are also effective for k,, so that the maximum effective equivalent pore size is rp nvrmax (S
found in Subsection 2.4.4). Figure 16 shows the total ¢ distribution, the distribution of ¢ that would be
mobile to brine, and the k and k,, distributions for two samples of Rotliegend sandstone (these are the same

samples as in Figure 8 and in Figure 9 in Subsection 2.4.4).
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Figure 16: Permeability, k;,(grey solid line) and permeability as measured by using brine, ky,;, (black solid line) up to the
maximum T, that is effective for gas permeability, T, max. The estimated immobile layer thickness, z, is the thickness that
would be required to account for the measured k. The mobile brine porosity of each increment, ¢fwywr; (black dashed
line) is the total porosity of the increment ¢fywr; (grey dashed line) reduced immobile water on the solid surface, zSg;.
Mobile porosity to brine is zero in pores that have an equivalent pore size smaller than t/2 [Manuscript IV].

4.4  Estimated immobile water layer thickness

Figure 17a shows the estimated 7 as a function of r, i, [data in Appendix A-I1]; Figure 17b shows the
estimated 7 as a function of r, ywr max fOr 63 Rotliegend sandstone samples [Manuscript 1V]. With the
exception of sample Gassum Aa, the 7 estimated by using r, i, fall on a higher trend than the 7 estimated by
using rpnmrmax- This might simply be the result of plotting ry i and rpnwrmax ON the x-axis, the former would
represent an average characteristic pore size, whereas latter represents a maximum characteristic pore size.
Both NMR and Klinkenberg data are measured in only four samples for which rpnvrmax > Fpsiip (Table C2.2);
there is no consistent difference between 7 estimated using the two methods for the same sample.
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Figure 17: Thickness of immobile water, z, that would account for the difference between the permeability and the
permeability as measured by using brine. a) Based on the characteristic equivalent pore radius to gas slip, rp i, b) Based
on the pore size distribution from NMR, where the maximum radius that is effective to gas flow, ry nvrmax 1S also the
maximum radius effective to brine flow. [Data for Rotliegend sandstone samples are from PETGAS, University of
Leeds; data for other samples are from the Geological Survey of Denmark and Greenland (GEUS) Core Laboratory.
Refer to Appendices A-l and A-11 for data and calculations].

The estimated 7 range from 4 nm-1200 nm; this is up to two orders of magnitude larger than the z suggested
in Section 4.1, which range from 0.2 nm-8 nm. Whereas r might depend on the shear stress, layers of

1200 nm thickness appear unlikely.

The permeability reduction due to immobile water for z < 10 nm would be insignificant for the samples in
Figure 17a; as the measured k,, would equal k. This is observed in sample Gassum Aa, which has the smallest
Iosiip IN Figure 17a. With a 10% uncertainty in the permeability measurements k,, is within the error margin
of k, and 7 =4 nm = 4 nm. For samples with larger r, i, the effect of = on k,, would be smaller. Accordingly
tests on a synthetic opal A plug, with an effective S, of 0.3 m?/cm?, showed no significant difference between
k and k,, (GEUS Core Laboratory).

When k,, is modelled based on the S, distribution by using Eq.(55), the ratio of k,, to k would be smallest in
samples where permeability is controlled by smaller pores, as shown in Figure 18a. However a wide scatter
can be observed for the measured k,/k of the Rotliegend sandstone samples as a function of ry nmrmax (Figure
18b). By using z = 10 nm, k,/k is underestimated in some samples (Figure 18c), which would indicate that

7 < 10 nm, in accordance with values of the order of angstroms to nanometres that are suggested in Section
4.1. However, for the majority of the samples k,/k is overestimated;  would be in the range of 100 nm-—

1200 nm (Figure 17b). This suggests that additional factors contribute to a lower k,, in those samples.
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Figure 18: An immobile water layer thickness, z = 10 nm is used to model brine permeability, k,,. a) Ratio of modelled
kw over permeability to gas, k, as a function of the maximum pore size, r, nvrmax that is effective to gas permeability.
b) Ratio measured k,/k as a function of r, nmrmax. C) The modelled k,/k over predicts k,, in the majority of the sandstone
samples. Error bars for =5 nm and = = 40 nm; error bars tending towards zero in a) indicate that with a 40 nm
immobile layer k,, = 0 mD. [data PETGAS, University of Leeds].

4.5 Effect of clay minerals on brine permeability

Illite minerals in sandstone can often be observed: as delicate fibres that protrude perpendicular to the grain
surface into the pore space; as irregularly shaped flakes that line framework grains; in mixed layers with
smectite (Desbois et al., 2011; Luffel et al., 1993; Wilson et al., 2014; Wilson and Pittman, 1977). lllite
fibres can partially collapse on the grain surface during sample drying (Luffel et al., 1993). Accordingly, in
air dried sandstone samples, several authors observe both fibrous illite protruding into the pore bodies and
tangential illite, which might be collapsed fibres (Desbois et al., 2011; Wilson et al., 2014). Figure 19 shows

these two forms of illite in a Rotliegend sandstone sample [PETGAS data].
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Figure 19: Scanning electron microscopy, SEM, image of illite in a sample from Rotliegend sandstone (Group 3 in
Manuscript 1V). Both tangential illite on the grain surface and illite fibres perpendicular to grains are observed.
[Manuscript IV].

Luffel et al. (1993) suggest that the collapse of illite fibres onto the grain surface would be partially
reversible when samples are subsequently saturated again. Therefore collapse of illite fibres could decrease
the effective S, in gas saturated samples as compared to brine saturated samples.

All 63 Rotliegend sandstone samples in Manuscript IV, and the additional Rotliegend samples that are used
for Klinkenberg tests, contain more than 3 wt.% illite or mica according to X-ray diffraction, XRD. Samples
of Gassum sandstone, Bunter sandstone and Berea sandstone also contain illite or mica according to image
analysis in combination with energy dispersive X-ray analysis, EDS [Manuscript I11]. However, for the
Rotliegend samples, the ratio of k,, to k does not correlate to the illite/mica content per unit pore volume.
Presumably the effect of drying depends on the morphology of illite or mica, as well as on the amount of

illite or mica present.

Kaolinite minerals in sandstones are often observed as stacks of flat particles, known as kaolinite booklets
(Wilson and Pittman, 1977). Expansion of kaolinite booklets due to adsorbed water might possibly reduce
mobile intergranular porosity (Behnsen and Faulkner, 2011; Rutter, 1983). In Section 4.3 (and Manuscript
IV), the effect of 7 is estimated by assuming that pores with r, = 2/S, < 2z would be filled with immobile
water and therefore have zero mobile porosity. The immobilised volume of water is therefore limited by S,,
i.e., expansion of smaller pores at the expense of larger pores would cause a greater permeability reduction

than estimated in Figure 18a.

Kaolinite booklets are observed in Rotliegend samples of groups 1 and 3 (Figure 20), and in samples of
Gassum sandstone and Berea sandstone (Figure 21). Whereas a high kaolinite content is observed in sample

Gassum Aa (Figure 21a), this is the only sample where the measured k,, is approximately equal to k. The
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effect of expanding kaolinite booklets on permeability appears negligible in that sample. Presumably, this is
not due to a lack of space for kaolinite to expand, as kaolinite booklets do not completely fill the

intergranular pores (Figure 21). Therefore it is uncertain whether this mechanism has a significant effect on

Stack of kaolinite
particles
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Figure 20: Scanning electron microscopy (SEM) images of kaolinite stacks in the pores of Rotliegend sandstone
samples from the same locality. Both thin illite fibres a), and illite flakes b) are observed.

kaolinite
kaolinite

a)

Figure 21: Backscatter electron microscopy (BSEM) images of kaolinite in sandstone samples. a) Kaolinite booklets do
not fill intergranular pores in sample Gassum Aa. [BSEM image by R. Weibel, Geological Survey of Denmark and
Greenland, GEUS]. b) Kaolinite can be observed in some intergranular pores in a Berea sandstone sample.
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5 Permeability reduction due to thermal expansion

Heating may affect permeability by causing thermal expansion (Baudracco and Aoubouazza, 1995;
Somerton, 1992) [Manuscript I]. The effect of thermal expansion on porosity depends on the expansion of
the solids and of the bulk volume. Expansion of the solids depends on the specific mineral thermal expansion

coefficient, whereas expansion of the bulk volume also depends on the level of confining stress.

A first approximation of the effect of temperature on porosity is made in Manuscript |. Assuming a
homogeneous sandstone and isotropic expansion, so that volumetric expansion is three times the linear
expansion, the bulk volume after changing temperature by A7, V, 41, is given by Eq.(56), and the solids
volume after AT, Vs 7, is given by Eq.(57):

Voar =Vo1o@+3aq ,AT) (56)
Vs,AT = s, TO (1+ 36KT sAT) (57)

where oy is the one-dimensional thermal expansion coefficient, Vy, 1o is the original bulk volume, and Vo is
the original solid volume. In terms of the original porosity ¢, and the original bulk volume, V1o the solid
volume after AT is given by Eq.(58):

Vour = Q=& o)Vy 701+ 3 AT) (58)
The porosity after AT, ¢z, is given by Eq.(59):

Voar  Voar —Viar _ Voo (1+ 3o AT ) — (1= 6,V 101+ 30 AT)

B = AT _ (59)
o Voar Voar Vi 1o (d+305 ,AT)
where V, ,ris the pore volume after A7 ; Eq.(59) simplifies to Eq.(60):
1- 1+3a; AT
o =1- ¢ o)L+ 32,A7) (60)

1+3c; AT

The effect of thermal expansion on permeability is estimated by using the effective S, for permeability from
the Kozeny equation (cf. Eq.(11) and Eq.(19)). The effective specific surface of the solids S; is related to the
effective S, by Eq.(61):

S, =P (61)
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In a confined sample, i.e., a7, = 0, thermal expansion of the solids would reduce porosity cf. Eq.(60); the
effect of a change in porosity on S, is estimated by using Eq.(62)

S — Ss(l_¢AT) (62)

p,AT
Dxr

Isotropic expansion of spheres would reduce S, which would partly offset the effect of a porosity reduction
on S, in Eq.(62). Grain shape and anisotropic expansion would affect changes in S, therefore assuming a
constant S, would estimate the maximum permeability reduction that could be attributed to thermal

expansion.

A compilation of published data, where permeability is measured at two or more different temperatures, is
analysed in Manuscript I. The temperatures at which permeability is measured range from 15°C-180°C. Data
are normalised to effective S, for comparison among samples, and to estimate effects of thermal expansion
and bound water. Tests with an inert fluid show no significant effect of temperature on the effective S,
(Figure 22a). This indicates that porosity reduction due to thermal expansion has a negligible effect on
permeability, in these tests where the confining stress levels are below 14 MPa. This is in accordance with

the maximum change in S, estimated Cf. Eq.(62), also shown in Figure 22.
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Figure 22: Effect of temperature on effective specific surface per unit pore volume, S,, of sandstone samples. Dotted
lines indicated modelled maximum increase in S, that might be due to thermal expansion for samples with 10% porosity
and different permeability, k, i.e. different effective S,. a) Tests in which mineral oil (circles) or nitrogen gas (squares)
are used to measure k indicate no change in S, or a change that is less than the estimated maximum effect of thermal
expansion. b) Tests where the change in S, exceeds the estimated maximum effect of thermal expansion are tests where
permeability is measured by using distilled water (dots) or brine (triangles). Tests where the temperature is restored
show a partial or complete reversibility of the effect of temperature on effective S, [Modified from Manuscript I].

With aqueous solutions the effective S; is increased by heating in some tests, but not in other tests (Figure
22). There is no reduction in effective Sy that would reflect a reduction in the immobile water layer thickness

due to heating. Heating increases the effective S, in six sandstone formations (Figure 22b); these formations
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all contain kaolinite. Sandstone formations that do not contain kaolinite show no effect of temperature.
Furthermore, no effect of temperature is observed in samples of kaolinite-bearing Berea sandstone that are
pre-treated by heating above the temperature where kaolinite starts to dehydrate, between 400°C and 800°C
(Grim, 1953); whereas heating does increase the effective S, in untreated Berea sandstone samples in
investigations by the same authors (Cassé and Ramey Jr, 1979; Schembre and Kovscek, 2004).

This suggests that kaolinite mobilisation causes the observed reduction in the effective S,. Samples are
heated and subsequently cooled to the original temperature in 12 tests, which shows that the change in S, is
partially or entirely reversible with cooling (Figure 22b).

Both increasing the temperature, and reducing the NaCl concentration of the pore fluid, could mobilise
kaolinite particles in Berea sandstone; as these changes increase electrostatic repulsion forces between the
like charged kaolinite and quartz surfaces (Khilar and Fogler, 1984, 1987; Schembre and Kovscek, 2005).
However, the reversibility of the temperature effect observed in Figure 22b contrasts with permeability
reduction that is observed in tests where the NaCl concentration is reduced and restored. As the reversibility
of permeability changes would be relevant for geothermal energy storage, when temperature varies
seasonally, effects of temperature and salinity on fines migration are investigated in Chapter 6 [Manuscript 11

and Conference papers Il and I11].
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6 Permeability reduction due to kaolinite mobilisation

This Chapter addresses the effect of kaolinite mobilisation on permeability in Berea sandstone. Kaolinite-
bearing Berea sandstone is often used as a reference for reservoir rocks; and, accordingly several authors use
Berea sandstone samples to study effects of temperature, flow rate, and NaCl concentration on fines
migration (e.g. Baudracco and Aoubouazza, 1995; Gray and Rex, 1966; Khilar and Fogler, 1984, 1987; Kia
etal., 1987; Mungan, 1965; Ochi and Vernoux, 1998; Schembre and Kovscek, 2005).

6.1 Kaolinite in Berea sandstone

Kaolinite is the dominant clay mineral in the Berea sandstone (Churcher, 1991; Khilar and Fogler, 1987).
Kaolinite particles are typically flat pseudo-hexagonal particles with diameters ranging from 0.5 pm to

20 pum and thicknesses ranging from 0.1 um to 1 um (Grim, 1953; Gupta and Miller, 2010; Wilson and
Pittman, 1977). Kaolinite belongs to the kaolin mineral group, which also contains dickite; dickite tends to
form thicker particles (Grim, 1953; Wilson and Pittman, 1977). The term kaolinite is often used to refer to
both kaolinite and dickite, as both minerals may be present in the same sample and they can be interlayered
(Wilson and Pittman, 1977). Within the same intergranular pores of Berea sandstone, kaolinite particles can
be observed with a range of sizes, and they can be present both as kaolinite booklets and as individual

platelets (Figure 23).
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Figure 23: Backscatter electron microscopy, BSEM, images of kaolinite booklets and kaolinite plates in the pores of one
Berea sandstone sample. A range of particle sizes can be observed even within the same pore. [Figure b) is from
Manuscript 1] (kao = kaolinite; ill/chl? = illite or chlorite; ti= titanium minerals; sid = siderite).

6.2 Permeability reduction mechanisms

The effect of mobile particles on permeability in porous media can be investigated by using filtration
experiments (Bedrikovetsky et al., 2011; McDowell-Boyer et al., 1986; Pandya et al., 1998; Sen and Khilar,
2006; Wong and Mettananda, 2010; Yuan and Shapiro, 2011). Hereby, a homogeneous particle suspension is

injected into a sample, and the permeability reduction is related to the amount of particles that are retained,
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or filtered, in the sample. Conceptual models for particle retention include: deposition of particles on the
framework grains; straining of larger particles in pore constrictions; and bridge formation, whereby multiple
small particles obstruct, or jam, pore constrictions (Bedrikovetsky et al., 2011; McDowell-Boyer et al., 1986;
Sen and Khilar, 2006).

Deposition of particles on framework grains would occur when retaining forces exceed mobilising forces
(Bedrikovetsky et al., 2011). Hydrodynamic forces are mobilising, the gravitational force is retaining, and
electrostatic surface interaction forces may be mobilising or retaining, depending on whether there is a net
attraction or repulsion between charged surfaces of the particles and the framework grains (Bedrikovetsky et
al., 2011; Sen and Khilar, 2006). Particle retention by deposition is presumably negligible when kaolinite
particles are mobilised within the sample; as mobilisation would occur only when mobilising forces exceed
retaining forces. Therefore, the permeability reduction due to kaolinite mobilisation might be attributed to
straining or to bridging as suggested by e.g., Khilar and Fogler (1984) and by Kia et al. (1987). However,
whereas these mechanisms may account for the permeability reduction when the NaCl concentration is
reduced, which is not reversible when the NaCl concentration is restored, the reversible permeability
reductions due to heating and cooling as observed in Chapter 5 suggest that particles might not be filtered in
the heated samples. This suggests that other mechanisms might contribute to the effect of temperature on
permeability [Manuscript I1]. Particle mobilisation within sandstone samples differs from injection of a

particle suspension in several ways, which might affect the permeability changes.

The viscosity of the injected particle suspension is known in filtration experiments. By contrast, fines that are
mobilised within the pores would affect the viscosity of the pore fluid. This is not accounted for when
permeability is calculated by using Darcy’s law (Eq.(3)) and the viscosity of the injection fluid. An increase

in fluid viscosity would therefore appear as a permeability reduction.

A stable homogeneous particle suspension is injected in filtration experiments; by contrast, kaolinite is
distributed heterogeneously in the pores of Berea sandstone (Figure 4) (Schembre and Kovscek, 2005).
Mobilisation presumably results in higher concentrations of suspended kaolinite particles in some pores than
in other pores; therefore electrostatic interaction forces among kaolinite particles would play a larger role
than in filtration experiments with the same average concentration of suspended particles. Furthermore,
kaolinite particles have a heterogeneous surface charge density, which affects electrostatic interaction forces
among particles (Gupta and Miller, 2010; Gupta et al., 2011; Schofield and Samson, 1954; Wang and Siu,
2006; Zbik and Frost, 2009). Microporous kaolinite aggregates, could form due to interaction among

differently charged sides of kaolinite particles (Schofield and Samson, 1952).
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Porous networks of kaolinite particles that are suspended in low salinity solutions® are observed in cryo-SEM
images (Gupta et al., 2011; Zbik and Frost, 2009). Those images are acquired by vitrifying a suspension of
kaolinite, and performing scanning electron microscopy, SEM, at -90°C on a fresh fracture surface. (Gupta et
al., 2011). Interactions among kaolinite particles might also prevent particles or aggregates from settling.
Zbik and Frost (2009) observe a gel, i.e., a 3D porous network of particles (Olphen, 1977), that remains
suspended at the bottom of a container of a kaolinite suspension that is allowed to settle in 0.01 M NaCl
solution at pH 9. If such a gel, or microporous kaolinite aggregates, were to form in kaolinite-bearing pores,
this would reduce the mobile porosity. On a macroscopic scale, interactions among kaolinite particles in low
salinity suspensions results in a yield stress below which the suspensions do not flow (Johnson et al., 1998;
Mpofu et al., 2003; Olphen, 1977). Indeed, Wong and Mettananda (2010) could not inject a kaolinite
suspension for filtration tests, therefore they used a suspension of colloids with a homogeneous surface

charge density instead.

Figure 24 illustrates different mechanisms by which kaolinite might affect permeability. Prior to
mobilisation, kaolinite booklets presumably reside on the quartz grain surface due to gravitational forces
(Figure 24a). If electrostatic repulsion forces are increased by heating, or by reducing the concentration of
NaCl solution, kaolinite particles may be mobilised (Figure 24b); and presumably suspended particles affect
the viscosity of the pore fluid and thereby the apparent permeability. If the pressure gradient is sufficient to
transport kaolinite particles, particles might be transported to a pore constriction that is smaller than the
particle size, where they are retained by straining (Figure 24c). If the concentration of transported particles is
high, particles arriving simultaneously at a larger pore constriction might be filtered by bridging (Figure
24d). On the other hand, the electrostatic repulsion force between quartz and kaolinite, which presumably
mobilised the kaolinite particles, might limit filtration. If suspended particles form microporous kaolinite
aggregates or a kaolinite gel, the pressure gradient may be too low to shear this. Kaolinite aggregates might
increase the effective S, or reduce the mobile porosity and thereby reduce permeability (Figure 24e). These
mechanisms would not be mutually exclusive; due to the range of kaolinite particle sizes, the heterogeneous
distribution of kaolinite in the pores, and pore scale variation of the flow rate, different mechanisms might

prevail in different pores.

2 Solutions: 0.001 M KCl at pH 9 in (Gupta et al., 2011); 0.01 M NaCl at pH 8 (Zbik and Frost, 2009).
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Figure 24: Schematic representation of kaolinite particles (dark grey) in intergranular pores (black) among quartz
framework grains (light grey). a) Kaolinite particles concentrated in stacks on the grain surface prior to mobilisation.

b) After an increase in electrostatic repulsive forces mobilises kaolinite particles, particles are suspended in the pore
fluid. c) Kaolinite particles, which are filtered by straining in pore constrictions that are smaller than the kaolinite
particles. d) Kaolinite particles, which are filtered by bridging, i.e., a high concentration of kaolinite particles arriving at
a larger pore constriction simultaneously. €) A microporous kaolinite aggregate, gel, that reduces the intergranular pore
volume. Not to scale.

According to the DLVO (Derjaguin and Landau, 1941; Verwey and Overbeek, 1948) theory, the net
interaction energy is the sum of the electrical double layer (EDL) interaction energy and the van der Waals
interaction energy. The DLVO theory is used to model: interactions between colloids and pore walls, in
order to model colloid filtration (Bedrikovetsky and Caruso, 2014; Bedrikovetsky et al., 2011, 2012; Hahn
and O’Melia, 2004; Sen and Khilar, 2006; Yuan and Shapiro, 2011); interactions among suspended kaolinite
particles, in order to model rheological properties of kaolinite suspensions (Gupta et al., 2011; Johnson et al.,
1998; Mpofu et al., 2003); and interactions between kaolinite and quartz grains, in order to model kaolinite
mobilisation in sandstones (Khilar and Fogler, 1984; Kia et al., 1987; Schembre and Kovscek, 2005). In
order to investigate effects of temperature and salinity on permeability reduction by mobilised kaolinite,
interaction both among kaolinite particles and between kaolinite particles and quartz grains are estimated by
using DLVO theory in this Chapter [based on Manuscript Il and Conference papers Il and I11]. The surface
charge density of the minerals affects the interaction forces. However, published surface charge density data
for kaolinite show a range of values. Furthermore, there is only limited data regarding the effect of
temperature on the surface charge of kaolinite and quartz. Therefore the nature of the surface charge density
is discussed in Section 6.3; and the effect of this parameter on the results of DLVO calculations is addressed

in Section 6.7 [Conference paper I11].
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6.3  Surface charge on kaolinite and quartz

The net surface charge density on quartz and on kaolinite depends on interaction between water molecules
and broken bonds on the fluid-mineral interface (Grim, 1953; Lorne et al., 1999; Schofield and Samson,
1954). Possibly isomorphic substitution in the kaolinite lattice also contributes to the kaolinite surface charge
(Huertas et al., 1998; Lorne et al., 1999; Schofield and Samson, 1954; Wang and Siu, 2006; Wilson et al.,
2014).

Quartz (SiOy) consists of silica tetrahedra that consist of one silicium atom bonded to four oxygen atoms
(Figure 25a). Each oxygen atom is shared between two tetrahedra forming a 3D lattice (Gautier et al., 2001).
Tetrahedra on the surface of quartz grains have broken bonds, which interact with water forming silanol
groups that can gain or lose protons, H" (Eq.(63)) (Lorne et al., 1999).

Si—OH =Si—-0 +H"*
Si—OH +H* =Si—OH,"

(63)

The net surface charge of quartz grains results from charges on the individual silanol groups. With a pH
greater than 3, the net charge is negative; the net charge becomes more negative when pH increases, as more
silanol groups dissociate, i.e., lose H" (Lorne et al., 1999). Increasing the temperature in the range from
20°C-80°C also makes the net surface charge of quartz more negative (Brady, 1992; House and Orr, 1992;
Rodriguez and Araujo, 2006).

Kaolinite particles have a different charge on the two faces and on the edges, due to the mineral lattice
(Grim, 1953; Gupta and Miller, 2010; Gupta et al., 2011). The kaolinite mineral (Al,Si,Os(OH),) consists of
a series of layers; each layer is made up of a silica tetrahedral sheet bonded to an alumina octahedral sheet
(Figure 25). Silica tetrahedra are arranged in a hexagonal pattern in the silica sheet (Figure 25b); three
oxygens of each tetrahedron are shared with three other tetrahedra, and the fourth oxygen is shared with two
alumina octahedra in the alumina sheet (Figure 25c¢). In the alumina sheet, an aluminium atom is bonded to
four hydroxyl (OH) groups and to two oxygens from the tetrahedral sheet. Layers are joined by hydrogen
bonds between adjacent silica and alumina sheets (Grim, 1953). Kaolinite particles would therefore only
have broken bonds on the particle edges, and not on the faces. The charge on the silanol and aluminol groups
on the particle edges depends on protonation, and thereby on temperature and on pH, similar to the silanol
groups on the quartz surface (Brady et al., 1996; Gupta and Miller, 2010; Huertas et al., 1999; Rand and
Melton, 1977; Wang and Siu, 2006).
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Figure 25: a) Silicon tetrahedron, a silicium atom is bonded to four oxygen atoms. b) Top view of kaolinite silica
tetrahedral face; silica tetrahedra are arranged in a hexagonal pattern. Each tetrahedron shares three oxygen atoms with
other tetrahedra, and the fourth oxygen atom is shared with two alumina octahedra in the alumina sheet. Broken bonds,
i.e., silanol sites, are only present on the edges of a kaolinite particle. ¢) Side view of a kaolinite layer consisting of an
alumina octahedral sheet (lower half ) bonded to a silica tetrahedral sheet (upper half); Broken bonds, i.e., silanol and
aluminol sites, are only present on the edges of a kaolinite particle. Not to scale. [Modified from Conference paper II;
kaolinite structure kaolinite after Grim (1953)].

There exists some uncertainty regarding the magnitude and the reactivity of the charge on the kaolinite faces,
as these do not contain broken bonds (Brady et al., 1996; Huertas et al., 1998; Wang and Siu, 2006). Some
authors suggest that the surface charge on both faces is negative due to isomorphic substitution of silicium
and aluminium by trivalent and divalent ions (Rand and Melton, 1977; Schofield and Samson, 1954). This
charge would be independent of temperature and of pH. Other authors suggest that hydroxyl groups on the
alumina face do react with water (Huertas et al., 1999; Wang and Siu, 2006). Steps can be observed on
kaolinite faces of kaolinite particles (Figure 26); thereby faces might also have broken bonds (Brady et al.,
1996; Zbik and Frost, 2009).

Figure 26: Scanning electron microscopy (SEM) image of the face of a kaolinite particle in a sample of Rotliegend
sandstone. Lines indicate that stacked layers do not have the same size, which results in steps on the particle face.
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Potentiometric titration can be used in order to quantify the average charge on kaolinite particles; however,
distinction among the charge on the two faces and on the edges based on this method can be considered
uncertain (Brady et al., 1996). Therefore, Gupta and Miller (2010) use atomic force microscopy, AFM, to
determine the surface charge on the silica and alumina faces separately. They find that the charge on both
faces depends on pH, which suggests that groups on the faces do react with water whereby their charge
presumably also depends on temperature; Gupta and Miller (2010) do not observe steps on the faces.

Berea sandstone saturated with water or with NaCl solution has a pH 8-9, due to buffering by carbonate
minerals (Kia et al., 1987). At this pH the surface charge on both faces and on the edges of kaolinite would
be negative, with a higher charge density on the edges than on the faces (Gupta and Miller, 2010; Gupta et
al., 2011).

Due to the different charge densities on different sides of kaolinite particles, the average charge density on a
kaolinite particle, and the effect of temperature on the average charge density, would depend on the particle
shape and size. With a higher charge density on the edges than on the faces, thicker particles would have a
more negative average charge density than thinner particles (Figure 27).
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Figure 27: Average surface charge density of a kaolinite particle as a function of aspect ratio at pH 8. Surface charge
densities are based on data from Gupta et al. (2011) at pH 8: alumina face -11 mC/m?; silica face -11 mC/m? edges -
134 mC/m?.

6.4 Electrical double layer

The surface charge attracts oppositely charged ions and repels like charged ions, resulting in an electrical
double layer (EDL) (Israelachvili, 2011; Lyklema et al., 1995). A simple Stern model (1924), consisting of a
Stern layer and a diffuse layer, can be used to characterise the EDL interactions between charged surfaces
(Israelachvili, 2011). The Stern layer contains ions and water molecules that are bound to the surface groups.
This layer would have a finite thickness, and the surface charge can be considered to act from the Stern

plane, which separates the Stern layer and the diffuse layer (Grahame, 1947, 1953; Lyklema et al., 1995).
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The charge in the diffuse layer is equal and opposite to the surface charge on the Stern plane. The potential
distribution in the diffuse layer is described by Gouy-Chapman theory which treats ions in as point charges
(Chapman, (1913); Gouy, (1909) in Lyklema et al. (1995)). The Debye length, ™, characterises the distance
over which the potential in the diffuse layer falls by a factor 1/e (e is the natural logarithm) Eq.(64).

1 &5 KT

- 64
A 9

where ¢, is the permittivity of a vacuum, ¢ is the static relative permittivity of the bulk solution, which is a

function of temperature and salinity® (Maribo-Mogensen et al., 2013; Michelsen and Mollerup, 2004), kg is
the Boltzmann constant, N, is the Avogadro constant, e is the elementary charge, and 1 is the ionic strength
of the solution given by:

| :%ZCizf (65)

where C; is the concentration of the i species of ions, and z; is the valence of the ions, and the summation is

over all ion species in the solution.

The Grahame equation (Grahame, 1947, 1953) relates the net surface charge density on the Stern plane, oy,

to the surface potential at the Stern plane, wo, by Eq.(66) (Israelachvili, 2011):

[ ey
oy = \[SOOONAgOngBTCmono sinh (ﬁj (66)

where Cono 1S the concentration of monovalent ions in the bulk solution.

The zeta potential, £, is the potential on the shear plane, the interface between mobile and immobile ions
when the bulk solution moves relative to the mineral surface. Some authors suggest that the shear plane
would be at a greater distance from the surface than the Stern plane, whereby |{] < |wo| (e.g., Ishido and
Mizutani, 1981; Lorne et al., 1999). Nonetheless, as { can be measured by using electrophoresis, {is
considered equivalent to v, in order to estimate DLVO interactions by several authors (e.g., Johnson et al.,
1998; Khilar and Fogler, 1984, 1987; Mpofu et al., 2003; Schembre and Kovscek, 2005).

The concentration of monovalent, K* and Na*, ions appears not to significantly affect o, for kaolinite

(Huertas et al., 1998; Tertre et al., 2006). The effect of salinity and temperature on v, for a constant oy is

® In this thesis and the appended manuscripts &, is calculated as a function of salinity and temperature using Matlab
2012b (the MathWorks) code provided by Bjgrn Maribo-Mogensen (Maribo-Mogensen et al., 2013).
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estimated by inverting Eq.(66), to illustrate the effects of temperature and salinity in Figure 28. A reduction
of the NaCl concentration from 0.2 M to 0.02 M is observed to reduce permeability in tests on Berea
sandstone at 20°C [Manuscript 11]. This salinity reduction would have a larger effect on both v (cf. Eq.(66))
and on x™* (cf. Eq.(64)) than heating from 20°C to 80°C would.
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Figure 28: a) Debye length, ™, as a function of NaCl concentration at 293 K and at 353 K. b) x™ as a function of
temperature in 0.1 M and 0.2 M NaCl solutions. ¢) Surface potential, v, as a function of NaCl concentration at 293 K
and at 353 K for a constant average surface charge density, o, = -12 mC/m? [a and ¢ from Conference paper I11].

As the effect of temperature on the average o of kaolinite depends on particle size and shape, the effect of
temperature on gy is investigated by combining observed permeability changes with DLVO modelling in
Section 6.7.

6.5 Electrical double layer interaction energy

Interaction between similarly charged double layers causes a repulsive EDL interaction energy. The
interaction energy due to the overlapping double layers can be calculated by solving the Poisson-Boltzmann
equations (Gregory, 1975; Israelachvili, 2011). This requires numerical methods, however, analytical
solutions based on simplifications can give results that closely approximate the exact solution (Gregory,
1975).

Boundary conditions must be assumed for both numerical and analytical solutions. A constant o, might apply
when oy is due isomorphic substitution; however, a o, due to protonation would be affected by an
approaching EDL (Elimelech, 2010). Therefore a constant  is used to interpret AFM measurements in
order to determine the kaolinite surface charge by Gupta and Miller (2010). A constant y, would apply when
the surface charges are in equilibrium with the overlapping double layers. Whereas equilibrium might
establish during AFM measurements, collisions among particles would involve more rapidly approaching
surfaces; in which case an intermediate between a constant o, and a constant y, condition might apply (Frens
and Overbeek, 1972; Gregory, 1975). The linear superposition approximation, LSA, estimates an
intermediate condition; the potential halfway between two approaching surfaces is the summation of the
potential that would be observed at this distance from each individual surface (Elimelech, 2010; Gregory,
1975). An analytical solution, based on the LSA, for the EDL interaction energy per square meter, Egp,,

between parallel plates is derived by Gregory (1975):
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EEDL =

el/lo 1 el//O 2
tanh| ——= [tanh| —== |exp(—x(h—
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where the two surfaces can have different charges i.e., wo1 # wo., h is the separation between mineral
surfaces, and zserm IS the thickness of the Stern layer, which accounts for y, acting from the Stern plane rather

than from the mineral surface.

Figure 29 shows Egp, as a function of separation between negatively charged parallel plates cf. Eq.(67). A
positive Egp, indicates repulsion; heating from 20°C to 80°C would increase Egp, less than reducing salinity

from 0.2 M NaCl to 0.02 M NaCl would, if oy is not affected by heating.
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Figure 29: Electrical double layer interaction energy, Egp, between parallel plates with equal surface charge densities,
o0, as a function of separation between mineral surfaces for an interacting area of 4 pm?. a) At 293 K and 0.2 M NaCl
solution. b) At 353 K and 0.2 M NaCl solution. ¢) At 293 K and 0.02 M NacCl solution.

6.6 Van der Waals interaction
The van der Waals interaction energy, E.qw, between atoms arises from interaction between their electron

clouds, which can result in a temporary polarisation and an attractive force (Israelachvili, 2011). On the scale
of particles and surfaces, E,q is characterised by the geometry of the interacting particles and by the
Hamaker constant, H, which depends on the material of the surfaces and the medium across which they
interact (Israelachvili, 2011; Visser, 1972). The interaction energy between parallel plates energy per square

meter can be expressed by Eq.(68) (Israelachvili, 2011).

B == 7 (69)
The value of H can be calculated from the dynamic dielectric constants of the interacting by media using the
Lifshitz Theory, or from measured interaction forces; the latter is based on interpretation by using the DLVO
theory (Israelachvili, 2011; Visser, 1972). Several authors use H values in the range from 1.6x10?%° J to
4.4x10% ], for interaction in aqueous solutions both between kaolinite and quartz and among kaolinite
particles (Gupta et al., 2011; Khilar and Fogler, 1984; Kia et al., 1987; Schembre and Kovscek, 2005).

Limited experimental data do not show a clear effect of temperature on H (Visser, 1972); and several authors
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suggest that H would not be affected by salinity (Israelachvili and Adams, 1978; Israelachvili, 2011; Khilar
and Fogler, 1984; Schembre and Kovscek, 2005).

The Born repulsion term is sometimes added to the DLVO terms, Egp. and E,qw, in order to account for
repulsion on the atomic scale (Elimelech, 2010; Khilar and Fogler, 1987; Schembre and Kovscek, 2005). If
E.qw exceeds Egpy, the net interaction energy tends towards minus infinity as separation tends to zero. The
high repulsion at sub-nanometre separations in the Born term results in a net energy minimum at a finite
separation where particles can be considered bound (Elimelech, 2010; Schembre and Kovscek, 2005).
However, the closest approach between mineral surfaces would also be limited by the finite size of ions
adsorbed to the surface (Elimelech, 2010; Israelachvili, 2011; Khilar and Fogler, 1984). Furthermore, the
LSA assumption in Eq.(67) would not be valid for separations of h-zg.,, Smaller than Kt whereby net
interaction energies estimated for separations less than one or two nanometres would already be uncertain
(Elimelech, 2010; Israelachvili, 2011). Therefore, in Section 6.7 only Egp. and Eq are considered, and the
net interaction energy, EpLvo = EepL + Evaw, iS Only evaluated up to a minimum separation of 2zs,,, Where

the distance between Stern planes is zero.

6.7 Effects of temperature and salinity on DLVO interaction and on permeability

This Section combines permeability test data on Berea sandstone* [Manuscript | and 11] with estimates of
surface interaction forces based on the DLVO theory, to investigate effects of temperature and NaCl
concentration on permeability reduction by kaolinite mobilisation [Conference paper 111, Manuscript I1]. As
kaolinite particles typically occur as flat platelets, the interaction energy both between kaolinite and quartz
and among kaolinite particles is estimated based on the expressions for planar surfaces in the previous
Sections.

Stern layer thicknesses in the order of 0.3 nm-2.5 nm are suggested in literature (Elimelech, 2010;
Israelachvili and Adams, 1978; Khilar and Fogler, 1984); as a first approximation, zse, = 0.5 nm.

The yy;in EQ.(67) are calculated from o ; by inverting Eq.(66), in order to account for effects of salinity and
temperature as in Section 6.4. The van der Waals forces are assumed to be constant with temperature and

salinity.

6.7.1 Permeability prior to particle mobilisation

In Berea sandstone samples saturated with 0.5 M—2.0 M NacCl solution at room temperature, kaolinite might
be located on the quartz grain surface (Figure 24a) (Khilar and Fogler, 1984, 1987; Ochi and Vernoux, 1998;
Schembre and Kovscek, 2005). Thereby the specific surface of kaolinite would have a small effect on
permeability. As discussed in Section 2.4.1 when intergranular pores form a connected flow path the

effective S, would reflect the specific surface of the framework grains [Manuscript I1, IV].

* Test data from literature and from new experiments performed by Christian Haugwitz, Peter Jacobsen and Jacob Riis
(DTU students) in collaboration with Claus Kjaller (GEUS).
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6.7.2  Effect of salinity
At room temperature, reduction of the concentration of NaCl solution below a threshold value, or the switch

from flow with NaCl solution to flow with distilled water can reduce permeability in samples of Berea
sandstone by over 90% (Grey and Rex, 1966; Khilar and Fogler, 1984; Mungan, 1965; Ochi and Vernoux,
1998) [Manuscript I1]. This reduction is irreversible in tests where the salinity is subsequently restored,
however, reversing the flow direction can partially restore permeability (Khilar and Fogler, 1984),
[Manuscript 1] (Figure 30).
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Figure 30: At 20°C the permeability of a sample of Berea sandstone falls sharply when the NaCl concentration is
reduced below 0.2 M and the effect is largely irreversible when NaCl concentration is subsequently restored. Reversing
the flow direction partially restores permeability. [Modified from Manuscript I1].

Reducing the NaCl concentration increases both ™ and the magnitude of y, and consequently the repulsive
EepL between kaolinite and quartz increases (Figure 28a and c; Figure 29). Figure 31 shows Epyio as a
function of separation between surfaces that have average oy, and oy, representing kaolinite and quartz. With
2.0 M NaCl solution, Ep_vo tends towards negative infinity as h tends to zero, indicating attraction between
kaolinite particles and quartz grains. The maximum Ep,yo appears to switch from attraction (negative
interaction energy) to repulsion (positive interaction energy) between 0.2 M NaCl solution and 0.02 M NaCl
solution. A net repulsion energy might cause kaolinite mobilisation, accounting for observed permeability

reductions as shown in Figure 30.
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Figure 31: Net interaction energy as a function of the separation between parallel planar kaolinite and quartz surfaces.
Negative interaction energy indicates attraction. Interaction energy is scaled by an interaction area of 4 pm?; surface
charge densities are: 11 mC/m? for kaolinite, 27 mC/ m? for quartz. The Stern layer thickness, zsern = 0.5 nm. Vertical
dashed line indicates a separation equal to the Debye length between Stern planes, i.e., h = 2r+«, in 0.2 M NaCl
solution. Below this separation, expressions for the electrical double layer interaction energy are more
uncertain[Modified from Conference Paper I11].

Several authors attribute permeability reduction due to salinity reduction to filtration of mobilised particles,
by means of straining of larger particles or bridging by multiple particles (Figure 24c and d) (Khilar and
Fogler, 1984, 1987; Kia et al., 1987; Mungan, 1965; Ochi and Vernoux, 1998). As the size of kaolinite
particles varies (Figure 23b), both mechanisms might occur in the same sample if all particles are mobilised.
Some authors suggest that due to their greater mass larger particles would not be mobilised (Bedrikovetsky
et al., 2011; Khilar and Fogler, 1987). This would be due to a proportionally higher gravitational retaining
force on larger particles; the gravitational force increases with volume, proportional to r* for spherical
particles, whereas the DLVO forces are scaled by surface area, r* for spheres. For kaolinite particles the
effect of size on the net DLV O forces, would depend on whether size affects the particle aspect ratio, which

affects the average o, (Figure 27).

Kaolinite filtration could increase the effective S, if flow paths through larger intergranular pores are only
connected through smaller pores among filtered kaolinite particles. Thereby, the specific surface area of
kaolinite would be effective to permeability. Accordingly, the effective S, after reducing the NaCl
concentration from 2.0 M to 0.002 M at 20°C reduced permeability (Figure 30), is approximately equal to
Speer [Manuscript 11].

Particles that are filtered by straining or bridging would not be remobilised by restoring salinity, which
reduces Egp,; straining could be considered irreversible, even when the flow direction is reversed (Khilar and
Fogler, 1984; Mohan et al., 1999). However, reversing the flow direction after the NaCl concentration is

restored could remove bridged particles, which might possibly re-aggregate in booklets or re-attach to the
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quartz grains as Ep,yo is attractive (Figure 31) (Khilar and Fogler, 1984). Therefore the permeability changes
observed in Figure 30 might reflect kaolinite mobilisation and filtration by bridging as suggested by Khilar
and Fogler (1984).

6.7.2.1 Sensitivity to surface charge density

As the average yq, or ¢, depends on kaolinite particle shape and size (Figure 27), the effect of y on Epvo iS
investigated in this Subsection [Conference paper I11]. The {'data at pH 8-9 from several publications are
used to estimate o, of kaolinite particles by using Eq.(66); this indicates a range from 11 mC/m? to 22 mC/m?
(Johnson et al., 1998; Rodriguez and Araujo, 2006; Zbik and Frost, 2009). The edge oy is suggested to be
approximately three times higher than o, on the faces by Brady et al. (1996); whereas data by Gupta et al.
(2011) indicate that the edge o, would be a factor five to ten times higher than the face o, at pH 8.
Differences may be due to assumptions made regarding the size and shape of the kaolinite particles in the
interpretation of potentiometric titration data by Brady et al (1996); and to assumptions regarding the
boundary conditions and the magnitude of E,qy in interpretation of AFM data by Gupta et al. (2011). Quartz
oo are likewise estimated from ¢ data; values indicate a range from 22 mC/m? to 32 mC/m? at pH 8 (House
and Orr, 1992; Rodriguez and Araujo, 2006). Thus the average o, on kaolinite particles appears to be less

negative than the o, of quartz.

The Ep.vo for a specific h is calculated for a range of y,. Interaction energies for o that could represent
kaolinite faces or the average o, on a kaolinite particle are scaled by an interaction area of 4 nm?, whereas
interactions for a, that represent kaolinite edges are scaled by 0.2 nm? to account for the smaller edge area.

Figure 32 shows an attractive Ep_vo between kaolinite and quartz in 0.2 M NaCl solution and a net repulsion
in 0.02 M NaCl solution, for the range of o, that could characterise the faces or the average charge on
kaolinite particles. The Ep_yo is repulsive between quartz and kaolinite edges even in 0.2 M NaCl solution.
This suggests that in order to estimate kaolinite mobilisation, the average o, on the kaolinite particle would
be relevant; and indeed ¢ is used to model kaolinite mobilisation by several authors (e.g., Khilar and Fogler,
1984; Kia et al., 1987; Ochi and Vernoux, 1998; Schembre and Kovscek, 2005).

Due to the smaller surface area of the edges, the interaction energy for the interactions between the edges of
kaolinite and quartz is smaller in magnitude than the interaction energy between kaolinite faces and quartz.

This difference is comparable to the difference between pressure and force.
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Figure 32: a) In 0.2 M NaCl solution, the net interaction energy at 2 nm separation between Stern planes is attractive
(negative) for a range of surface charge densities, a,, that might represent the charge kaolinite faces or on an the average
kaolinite particle; whereas the net interaction energy between surfaces with a oy, which could represent kaolinite edges,
and quartz is repulsive (positive). b) In 0.02 M NaCl solution there is a net repulsion between quartz and kaolinite for
the range of surface charge densities for kaolinite faces as well as for kaolinite edges. Interaction areas are scaled by

4 um? for faces of kaolinite particles or for the average kaolinite particle and by 0.2 um? for edges of kaolinite particles.
[Modified from Conference paper I11].

6.7.2.2 lon Exchange

The permeability is not reduced in tests where the concentration of CaCl, is reduced (Grey and Rex, 1966;
Khilar and Fogler, 1987). This may be due to the adsorption of divalent Ca®* ions to the kaolinite surface,
yielding a positive ¢ (Chassagne et al., 2009; Khilar and Fogler, 1987; Kia et al., 1987) [Manuscript Il and
I11]. With opposite charges on kaolinite and quartz, Egp, is attractive; therefore mobilisation would not occur
when salinity is reduced. In samples that are initially saturated with distilled water, the measured
permeability is comparable to the permeability with a high salinity solution (Khilar and Fogler, 1984;
Mungan, 1965) [Manuscript I]. Divalent ions that are naturally present in carbonate cement in the Berea
sandstone could be adsorbed to the kaolinite surface so that Egp, is attractive; saturating the sample with
NaCl solution would replace divalent ions by Na* and reverse the sign of the kaolinite ¢ (Grey and Rex,
1966; Khilar and Fogler, 1984; Mungan, 1965). Therefore the effect of salt concentration that is observed in
laboratory tests with NaCl solution might not be representative for effects that occur in a geothermal

reservoir, where the brine would presumably contain different ions.

6.7.3  Effect of temperature
Permeability reduction due to increasing temperature from room temperature to 80°C—90°C is observed in

Berea sandstone samples saturated with distilled water, with NaCl solution, and with CaCl, solution
(Baudracco and Aoubouazza, 1995; Cassé and Ramey Jr, 1979; Schembre and Kovscek, 2005). In contrast to
the effect of NaCl concentration, the effect of temperature appears to be largely reversible with cooling
(Baudracco and Aoubouazza, 1995; Cassé and Ramey Jr, 1979) [Manuscript | and I1].
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Figure 33: a) Permeability, k, reduction due to heating from 20°C to 80°C is largely reversible when temperature is
restored; the effect is observed in different tests, with distilled water and with different NaCl concentrations. Interstitial
velocity, v, for the data in this Figure v =Q/A¢, v = 4 um/s—7 pum/s. b) Reducing and increasing NaCl concentration at
80°C has no effect on permeability and reversing the flow direction has an insignificant effect; in this Figure
v =70 pum/s—95 pumy/s . [Data in a) from Manuscript | and Manuscript 11; figures Modified from Manuscript I1].

The effect of temperature on permeability might be due to kaolinite mobilisation, as heating can increase the
repulsive Egp, between kaolinite and quartz (Khilar and Fogler, 1984; Schembre and Kovscek, 2005).
Heating would only slightly increase the repulsive Egp, if oo of the minerals were constant with temperature
(Figure 29b). In samples with a 0.2 M NaCl solution the increase might possibly be sufficient to yield a net
repulsion energy (Figure 34a), however, heating also reduces permeability in tests with a 2.0 M NaCl
solution (Figure 33a). Figure 34b indicates that even a doubling of oo would not cause a repulsive Ep, vo;

however, a fourfold increase of o, would result in a net repulsion for separations less than 2 nm.

The ¢ of kaolinite and of quartz from electrophoresis tests by Rodriguez and Araujo (2006) indicate that oy
becomes approximately twice as negative, when the temperature is increased from 20°C to 45°C. Based on
potentiometric titration data, Brady et al. (1996) determined that the o, of kaolinite becomes approximately
twice as negative when the temperature is increased from 25°C to 70°C. These results indicate that indeed
heating can result in the g, of kaolinite and of quartz becoming substantially more negative, which might

lead to kaolinite mobilisation.
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Figure 34: Interaction energy as a function of the separation, h, between parallel kaolinite and quartz surfaces.

a) Heating with 0.2 M NaCl solution causes a small net repulsion (positive interaction energy) at short separations if o
is constant (thick dotted line is 20°C, thick solid black line is 80°C with the same surface charge, oy, as at 20°C).

b) With 2.0 M NaCl solution heating only causes a net repulsion at short separations if g, increases by a factor four. An
energy minimum at 2 nm-3 nm separation can be observed. Interaction energy is scaled by an interaction area of 4 um?;
surface charge densities at 20°C, aq y, are: 11 mC/m? for kaolinite, and 27 mC/ m?for quartz. Vertical dashed line
indicates a separation equal to the Debye length between Stern planes, i.e., h = 2c+x™, below which EDL expression is
more uncertain. [Modified from Conference paper I1].

At separations of 2 nm-5 nm Ep, o shows an attractive minimum for a twofold and for a fourfold increase of
00,20 due to heating with 2.0 M NaCl solution (Figure 34b). This is referred to as the second energy
minimum, to distinguish it from the first energy minimum that can be observed at smaller separations when
Evsw > Eep. and the Born term is included (Hahn and O’Melia, 2004). As the Born term is not included in
Figure 34b, no first energy minimum is observed.

Some authors suggest that particles could be attached in the second energy minimum, where they would be
more susceptible to hydrodynamic forces than particles that are attached closer to the mineral surface (Hahn
and O’Melia, 2004; Yuan and Shapiro, 2011). Salinity reduction at 80°C does not affect permeability during
the test in Manuscript 1l (Figure 33b). This indicates that particles are not attached in a second energy

minimum at 80°C, as the second energy minimum would be eliminated by reducing salinity (Figure 34a).

The lack of an effect of reducing salinity at 80°C suggests that particles are already mobilised by heating,
even in 2.0 M NaCl solution (Figure 33b). By contrast, Khilar and Fogler (1984) find that salinity reduction
reduces permeability in samples of Berea sandstone at 60°C. However, they do not comment on permeability
reduction due to heating, which indicates that kaolinite is not mobilised by heating to 60°C in that test.
Indeed, Figure 33 indicates that that permeability falls more steeply between 50°C and 80°C than between
20°C and 50°C with 0.34 M NacCl solution; and other authors also observe that the permeability reduction
occurs only when a threshold temperature is exceeded (Baudracco and Aoubouazza, 1995)[Manuscript 1].
The results by Khilar and Fogler (1984) suggest that if heating did not mobilise kaolinite particles, a
subsequent salinity reduction would.
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The reversibility of the heat-induced permeability reduction suggests that mobilised particles might not be
filtered in pore constrictions. A higher repulsive Egp,. between quartz and kaolinite at 80°C due to an
increase in oy of both minerals might prevent filtration. Suspended kaolinite particles presumably would
affect the rheology of the pore fluid; and possibly interaction among different sides of the particles results in
microporous aggregates or in a gel that reduce the intergranular porosity as suggested in Section 6.2 (Figure
24e). The effect of temperature on oy is presumably reversible, whereby cooling might cause kaolinite to re-
aggregate as compact booklets or to re-attach to the quartz surface, restoring permeability.

Figure 35 indicates that an increase in the kaolinite o, by a factor four would also yield repulsion among all
sides of kaolinite particles; this would suggest that particles remain dispersed in a suspension, rather than that
they form aggregates. Nonetheless, the yield stress of kaolinite suspensions, the microporous kaolinite
networks, and the kaolinite gel, that are discussed in Section 6.2, are also observed in suspensions with a

pH 8-10.5 and monovalent salt concentrations of 0.01 M or less, i.e., when Ep, o is presumably repulsive
(Gupta et al., 2011; Zbik and Frost, 2009). Some authors suggest that additional forces, e.g., attractive
hydrophobic forces, might possibly affect kaolinite interactions at pH 8-9 (Gupta et al., 2011; Zbik and

Horn, 2003; Zbik and Frost, 2009). Thereby, Ep,vo Would not predict interaction among suspended kaolinite

particles in the pore fluid.
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Figure 35: Interaction energy between parallel kaolinite surfaces as a function of separation, h. Negative interaction
energy indicates attraction. Interaction energy is scaled by an interaction area of 4 pm? for interaction between kaolinite
faces or for the average kaolinite particles, and by an interaction area of 0.2 um? for interaction between edges. Surface
charge densities at 20°C, aq 2, are: 7 mC/m? for kaolinite faces; 12 mC/m? for average on kaolinite particles; 37 mC/m?
for kaolinite edges. Vertical dashed line indicates a separation equal to the Debye length between Stern planes, i.e.,

h = 2z+x ™, below which EDL expression is more uncertain. [Modified from Conference paper I11].

6.7.4 Effect of flow rate

At room temperature, hydrodynamic forces may also mobilise particles (Bedrikovetsky et al., 2011, 2012;
Khilar and Fogler, 1987; Ochi and Vernoux, 1998; Sen and Khilar, 2006). Ochi and VVernoux observe a
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threshold flow rate, below which permeability does not depend on flow rate and above which permeability is
reduced, presumably by filtration of mobilised particles. The flow rates used in Manuscript 1l at 20°C are
over one order of magnitude smaller than threshold flow rates for Berea sandstone samples found by Ochi
and Vernoux (1998). Accordingly, flow rate has no effect on permeability prior to reducing the NaCl
concentration (Figure 36a) indicating that particles are not mobilised by hydrodynamic forces. After
permeability is reduced by reducing the NaCl concentration, flow rate also has no effect on permeability
(Figure 36a). If mobilised particles are filtered, flow rate apparently does not remobilise filtered particles.
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Figure 36: a) Increasing the interstitial velocity, v, has no significant effect on permeability, k, of a Berea sandstone
sample at 20°C (black triangles). Salinity reduction reduces k, however, no effect of v is observed before or after the
salinity reduction. At 80°C, in tests on a different Berea sandstone sample from the same block (white circles), k
increases with increasing v. At 80°C, k is independent of salinity. b) At 80°C, the effect of v is reversible when the flow
velocity was increased, reduced, and increased again. [Modified from Manuscript I1].

By contrast, at 80°C after permeability reduction by heating, permeability increases with increasing flow
rate, and no hysteresis is observed in cycles where the flow rate is increased and reduced (Figure 36b). Such
an effect might be observed when a suspension of interacting kaolinite particles or kaolinite aggregates that
only shear above a yield stress is present in some pores (Figure 24b and €). When below the yield stress, this
would reduce the mobile pore volume and reduce permeability; above the yield stress, shearing of the
suspension or suspended aggregates might increase the free pore volume and partially restore permeability.
The magnitude of the shear forces during experiments in Manuscript Il is of the order of magnitude of the
yield stress of dense kaolinite suspensions that is observed at pH 10.5 in 0.001 M KNOjs solution by Mpofu
et al. (2003). The reversibility of the effect of flow rate suggests that kaolinite is not removed from the pores.
Accordingly, the kaolinite content of this tested sample after the test is not significantly lower than the
kaolinite content of an untested sample of Berea sandstone from the same block, as determined from

quantitative image analysis [Manuscript I11].
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Estimating the effect of temperature and salinity on the interaction forces using the DLVO theory involves a
number of uncertainties including: the value of o, of the mi