
G0-Δν-correlations in MRI for mapping wettability changes 

in porous media. 

 

 
Master’s Thesis 

Department of Chemistry, 

University of Bergen 

 

 

 

Tord Tøllefsen 

May 2022 

 

 

 

 

 

 



Abstract 

 

One of the biggest parameters deciding the dynamic behavior of fluids in the porous rock of a 

oil reservoir is the wettability of the mineral surface. The wettability of a surface is defined as 

how much a fluid will spread and be covered by one of several immiscible fluids. It is therefore 

paramount to understand the wettability and wetting conditions in the reservoir. 

 

By using NMR and Magnetic Resonance Imaging (MRI) it is possible to measure some of the 

different dynamic properties of the molecules in a specific fluid, and how these are affected by 

the local environment they are trapped in. In a porous media the difference in the magnetic 

susceptibility (Δχ) between the fluids and the surface will lead to spatial inhomogeneities in the 

static magnetic field, also known as internal gradient (G0). G0 scales with pore size but is also 

more intense closer to the surface of the media, and this can give information about the 

wettability of the porous media. Linewidth (Δν) in the MR-specter is another important 

parameter, that is also affected by the magnetic susceptibility and the pore sizes. By using 

advanced MRI-techniques for measuring the correlations between different MR-parameters and 

specific the correlations between G0 and Δν can be used to determine the dimension of 

confinement (DOC) of specific fluids. 

 

The aim of this thesis was to measure the correlation between the internal gradient and the line 

width (G0 − Δν), and map how the limited geometry of the fluids is affected when changing the 

wettability and pore geometry in a porous media based on the mineral-surface. This correlation 

can then describe wettability of a model system. 
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Abbreviations 

 

2D   Two dimensional 

3D   Three dimensional 

BW   Bandwidth 

CA   Contact angle 

CPMG   Carr-Purcell-Meiboom-Gill 

DOC    Dimension of confinement 

EOR    Enhanced oil recovery 

eq    Equilibrium 

FD    Free diffusion 

FID    Free induction decay 

FOV   Field of view 

FT    Fourier transform 

LOC    Localization 

MR    Magnetic resonance 

MRI    Magnetic resonance imaging 

NMR    Nuclear magnetic resonance 

RARE    Rapid acquisition with relaxation enhancement 

RF    Radio frequency 

SD    Standard bore 

TMCS   Trimethylchlorosilane 

USMB   United States bureau of mines 

WB    Wide bore 

 

Units 

 

cm    Centimeter 

Hz    Hertz 

h    Hour 

J    Joule 

K    Kelvin 

KHz    Kilohertz 

m    Meter 

μm    Micrometer 

μs    Microsecond 

ml    Millimeter 

ms    Millisecond 

ppm    Parts per million 

rad    Radian 

s    Second 

T    Tesla 

 

Symbols 

 

θ    Angle of rotation 

Δχ   Angular frequency 

P    Angular momentum 

Δχapp   Apparent magnetic susceptibility difference 

T2,app    Apparent transverse relaxation time 



B1    Applied magnetic field 

Z0    Center of the slice position 

Δ   Chemical shift 

τc    Correlation time 

d1    Delay time 

lg    Dephasing length 

D    Diffusion coefficient 

lD    Diffusion length 

b    Diffusion term 

Δ   Diffusion time 

E    Echo intensity 

tE    Echo time 

Beff    Effective magnetic field 

e    Euler’s number 

B0    External magnetic field 

T2
∗   Free induction decay time constant 

Si    Fluid specific saturation 

Vi    Fluid specific volume 

ν   Frequency 

Ωi    Frequency offset 

Bgrad    Gradient magnetic field 

G    Gradient intensity 

LG    Gradient duration 

γ   Gyromagnetic ratio 

h    Planck's constant 

ℏ   Plank's constant/2π 

Sw,i   Immobile water saturation 

k    k-space value 

Mz    Longitudinal Magnetization 

T1    Longitudinal relaxation time 

θMA    Magic angle 

μ    Magnetic moment 

Δχ    Magnetic susceptibility difference 

G0    Magnetic susceptibility induced internal gradient 

M    Net magnetization 

Ni   Number of echo points 

a    Pore size 

Vp    Pore volume 

Φ    Porosity 
1H    Proton 

LP    Pulse length 

νref    Reference frequency 

So,r    Residual oil saturation 

x´    X-axis in the rotating frame 

y´    Y-axis in the rotating frame 

Vs    Sample volume 

C    Scalar determined by initial spin ensemble 

σ   Shielding constant 

S    Signal amplitude 

Δz    Slice thickness 



Δf    Spectral frequency offset intervals 

Δν    Spectral half width 

I    Spin quantum number 

Ls    Structural length 

ρ    Surface relativity 

S/V    Surface to volume ratio 

t    Time 

Mxy    Transverse magnetization 

T2    Transverse relaxation time 

vd    Variable delay 

V    Volume 
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1 Introduction 

 

One of the biggest factors in the behavior of the oil and water in the reservoir is the wettability 

of the porous rock. Wettability is defined as the relative preference of a surface to be covered 

by one of several immiscible fluids [1]. Fluid distribution in the reservoir is therefore largely 

dependent of the wettability of the rock surface. This makes wettability one of the most 

important reservoir properties to determine. 

 

Traditionally these properties have been determined from laboratory experiments performed on 

core samples from the reservoir of interest. These experiments usually involve spontaneous and 

forced displacement of on fluid by another. The Amott-test [2] and the USBM wettability 

method [3] are examples of displacement experiments used for determining wettability on core 

samples. 

 

Nuclear Magnetic Resonance (NMR) was discovered in 1946 by two independent research 

groups [4], [5]. In less than ten years NMR was being used in petrophysical laboratory 

investigations [6]. Since this NMR has become an integral part of petrophysical core analysis 

in the laboratory, as well as NMR well-logging used in oilfield exploration [7], [8]. 

 

By using NMR and Magnetic Resonance Imaging (MRI) it is possible to measure some of the 

different dynamic properties of the molecules in a specific fluid, and how these are affected by 

the local environment they are trapped in. In a porous media the difference in the magnetic 

susceptibility (Δχ) between the fluids and the surface will lead to spatial inhomogeneities in the 

static magnetic field, also known as internal gradient (G0). G0 scales with pore size but is also 

more intense closer to the surface of the media, and this can give information about the 

wettability of the porous media. Linewidth (Δν) in the MR-specter is another important 

parameter, that is also affected by the magnetic susceptibility and the pore sizes. By using 

advanced MRI-techniques for measuring the correlations between different MR-parameters 

[9]–[13], and specific the correlations between G0 and Δν can be used to determine the 

dimension of confinement (DOC) of specific fluids. 

 

 



2 Theory 

 

2.1 Nuclear Magnetic Resonance (NMR) 

 

Nuclear Magnetic Resonance (NMR) was discovered in 1946 [4], [5]. Since then, NMR has 

contributed to advancements of tremendous importance within chemistry, diagnostic medicine, 

and other industrial avenues. NMR is the main analytical method used in this project. 

 

2.1.1 Fundamental NMR Theory  

 

Nuclei containing an odd number of protons and/or neutrons will spin around their own axis 

causing them to possess spin angular momentum (P). 

 

P = √I(I + 1)ℏ (2.1) 

 

where I is the spin quantum number and ℏ = h/2π where h is Planck´s constant (h = 6.6256 ⋅ 10-

34 J s). Hydrogen, which will be used in this thesis, has a spin quantum number, I = ½. Nuclear 

spins are charged particles. Their precession around their own axis causes a net magnetic 

moment (μ). The spin angular momentum is proportional to the magnetic momentum (μ). 

 

μ = γP (2.2) 

 

where γ is the gyromagnetic ratio of the nuclei [14].  From Equation 2.1 and 2.2 it follows that 

 

μ = γ√I(I + 1)ℏ (2.3) 

 

This shows that a nucleus with spin quantum number I = 0 has no magnetic moment and cannot 

be detected using NMR spectroscopy. If a macroscopic sample containing nuclei with spin 

quantum number I = ½  experiences no external disturbance (no external magnetic field) the 

magnetic moments (μ⃗ ) will orient themselves in a random direction and cancel each other, 

shown in Figure 1.1B [14], [15].  



 

Figure 22.1: (A): Nucleus with spin angular momentum shown as a magnetic moment in the 

absence of an external magnetic field (B): Nuclei in a macroscopic sample randomly arranged 

in absence of an external magnetic field. This resulting in net magnetization is zero, due to 

magnetic moments cancelling each other. Figure taken from Sørgård [16]. 

 

If a nucleus with spin I = ½ and a magnetic moment μ⃗  experiences an external magnetic field 

(B0
⃗⃗⃗⃗ ), μ⃗  will precess around B0

⃗⃗⃗⃗ with a frequency ω⃗⃗ , also known as Larmor frequency (figure 2.1 

A). 

 

If expressing the net magnetization in vector form (figure 2.2C), the vector movement in the 

coordinate system, the movement can be expressed in two different ways. In a laboratory frame 

of reference, the magnetic moment precesses in a stationary coordinate system. This can be 

expressed as follows, with time dependency of μ⃗  

 

du⃗ 

dt
= γμ⃗  × B0

⃗⃗⃗⃗ (2.4) 

 

In the rotating frame of reference, the xy-plane is rotating with a frequency ω⃗⃗  which makes the 

magnetic moment appear as stationary [14]. If representing the rotating frame of reference in a 

figure, the transverse axes are marked x´ and y´. In the rotating frame of reference, the time 

dependance of μ⃗  is given as 

 

du⃗ 

dt
= γμ⃗  ×  (B0

⃗⃗⃗⃗ + ω⃗⃗ ) (2.5) 

 



This means that for the magnetic moment to appear stationary, the xy-plane must rotate with a 

frequency ω⃗⃗ = −γB0
⃗⃗⃗⃗ . Because when ω⃗⃗ = −γB0

⃗⃗⃗⃗ , 
du⃗⃗ 

dt
 is constant and μ⃗  is stationary. 

 

ωL⃗⃗⃗⃗  ⃗ = −γB0
⃗⃗⃗⃗ (2.6) 

 

This frequency is called the Larmor frequency and is also the frequency at which u⃗  is rotating 

in the laboratory frame of reference. 

 

Figure 2.2 (A): Showing a nucleus with I = ½ in the presence of an external magnetic field. 

(B): Showing the how the sum of the precessing nuclei in a macroscopic sample in the presence 

of an external magnetic field (B0
⃗⃗⃗⃗ ) creates the net magnetization vector M⃗⃗⃗ . (C): Shows the net 

magnetization shown alone. Figure taken from Sørgård [16]. 

 

If an additional magnetic field is introduced to the macroscopic sample, it can be used to change 

the magnetization (M⃗⃗⃗ ) from z-direction, parallel to B0
⃗⃗⃗⃗ , to the xy-plane. This is done in NMR by 

using a radio frequency (RF) pulse. An RF-pulse consist of a magnetic component (B1
⃗⃗⃗⃗ ) which 

changes over time, also known as oscillation. If this oscillation is equal to ω⃗⃗ , it will interact 

with the net magnetization, M⃗⃗⃗ .  

 

In a rotating frame of reference, a resonant B1 field will appear stationary, and the time 

dependence of a single moment (μ⃗ ) as well as the net magnetization (M⃗⃗⃗ ) can be expressed as 

 



dμ⃗ 

dt
= μ⃗ γ × B1

⃗⃗⃗⃗ (2.7) 

 

dM⃗⃗⃗ 

dt
= μ⃗ γ × B1

⃗⃗⃗⃗ (2.8) 

 

for both equations it corresponds to the precession of the vector in question about  B1
⃗⃗⃗⃗  with an 

angular frequency ω1⃗⃗⃗⃗  ⃗ = −γB1
⃗⃗⃗⃗ . The angle of the vector in question from the z-axis is given by 

 

θ = γB1Lp (2.9) 

 

where Lp is the duration of the RF-pulse. 

 

2.1.2 Relaxation 

 

Immediately after the RF-pulse is turned off, the system will start reverting to its original state, 

and this process is known as relaxation. The relaxation is controlled by two different relaxation 

mechanisms, where T1 and T2 are the longitudinal and transverse relaxation times. These 

mechanisms are described by the Bloch equations 

 

dMx´

dt
= −

Mx´

T2

(2.10) 

 

dMy´

dt
= −

My´

T2

(2.11) 

 

dMz´

dt
= −

Mz´

T2

(2.12) 

 

and equation (2.10), (2.11) and (2.12) gives 

 

dMxy´

dt
= −

Mxy´

T2

(2.13) 

 



dMz´

dt
= −

M0

T2

(2.14) 

 

T1 is the longitudinal relaxation and defines how the system returns to equilibrium along the z-

axis, given by the value M0. Equation (2.15) describes how the T1 relaxation of the 

magnetization increases along the z-axis. 

 

Mz(t) = M0 (1 − A0e
−

t
T1) (2.15) 

 

T2 is the transverse relaxation and describes how the magnetization goes back to equilibrium in 

the transverse plane. Equation (2.16) describes how the loss of phase coherence gives a loss in 

the magnetization in the xy-plane (Mxy). 

 

Mxy(t) =  M0e
−

t
T2 (2.16) 

 

In a liquid sample, the loss of phase coherence in the transverse plane is caused by inter nuclei 

interactions and by inhomogeneities in the magnetic field (ΔB0).  

 

1

T2
∗ =

1

T2
+ γΔB0 (2.17) 

 

T2
∗ is the time constant of the signal decay in the transverse plane which includes contributions 

from magnetic field inhomogeneities and inter nuclei interactions. 

 

The loss of signal over time due to T1-relaxations is not avoidable in an NMR experiment, but 

it is possible to avoid some of the loss of signal from T2-relaxation. This can be done by using 

a spin-echo sequence. The simplest form of the sequence will be 90° - τ – 180° - τ. After the 

first 90° pulse, the signal will come out of focus and after a set time, τ, the signal is refocused 

using a 180° pulse, and this will give an echo after a time τ again. This can also be done in 

what’s called an echo-train using a Carr-Purcell-Meiboom-Gill, CPMG, pulse sequence [17], 

[18]. In a CPMG pulse sequence, the signal decay caused by magnetic field inhomogeneities is 

refocused by 180° pulses creating an echo train. This makes the signal loss from one echo to 

another caused only by inter nuclei interactions. 



 

 

Figure 2.3 (A): Relaxation shown in a rotating frame of reference after a 90° pulse along the 

x-axis (B1
⃗⃗⃗⃗ ). (B): Shows how the increase in longitudinal magnetization (Mz

⃗⃗⃗⃗  ⃗) and the decrease 

in transverse magnetization (Mxy
⃗⃗ ⃗⃗ ⃗⃗  ⃗) after B1

⃗⃗⃗⃗  is switched off. 

 

2.1.3 Relaxation in porous media 

 

Relaxation in liquid samples, which can also be known as a bulk volume, the loss of polarization 

is primarily caused by inter nuclei interactions. A non-liquid-sample, such as a liquid in a 

porous media, will have a more complex relaxation mechanism. Liquids in porous media will 

also be affected by the properties of the porous matrix, quartz sand in this thesis, and the 

interaction between the sand and the liquid. These properties include wettability of the matrix, 

size of pores in the matrix, paramagnetic impurities, and magnetic susceptibility. 

 

Excluding inhomogeneity in B0, the relaxation can be expressed as 

 

1

Ti
=

1

Ti,bulk
+ ρi

S

V
(2.18) 

 

Where i = 1,2, ρi is the surface relativity term, and  
S

V
 is the surface to volume ratio of the pores. 

 

Usually, ρi
S

V
≫ 

1

Ti,bulk
, which leads to 

 



1

Ti
≈ ρi

S

V
(2.19) 

 

If a porous media is placed in a strong uniform magnetic field (B0), this magnetic field will 

induce a spatially inhomogeneous magnetic field in the sample. This inhomogeneous magnetic 

field is dependent on the pore structure of the porous media and the difference in magnetic 

susceptibility (Δχ). This magnetic susceptibility is a product of the difference in magnetism of 

different phases present in the sample.  When a liquid filled porous media is placed in a strong 

uniform magnetic field, the apparent difference in magnetic susceptibility (Δχapp) between the 

liquid and the solid matrix includes internal magnetic field gradients (G0) which distorts the 

magnetic field [16]. 

 

G0 ≈
BoΔχapp

a
 (2.20) 

 

Equation (2.20) shows that the internal magnetic field gradient (G0) is proportional to the 

uniform magnetic field (B0) and the apparent magnetic susceptibility (Δχapp), and inversely 

proportional with the pore size (a). This shows that the internal gradients will be biggest in the 

smallest pores of the sample.  

 

The magnetic moment of the molecules in the liquid will collide with the walls of the pore in a 

porous media and energy will be released. This will give an extra attribution to T1- and T2-

relaxation.  

 

Using a form of CPMG pulse sequence during the acquisition of a non-liquid-sample it’s the 

apparent transverse time T2,app, that is recorded.  

 

This can be expressed as  

 

1

T2,app
=

1

T2
+ ρ2

S

V
+ b (2.21) 

 

Where ρ2 is the surface relativity term for transverse relaxation,  
S

V
 is the surface to volume ratio 

of the pores and b is the diffusion term[19]. This diffusion term is introduced as a result of the 



internal magnetic fields, caused by the difference in magnetic susceptibility between the matrix 

and fluids in the pore space. As a result of the internal magnetic field gradients, caused by the 

difference in magnetic susceptibility between the fluids in the pores and pore matrix, a diffusion 

term is introduced. The Mxy magnetization in a porous sample as a function of time is given as 

 

Mxy(t)

Mxy(0)
= e

−(
1

T2,app
+ρ2

S
V+b)

(2.22) 

 

The longitudinal relaxation (T1) is not affected by the diffusion or γB0, but it is affected by the 

surface relaxivity associated with porous samples. The recovery of Mz
⃗⃗⃗⃗  ⃗ in a porous sample can 

be expressed as 

 

Mz(t)

Mz(eq)
= 1 − C(e

−(
1
T1

+tρ1
S
V)

) (2.23) 

 

Where ρ1 is the relaxivity term associated with longitudinal relaxation. 

 

2.1.4 Free Induction Decay (FID) and Fourier transformation (FT) 

 

After an excitation pulse, the signal needs to be recorded. After the excitation pulse, the net 

magnetization is precessing in the xy-plane, and this induces a current in the spectrometer’s 

receiver coil. This recording of the x- and y-component of Mxy
⃗⃗ ⃗⃗ ⃗⃗  ⃗ as a function of time is what’s 

known as Free Induction Decay (FID). The FID measures the NMR signal as a time-domain, 

but to interpret the signal it needs to be presented as a function of frequency. This is achieved 

by Fourier transform (FT) [14], [20]. 

 

2.2 Magnetic Resonance Imaging (MRI) 

 

In Magnetic Resonance Imaging (MRI), the Larmor frequency is made spatially dependent by 

adding additional magnetic field gradients, Bgrad, that vary the samples experienced magnetic 

field. This can be done in all directions in the sample [21], [22]. This is in contrast with 

conventional NMR spectroscopy where the aim is to achieve a high level of homogeneity of 

the magnetic field through the entire sample.  

 



Bgrad =  B0 + G ∗ r (2.24) 

  

Where G = (
∂Bz

∂x
,
∂Bz

∂y
,
∂Bz

∂z
) is the position independent magnetic field gradient and r = (x, y, z) 

is the position. The gradients, also known as gradient pulses, are added in short periods during 

a scan. Gradients can only be active in one direction at the time, but it is possible to have 

gradients in all directions (x,y,z). These gradients are used in different measures during the 

acquisition with three distinct tasks: slice selection, frequency-encoding, and phase-encoding. 

When gradients are presents the Larmor equation (Equation 2.6) can be expressed as 

 

ω(r) = γ(B0 + G) ∗ r (2.25) 

 

Slice selection in MRI is determining the thickness of the image wanted, or slice thickness. 

Slice selection is usually achieved by applying a magnetic field gradient along the z-axis (Gz) 

and creating a spatially dependent Larmor frequency along the z-axis. This gradient (Gz) is kept 

active during the excitation pulse. To change the thickness of the slice it is possible to alter the 

strength of Gz while keeping the bandwidth the same or change the bandwidth with the same 

Gz.  

 

Δz =
Δω

|γGz|
(2.26) 

 

Equation 2.23 shows the relationship between slice thickness (Δz), pulse bandwidth (Δω) and 

the strength of the gradient (Gz). In multi-slice selection sequences, the same Gz is used but the 

RF-pulse for each excitation is altered. Each RF pulse has the same bandwidth but different 

frequency and will therefore change the slice selection for the excitation in the sample. 

 

After the Gz and the excitation pulse have excited the nuclei in the slice another gradient is 

applied in the y-direction. This is called phase encoding (Gy) and is used to cause a phase shift 

before the signal is recorded. It ensures a spatial encoding along the y-axis. For an image with 

10y by 1000x resolution there needs to be done using ten phase encoding steps. While keeping 

all other parameters the same the sequence needs to be done with ten different Gy values.  

 



After the phase encoding, the signal is recorded while a gradient along the x-axis is turned on 

(Gx). This process is known as frequency encoding, and this gives the position of the signal 

along the x-axis. The signal will be recorded close to a readout-gradient (GRO) which produces 

one of the two visual axes of the image. Magnetization of GRO and the frequency measured is 

determined by two parameters, Field of View (FOV) in the direction of the frequency encoding 

and the Nyquist frequency (ωNQ). 

 

ΔωRO = 2ωNQ = γΔ(GRO ∗ FOVRO) (2.27) 

 

ΔωRO is the total range of frequency in the image, Gro is chosen so that protons in the end of the 

FOVRO precesses at the Nyquist frequency of the image. FOVRO becomes smaller with an 

increase of GRO, and constant ωNQ and ωRO. 

 

2.2.1 Internal Magnetic Field Gradients 

 

When analyzing liquid samples in high field NMR spectroscopy, great efforts are made to 

ensure that the magnetic field is homogeneous throughout the entire sample volume. The 

difference of the magnetic field (ΔB0) is proportional to the spectral half width (Δν), and 

inversely proportional to the time constant (T2
∗) of the FID. An increase in field inhomogeneities 

will therefore result in a broadening of linewidth and shorten the lifespan of the observed signal. 

[8] 

 

Δν =
1

πT2
∗ ≈

1

T2
+ γΔB0 (2.28) 

 

Liquid samples in superconducting magnets give an almost homogeneous magnetic field 

through the entire sample (ΔB0 ≈ 0). For liquids in a porous media, the magnetic field will not 

be homogenous. This is because the apparent difference in magnetic susceptibility (Δχapp) 

between the liquid and the solid matrix induces internal magnetic field gradients (G0), this 

distorts the magnetic field [16]. 

 

Internal gradients can be measured by implementing a modified 2D CPMG sequence where the 

number 180° pulses in the echo train is varied over a constant time period [23]. This difference 

in the number of pulses varies the echo time as well. The echo time is defined as 



 

𝑡𝐸 = 2𝜏 , + 𝐿𝑃(180) (2.29) 

 

Where 𝜏 , is the spacing on each side of the 180° pulse and 𝐿𝑃(180) is the length of the 180° 

pulse. Both the external magnetic field and the geometry of the porous media affect the strength 

of the internal magnetic field gradients (G0) [24]–[27]. 

 

𝐺0 ≈
𝐵0Δχapp

𝑎
(2.30) 

  

Self-diffusion caused by kinetic energy is the random Brownian motion of molecules. In a 

porous media, this is hindered by the pore matrix. 

 

Three length scales are used when discussing the diffusion term for a CPMG experiment with 

n echoes and a constant G0 [25]. 

 

𝑀(𝑡𝐸)

𝑀(𝑡𝐸 = 0)
 𝑒−𝑡𝐸𝜌2

𝑆
𝑉−

1
12𝐷𝛾2𝐺0

2𝑡𝐸
3

 (2.31) 

 

The diffusion length, 𝑙𝐷 = (𝐷𝑡𝐸)
1

3, is the length a molecule travels due to diffusion during the 

echo time 𝑡𝐸. The dephasing length, 𝑙𝑔 = (
2𝜋𝐷

𝛾𝐺0
)

1

3
, is the distance the molecules must move to 

dephase 2π radians. The structural length, 𝑙𝑠 = 𝑎, which in porous media is defined as the 

pore diameter [24], [25]. Using these length scales gives three diffusion regimes known as the 

Motional Averaging (MAV) regime, the Localization (LOC) regime and the Free Diffusion 

(FD) regime. 

 

MAV regime applies when 𝑙𝑠 ≪ 𝑙𝐷 and 𝑙𝑠 ≪ 𝑙𝑔, valid for samples with small pore sizes and a 

low 𝐵0Δ𝜒𝑎𝑝𝑝 term. LOC regime applies when 𝑙𝑔 ≪ 𝑙𝐷 and 𝑙𝑔 ≪ 𝑙𝑠, valid for samples with a 

very short dephasing length (𝑙𝑔) and a large 𝐵0Δ𝜒𝑎𝑝𝑝 term. FD regime applies when 𝑙𝑑 ≪ 𝑙𝑠 

and 𝑙𝐷 ≪ 𝑙𝑔, valid for samples with large pores. The internal gradient values in FD regime are 

moderate during the echo time 𝑡𝐸.  

 



In this thesis, a 11.7T NMR spectrometer was used which is associated with a high 𝐵0Δ𝜒𝑎𝑝𝑝 

term, and therefore the molecules are most likely subjected to a regime between the LOC and 

FD regime.  

 

Sørgård et al.[10] expressed how correlations between Δν and 𝐺0 can be used to convert the 

𝐺0 distribution to a fluid specific dimension of confinement (DOC) distribution. DOC is fluid 

specific and gives a fluid specific “pore size” expressed as 

 

𝐷𝑂𝐶 =
2𝜋Δ𝜈

𝛾𝐺0
 (2.32) 

 

In this thesis, water and oil , two immiscible fluids, were used, and since DOC is fluid specific 

it is not the pore size found, but rather a measure of the fluid confinement [10], [16]. 

 

 

2.3 Petrophysical properties 

 

2.3.1 Porosity and permeability 

 

Porosity (ϕ) is a measurement of a porous medium’s fluid storage capacity.[1] The porosity is 

defined as 

ϕ =
Vp

Vs

(2.33) 

Where Vp is the pore volume and Vs is the sample volume. Porosity is split in two parts, effective 

porosity (ϕeff) which are connected pores and will let a fluid through the porous medium. The 

residual porosity (ϕres) is closed pores with no connections. 

 

Permeability is directly dependent on the effective porosity of a porous media. Permeability is 

a measurement of a porous medium´s ability to allow fluids to pass through it. The absolute 

permeability through the entire pore system is constant but can only be found if there is just one 

fluid present. If there are two or more immiscible fluids in the system, they will affect the 

permeability of each other, and the effective porosity is measured.  

 



Absolute permeability (k) was defined by Henry Darcy in 1856, and Darcy´s law is given with 

a linear, horizontal flow for a non-compressible fluid 

 

Q =
k ∗ A

μ
∗
Δp

L
(2.34) 

where Q is the flow rate, A is the cross-sectional area of the cylinder, μ is the viscosity, Δp is 

the difference in pressure though the sample and L is the length of the cylinder. For formula 

(2.X) to work, the sample needs to be totally saturated by only one fluid and the viscosity must 

be constant [1]. 

 

2.3.2 Saturation 

 

In one pore space, multiple immiscible fluids may be present at one time. The fluid specific 

saturation (Si) is defined as 

 

Si =
Vi

Vp

(2.35) 

where Vi is the volume of a specific fluid and Vp is the pore volume [1]. 

 

2.3.3 Wettability 

 

The wettability of a surface is defined as how much a fluid will spread and be covered by one 

of several immiscible fluids. In this project, oil and water are the two immiscible fluids used. 

In oil recovery, it is paramount to understand the wettability and wetting conditions in the 

reservoir.  

 

On flat surfaces, the wettability is determined with contact angle measurements, where the 

angle created between the drop of the densest phase and the surface determines the wettability 

of the surface. A contact angle below 90° give water-wet and above 90° gives oil-wet. Surfaces 

with contact angles around 90° can be considered neutral-wet [1]. 

 

 

 



2.3.4 Wettability alteration 

 

Chemically induced wettability alteration can be used for turning a water-wet surface oil-wet. 

In this thesis, quartz sand is used, originally water-wet, and made oil-wet through exposing the 

sand to a solution of trimethylchlorosilane in heptane. In this process, the trimetylsilane-groups 

adsorbs to the OH on the quartz surface, and this turns the quartz from water-wet, hydrophilic, 

to oil-wet, hydrophobic [16]. 

 

3 Materials and methods 

 

3.1 Materials and hardware 

 

Table 3.1: Solids used in this thesis 

Solids Provider Particle size range 

NC4X quartz The Quartz Corp  50-260 μm 

 

Table 3.2: Liquids used in this thesis 

Liquids Provider Specifics 

Light mineral oil Sigma Aldrich  

Heptane Sigma Aldrich  

Trimethylchlorosilane Sigma Aldrich 5% TMCS in heptane 

Distilled water University of Bergen  

 

3.2 Sample preparation 

 

A model core sample had been manufactured to allow for displacement experiments in pure 

quartz sand, and this was used in this thesis. All components of the cell are made of plexi-glass 

which are non-magnetic, and this allows for displacement experiments to be performed inside 

the NMR spectrometer. The sample consists of quartz sand being mechanically held in place 

inside of the plexi-glass cell. Filters were equipped in the cell to prevent sand from escaping 

into the inlet and outlet tubing. The cell was saturated with distilled water by vacuum before 

every experiment. 

 



In this thesis, five different samples of quartz sand were used in the cell. One consisted of 100% 

untreated quartz sand (water-wet), one consisted of 100% treated quartz sand (oil-wet), one 

with a 50% water-wet and 50% oil-wet mixture by weight, one with a 70% water-wet and 30% 

oil-wet mixture by weight and the last with a 30% water-wet and 30% oil-wet mixture by 

weight. The three blended mixtures were mixed by hand for 60 seconds each. 

 

The quartz sand was treated to become oil-wet through a salinization process. Pure quartz sand 

was submerged in trimethylchlorosilane (TCMS) 5% in heptane solution for 20 minutes at room 

temperature. This mixture was shaken every 2 minutes. After this, the sand was cleaned 5 times 

in heptane and dried in a fume hood. In this process, trimethylsilane adsorbs to the OH-sites of 

the quartz surface and making it hydrophobic. 

 

3.3 Displacement experiments 

 

The samples were saturated with distilled water before each displacement experiment. The cell 

has a known volume, and the porosity of the sample was determined by weighing the cell before 

and after the cell was saturated with water. Imbibition is the process of absorbing a wetting face 

into a porous matrix, and drainage is the process of forcing a nonwetting phase into a porous 

media. In this thesis, the imbibition and drainage flow during the displacement experiments was 

controlled using a Nexus 5000 syringe pump with a flow rate of 30 mL/hour. This pump was 

connected to the cell while the cell was situated inside the bore of a Bruker 500 MHz WB 

spectrometer. 

 

 



Figure 3.1 Overview of how the liquid was pumped through the flow cell while the cell was 

placed inside the spectrometer. Figure taken from Sørgård [16]. 

 

3.4 Instruments: NMR/MRI and pump 

 

In this thesis, a wide bore (WB) Bruker Ascend 500 MHz spectrometer was used. The MRI 

probe used was a commercial MicWB40 micro imaging probe, and it was used with the Bruker 

Micro 2.5 gradient system, which is capable of delivering gradient strengths of up to 1.5 Tm-1. 

 

The pump used for the displacement experiments was a Nexus 5000 syringe pump. The pump’s 

flow rate control has an accuracy of ±0.35% of the set rate and reproducibility within 0.05%. 

 

3.5 Methods 

 

3.5.1 Spin echo and CPMG 

 

A spin echo sequence consists of a minimum of two radiofrequency (RF) pulses, one 90°-pulse 

and one or more 180°-refocusing pulses. In spin echo, the signal loss associated with 

inhomogeneities in the external magnetic field is refocused with the 180° pulses resulting in an 

echo.[14] 

 

After the 90° pulse is switched off the transverse vectors, which at start are in phase, will precess 

at different speeds due to the variation in the magnetic field (B0). Vectors with a high Larmor 

frequency will rotate faster than those with lower Larmor frequencies. After a time (τ) a 180° 

refocusing pulse is sent and this will flip the vectors 180° in the x,y-plane. The vectors with the 

highest speeds will catch up with the vectors with the lower speeds, and result in the vectors 

being in phase again after a time (τ). Figure 3.2C shows a vector diagram of the Carr-Purcell-

Meiboom-Gull (CPMG) pulse sequence [17], [18], which is based on the spin echo and uses a 

series of  180° pulses to refocus the signal several times. This gives a series of echoes where 

the signal attenuation between echoes is caused only by inter-nuclear relaxation. The time 

constant of the echo attenuation is T2
−1. 



 

Figure 3.2 Carr-Purcell spin echo experiment. A: Diagram of the pulse sequence (90°x´ − τ −

180°x´ − τ − (echo 1) − τ − 180°x´ − τ − (echo 2)… etc. ). B: Time domain spectrum (FID 

followed by two echos). C: Vector diagram of the pulse sequence shown in A. Figure taken 

from Friebolin [14]. 

 

3.5.2 Modified CPMG 

 

In this thesis, a modified CPMG sequence [16], [23] was used. In the modified CPMG sequence 

DG0
2 encoded signal decay is a result of varying the time available for irreversible dephasing 

due to diffusion of the internal gradient. This sequence was used because of the internal 

gradients (G0) induced by the magnetic susceptibility differences between the fluids and the 

solid matrix in the porous media. In a modified CPMG sequence the time from excitation to the 

signal is recorded is constant through the entire sequence. This is different from the normal 

CPMG which produces an echo train where the signal decay between echoes is T2
−1weighted. 

As the signal in a normal CPMG is refocused from one echo to another the intensity of an echo 

is a function of time elapsed since excitation. In a modified CPMG conversely the time (τ) 

between the 180° refocusing pulses is varied by varying the number (n) of 180°refocusing 

pulses over the constant time (T). This is shown in figure 3.3. 

 



This thesis used the same parameter as Sørgård[10], [12], [16] with n 180° pulses varying from 

32 to 1 in 32 steps. The constant time (T) was set to T=50ms, so that the signal is close to zero 

when only one 180° pulse is applied. Pulse lengths of the hard 90° and 180° were 44 and 88 μs. 

The gradient strength during slice selection (Gz) was 1.4797 ∗ 10−4T−1m−1 and the bandwidth 

was 6300 Hz. 

 

Figure 3.3 The modified CPMG from Sørgård[16] used in this thesis. A: If FID1 is recorded 

the sequence is non-spatially resolved and spatially resolved if FID2 is recorded. B: Showing 

how, with 5 steps, the sequence changes when n 180° pulses are varied from five to one. C: 

Showing how the resulting decrease in signal intensity (I) as a function of the dephasing time 

(τ). Figure from Sørgård [16]. 

 

3.5.3 Spin echo in MRI 

 

All MR-images presented in this thesis were recorded using a Rapid Acquisition with 

Relaxation Enhancement (RARE) sequence. The parameters for these acquisitions were set 

equal to that in Sørgård [10], [16]. The RARE factor was set to 1 to maximize the signal in the 

fluid saturated porous samples. A RARE factor of 1 uses only one refocusing pulse and will 

therefore be equal to a regular spin echo. The echo time was set to 2.91 ms and repetition time 

was set to 1 s to ensure T1 weighting in images were water and oil was present at the same time. 

 



 

Figure 3.4 MRI spin echo pulse sequence with axial slice selection (GZ), phase encoding in the 

y-direction (GY) and frequency encoding in the x-direction (GX). Figure from Sørgård[16]. 

 

3.5.4 Data processing 

 

All data from the acquisitions was first processed in TopSpin, and MR-images in ParaVision. 

The data was then further processed in MATLAB. The scripts used in MATLAB can be seen 

in appendix A, and the correlation data was analyzed using a 2D-ILT software [28]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 Results 

 

4.1 Displacement experiments 

 

4.1.1 Water-wet sample, WW. 

 

Primary water drive 

 
Sw=1        0.3PV   0.5PV          1PV    5PV (Sw,i) 

Primary oil drive 

 
Sw,i        0.3PV   0.5PV          1PV    5PV (So,r) 

Figure 4.1 Primary oil drive and primary water drive for the water-wet sample. MR-images 

used to visualize the displacement fronts during the process. Sw = 1 is where the sample is 100% 

saturated with water, and Sw,i is the irreducible water saturation after 5PV oil through the 

sample. So,r is the residual oil saturation after the injection of 5PV water. 

 

The displacement front is visualized in the MR-images. For the primary oil drive a distinctive 

front is seen throughout the experiment. For the primary water drive this is not as visible, but 

there is a clear distinction between Sw,i and 5PV water injected. 

 

 

 

 

 

 

 

 



4.1.2 Oil-wet sample, OW. 

 

Primary oil drive - imbibition 

 
Sw=1        0.3PV   0.5PV          1PV  5PV (Sw,i) 

Primary water drive 

 
Sw,i        0.3PV   0.5PV          1PV    5PV (So,r) 

Figure 4.2 Primary oil drive and primary water drive for the oil-wet sample. MR-images used 

to visualize the displacement fronts during the process. Sw = 1 is where the sample is 100% 

saturated with water, and Sw,i is the irreducible water saturation after 5PV oil through the 

sample. So,r is the residual oil saturation after the injection of 5PV water. 

 

For the oil-wet sample the displacement front is also very uniform during the primary oil drive. 

As for the water-wet sample the front is not as visible for the primary water drive, but also here 

there is a clear distinction between the MR-image of Sw,i and 5PV water injected 

 

 

 

 

 

 

 

 

 

 

 

 

 



4.1.3 Sample containing 50% water-wet and 50% oil-wet sand, 50/50 WW/OW. 

 

Primary oil drive 

 
Sw=1        0.3PV   0.5PV          1PV    5PV (Sw,i) 

Primary water drive 

 
Sw,i        0.3PV   0.5PV          1PV    5PV (So,r) 

Figure 4.3 Primary oil drive and primary water drive for a sample containing 50% water-wet 

and 50% oil-wet sand. MR-images used to visualize the displacement fronts during the process. 

Sw = 1 is where the sample is 100% saturated with water, and Sw,i is the irreducible water 

saturation after 5PV oil through the sample. So,r is the residual oil saturation after the injection 

of 5PV water. 

 

The sample containing a mixture of 50% water-wet and 50% oil-wet sand the displacement 

front of the primary oil drive is not as uniform as for the water-wet and oil-wet samples. The 

MR-images show viscous fingering[29], [30] during the primary oil drive. As for the previous 

samples this also shows no uniform front during the primary water drive, but clearly shows a 

distinctive difference between Sw,i and 5PV water injected. 

 

 

 

 

 

 

 

 

 

 



4.1.4 Sample containing 70% water-wet and 30% oil-wet sand, 70/30 WW/OW. 

 

Primary oil drive 

 
Sw=1        0.3PV   0.5PV          1PV    5PV (Sw,i) 

Primary water drive 

 
Sw,i        0.3PV   0.5PV          1PV     5PV (So,r) 

Figure 4.4 Primary oil drive and primary water drive for a sample containing 70% water-wet 

and 30% oil-wet sand. MR-images used to visualize the displacement fronts during the process. 

Sw = 1 is where the sample is 100% saturated with water, and Sw,i is the irreducible water 

saturation after 5PV oil through the sample. So,r is the residual oil saturation after the injection 

of 5PV water. 

 

This sample does also not show a uniform displacement front during the primary oil drive, and 

viscous fingering can be seen in this sample also. As for all the previous samples this also shows 

no uniform front during the primary water drive, but clearly shows a distinctive difference 

between Sw,i and 5PV water injected. 

 

 

 

 

 

 

 

 

 

 

 



4.1.5 Sample containing 30% water-wet and 70% oil-wet sand, 30/70 WW/OW. 

 

Primary oil drive 

 
Sw=1        0.3PV   0.5PV          1PV    5PV (Sw,i) 

Primary water drive 

 
Sw,i        0.3PV   0.5PV          1PV    5PV (So,r) 

Figure 4.5 Primary oil drive and primary water drive for a sample containing 30% water-wet 

and 70% oil-wet sand. MR-images used to visualize the displacement fronts during the process. 

Sw = 1 is where the sample is 100% saturated with water, and Sw,i is the irreducible water 

saturation after 5PV oil through the sample. So,r is the residual oil saturation after the injection 

of 5PV water. 

 

This sample shows a different behavior than what is expected. From 0.3PV to 1PV of the 

primary oil drive it can be thought that not the right volume of oil has been injected into the 

sample. This outlier is seen in both measurements which somewhat exclude a user error, but it 

is also possible that the pore volume for both these samples are miscalculated. For further use 

in this thesis the 1PV of the 30% water-wet and 70% oil-wet sample is used as this is what is 

seems to be closer to 0.5PV of the other samples. 

 

4.2 Comparison of repeated measurements for fluid specific DOC distributions 

 

All samples, with repeated measurements, were recorded in every step of the displacement 

experiment in five different 1 mm axial slices. These slices were at -6 mm, -2 mm, iso-center, 

+2 mm and +6 mm. 

 

For comparison of the repeated measurement, the water signal at -6 mm and +6 mm slices at 

0.5PV of the primary oil drive and the primary water drive were used. Presented here is the 



water signal of +6mm slices of the 0.5PV primary oil drive. All other specters can be seen in 

appendix B. 

 

4.2.1 Water signal for the fluid specific DOC distributions 

 

 

Figure 4.6 DOC distributions in the primary oil drive (0.5PV) at +6mm slice for water-wet (A) 

and oil wet (B) sample. 

 

Figure 4.7 DOC distributions in the primary oil drive (0.5PV) at +6mm slice for 50% water-

wet and 50% oil-wet sand (A) and 70% water-wet and 30% oil-wet sand (B) sample. 

A B 

A B 



 

Figure 4.8 DOC distributions in the primary oil drive (0.5PV) at +6mm slice for 30% water-

wet and 70% oil-wet sand. 

 

Figure 4.6-4.8 shows both the repeated measurements of the distributions of DOC for the water 

signal at 0.5PV primary oil drive in all samples. Some of the measurements show a distinctive 

difference in intensity between the measurements, but it is seen that generally the distribution 

of DOC is at the same sizes, in the 10-5 to 10-4 m range. 

 

4.2.2 Oil signal for the fluid specific DOC distributions 

 

 

Figure 4.9 DOC distributions in the primary oil drive (0.5PV) at +6mm slice for water-wet (A) 

and oil wet (B) sample. 

 

A B 



 

Figure 4.10 DOC distributions in the primary oil drive (0.5PV) at +6mm slice for 50% water-

wet and 50% oil-wet sand (A) and 70% water-wet and 30% oil-wet sand (B) sample. 

 

 

Figure 4.11 DOC distributions in the primary oil drive (0.5PV) at +6mm slice for 30% water-

wet and 70% oil-wet sand. 

 

As for the water signal of the DOC, the oil signal shows some of the same tendency. Some of 

the measurements show a distinctive difference in intensity between the measurements, but it 

is seen that generally the distribution of DOC is at the same sizes, in the 10-6 to 10-4 m range. 

 

 

 

 

 

 

 

A B 



4.3 The dimension of confinement 

 

4.3.1 Water signal for the fluid specific DOC distributions 

 

 

Figure 4.12 DOC distributions at +6mm for primary oil drive (A) and primary water drive (B). 

 

Figure 4.12 shows the DOC distributions for both the primary oil drive and the primary water 

drive, at +6mm. In 4.12A it is possible to see that during the primary oil drive the samples with 

oil-wet sand present (except for 30/70 water-wet/oil-wet, outlier) there is a peak in lower part 

of the DOC distribution. The water-wet sample does not have this peak. 

 

For the primary water drive (figure 4.12B) it is shows that the two samples with the highest 

amount of water-wet sand (WW and 70/30 WW/OW) in the sample have peaks at the lowest 

DOC distributions again. This peak appears to be in the same region as the lowest for the 

primary oil drive.  

 

Figure 4.13 DOC distributions at +6mm for primary oil drive (0.5PV) for oil-wet (OW), 50/50 

water-wet (WW)/oil-wet (OW) and 70/30 WW/OW sample. 

A 
B 



 

Figure 4.13 is using the same data as figure 4.12A without the DOC distributions from the 

water-wet and 30/70 water-wet/oil-wet samples. This is done to remove the water-wet sample 

without the peak in the lowest region of DOC distributions and remove 30/70 water-wet/oil-

wet sample which proved to be an outlier. 

 

 

Figure 4.14 DOC distributions at -6mm for primary oil drive (A) and primary water drive (B). 

 

This figure shows the DOC distributions at -6mm axial slice for both the primary oil and water 

drive. In the primary oil drive (figure 4.14A) it is shown that the water-wet sample has no peak 

in the lowest DOC distribution area, as the samples with oil-wet sand. For the primary water 

drive (figure 4.14B) the peaks in the DOC distributions are very similar. 

 

 

Figure 4.15 DOC distributions at +6mm (A) and -6mm (B) for primary oil drive (5PV) in water. 

 

A B 

A B 



Figure 4.15 shows the DOC distributions at both +6mm (A) and -6mm (B) for the primary oil 

drive at 5PV. The peaks in the DOC distribution for +6mm seems to be very similar, but for -

6mm this is not as clear. 

 

4.3.2 Oil signal for the fluid specific DOC distributions 

 

 

Figure 4.16 DOC distributions at +6mm for primary oil drive (A) and primary water drive (B). 

 

 

Figure 4.17 DOC distributions at -6mm for primary oil drive (A) and primary water drive (B). 

 

These two figures show the DOC distribution of the oil signal for the primary oil and water 

drive at +6 and -6mm. The interpretation of these seems to be somewhat more difficult as for 

the water signal. 

 

 

A B 

B A 



5 Discussion 

 

Five different samples, all with two repeated measurements, with varying degree of wettability 

were investigated. Samples with a mix of water-wet and oil-wet sand has never been analyzed 

using the advanced MRI-techniques used in this thesis before. The model system that has been 

developed for this type of testing consist of a very pure quartz sand. This is practically without 

paramagnetic impurities, which makes it ideal to use in a sample with both oil and water present 

in the sample. The peaks of oil and water are therefore distinguishable from each other based 

on their respective chemical shifts. 

 

When processing the data from all the acquisitions it was found to be best to use slices at +6 

mm and -6mm from iso center, which sums up to a range of 12 mm. The probe used produces 

a constant field in the 20 mm range (±10mm). It was also decided to use the data from 0.5PV 

of both the primary oil drive and the primary water drive. At this stage it would be expected 

that the top slice (+6mm) is the least affected by the displacement of oil, and the lower slice (-

6mm) has been most affected.  

 

For the sample containing 30% water-wet and 70% oil-wet sand it is possible to see from figure 

4.5 that the displacement front at 0.5PV primary oil drive was not in the middle of the sample, 

and therefore data from 1PV was used for this specific sample. This is because the displacement 

front at 1PV looks to be almost at isocenter. 

 

5.1 Displacement experiments 

 

The oil-wet sample showed viscous fingering, and this is likely due to the oil penetrating 

through the sample having surface contact. In the water-wet sample the oil does not have surface 

contact and is expected to move through the pores with a small volume of water along the 

surface. At residual oil saturation (So,r) the oil retention is much higher in the oil-wet sample as 

compared to the water-wet. This is evident from the MR-images. 

 

The interpretation of the MR-images for the mixed wettability samples is not as clear. In these 

samples the oil will have surface contact with parts of the sand, and not with other. During the 



preparation of the sample system all samples were prepared with the same protocol, but it is not 

known how the oil-wet and water-wet sand interacts in this mixing. 

 

5.2 Comparison of repeat measurement 

 

Figure 4.6 – 4.8 shows the water signal and figure 4.9 – 4.11 shows the oil signal, from DOC 

distributions acquired at 0.5PV of the primary oil drive. All other graphs used for comparing 

the results of the repeat measurements is in appendix B. Comparing the repeat measurement to 

further validate the method made by Sørgård et. al.[10].  

 

Comparing the repeated measurements of the DOC distributions at 0.5PV primary oil and water 

drive (figure 4.6-4.11, appendix B) shows a   

 

5.3 The dimension of confinement 

 

In the work presented in this thesis five samples were investigated with a fluid specific 

dimension of confinement (DOC) distributions. DOC distributions are fluid specific and give a 

length scale for each individual fluid in the sample. In this thesis these fluids were oil and water, 

which are immiscible. G0 − Δχapp correlations are used for the calculation of the DOC 

distributions. Δ𝜒𝑎𝑝𝑝 is calculated from the spectral half with (Δν) because of both oil and water 

present in the sample during the displacement experiment. Normally 𝑇2
∗(from the FID) would 

be used for the calculation of Δ𝜒𝑎𝑝𝑝 but fluid specific results cannot be obtained from the FID.  

 

DOC distributions displayed in figure 4.12 – 4.17 are similar, which indicates comparable 

sample geometry. 

 

The axial slices used in this thesis spanned +6mm and -6mm with respect to iso centre of the 

probe. The probe used produces a constant field in a 20 mm range (±10 mm). 

 

The MR-images from the displacement experiments showed that the oil displacement front did 

not be uniform inn all the samples. In any case, it will be obvious that there is more oil in the -

6mm axial slice at 0.5PV of the primary oil drive, than the +6mm slice. Analyzing the trends 

of the DOC distributions for the oil signal in figure 4.17A shows that for the water-wet sample 



there is more oil in the biggest pores. This is seen from the difference in intensity between the 

peaks for the  water-wet sample. This is logical as the oil will find the path of least resistance 

in the sample (large pores). For the oil-wet sample its shown that there is more oil in lower 

values of DOC. This is also logical as the oil will have surface contact when penetrating through 

the sample, and therefore be able to access the smaller pores in the sample as well. For the 50/50 

water-wet/oil-wet sample it seems like there is a more equal distribution of the DOC, and this 

also logical if there is the same amount of water-wet and oil-wet sand. The sample containing 

70/30 water-wet/oil-wet shows a very equal distribution which means the oil will penetrate 

small and large pores in this sample. For the 30/70 water-wet/oil-wet sample it seems like there 

will be more oil in the lower values of DOC. This can be explained with the oil having more 

surface contact in this sample due to the high degree of oil-wet sand in the system. The missing 

of the DOC distribution peak in the figures for the water-wet sample is possibly due to high 

repressing. Surface contact will lead to a low G0 − Δχapp correlation, and if this is repressed to 

much no peak will be visible in the figures. This is apparent later on in the figures also. 

 

Looking at the same axial slice but analyzing the water signal of the DOC in figure 4.13A it 

shows that the water-wet sample have only one peak on the higher side of the DOC. The rest 

of the samples shows a trend which is logical for each sample. The 70/30 water-wet/oil-wet 

sample have a peak at the same DOC value as for water-wet sample, but it also displays a peak 

at a lower DOC value. This lower DOC value is possibly due to the oil displacing into the 

sample. This will lead to the oil finding the way of the least resistance and leaving the water 

almost as a membrane between the oil and the surface. Surface contact will lead to a low G0 −

Δχapp correlation for the water and lead to a lower DOC value. The same explanation can 

describe and explain the DOC distribution for all the other samples. 

 

The +6mm slice would be expected to have been less affected by the displacing oil in the 

primary oil drive 0.5PV. Figure 4.16A shows the oil signal for the primary oil drive 0.5PV at 

+6mm. Here both the water-wet and oil-wet samples display almost the same trends and 

behavior of the DOC distribution. Both these samples show a higher value of DOC distribution, 

and that is logical as the oil that has progressed this far in the sample has done so by the biggest 

pores. Visually this is also seen in figure 4.1 and 4.2, as it is seen that the displacement front is 

at almost 0.5PV. All the samples with mixed wettability seem to show almost the same trend 



in this slice. All show a lower DOC value which implies that oil has progressed to smaller pores 

in these samples. 

 

The water signal for the +6mm slice of the primary oil drive 0.5PV (figure 4.12A) shows to 

peaks at the higher DOC values for the water-wet sample. This is logical as it seems from the 

MR-images (figure 4.1) that not a lot of oil has progressed this far in this sample. For the water-

wet sample it is shown that there is only DOC distribution in the higher values. For the 70/30 

water-wet/oil-wet this shows the same as for the water-wet and this is not to be expected. In 

this sample a lower DOC value would be expected as for all other samples, and in other axial 

slices. Figure 4.13 was made by removing the water signal from water-wet and 30/70 water-

wet/oil-wet samples. In this figure it is shown that the trend is an increase in intensity in the 

lower DOC values with an increase in oil-wet sand (OW > 50/50 WW/OW > 70/30 WW/OW). 

This trend is logical as the more oil-wet sand present in the sample the smaller the pores/DOC 

the water will occupy.  

 

Figure 4.15 shows the DOC distributions for the water signal at +6mm (A) and -6mm (B) for 

the primary oil drive 5PV, also known as irreducible water saturation (Sw,i). At this point the 

water in the sample is thought to be irreducible. Figure 4.15A shows that in the +6mm axial 

slice the values and intensities for all samples are almost the same. This leads to believe that 

almost the same amount of water is irreducible in all the samples, except the water-wet. This 

sample shows no lower value DOC, so in this sample the water still possesses a higher DOC 

value (bigger pores). The -6mm (B) figure is not as easy to analyze but shows some of the same 

trend as for the +6mm axial slice. 

 

The water signal from the primary water drive 0.5PV at +6mm (figure 4.12B) shows that the 

two samples with the highest amount of water-wet sand have a water signal in the lower DOC 

values. When displacing the oil in the sample it is believed that the water will enter along the 

surface because of the surface contact, and that the oil will in some of the bigger pores will stay 

put in the middle of the pores. This will lead to a lower DOC value because of the low G0 −

Δχapp correlation because of the surface contact. For the oil-wet, 50/50 water-wet/oil-wet and 

30/70 water-wet/oil-wet samples, the trend is that the intensity of the signal increases with the 

increasing amount of oil-wet sand. The oil signal from the same slice and displacement (figure 

4.16B) is not as easy to interpret. But it seems that the trend is that with increasing oil-wet sand 

present in the sample the smaller the DOC values become. This is apparent for all samples 



except the oil-wet which must be described as an outlier. The lower DOC values with increasing 

oil-wet wettability are logical as this is the primary water drive. The water will therefore 

displace the oil using the path of least resistance (bigger pores) with the increasing amount of 

oil-wet sand and decreasing amount of surface contact for the water. 

 

For the primary water drive 0.5PV for the water signal in the -6mm axial slice (figure 4.14B) 

the DOC distribution seems to be almost the same for all samples. The MR-images for the 

primary water drive (figure 4.1-4.5) shows that the displacement front in these is not as uniform 

as for the primary oil drive. If looking at the oil-signal for the primary water drive 0.5PV in the 

same slice (figure 4.17B) shows some of the same tendencies as for the water signal. These 

slices in this displacement will therefore not be a good method do try and differentiate between 

wettability in a sample. 

 

5.4 Reproducibility with unknown wettability 

 

In the work for this thesis was testing these advanced MRI techniques on samples with different 

wettability than previous work. The hope is that it will be possible to do a blinded experiment 

with the same model system, and then compare the results to the data obtained during the 

experiments in this thesis. 

 

Looking at the data this seems to a feasible experiment. Some of the DOC distributions showed 

clear trends that would lead to believe that doing a blinded experiment with a mixed wettability 

would lead to a possibility to determine the wettability of the sample. Figure 4.13 is an example 

of a trend that it is thought could do this. 

 

5.5 Conclusion  

 

The aim of this thesis was to measure the correlation between the internal gradient and the line 

width (G0 − Δν), and map how the limited geometry of the fluids is affected when changing the 

wettability and pore geometry in a porous media based on the mineral-surface. This aim is 

believed to have been achieved through thorough experimental work and analyzation in this 

thesis. It is possible to see the limited geometry on the fluids is affected when changing the 

wettability. 



5.6 Further work 

 

Further research could include testing on blinded/unknown systems as described earlier. 

Testing of the DOC method could also be done on actual carbonate rocks. This might be 

challenging as the DOC distributions are calculated from the spectral half widths (Δν) of the oil 

and water peaks, and it requires a relatively high magnetic field strength to separate them based 

on chemical shift. Sandstones might not be suitable due to the high paramagnetic impurities, 

but carbonate rock have much less paramagnetic impurities. This way it would be possible to 

see if DOC distributions can provide wetting indications in actual carbonate rocks. 

 

Only a fraction of all data collected during the experiments has been presented in this thesis. If 

interested in accessing the data, contact the author or supervisor John Georg Seland, 

Department of Chemistry, University of Bergen. 
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Appendix A– MATLAB scripts 

 

In this appendix, various MATLAB scripts used for data processing in this thesis is presented 

 

A.1 - Butterflies_Oil_water_G0 

 

load vdlist; 

t=vdlist; 

cd('pdata/1'); 

 

fid=fopen('2rr','r','n'); 

data1=fread(fid,'int32'); 

td1=32; 

td2=size(data1); 

td2=td2(1)/td1; 

 

ser=data1(1:td2) 

% si=2048; 

dw=5e-6; 

o='pdata'; 

% p=1; 

 

figure(100); plot(ser); %To inspect the spectrum 

 

f1 = input('Enter the value for left edge of final spectrum '); 

% f2 = input('Enter the value for right edge of final spectrum '); 



f2=f1+96 

nsec= 2 %input('Number of slices') 

m=96/nsec 

 

f=(1:td2)./(2*dw*td2); 

[y,i]=max(ser) 

 

f=f-i./(2*dw*td2) 

f=f(f1:f2-1); 

f_trunk=f(1:m:96); 

% f_trunk2=f_trunk+236 

 

ser=ser(f1:f2-1); 

figure(101); plot(f,ser); 

 

f3=f2-f1; 

save -ascii -tabs f.txt f 

save -ascii -tabs f_trunk.txt f_trunk 

% save -ascii -tabs f_trunk2.txt f_trunk2 

%loop for correction of each ser 

td3=td2; 

k=1; 

td8=f2-f1; 

 



for i=1:td1 

    spec1(:,i)=data1(k:td3); 

    I=data1(k:td3); 

   

    I1(i)=mean(I); 

    td6=nsec %Number of slices 

    td4=(td8/td6); 

    td5=td4; 

    l=f1; 

    td4=l+td4 

    for j=1:td6 

        I5(i,j)=mean(I(l:td4)); 

        l=l+td5; 

        td4=td5+td4;   

    end 

     

    k=k+td2; 

    td3=td3+td2; 

end 

cd ../../ 

It=strcat('I5','.txt'); 

save(It,'I5','-ascii','-tabs'); 

 

te = 50; 



te=te/1000; 

 

filename_G0=strcat('vclist'); 

l12=load(filename_G0); 

n=size(l12,1); 

gam= 26751; 

 

gam2=(gam^2); 

t_G0=(1/3)*gam2*te*(0.5*te./l12).^2; 

cd('pdata/1'); 

 

filename_tG0_o=strcat('t_G0_o.txt'); 

save(filename_tG0_o, 't_G0', '-ascii', '-tabs'); 

 

filename_tG0_w=strcat('t_G0_w.txt'); 

save(filename_tG0_w, 't_G0', '-ascii', '-tabs'); 

 

figure 

toILT=I5(1,:); 

plot(f_trunk,toILT) 

 

figure  

decay_water=I5(:,1); 

save -ascii -tabs decay_water.txt decay_water 



plot(t_G0, decay_water) 

 

figure 

decay_oil=I5(:,2); 

save -ascii -tabs decay_oil.txt decay_oil 

plot(t_G0,decay_oil) 

cd ../../ 

 

A.2 - plot_G0_simple_water 

 

filename_t_G0=strcat('t_G0_w.txt.out'); 

t_G0_out=load(filename_t_G0); 

 

filename_I_G0=strcat('decay_water.txt.out'); 

I_G0_out=load(filename_I_G0); 

I_G0 = I_G0_out 

 

D=2.3e-5 

G0_verdier=1./t_G0_out; 

G0_verdier=sqrt(G0_verdier./D); 

 

figure(201); plot(G0_verdier, I_G0, 'k-') 

set(gca,'xscale','log') 

xlabel('log(G0)');  

set(gca,'fontsize',16) 



set(findall(gca,'Type','Text'),'FontSize',16) 

saveas(201,'G0_w.fig') 

saveas(201,'GO_w.jpg') 

 

lw = 800 

gam= 26751; 

DOC = (0.01*2*pi*lw)./(G0_verdier*gam); 

 

figure(202); plot(DOC, I_G0, 'k-') 

set(gca,'xscale','log') 

xlabel('DOC (m)');  

set(gca,'fontsize',16) 

set(findall(gca,'Type','Text'),'FontSize',16) 

saveas(202,'DOC_w.fig') 

saveas(202,'DOC_w.jpg') 

 

A.3 - plot_G0_simple_oil 

 

filename_t_G0=strcat('t_G0_o.txt.out'); 

t_G0_out=load(filename_t_G0); 

 

filename_I_G0=strcat('decay_oil.txt.out'); 

I_G0_out=load(filename_I_G0); 

I_G0 = I_G0_out 

 



D=4.5e-7 

G0_verdier=1./t_G0_out; 

G0_verdier=sqrt(G0_verdier./D); 

 

figure(203); plot(G0_verdier, I_G0, 'k-') 

set(gca,'xscale','log') 

xlabel('log(G0)');  

set(gca,'fontsize',16) 

set(findall(gca,'Type','Text'),'FontSize',16) 

saveas(203,'G0_o.fig') 

saveas(203,'GO_o.jpg') 

 

lw = 1000 

gam= 26751; 

DOC = (0.01*2*pi*lw)./(G0_verdier*gam); 

 

figure(204); plot(DOC, I_G0, 'k-') 

set(gca,'xscale','log') 

xlabel('DOC (m)');  

set(gca,'fontsize',16) 

set(findall(gca,'Type','Text'),'FontSize',16) 

saveas(204,'DOC_o.fig') 

saveas(204,'DOC_o.jpg') 

  



Appendix B – Comparison of repeat measurements 

 

B.1 Water signal for fluid specific DOC distribution 

 

B.1.1 Water signal for water-wet samples. 

 

Figure B.1 DOC distributions at +6mm for primary oil drive (A) and primary water drive (B). 

 

Figure B.2 DOC distributions at -6mm for primary oil drive (A) and primary water drive (B). 

 

B.1.2 Water signal for oil-wet samples. 
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Figure B.3 DOC distributions at +6mm for primary oil drive (A) and primary water drive (B). 

 

 

Figure B.4 DOC distributions at -6mm for primary oil drive (A) and primary water drive (B). 

 

B.1.3 Water signal for samples containing 50% water-wet and 50% oil-wet sand. 

 

 

Figure B.5 DOC distributions at +6mm for primary oil drive (A) and primary water drive (B). 
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Figure B.6 DOC distributions at -6mm for primary oil drive (A) and primary water drive (B). 

 

B.1.4 Water signal for samples containing 70% water-wet and 30% oil-wet sand. 

 

 

Figure B.7 DOC distributions at +6mm for primary oil drive (A) and primary water drive (B). 

 

 

Figure B.8 DOC distributions at -6mm for primary oil drive (A) and primary water drive (B). 
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B.1.5 Water signal for samples containing 30% water-wet and 70% oil-wet sand. 

 

 

Figure B.9 DOC distributions at +6mm for primary oil drive (A) and primary water drive (B). 

 

 

 

Figure B.10 DOC distributions at -6mm for primary oil drive (A) and primary water drive 

(B). 

 

B.2 Water signal for fluid specific DOC distribution 

 

B.2.1 Oil signal for water-wet samples. 
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Figure B.11 DOC distributions at +6mm for primary oil drive (A) and primary water drive 

(B). 

 

 

Figure B.12 DOC distributions at -6mm for primary oil drive (A) and primary water drive 

(B). 

 

B.2.2 Oil signal for oil-wet samples. 
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Figure B.13 DOC distributions at +6mm for primary oil drive (A) and primary water drive 

(B). 

 

 

Figure B.14 DOC distributions at -6mm for primary oil drive (A) and primary water drive 

(B). 

 

B.2.3 Oil signal for samples containing 50% water-wet and 50% oil-wet sand. 

 

 

Figure B.15 DOC distributions at +6mm for primary oil drive (A) and primary water drive 

(B). 
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Figure B.16 DOC distributions at -6mm for primary oil drive (A) and primary water drive 

(B). 

 

B.2.4 Oil signal for samples containing 70% water-wet and 30% oil-wet sand. 

 

 

Figure B.17 DOC distributions at +6mm for primary oil drive (A) and primary water drive 

(B). 
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Figure B.18 DOC distributions at -6mm for primary oil drive (A) and primary water drive 

(B). 

 

B.2.5 Oil signal for samples containing 30% water-wet and 70% oil-wet sand. 

 

 

Figure B.19 DOC distributions at +6mm for primary oil drive (A) and primary water drive 

(B). 

 

 

Figure B.20 DOC distributions at -6mm for primary oil drive (A) and primary water drive 

(B). 
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