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Abstract

Oil companies aim to increase their return on investment by extending the productive
life of their existing oilfields. For that purpose, a better understanding of the physical
phenomena which occur during waterflooding and enhanced oil recovery (EOR) is
needed to optimise the oil recovery. In this thesis, Nuclear Magnetic Resonance
(NMR) has been employed to detect fluid displacement at reservoir-representative
velocities and dynamically monitor the oil and water behaviour during brine and
polymer core flooding.

The first step for the analysis of the physical phenomena was the detection of
velocities lower than 10 ft d* using Magnetic Resonance Imaging (MRI). For that
reason, an optimisation toolbox, which uses the relaxation times and the diffusion
coefficients of the porous system as input and derives the optimum experimental
parameters for the MRI sequence, was developed. The novel MRI technique, also
known as phase-contrast imaging, was initially tested in the ideal system of a bead
pack having pore-scale resolution. Water velocities as low as 1 ft d* (3.5 um s*) were
detected for the first time. The acquisition of velocity maps in less than 1 h was
achieved by taking advantage of the novel method for under-sampling of the k-space.
The parameters of compressed-sensing reconstruction were optimised giving results
of high quality. Combining the velocity maps with 3D spatially-resolved propagators
without pore-scale resolution enabled the identification of the mechanisms of
mechanical and diffusive mixing along the sample. Phase-contrast imaging and 3D
spatially-resolved propagators were also employed for the detection of ultra-slow
flows through one sandstone and three low-permeability carbonate core plugs.
Interesting observations were derived for flow velocities below 15 ft d in these
complex pore structures.

After detecting ultra-slow flows through rocks, the research focused on the study of
two-phase systems. A novel MRI sequence which enables the acquisition of 3D
spatially-resolved propagators for the water and oil phase separately was developed
and was tested in a bead pack and a carbonate rock. Then, oil was injected into a
carbonate rock until the system reached reservoir-representative oil saturation. One-
dimensional NMR spectra were used to monitor the saturation profiles, showing that
water-wetting layers were distributed uniformly along the core. Brine was injected
into the system simulating the process of waterflooding. The brine injection was
monitored with chemically-selective images acquired in 16 min for each phase. The
invasion percolation with cluster growth was identified as the main mechanism of oil
displacement and 55.2% of the Original Oil In Place (OOIP) was removed. Then,
brine injection was abruptly increased removing another 4.6% of OOIP trapped in the
form of oil ganglia. The rest of the oil was trapped in unswept areas of the rock which
could not be accessed by the abrupt increase in the brine injection. Xanthan gum
polymer-EOR flood was employed to extract oil from these unswept areas.
Comparison between the chemically-selective images and spatially-resolved
propagators acquired before and after the polymer injection showed the diversion of
the brine flow paths. This behaviour of the brine propagators was related to the



Abstract

blocking of the pores and throats due to the deposition of polymeric molecules as
mentioned in the literature. An extra 8.5% of OOIP was removed during the
consecutive polymer and brine injections. Moreover, interesting insights into the
different flow behaviour of the brine and the polymer were obtained by comparing the
propagators of each phase obtained under the same conditions.
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Chapter 1 Introduction

This thesis explores the use of MRI techniques to identify the mechanisms of oil
extraction from complex reservoir rocks. This is achieved by conducting experimental
studies under reservoir-representative conditions and monitoring them with newly
developed MRI methods.

1.1 EOR: an Overview

Hydrocarbons are trapped in the subsurface of the Earth within complex networks
consisting of pores, throats and fractures. In the oil and gas industry, oil production
occurs in three stages; namely primary, secondary and tertiary (EOR) stages. The
differential pressure between the reservoir and the production well is the driving force
for the primary oil recovery stage. Approximately 10% of the Original Oil Held In
Place (OOIP) is recovered during this stage. As the differential pressure is reduced,
the oil production is also declining, leading to the stage of secondary oil recovery.
Secondary oil recovery is characterised by the injection of external fluids such as gas
or water. When injected phase is water (brine), the process is known as waterflooding.
The injected phase maintains the differential pressure increasing the rate of oil
recovery. An extra 30-50% of the OOIP can be produced during this stage. A
significant quantity of hydrocarbons remains trapped in the reservoir. This is why the
oil industries implement a tertiary stage in their oil production process. During EOR,
the oil can be extracted following four different methods; chemical, thermal,
microbial and miscible/ immiscible gas flooding (Gbadamosi et al., 2019; Rellegadla
etal., 2017; Terry, 2001). All the applications that enhance the recovery beyond the
limits of primary and secondary production are known as EOR applications (Al-Mjeni
et al., 2010; Sheng, 2011). EOR techniques can achieve recovery factors between 50
and 70% (Muggeridge et al., 2014).

The efficiency of the oil recovery depends on the characteristics of the reservoir, such
as pressure, temperature, wettability, permeability, porosity and brine salinity (Terry,
2001). Large capital investments, long lead times and complex technologies are some
of the financial risks related to EOR. Understanding the reservoir’s characteristics is
of high importance in order to choose the most suitable EOR strategy.

1.2 Digital Rock (DR) Technology

Since the 1980s, universities began digitizing thin sections from rock cores, giving
birth to the DR technology (Andersen, 2014). DR is a multidisciplinary tool for
computing rock properties (Arns, 2004; Qren et al., 2007) and multiphase fluid flow
properties within rocks with the aim of predicting the reservoir’s performance
(Kalam, 2012). DR models require as input experimental measurements of the rock
characteristics and the fluid properties. This is better described in the DR workflow
presented in Figure 1-1 (Al-Mjeni et al., 2010). The workflow is divided into four
major categories; (a) characterisation of the rock (steps 1, 2 and 3), (b)
characterisation of the fluid (steps 4.1, 4.2), (c) computations (step 5) and (d)
validation and calibration (step 6) of the model.
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Figure 1-1: DR analysis workflow based on Andersen, (2014); Tahmasebi and Sahimi, (2012). The
green blocks represent the steps of the workflow where NMR techniques are used.

MRI and X-ray microcomputed tomography (uCT) are the two most popular non-
destructive imaging techniques used in DR (Wildenschild and Sheppard, 2013). The
typical pCT spatial resolution is between 0.5 and 2 um which is higher compared to MRI
(Koroteev et al., 2014). Moreover, synchrotron pCT has been used to increase the speed
and the resolution of the image (Koroteev et al., 2013). However, uCT cannot describe
the full characteristics of the reservoir rock. This is why MRI has been employed for
several years as a complementary imaging technique (Vinegar, 1986). Over the last 20
years, MRI has achieved higher spatial resolutions from 23 up to 17 um pixel™! using
smaller samples and stronger field gradients (Doughty and Tomutsa, 1997; Karlsons et
al., 2019). Moreover, NMR has been used for the pore size distribution and the
wettability characterisation of rocks (Hiibner, 2014; Mitchell, 2014; Mitchell and
Fordham, 2014). NMR can also give insights into the surface-to-volume ratio (S, /V},) of
the sample (Latour et al., 1993). NMR has been used as a logging tool for the
measurement of the effective porosity and permeability in real reservoirs (Chang et al.,
1994). Pressure-Volume-Temperature (PVT) diagrams are used to characterise the
propertied of the fluid (Ghiselin, 2014; Koroteev et al., 2013).

The acquired digital representation of the pore network and the fluid characteristics

are used as input in the simulation engines. Two of the most popular engines used in
DR are the DHD simulator (Koroteev et al., 2014, 2013) and the Lattice-Boltzmann

Method (LBM). The LBM has been implemented in complex pore-geometries to
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study single and multi-phase flow (Arns et al., 2005; Ferréol and Rothman, 1995;
Shikhov et al., 2017). The simulation models are ‘validated’ and ‘calibrated’ through
comparison with experimental results (Fredrich et al., 2014). For this purpose, core-
flooding lab experiments (Andersen, 2014) are monitored with both uCT and NMR
techniques. uCT experiments require the addition of dopants for the study of
multiphase flow (Vinegar, 1986; Wildenschild and Sheppard, 2013). For this reason,
NMR is favoured for the study of multiphase systems. Relative saturation
measurements and dynamic monitoring of the secondary oil recovery have been
performed with NMR (Jonathan Mitchell et al., 2012; Mitchell et al., 2013b; Ramskill
et al., 2018). MRI has also been employed for the acquisition of bulk flow
measurements in single and two-phase flow experiments through bead packs and
sedimentary rocks (Chang and Watson, 1999; Scheven et al., 2005b; Sederman and
Gladden, 2001; Verganelakis et al., 2005). Spatially-resolved flow measurements have
been conducted only in single-phase flow systems and under high flow velocities (de
Kort et al., 2018b).

1.3 Aims and Scope of This Thesis

This research focuses on identifying the mechanisms of oil displacement during
waterflooding and chemical EOR through complex reservoir rocks using novel MRI
methods. These MRI strategies are developed to spatially analyse the flow in two-
phase porous systems under reservoir-representative velocities (slow flow velocities).
The aim is to use the data obtained by these techniques to validate and calibrate
numerical models used in DR in future work. The newly developed techniques can
detect ultra-slow flow (<10 ft d) and two-phase flow through complex rocks. In
addition, the strategies for MRI data under-sampling and Compressed-Sensing (CS)
reconstruction were optimised reducing the experimental time and enabling dynamic
measurements. The novel techniques were tested and validated in ideal porous media
(bead packs) and then in sandstones and carbonates. NMR mapped qualitatively,
quantitively and dynamically all the mechanisms of immiscible flow displacement at
reservoir-representative conditions. Combining the structural images with the flow
data in single and two-phase systems can help the development of DR simulators for
core systems of a few centimetres.

1.4 Outline of Thesis Chapters
This thesis is structured as follows:

Chapter 1 provides an overview of the EOR and the DR workflow. The benefits of
using MRI in DR for structural and flow information are highlighted. The aim and the
outline of this thesis are also described.

Chapter 2 underlines the basic principles of NMR and MR in structural imaging and
translational motion relevant to this work.
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Chapter 3 describes the under-sampling, reconstruction and denoising strategies
followed in this thesis for the processing of all the imaging and flow data.

Chapter 4 presents a novel 3D spatially-resolved phase-contrast velocimetry
technique and a low-resolution propagator which enable the detection of interstitial
velocities lower than 10 ft d. Both techniques are tested in a bead pack filled with 4
mm beads and water.

Chapter 5 employs these novel techniques for the analysis of the flow in one
sandstone and three carbonate rocks.

Chapter 6 introduces a novel technique with optimised chemical selectivity for
multiple-phase systems (water and oil). Chemically-selective images and propagators
are analysed for an ideal bead pack and a carbonate rock.

Chapter 7 monitors the primary drainage of a carbonate rock via the short-wait porous
plate method. NMR and pressure drop data are used to identify the mechanisms of
displacement.

Chapter 8 monitors the imbibition and xanthan gum injection using chemically-
selective images and propagators at ultra-slow flows. The mechanisms of
displacement are identified and the oil recovery is quantified.

Chapter 9 summarises the conclusions of each chapter and suggests future research
areas using the developed novel techniques.

[4]



Chapter 2 Theoretical Background
2.1 Principles of NMR

An introduction to the basic principles and the basic pulse sequences implemented in
NMR is outlined in this chapter with reference to works by Blumich, (2000);
Callaghan, (2014, 1991); Levitt, (2000) and Gladden, (1994), unless stated otherwise.
The bold annotation is used for vectors, hence quantities which contain amplitude and
direction.

2.1.1 Nuclear Apin and Zeeman Effect

Fundamental particles, such as nuclei and electrons, possess an intrinsic magnetism
and according to elementary physics, they have a spin angular momentum S. The
magnetic moment u is related to the spin operator as:

p=y-S, (2-1)

where y is the gyromagnetic ratio which is equal to 2.675 x 108 rad T s for the
proton (*H) nucleus. The ‘hat’ is used to indicate the quantum mechanical operators.
Eq.(2-1) shows that u and S point in the same direction. When a static magnetic field
B, is applied along the z-direction, the u obtains energy given by the Hamiltonian
operator, H, as:

H=-ySB,i, (2-2)

where B, is the magnitude of the static magnetic field and i, is the unit of its
direction. From the Schrodinger equation, the eigenvalue of the Hamiltonian operator
when Eq.(2-2) is applied to a state y leads to:

Hly) = Ely) = —y Bo hmgly), (2-3)

where E is the energy of an eigenstate, h is the Plank’s constant divided by 2z, which
is equal to 1.05x10** J s rad®, and my is the spin quantum number which may be
either integral or half-integral. Eq.(2-3) is one of the most important equations since it
implies the quantization of the energy, a central phenomenon of magnetic resonance.
For a proton-nucleus (*H), the my is equal to +1/2 . Thus, this nucleus develops two
energy levels, a and f, which are called eigenstates as shown in Figure 2-1.
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Figure 2-1: lllustration of the Zeeman splitting phenomenon for *H in the presence of an external
magnetic field, B,.

The energy difference, AE, in H is written as:

AE =hyB,. (2-4)

2.1.2 The Bloch Vector Model

When nuclei are in thermodynamic equilibrium, all individual spins occupy the
abovementioned eigenstates following the Boltzmann distribution given by:

N, P\ k1)

where N, and Ng are the number of spins in o and /8 eigenstates, respectively, kg is

the Boltzmann constant (1.38 x 102 J K1) and T is the absolute temperature. For a
very small energy difference AE, a surplus of individual u is expected at the lower
energy-demanding state o. This distribution of u can be visualised as a series of

magnetic moments randomly distributed around a precessional cone as shown in
Figure 2-2.

L ]

B, M=M,i,

A X Y

B -state '

Figure 2-2: lllustration of the Bloch vector model. The red arrow indicates the direction of the
precession of the individual magnetic moments u in the o and  eigenstate. At thermodynamic
equilibrium, the net magnetisation vector M is aligned along the direction of the static magnetic
field B,,.

This spin population difference between the energy levels gives rise to a net
macroscopic nuclear magnetic polarization M which is aligned along the direction of
the B, field. More precisely, M derives from the summation of the all u distributed
between the two eigenstates. Using Eq.(2-1), the magnetisation in the a-state is equal
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to N, ¥ S, while the magnetisation in the -state is equal to Ny ¥ Sz, where S, and
§B are the operators of the spin angular momentums in the two states. The eigenvalue
of each operator is equal to h - mg (Gunther, 2013). Hence, the M is written as:

M= Z” = (N, — Np) g iy (2-6)

2.1.3 Larmor Frequency

According to the classical equation of motion when p is immersed in B, it
experiences a torque equal to u X B, . This torque is equal to the rate of change of its
S and is given by:

After Eq.(2-1), EQ.(2-7) can be written as:

i—? =y u X B,. (2-8)
Eq.(2-8) is known as the Felix-Bloch equation and it is one of the most important
equations in NMR experiments. Eq.(2-8) demonstrates that when an individual u
interact with B, it starts a precessional motion illustrated in Figure 2-2 until it gets
aligned with B, field. This precession occurs with an angular frequency (in rad s)
defined as:

wo = —Y By, (2-9)
or in the frequency units of Hz as:
__r ]
fo= —5_Bo. (2-10)

This frequency of precession is known as the Larmor frequency. The Felix-Bloch
equation for the M can be written as:

M

— =yMXB,. 2-11

ac VX P (2-11)
Eq.(2-11) is very useful for the analysis of the effect of a time-varying magnetic field

such as a pulse on the net magnetisation M, which is futher desctibed below.

2.1.4 NMR Experiment

The NMR system consists of a magnet which generates the B, field. The sample is
placed inside a cylindrical probe equipped with radio-frequency (r.f.) circuits for
excitation with r.f. waves and detection of the r.f. emissions. In some cases, the probe
is equipped with additional coils which generate spatially varying magnetic fields.

[7]
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These additional coils are employed in the MRI. Moreover, the probe contains
additional coils known as the shims. These coils are used to correct the magnetic field
inhomogeneities. Finally, the magnet and the performance of the r.f. coils are
controlled by a central computer system (Farrar and Becker, 1971; Gunther, 2013).

2.1.4.1 Spin Excitation and the Rotating Frame

Signal detection in NMR experiments is based on the perturbation of the system from
the equilibrium state. Energy is induced to the NMR system in the form of a
sinusoidal current produced by the r.f. transmitter coil. This oscillating r.f. field, B4, is
known as the r.f. pulse. By Faraday’s law of induction and after Euler’s equation, B,
in the laboratory frame (x, y, z) is described by:

B,(t) = By cos(w4t) iy + B; sin(w;t) iy. (2-12)

where B; is the magnitude and w, is the angular frequency of rotation of the B, field.
Eq.(2-12) indicates that B, on the laboratory frame can be viewed as two counter-
rotating components of the same amplitude B; and frequency w;.

To better explain the precession of the M, a new coordinate system called the rotating
frame (x’, y’, z') is introduced. The so-called B7 is viewed as stationary in the
rotating frame when it is on-resonance with B, as presented in Figure 2-3(a) and it
follows the precession of the M. The condition wy= w, is needed to disturb M from
its equilibrium state. Assuming that the r.f. pulse is applied only for ¢, time, the M is

moved out from the z'-axis by a flip angle, 6, given:

0 = wity =y Bity. (2-13)
(b) z (c) :
Bo ®o, ‘ B, W ‘
“~a M 1-3 ‘r""<f'--‘ M
L “ r Y & 13 A

Figure 2-3: lllustration of the effect of B, on M.(a) On resonance, the B} component of the initial
B, field appears static on the rotating frame. (b) When the B7 is turned off after ¢,,, the M is tilt out
from the z'-axis by a flip angle 6 and it precesses with w,.(c) The precession of the flipped M is
then viewed in the laboratory frame under the effect of B,,. The transverse component M, rotates
with w, and it gets detected by the receiver coil.

The signal is generated by the precession of the flipped M through the receiver coil.
In Figure 2-3(c), the flipped M precesses with a Larmor frequency w, in the
laboratory frame under the effect of the B|, static field. The signal is generated by

[8]
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detecting the precession of the transverse magnetisation component M, in the
laboratory frame.

2.1.4.2 Hard and Soft Pulses

When B, and B} are ‘on-resonance’ the so-called r.f. 90° pulse flips the
magnetisation by a 6 equal to /2. Respectively, the so-called 180° pulse, which is
also known as refocusing pulse, flips the magnetisation by a 6 equal to «. If the 90°
pulse has a short duration, typically in the order of microseconds, it can excite the
entire range of Larmor frequencies in the sample. This type of pulse is called a hard or
non-selective pulse. If the 90° pulse has a larger duration but a smaller amplitude B,
it will excite only a narrow range of frequencies 4f,,. These pulses are referred to as
soft or selective pulses and they are employed for slice selection or signal
suppression. The Af, excited by a Gaussian pulse of a ¢,, duration is defined as:

Af, = —. (2-14)

2.1.4.3 Signal detection

Laboratory spectrometers are usually equipped with receiver coils at the x-y plane.
This is why only the transverse M, component can induce an oscillating r.f. current at
wo Which is known as Free Induction Decay (FID) (Figure 2-4(a)). Both M,, and M,
components of the transverse magnetisation, presented in Figure 2-3(c), are combined
in a complex notation:

M, (t) = My (t) +i M, (t) (2-15)

The quadrature detector combines the NMR signal of Larmor frequency w, with a
reference signal of frequency w,..r, a process known as signal frequency conversion.
A signal, S,.(t), which oscillates with an offset Larmor frequency, 4w = wq- Wy, IS
generated and is given by:

S, (t) < M, sinf et 4@t gt (¢s+iw Ats) (2-16)

where M, is the highest amplitude of the magnetisation along the z-axis, ¢y is the
instrumental phase offset and At; is the signal delay due to signal propagation through
various electronic devices or due to finite-length r.f. pulses. The S,.(t) is multiplied by
exp {—i (s + Aw At,)}, a process known as phase correction. The phase-corrected
signal S(t) is then Fourier Transformed (FT) yielding the NMR spectrum, S(w). The
real part of the S(w) follows a Lorentzian distribution with a peak at the sample
resonant frequency w, as presented in Figure 2-4(b). The NMR spectrum is described
by the following equation:

[9]
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o

S(w) =f S(t) ei@tdt. (2-17)

(a) S(t) (b) S(w)
/2

Fourier Transform

>

—> g S
time frequency

Figure 2-4: Schematic of the free induction decay at a single frequency (FID) after the
implementation of a pulse (a) and the real part of the resultant NMR spectrum after FT (b).

2.1.4.4 Chemical Sensitivity

As described above, the resonance frequencies are measured relative to the frequency
of a reference sample. Local magnetic fields in a submolecular scale vary due to the
distribution of the electron cloud. Hence, in the same molecule, nuclei at two sites can
experience a different electronic environment and precess at different frequencies.
This effect is known as chemical shift and it is an extremely important tool in NMR
since it can provide information regarding the electronic structure of a molecule. In
NMR, the reference sample is usually the tetramethyl silane (TMS), and the chemical
shift values, &, in parts per million (ppm) are defined as:

_f— frus

) x 106, (2-18)

fTMS
where frus is the frequency of the TMS and f is the frequency of the nucleus of
interest.

2.1.5 Relaxation Mechanisms

When a system of spins is distorted from its equilibrium state, it is trying to recover to
its initial state following a process known as relaxation. The Bloch-Torrey equation
that describes the effect of B, on M and its relaxation in its equilibrium state is given

by:

dlzgt) =y M(t) x By(t) —R[M(t) — M,] (2-19)

where M, is the magnetisation vector along the z, z'-axis and R is the relaxation
matrix containing the longitudinal T; (along z-axis) and the transverse T, (on the x, y-
plane) relaxation times. The term R [M(t) — M,] represents the establishment of the
thermodynamic equilibrium with time. The T;, T, and T, relaxations are the most
common types of NMR relaxation. These time constants and the effect of local
susceptibilities are further analysed with reference to works by Callaghan (2014) and
Mitchell et al., (2010) except stated otherwise.
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2.1.5.1 Spin-Lattice Relaxation

The longitudinal or spin-lattice relaxation is described by the characteristic time T,
(Bloembergen et al., 1948). Solving Eq.(2-19) for the magnetisation component along
the z-axis, M,, after the implementation of a B; field gives:

M, () _ <Mz(t) - M0> (2-20)

dt T,

Two of the most popular techniques used for the T; estimation are the inversion
recovery and the saturation recovery. The inversion recovery sequence is described in
Figure 2-5(a). M, is studied under a range of t,;, and the detected signal is shown in
Figure 2-5(b). The curve of the detected signal is given by:

M), _q_ (L) i
/Mo =1-—2exp ) (2-21)
(a) ®) M,
T / 0
tvp 11
/| - -
i /Zl 2345 Yr,
© oy 2} T
FID detection

y

Figure 2-5: Schematic of the T, inversion recovery pulse sequence (a). Illustration of the signal
development from the application of the inversion recovery sequence (b). lllustration of the M
change during the inversion recovery sequence ().

T; measurement offers a guideline for the assessment of the optimum t, since M
requires at least 5 x T, until it returns to its equilibrium state.
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2.1.5.2 Spin-Spin Relaxation

Transverse relaxation demonstrates the loss of phase coherence among spins and is
characterised by the T, spin-spin relaxation time constant. The most common
technique for T, measurement is the modified Carr-Purcell-Meiboom-Gill (CPMG)
(Carr and Purcell, 1954; Meiboom and Gill, 1958) presented in Figure 2-6. The pulse
sequence starting with the implementation of the 90° pulse until the formation of the
first echo is also known as the spin-echo pulse sequence.

Solving Eq.(2-19) for the magnetisation component in the x, y-plane, the rate of
change of the transverse magnetisation, M, is defined as:

dM () My

2-22
dt T, (2-22)
The solution of Eq.(2-22) for the initial condition M, (t = 0) = M,, leads to:
M.(t), _ ( t )
=exp|—=]. 2-23
/Mo p T, ( )

In a CPMG experiment, a full signal decay is acquired for a constant echo time, t..p,,
but a variable number of echoes, N,.x,- In petrophysics, since the T, relaxation time
is very short, a single-shot CPMG experiment is routinely used. In the single-shot
CPMG one complex point in every echo is sampled, hence the N,.;, after which a
full signal decay occurs is observed (Mitchell, 2014).

2 . echo echo
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] H t i —_—

i L echo - ﬁm(‘

i Nefho
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Figure 2-6: Schematic representation of the CPMG spin-echo pulse sequence, the evolution of the
M and the change in the signal intensity detected by the receiver if the full evolution of the
magnetisation was recorded.
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In all the spin-echo sequences, t,.p, IS equal to twice the inter-echo time, t, and it
cannot be shorter than 50 times the duration of the 90° pulse.

T, is the effective spin-spin relaxation and it is prone to inhomogeneities of the B,
field (Hahn, 1950). As shown in Figure 2-6, if the precession of the isochromats after
the implementation of the 90x° pulse is measured, an FID signal decaying with T
time constant would be detected. T, can be measured with the simple pulse-acquire
sequence presented in Figure 2-7. T, is measured from the Full Width at Half
Maximum (FWHM) of the S(w) as:

1
T = ————— 2-24
> m FWHM (24)
G) S(w)

1

/2 FWHM = -
t nT,

exp|— T Fourier Transform
2
S Wy —_
time frequency

Figure 2-7: Schematic of the FID after the implementation of a 90° pulse showing the T, decay and
the resultant NMR spectrum after Fourier Transformation showing the calculation of the T, from
the FWHM.

Eq.(2-24) shows that the T, is susceptible to any distortion which can cause line
broadening of the real part of the S(w). More details regarding these distortions
follow below.

2.1.5.3 Relaxation in Porous Media

The relaxation of a fluid inside a porous media can be described by a general physical
model. According to this model, the relaxation process is governed by the intrinsic
bulk fluid process, the interaction between pore-wall and fluid (surface relaxation)
and the diffusion in the presence of internal gradients (Kleinberg et al., 1993).
Neglecting, for now, the effect of the internal gradients, both T; and T, relaxations
can be written as:

1 1 S,
— = + 1oL, 2-25
Ti2  Tiobuik P12 |4 ( )

where T; 251k 1S the relaxation of the bulk fluid, p; , is the surface relaxivity. For
most fluids, their intrinsic bulk relaxation is much longer compared to their relaxation
inside a porous medium (T , < Ty 2p01k). The bulk relaxation is controlled by fluid
properties such as chemical composition, viscosity, density and temperature (Schon,
2015). The second term represents the relaxation of the fluid molecules adsorbed on
the surface.
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The relaxation on the surface is divided into two separate processes; the relaxation
which occurs at all sites of the surface and the relaxation associated with
paramagnetic ion metals of the pore wall, as presented in Figure 2-8. The presence of
paramagnetic ions in the neighbourhood of protons produces local magnetic fields
which are known as ‘internal gradients’. The strong gradients generate susceptibility
contrast, 4y, between the fluid and the pore wall. These 4y (r)B, fluctuations can
lead to signal attenuation due to diffusion. The measured T, relaxation in the presence
of internal gradients is also referred as T ¢ .

Figure 2-8: lllustration of two mechanisms of the relaxation process in porous media. Gray
represents the mineral grains. The interaction of the water molecules confined in a pore body with
the paramagnetic centre of the pore wall position is shown at position (1). Diffusion of water
molecules due to local magnetic susceptibility at position (2). Adjusted from Daigle et al., (2014).

Ayx(r)B, have a severe effect on the linewidth of the NMR spectrum. Considering
AB, as the inherent inhomogeneity of the applied B, field, the T; can be written as:

1 1
—=—+yAyBy+vy4B,. (2-26)

When B is higher than 5 MHz, the effect of internal gradients is significant.

2.2 Basic Principles of MRI

As was explained above, NMR relaxation techniques obtain properties coming from
the whole volume of the sample, whereas MRI enables the acquisition of spatially-
resolved information. An overview of MRI theory is provided with references found
in Blumich, (2000); Callaghan, (2012); Gladden, (1994) and M. A. Bernstein et al.,
(2004).

2.2.1 Magnetic Field Gradients

Spatial information can be encoded into the magnetisation by applying a linearly
varying magnetic field, the so-called gradient field, G, in addition to the main B,. The
three gradient functions of frequency encoding, phase encoding and slice selection
achieve spatial localisation and are further explained below.
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2.2.1.1 Slice Selection Gradients

Slice-selection gradients are used in parallel with soft pulses to achieve the desired
spatial localisation. The slice-selection gradient is typically a constant gradient of
amplitude Gg;;.. Which spreads out the resonate spin frequencies along the direction
of the gradient. The slice-selection gradient relates Af, to the desired image slice of

thickness Az as:

2m Af,
)4 Gslice.

This equation shows that for a fixed soft pulse, thinner slices can be acquired by
increasing the magnitude of the slice-selection gradient.

(2-27)

Az =

2.2.1.2 Frequency Encoding

The frequency encoding gradient encodes the spatial information by spatially varying
the frequency of precession. The unique frequency of precession assigned to a spin at
the vector position r is given by:

w(r)=yBy+ yG-T. (2-28)

Eq.(2-28) shows that the frequency information contained in the S(w) is linearly
related to the spatial information along the G direction as presented in Figure 2-9.

Plates filled with water Time domain Spectrum
(a) — By
NMR spectroscopy  Hz0 f MP i ﬂ FT
(no gradients) ’ ’UU “‘Ml L
b
®) Projection
MRI L T
(gradient along the | WH ﬁ%ﬁw ‘m‘ T / \
horizontal w A 1y N\ L
direction) w

Figure 2-9: Schematic representation of a frequency encoding gradient applied on a system of two
plates filled with water. When there is no magnetic field gradient, the time variation of the signal
and its Fourier transform are presented in (a). The NMR spectrum will consist of one peak at the
Larmor frequency, w,. When a magnetic field gradient G is applied along the horizontal position r,
the Larmor frequenct becomes dependent on the system’s position in the standard domain as shown
in (b). The resulting frequency signal is called projection or 1D profile of the spin density. Adjusted
from Bernstein et al., (2004).

Figure 2-9(a) shows the conventional case of a system placed in a uniform magnetic
field B,. The FID as well as its FT do not present any spatial information. The
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spectrum is resonated at w,. When G is applied as shown in Figure 2-9(b), the spatial
information becomes linearly related to the frequency of precession and the FID
signal presents a range of resonance frequencies. Figure 2-9 is a good schematical
representation showing the difference between the NMR spectroscopy and the MRI.

2.2.1.3 Phase Encoding
Phase encoding is achieved by implementing a gradient lobe when the magnetisation

is in the transverse plane to create a linear spatial variation of the phase of the
magnetisation as shown in Figure 2-10.

(a) (b)
] A
> A Al A A
Phase-
—> —pi—p > enCOding |y
> IR YR IR

Figure 2-10: The local spins on the transverse plane are represented by arrows at the centre of 16
pixels (a). After the implementation of a 90° pulse, the isochromats have the same direction in each
pixel and the magnetisation vector has its maximum amplitude. (b) Then, the phase-encoding
gradient introduces phase variation at each pixel along the phase-encoded direction. Adapted from
Bernstein et al., (2004).

The phase gradient G of duration t, adds a local phase evolution (in radians), ¢(r,t),
to the transverse M, given by:

p(r,t)=yr -Gt, (2-29)

Assuming that relaxation and diffusion effects are negligible and the system is on-
resonance in the concept of the rotating frame, the detected signal is written as:

M, (r,t) = p(r) e’ ?™D, (2-30)
where p(r) is the local magnetisation density at r, which can also be written as

M, (r,0). In the case of a 3D MRI experiment, the signal element, dS, coming from a
volume dV at position r is proportional to the p(r) and can be written as:

ds(r,t) o« p(r) et @D gy, (2-31)

Neglecting the constant of proportionality, S(t) is given by the sum of signals
originating from the nuclei at all positions r and is determined as:
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S(t) = f f f p(r) ete™d qr, (2-32)

where dr represents volume integration and is used instead of dx dy dz. In most MR
experiments, the phase encoding is used with the cartesian k-space sampling to
acquire spatially-resolved information and is applied orthogonally to the frequency-
encoded direction as will be described below.

2.2.2 k-Space

From the early days of the MRI, S(t) was related to trajectories that evolve in the 2D
or 3D space using the FT. The FT variables were given the symbol k and the 2D or
3D domain of trajectories was called k-space. As first stated by Mansfield and
Grannell, (1973), in analogy with the physics of diffraction the reciprocal space vector
k (in m?) is given by:

- )
k= 5 Gt. (2-33)
Comparing Eq.(2-29) with Eq.(2-33), it can be deduced that the vector k can be
written as the spatial rate of change in the phase accumulated by the stationary spins

as a result of the applied gradients. In other words, the vector k can be defined as:

1
k= — . 2-34

Incorporating Eq. (2-34) in Eq. (2-32), the acquired NMR signal in the k-space
domain, S(k), is defined as the Fourier transform of the local spin density p(r),
written as:

S(k) = J j f p(r)e?™ T dr. (2-35)

Implement an inverse Fourier transform on the S(K), the local magnetisation density
at location r is given by:

p(r) = f j j S(k)e~2mkT g (2-36)
showing that S(k) and p(r) are a mutually conjugate Fourier transform pair.

2.2.3 Nyquist Theorem

According to the Nyquist theorem, the spectrum of a discretely sampled signal is
replicated in the Fourier conjugate domain. In other words, if the signal is sampled at
a dwell time At, the Fourier transform of the sampled signal is replicated at intervals
1/At. If the frequency bandwidth of the spectrum, f;, is greater than 1/A4t, signal
aliasing will occur since the replicates will overlap. Signal aliasing can be prevented
by windowing the spectrum bandwidth before sampling so that f, < 1/4t. The
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threshold frequency of 1/At is also known as Nyquist frequency (Hennig, 1999;
Nyquist, 1928).

The Nyquist theorem is applied in both the phase and the frequency-encoding domain.
The interval of readout points in the k-space domain, 4k, is related to the temporal
Nyquist sampling requirements as:

1
~ FOV’
where FOV is the Field-Of-View in the real space domain. In the frequency-encoding

domain, At is also known as the duration of each step in the readout lobe. In this case,
the Nyquist theorem is expressed as:

Ak (2-37)

FOViyeq = — 2-38
freq — Y G At’ ( )
while in the phase-encoding domain the Nyquist theorem is described as:
2m
FOVphase = m: (2-39)

where AG is the amplitude and t is the duration of the G phase-encoding gradient. If
the Nyquist theorem is breached in the phase domain, replicates of the sample will
appear in the image. To avoid these wrap-around artefacts the phase-encoding
gradient lobe has the same shape (in this thesis trapezoid) and duration in each step.

2.2.4 Resolution in MRI

N, phase-encoding gradients of different amplitudes need to be used to obtain N,
points along its direction. The full extent of the k-space will be described by:

Ne 1
FOV Al

where k.4, 1S the Fourier conjugate k-data obtained using the gradient of largest
amplitude and Al is the image resolution, in other words, the pixel size after FT. N is
also called matrix size along the direction of the chosen FOV. High values of Al mean
low spatial resolution.

Ny - Ak = 2 kypgy = (2-40)

The coordinates in the k-space domain depend on the phase angle as shown in
Eqg.(2-34). As a consequence, the maximum achievable resolution in an MRI
acquisition is limited not only by the specifications of the MRI system but also by
mechanisms that affect the phase of the signal (Hennig, 1999). Some physical
properties that influence the phase of the signal are the T, relaxation, the local
magnetic susceptibilities Ay (r) and the diffusion through internal gradients. These
physical properties cause broadening of the linewidth and signal attenuation. More
information regarding the effect of these physical properties on the resolution can be
found in the literature (Gladden, 1994).
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2.2.5 k-Space Trajectories

In most clinical applications, the k-space is visualised as a rectangular and normally
even square grid in which each dot represents a sampling point in the k-space. All the
lines in the raster, also known as Cartesian raster, are parallel and equidistant in the k-
space. The Cartesian raster of an even number of equidistant k-space data enables the
use of fast FT (FFT) which reduces the reconstruction time of an image. The k-space
trajectory is the path formed by k-points and it illustrates the acquisition strategy. The
first ‘vehicle’ for travelling along each line of the k-space is the frequency-encoding
sequence. The second ‘vehicle’ for travelling between lines is the phase-encoding
gradient lobe.

2.2.6 RARE

One of the most used techniques in this thesis is the RARE sequence (Hennig et al.,
1986). RARE employs an r.f. excitation pulse followed by a train of refocusing pulses
which produce a train of spin echoes. Each spin echo is spatially-resolved so that
multiple k-space lines are sampled.
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Figure 2-11: Schematic representation of the 2D RARE sequence (a) and the Cartesian raster
showing the k-space trajectories transversed and sampled during the data acquisition (b). A soft 90°
pulse is applied in parallel with a g ;.. slice-selective gradient to flip the magnetisation within the
selective slice into the transverse plane. Then, the prephasing lobe of the frequency-encoding
sequence (g eqq; red arrow) is applied moving the magnetisation to the right-hand side of the raster
at (+Kkreqqamax, 0)- Then, a refocusing pulse (orange arrow) inverts the magnetisation to the left-
hand side of the raster at (—k;¢qq max, 0). The first phase-encoding gradient (gpqse; green arrow)
moves the magnetisation at the bottom left-hand corner of the raster at (—k,cqqmax» —Kphase,max)-
The bottom k-space line is sampled by implementing a readout frequency-encoding gradient
(Greaas blue arrow) along the first echo and then the second phase-encoding gradient (g, pnase;
purlple arrow) of same amplitude but opposite polarity compared to the first, returns the
magnetisation at the right-hand side of the raster at (+k; g4 max, 0)- At this point the second 180°
pulse is applied and the same process is repeated for a pair of bipolar phase-encoding gradients of
smaller amplitude (g,nqse; 9reen and purple dotted arrow). The second echo of lower intensity is
sampled using a readout frequency-encoding gradient (g,..q4; blue dotted arrow) and the process is
repeated until N,.,, k-space lines are sampled. The intensity difference between consecutive
echoes in the formed echo train illustrates the T, decay. The echo time ¢, is defined as twice the
interecho time .
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Figure 2-11 illustrates how the frequency-encoding, phase-encoding and slice-
selective gradients are combined to sample quickly the full k-space in a Cartesian
raster in the 2D RARE sequence.

In the case of a 3D acquisition, the soft excitation pulse is replaced by a hard 90°
pulse and the slice-encoding gradient is replaced by one phase-encoding gradient
Yphase2- The 3D RARE sequence used in all the imaging experiments of this thesis is
shown in Figure 2-12.
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Figure 2-12: Schematical representation of the 3D RARE pulse sequence.

2.2.6.1 Suppression of the Artefacts Arising from the RARE Sequence

The echoes produced during the train of refocusing pulses are generally not in phase
due to system imperfections such as nonideal 180° pulses or eddy currents. This phase
inconsistency can cause ghosting. Applying coherent successive pulses and shifting
the phase of the 180° pulse train by 90° compared to the phase of the first 90° pulse
leads to echoes of the same phase (Meiboom and Gill, 1958). Implementing the
modified CPMG in the RARE sequence ensures that the echoes will occur at the
desired position in the pulse sequence and that they will carry the same phase.
Calibration of the flip angle of the refocusing pulse train can stabilize the echo train
amplitude reducing further ghosting and blurring artefacts. Blurring in RARE can also
occur due to T, decay. The larger the echo train, the more vulnerable the system
becomes to blurring. It is therefore important to carefully choose the N, for each
excitation. Ghosting and blurring artefacts can also be eliminated by phase correcting
the data during image reconstruction. One way of phase correcting the data is by
estimating the phase of the central k-space data. It is considered that at the centre of
the k-space, the phase distortion is minimum. Therefore, the phase of that k-point is
used to phase correct all the k-space data before reconstruction.

Except for ghosting, other types of artefacts present in 3D images are truncation
artefacts. Truncation artefacts can arise from insufficient spatial resolution which
cannot reproduce spatial variations. It is often found near sharp edges. The truncation
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is equivalent to multiplying k-space data by a rectangle function. One solution to
reduce the effect of truncation is to decrease Al. Another method is to window the
sampled k-points prior to FT at the expense of the spatial resolution. Several types of
window functions have been proposed. The Gaussian window function is the most
efficient for the suppression of artefacts in 3D data sets (de Kort et al., 2018a; Harris,
1978).

Other types of distortions can arise from the spectrometer’s imperfections. These
imperfections can be suppressed by applying appropriate phase cycling. Since the
experiment is repeated several times, the increment (scan) phase of the r.f. pulse is
altered. The resultant signals from each scan are combined in a way that eliminates
the unwanted distortions. CYCLOPS is one of the most popular phase cycling
techniques and is designed to erase amplitude and phase errors related to quadrature
detection (Hoult and Richards, 1975). All these techniques have been applied for the
suppression of distortions in the data acquisition and processing of this thesis.

2.2.7 SNR in NMR and MRI

The peak in an NMR spectrum or the structure of the sample in an MR image cannot
be observed if the achievable Signal-to-Noise Ratio (SNR) is not acceptable. SNR is a
metric of the quality of the NMR or MRI experiment. Developments in the r.f. coil
design and higher B, field improve significantly the SNR of the obtained data.
Another way for improving the SNR is by increasing the number of scans, N;. The
SNR is increased proportionally to VAt (Redpath, 1998). In MRI, SNR is proportional
to the Al along each direction and to the square root of the experimental time. In other

words, SNR is increased proportionally to the v/, and the /N, along each direction
(Edelstein et al., 1986).

2.3 Basic Principles of MRI in Translational Motion
2.3.1 Self-Diffusion

The term diffusion is deliberately used to describe both mutual and self-
(translational) diffusion. The driving force in mutual diffusion is the concentration
gradient, while in self-diffusion the thermal fluctuations (Willis et al., 2016). The
random walk of molecules in self-diffusion is a stochastic process also known as
Brownian motion and is described by the self-diffusion coefficient, D;(Uhlenbeck and
Ornstein, 1991). NMR has been employed to study D, by analysing the relaxation
data and by using Pulsed-Field Gradient (PFG). The relaxation method requires
several assumptions, while PFG-NMR has been deliberately used estiamating the D,
(Price, 1997).

2.3.2 PFG-NMR for Studying Translational Motion

The Pulsed-Gradient Spin Echo (PGSE) sequence, introduced by Stejskal and Tanner
(1964), is illustrated in Figure 2-13(a). A phase encoding gradient of duration § is
used to label the motion of molecules by assigning a ¢ to each spin. At the end of the
first 7, a 180y° pulse is applied to inverse the direction of the spins. The 180y° pulse is
followed by a second identical gradient. The time between the first and the second
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gradient is known as the observation time, 4. If there is no translation motion, the
phase effects of the gradients are cancelled out leading to full signal recovery as
shown in Figure 2-13(b). However, if there is a translational motion to a new r’
position, the net phase shift is:

p(r)=y @ —1r)-G64. (2-41)

PFG-NMR is used to monitor both coherent (flow) and incoherent (diffusive) motion.
In the diffusive motion, the echo signal presents an attenuation due to the average of
all the random phase shifts (incoherent distribution of phase shifts) as shown in
Figure 2-13(c). In the case of directed flow, the detected signal intensity is reduced
due to the net phase shift of the isochromats as presented in Figure 2-13(d)
(Callaghan et al., 1988).
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Figure 2-13: Schematic representation of the PGSE pulse sequence (a) in parallel with the spin
phase change when there is no translational motion (b), when there is motion due to diffusion (c)
and when there is motion due to flow (d). Adapted from Price, (1997).
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2.3.3 Conditional Probability, Echo Attenuation and Q-Space

Assuming an isotropic self-diffusion coefficient, D, the mutual diffusion is driven by
the flux of particles due to a concentration gradient described by Fick’s second law:

ac(r,t)
at

where c(r, t) is the local concentration. The self-diffusion is driven by Brownian
motion and is described by the probability that a particle needs to transit from r to r’
intime t. P(r|r’, t) is known as Conditional or Markovian probability. Einstein
proved that the probability density can replace c(r, t) in Eq.(2-42) leading to:

= D, VZc(r,t), (2-42)

dP(r|r',t)
ot
Eq.(2-43) is solved by considering a Dirac, &p, probability, giving (Stilbs, 1987):

1 (r' —r)?
(JaaD o) <_ 4Dt )

As first stated by Callaghan et al., (1988), in analogy with the neutron scattering the
reciprocal space vector g (in rad m™) for moving spins is given by:

= D, V2P(r|r, t). (2-43)

P(r|r',t) = (2-44)

q=7G3d. (2-45)

Removing the relaxation effects by implementing the normalisation process, the
amplitude of the echo at its centre is given by (Karger et al., 1988):

E(q,t) = fﬂ p() P(r|r',t) et "= gy’ ar. (2-46)

2.3.4 Restricted Diffusion

Although Dy is independent of the chosen 4, diffusion becomes dependent on the time
when spins are confined in a pore system (Latour et al., 1993). Neglecting the
relaxation on the pore wall, the displacement in the case of restricted diffusion is
written as r(4) — r(0) and the effective diffusion coefficient as D, . If 4 is not long
enough, spins will not collide with the boundary, hence D, ¢ is equal to D. This is
known as short-time (ST) or free diffusion regime and is characterized by I, < d,,

where 1, is the diffusion length and is equal to \/D,A4. If 4 is finite, a fraction of
molecules will feel the effect of the boundaries. If 4 is too long, molecules will be
able to sample the whole volumet of the sample. More details about the restricted
diffusion regimes can be found in the literature (Mitchell et al., 2013a; Scheven and
Sen, 2002).
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2.3.5 Techniques for Measuring Restricted Diffusion in Porous
Media

Implementing rectangular gradients of duration § as shown in Figure 2-13 has
several advantages such as no-line broadening in the spectrum, measurement of short
D. s and separation between the diffusion and the T, relaxation effects on the echo
signal (Price, 1997). In the low-q limit, D, is equal to the apparent diffusion, D, ,
of the whole porous medium. Since porous media suffer from fast T, relaxation,
stimulated echoes were integrated into the PGSE (Tanner, 1970). To reduce even
further the effect of diffusion through internal gradients, bipolar gradients were
employed to develop the 13-interval sequence, also known as Alternating Pulsed
Gradient Stimulated Echo (APGSTE), shown in Figure 2-14 (Cotts et al., 1989).
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Figure 2-14: Schematic representation of the APGSTE sequence which combines bipolar phase-
encoding gradients with stimulated echo to detect the diffusion and flow of spin in complex porous

systems with strong internal gradients and short T, relaxation times. Homospoils are indicated by
the small grey rectangles and the readout lobe by the large grey rectangle.
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3.1 Introduction

The first MRI image was published by Lauterbur, (1973) who acquired 2D images of
water in tubes using projection imaging. Since then high-quality superconducting
magnets have been coupled with improvements in electronics, computing and novel
image processing techniques leading to images of higher quality. Quantitative
information such as liquid concentration, flow and diffusion can also be derived from
clinical MRI (Glover and Mansfield, 2002). Further, the applications of MRI have
now expanded to plant biology, food, polymers and porous media with a big focus on
petrophysics (Mitchell et al., 2014; Scheenen et al., 2000; Shutang et al., 1995).

In order to extract reliable petrophysical information from MRI images and flow
measurements, significant processing of the acquired data needs to be performed. This
is because the MRI data are often corrupted by noise and interference leading to
artefacts in the measured images or errors in the calculated values (Andris and Frollo,
2016). To assess the accuracy of the results, the noise level and the noise variance
need to be addressed to determine the quality of the image and the consistency of the
image processing technique (Coupé et al., 2010). Accurate modelling of the signal
and noise statistics has been used to assess the randomness of the noise across the
image (Aja-Fernandez and Tristan-Vega, 2013). The level of noise affects the SNR
which can result in quantitative errors (Macovski, 1996). Hence, image enhancement
techniques have been implemented for contrast enhancement and image quality
improvement (Senthilkumaran and Thimmiaraja, 2014). Since noise reduces the
sensitivity of the instrument, the observation of ultra-slow flow in complex porous
media such as low-permeability rocks becomes difficult. To overcome all these
challenges, analysis of the background noise and intensity thresholding have been
implemented in the structural images and the flow maps acquired in this thesis
(Brummer et al., 1993).

To speed up the acquisition time, MRI systems often subsample the k-space covering
local phase distortions. This under-sampling of the k-space data imports aliasing
artefacts in the real space image after the application of FFT in the raw data.
Therefore, several reconstruction techniques have been studied (Aja-Fernandez and
Tristan-Vega, 2013; Donoho, 2006). In this thesis, the compressed sensing approach
has been chosen as the most adequate reconstruction technique for the experimental
requirements.

In this chapter, the technique for the acquisition of the optimum under-sampling
pattern will be described. Then, the compressed sensing reconstruction and the
optimisation of the regularisation parameters are described. Last but not least,
denoising techniques that are relevant to this thesis for the MRI images, velocity maps
and propagators are discussed.
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3.2 Under-Sampling in 3D RARE

The main imaging technique that was used to acquire spatially resolved 3D images
was the 3D RARE. Hard pulses were employed instead of Gaussian-shaped pulses as
presented in Figure 2-12 (Hennig et al., 1986). The advantage of using hard pulses is
that shorter 7, can be applied, decreasing the signal loss due to T, relaxation. RARE
has several advantages over other fast imaging techniques described in the literature
(Xiao and Balcom, 2012). The uniform rectilinear k-space sampling enables the
combination of RARE with CS since the magnetization is always returned at the
centre of k-space. The combined approach of CS with RARE is known as the CS-
RARE sequence and aims to reduce the acquisition time by giving quantitative results
with high structural quality (Donoho, 2006; Lustig et al., 2008, 2007). CS-RARE
imaging has already been applied by Ramskill et al., (2016). However, the under-
sampling pattern and the reconstruction process were not optimal.

3.2.1 Under-Sampling Patterns

For RARE imaging, the density sampling pattern is applied to the k4.1 and

K, hase2 dimensions, whereas the k,...q lines are fully-sampled (de Kort et al., 2018a).
RARE implies k-space sampling on the Cartesian grid and a simple inverse FFT is
required for image reconstruction (Lustig et al., 2008). The highest intensity k-space
points are usually in the central region of k-space and contain information about the
contrast and the SNR of the real space image. The periphery of the k-space presents
lower energy, including information about the spatial details of the real space image.
Lustig et al., (2007) recommend a variable density sampling pattern based on the
probability density function (pdf). This pseudo-random sampling scheme results in
incoherent aliasing artefacts but a sub-optimal choice of the constant can decrease the
quality of reconstruction.

This is why data-driven sampling strategies involving learning from MRI data have
been adopted. Since the intensity of the k-space data contains information about the
morphological structure of the real space image, the fully-sampled k-space can be
used as input for the selection of the optimum sampling pattern. Karlsons et al.,
(2019) developed the so-called uCT-VDS method which takes as input a uCT image
and results in a relatively large fully-sampled central region. All the sampling patterns
in this thesis were generated using this strategy having as input a fully-sampled MR
image of 437.5 um pixel™ isotropic resolution instead of a pCT image. This method
can be referred to as MRI-VDS. The steps followed can be summarised as:

1) Obtain the MRI input image. A fully-sampled MR image is obtained. The k-
space data are then phase-corrected with the angle of the highest intensity
point (centre of k-space) and then the intensity of all the k-data is integrated
along the read direction.

2) Obtain a pdf. The 2D k-space data are radially averaged to the corner of the
raster creating a 1D k-space array. Considering that Ny, is the number of
elements in each direction of the 2D k-space raster of the reference image, the
length of the obtained 1D array is equal to the round number of Ny, 45 /2 V2.
The 1D array is interpolated through a 2D mesh grid to form the 2D pdf,
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including the central k-point with an intensity of 1. The number of elements in
each direction of this 2D pdf is equal to 2 Np,p45¢ /2 V2 + 1 and the grids

outside the radius Nppgse /2 2 are replaced by 0. This is known as azumuthial
averaging process and the obtained 2D pdf represents the magnitude
distribution of the k-space for any porous medium.

3) Cropping of the pdf. The generated 2D pdf is then cropped homogeneously
around the central area of the highest intensity k-points to the desired matrix
size, i.e. to the size of the final under-sampled image.

4) Scaling the pdf. By setting all the intensities higher than 1 to be equal to 1 and
implementing a weighted parameter towards the centre of the k-space, a scaled
2D pdf is generated. The scaled 2D pdf presents a fully-sampled central region
and its integral is equal to the number of k-space points that need to be
acquired for the chosen under-sampling rate.

5) Sampling point selection. Monte-Carlo simulation is employed to generate the
final 2D logical matrix that represents the sampling pattern. More precisely, in
each loop, a Cartesian grid of the same size as the scaled 2D pdf is created
with uniformly distributed random numbers. The 2D logical matrix has the
same size as the scaled 2D pdf and the value of a square becomes equal to 1
when the value of the scaled 2D pdf in the adequate square is higher than the
randomly generated value. The loop is completed when the desired sampling
rate matches the result of the random point selection procedure. This loop is
repeated more than 1000 times and the sampling pattern with the greatest
incoherence is chosen as the optimum. The incoherence is estimated using the
density-compensated Point Spread Function (PSF) as detailed in Lustig et al.,
(2007).

The same process was followed to obtain the sampling pattern for the under-sampled
+qg and -q phase images in the 3D velocity mapping.

3.2.2 k-Space Sampling Trajectories

A k-space sampling pattern shows which data points in the k-space raster need to be
sampled to achieve the optimum qualitative and quantitative result after
reconstruction. Figure 3-1(a) shows a typical sampling pattern that has been used in
CS-RARE acquisition for a sampling fraction of 0.25. However, it does not indicate
the trajectory followed to acquire these k-points. In this project, the sampling
trajectories used for all the 3D CS experiments are based on the previous work by
Ramskill et al., (2018). The most popular trajectory of sampling is the Scheme A
trajectory presented in Figure 3-1(b) for a N,.,,=32. In Scheme A the edges of the k-
space are sampled first and the centre of the k-space later. In contrast, the Scheme B
trajectory presented in Figure 3-1(c) is based on the sampling of the central k-point
first while the edges are sampled at the end of the echo train. The reconstructed CS-
RARE images acquired with Scheme A present a better contrast, but a larger T,
relaxation weighting compared with the CS-RARE images acquired with Scheme B.
Consequently, the CS-RARE images acquired with Scheme B present better SNR and
have been proved quantitative when measuring relative saturations. In this thesis,
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Scheme B has been used for the first time in the acquisition of 3D CS phase-contrast
and propagator data.
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Figure 3-1: (a) Variable density k-space sampling pattern for an under-sampling fraction of 0.25 in
both k, and k,, directions. The white pixels correspond to the sampled k-space data. Scheme A(b)
and Scheme B(c) trajectories for the k,, with an echo train length of N,,,=32 for the 1% (solid black
line), 37" (dashed red line) and 73" (last) (dotted blue line) echo train.

3.3 Under-Sampling in 3D Propagators

The under-sampling strategy used for all the 3D propagators acquired in this thesis
using the APGSTE-RARE sequence was developed by de Kort et al., (2018). In short,
the 2D pdf function was generated from a fully-sampled MRI as described from step 1
until step 3. The 2D pdf was then replicated for each g-space point forming a 3D pdf.
The g-space is the result of the 1D propagator obtained with the APGSTE sequence
under the same conditions as the 3D propagator. A Gaussian window function was
then implemented on the 3D pdf. Then, a sampling pattern was applied to the 3D pdf
weighted towards the centre of both k and g-space as shown in Figure 3-2. There are
two constraints for implementing this strategy of under-sampling. The first is that for
each g-space point, the number of k... data points should be a multiple of the
number of odd and echo pairs, hence of the N,;,/2. The second constraint is that the
sampling pattern in the q, kpqs.-dimensions should be symmetrical around g=0 m*
and the central g-point should be sampled. The Monte-Carlo simulation described in
step 5 is modified for these constraints and the sampling pattern with the greatest
incoherence is chosen after 1000 iterations. In these iterations, the sampling rate is
modified to approximate the desired value for the optimum PSF.
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Figure 3-2: Variable density k-space sampling pattern in the two phase-encoding dimensions (a),
k, and k,, and in the k, and g-dimensions (b) for a sampling fraction of 13%.

3.4 Compressed Sensing Reconstructions

The final step is to reconstruct the acquired under-sampled k-space data. All CS
reconstructions in this thesis were performed using an in-house Matlab toolbox,
Object-Oriented Mathematics for Inverse Problems (OOMFIP), for which the
implementation is presented by Benning et al., (2014). In this thesis, Total Variation
(TV) is employed as the appropriate regulariser for the image reconstruction and has
demonstrated a good reconstruction quality in structural images (Karlsons et al., 2019;
Ramskill et al., 2016), velocity images (Benning et al., 2014; Holland et al., 2010) and
spatially-resolved propagators (de Kort et al., 2018b) due to its edge-preserving
properties and the isotropic regularisation. The Tikhonov regularisation scheme used
in this thesis is written as:

1
n : _ n-1 __ 2
mgg € arg n;lrlln {2 “y Su:Fulnllz + a](m)} ’ (3_1)

yr=y"1'+y-S,Fmf,

where mg is the reconstructed image, m is the complex image which should be
recovered from the noisy sub-sampled k-space data, y the sub-sampled k-space data,
S, the sampling pattern, F, the linear operator for the discrete 2D FT, ] the
regularisation functional, « is a positive regularisation parameter that balances the
weight between the fidelity and the regularisation term. Bregman iterations enhance
image contrast by solving Eq.(3-1) n times. Although Bregman iterations increase the
reconstruction time, they can improve significantly the image quality

3.4.1 Optimisation of Image and Velocity Map Reconstruction
Parameters

To quantify the quality of the CS reconstructed image, mg, with respect to the fully-
sampled reference image, mgg, two standard image quality metrics are defined. The
Peak Signal-to-Noise Ratio (PSNR) measures the error between the reconstructed and
the reference image as:
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(3-2)

max|mgg|)?
PSNR(mcs, mgs) = 1010g10< (max|mes)) )

”mCS - mFS”%/Nvox

where N, is the number of voxels in the image. Higher values of PSNR correspond
to better quality reconstructions. The Structural Similarity Index (SSIM) is a robust
metric of the structural differences between the reconstructed and the fully-sampled
image. The Local SSIM (LSSIM) is given by:

(ZMmCSHmFS + Cl)(ZO-mCSO-mFS + CZ)
(nulzncs + nulznps + Cl)(O-I%lcs + O-I%IFS + CZ) '

where u,, and a,, are the mean and standard deviation of the image intensity in a local
Gaussian window and constants C (C; = (0.01 max|mgg|)? and C, =

(0.03 max|mgg|)?) are used to avoid instabilities. The global SSIM is derived by
averaging the LSSIM over the whole image area. A perfect reconstruction would give
an SSIM=1 (Wang et al., 2004).

LSSIM(m¢s, mgs) = (3-3)

In this thesis, a fully-sampled and an under-sampled image with a 0.25 sampling
fraction were always obtained at the beginning of the experimental procedure. The
under-sampled image is reconstructed for ten different values of ¢ € {0.001, 0.0043,
0.0084, 0.01, 0.03, 0.05, 0.08, 0.1, 0.126, 0.18}. Each a value was varied for one up
to fifteen Bregman iterations. The final PSNR and SSIM coming from an under- and a
fully-sampled 3D RARE image for an Indiana limestone sample are illustrated as 2D
bar plots in Figure 3-3.

0.8

0.6

SSIM

0.4

0.2

Bregman It. Bregman It. - ' a

Figure 3-3: 2D plots for PSNR and SSIM for reconstructed CS-RARE images using ten different «
values and one up to fifteen Bregman iterations.

Figure 3-3 shows that for each value of a the Bregman iterations improve
significantly both the PSNR and the SSIM metrics. In addition, for the small values of
« from 0.001 up to 0.08 and varying the Bregman iterations from 1 up to 15, a plateau
of high PSNR and SSIM is observed. Isolating that area and fitting a fifth-order
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polynomial surface to the data leads to the optimum « and Bregman values as
indicated by the red sphere in Figure 3-4.

0.6

PSNR

15

0 o Bregman It. 0 «a

Bregman It.

Figure 3-4: Polynomial fitting to the plateau area observed in the 2D plot in Figure 3-3 for PSNR
and SSIM and optimum « and Bregman value (red sphere).

Figure 3-4 shows that the PSNR and the SSIM present their optimum value for a
similar a value. The optimum a comes from the mean of these two values and is
equal to 0.00867 for that CS process. The optimum Bregman for PSNR is 3 while for
SSIM is 6. The highest value of Bregman iterations is chosen as the optimum since
Bregman only improves the contrast of the image. The logic behind surface fitting in
a plateau area of high PSNR and SSIM is that most of the systems studied in this
thesis are dynamic. Therefore, it is not possible to acquire fully-sampled images for
each dynamic stage and repeat the process described above. By choosing a and
Bregman in the plateau area, we know that each reconstructed CS-RARE image will
present a high enough PSNR and SSIM.

The same procedure is followed for the optimisation of the @ and Bregman
regularisation parameters in the CS velocity mapping. As will be described in Chapter
4, velocity maps are calculated by four different complex images; an odd and an even
image of the positive +q point and an odd and an even image of the negative -q point.
The PSNR and the SSIM 2D plots are created for all these four images separately.
The optimum a comes from the mean of all the a values estimated by each
polynomial fitting. The highest value of Bregman iterations is chosen as the optimum
Bregman.

3.4.2 Optimisation of Propagator Reconstruction Parameters

The acquisition of fully-sampled propagators with the APGSTE-RARE sequence is
time-consuming (~ 4 d). As a result, Morozov’s discrepancy principle is used to
optimise the parameter « for one Bregman iteration (Morozov, 1965). Considering
that m is the complex noisy spatially-resolved propagator and mcg is the
reconstructed propagator, Morozov’s discrepancy principle is written as:
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mg € arg main](m) subject to ||S, F,m — y||, < g,/ Ni. (3-4)

The inequality constraint invokes that there is consistency with the sampled q, k-
space data. In practice, several CS propagators for different a values are reconstructed
and the optimum « is chosen as the maximum « that satisfies Eq.(3-4).

3.5 Denoising Procedures
3.5.1 Distribution of Noise in MRI Images

The spatial distribution of noise in MR images was initially studied by Murphy et al.,
(1993) by comparing the noise variance between matched images of the same object
and it was later modelled by Aja-Fernandez and Tristan-Vega (2013). It is assumed
that the real and the imaginary parts of a signal are corrupted by a white additive
Gaussian noise (i.e. zero-mean uncorrelated Gaussian noise) when it is measured from
a quadrature detector. This Gaussian noise follows a Rician distribution in magnitude
images and is given by:

IM . 5o, (AIM
pm(IM) — ?e (IM“+A%) /205 IO ( — >'
n n

(3-5)
where A is the original voxel intensity without the presence of noise, I, is the zeroth-
order Bessel modified function, a,, is the standard deviation of the Gaussian noise in
the real and imaginary images and IM is the measured voxel intensity or the
magnitude of the complex number corresponding to each voxel. the shape of the
Rician distribution changes a lot as indicated by Eq.(3-5). The SNR is defined as
A/a,. This model is adopted by the majority of noise estimation methods which can
be divided into two categories; the background-based and the object-based methods.

The first category focuses on the background area of the image where the signal is
usually considered as zero, i.e. SNR = 0. For this area, the Rician distribution is
converted into a Rayleigh distribution described by:

IM 2 /0 2
py(IM) = ?e"M /207 (3-6)

n

Based on the properties of the Rayleigh distribution, the mean y;, and the variance o/
of the noise in the background can be related to the g, as:

T
Up = \/; On (3.7)

The Rayleigh distribution model can fail when ghosting artefacts are present or by
implementing wrong filters or suppressing the signal (Coupé et al., 2010).
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The second approach is valid only when the signal intensity in the area of the sample
is high (SNR > 2). In this approximation, the Rician distribution can be well
approximated by a Gaussian curve defined as:

(im — /A2 + a,%)z
sexp| — .

21 02 2 07

pm(IM) = (3-8)

Other approximations using the Median Absolute Deviation for the measurement of
the Gaussian noise have been studied, but are beyond the scope of this thesis (Aja-
Fernandez et al., 2008; Coupé et al., 2010; Gudbjartsson and Patz, 1995).

3.5.2 Automatic Background Thresholding

For the quantification of the MRI data reported in this work, it is important to define a
background intensity threshold which will allow us to mask the background and the
low-intensity voxels where noise is dominant. A method for automatic threshold
determination is employed to generate an intensity threshold mask. This mask is
generated for all the structural images as well as the 3D velocity and propagator data.
According to Brummer et al., (1993), a least-square fit of a scaled Rayleigh curve can
be fitted to the histogram of the lowest grayscale values using the Levenberg-
Marquardt minimisation algorithm given by:

IM, IM 2
Z (hist(IM) —K?e‘“‘/’z/z"%> , (3-9)
IM=0 n

where hist(IM) is the curve from the histogram of the magnitude image, K is a
scaling factor and IM.. is the cut-off intensity value. Searching for the first local
maximum, a first estimate of g, is acquired. The first cutoff value is defined as 2 a,,.
The best fit for the Rayleigh function is denoted as ral(IM). To find the optimum
threshold value, a bimodal distribution is generated as:

fun(IM) = hist(IM) — ral(IM), (3-10)

where fun(IM) is the function representing all the non-background voxels.
Minimising the &, error term given by:

IM/—1 0
g = Z Fun(IM) + z ral(IM), (3-11)
IM=0 IM=IM_,

leads to the optimum IM, value (Zhan and Zhang, 2019).

3.5.3 Experimental Results of the Automatic Background
Thresholding

Initially, the automatic background thresholding was applied to a 3D RARE fully-
sampled image with Scheme B sampling trajectory and 437.5 um pixel™ resolution of

[33]



Chapter 3

Digital Image Processing

a bead pack filled with water and borosilicate spheres of 4 mm. This is an ideal
porous model with a significant partial volume effect. This effect is a common source
of error and is caused due to limits in image acquisition which blurs the transition
between phases and features. In the presented system, the resolution of 437.5 um
pixel™ enables pore-scale analysis which results in an important partial volume effect.
That means that several voxels contain both the fluid and the solid phase of the bead
(Tang et al., 1993). Figure 3-5(a) presents the area of the partially- and fully-filled
voxels in the histogram of the image. Figure 3-5(b) shows the Rayleigh fitting from
Eq.(3-9) and the first cutoff value at 2 a,,. Then, Figure 3-5(c) indicates the optimum
IM, coming from the minimsation of the error term ¢, in Eq.(3-11). Finally, Figure
3-5(d) differentiates the cropped area corresponding to background noise (light blue)
and the histogram of the voxels that belong to the sample (red area).
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Figure 3-5: Steps of automatic background thresholding for the fully-sampled 3D image of a bead
pack filled with water and 4 mm borosilicate beads. Histogram of the grayscale intensity images
(a), Rayleigh fitting to the histogram of the background data and first cut-off (yellow line) at

2 0,,(b), optimum cut-off value from the improved Otsu algorithm (c) and histogram after
implementation of the optimum threshold intensity mask separating the background and low-
intensity data (blue area) from the important data of the sample (red area) (d).

3D RARE fully-sampled images following the Scheme B sampling trajectory with
437.5 um pixel™ resolution were obtained for more complex porous media. Figure
3-6 presents the optimised masked histogram of an Estaillades(a) and an Indiana
limestone(b) after applying the automatic background thresholding method. Each
voxel in the area of the sample (red area) contains a range of water-filled pores. The
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pore size is smaller than 10 um, hence pore-scale resolution cannot be achieved in
these samples. This is why these voxels present lower grayscale values compared to
the histogram of the bead pack. Although Scheme B sampling strategy was followed,
T, relaxation has a significant effect on the magnitude of the acquired k-space data.

The Gaussian curve that corresponds to the area of the sample (red region) is apparent
in the Estaillades histogram shown in Figure 3-6(a). This makes easier the separation
between the background noise and the high-intensity area. However, low-permeability
rocks like the Indiana limestone in Figure 3-6(b) do not show any clear separation
between the two areas. Automatic background thresholding is an important denoising
tool in such systems with a high number of low-intensity voxels.
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Figure 3-6: Histogram of the grayscale intensity images acquired following the Scheme B
trajectory for the acquisition of the whole of the k-space for an Estaillades (a) and an Indiana
limestone core-plug (b) saturated with water. The red area corresponds to the masked area after the
application of the optimum IM, cutoff while the light blue area represents the background noise.

In the case of velocity maps, the mean intensity coming from the odd and even images
for +q and -q is converted into a grayscale image and the same automatic intensity
threshold is applied. In the case of spatially-resolved propagators, the intensity is
average for all the obtained g-space values and is then converted into a grayscale
image.

3.5.4 Methods for Measuring SNR

One technique for measuring the SNR is based on the analysis of the histogram of the
image. By fitting Eq.(3-8) to the histogram that is related to the intensity of the

sample, a Gaussian mean equal to /A% + ¢ , and a standard deviation of a,, can be
measured (Gudbjartsson and Patz, 1995). Therefore, the value of SNR is:

A
SNR = —. (3-12)
n
Another very popular technigue for SNR estimation was recommended by Andris and
Frollo, (2016). This technique was used for measuring the noise in the image of a
plastic bottle filled with water. The SNR was estimated as the ratio of the average
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intensity in a Region-Of-Interest (ROI) of the water areas divided by the standard
deviation of the intensities in an ROI outside the plastic bottle.
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Figure 3-7: Four regions of background intensity (white squares) in the xy slice of 3D RARE
image acquired following the Scheme B trajectory for the acquisition of the whole of the k-space
and fitted-Gaussian curve (dashed red line) to the histogram curve (blue line) of the grayscale
values coming from the highest intensity region for a bead pack filled with 4 mm borosilicate beads
(a), an Estaillades (b) and an Indiana limestone core-plug (c) saturated with water. The histogram
curve corresponds to the masked dataset after the application of the optimum IM,, cutoff as shown

from the red area in Figure 3-6.

Figure 3-7(a) shows the x-y slice at the centre of the 3D image with four selected
ROI outside the sample. Figure 3-7(b) presents the histogram curve which
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corresponds to the highest intensity voxels (blue) and the Gaussian fit (red dashed
line) to it for the bead pack. In both cases, the 3D image had been normalised by the
mean intensity of 7 voxels around the highest intensity voxel. In the first figure, four
background areas of 16 pixels each were chosen along each axial position. The
standard deviation of these background areas was averaged. Then, the mean intensity
of 7 voxels around the highest intensity voxel was divided by the standard deviation
giving an SNR of 58. In the second figure, the SNR coming from the Gaussian fit
method was measured as equal to 8.8.

Figure 3-7(b) and (c) present the corresponding images and histograms for water-
saturated Estaillades and Indiana limestone cores, respectively. For the Estaillades
rock, the SNR measured with the second technique was 3.1 and the SNR measured
with the third technique was 32. Figure 3-7(c) shows that the histogram method is
hard to implement since the grayscale of the masked image region does not present a
Gaussian curve due to the large number of low-intensity voxels. The SNR of Indiana
measured using equation (3-12) was 0.6, while the SNR derived from the final
method was 7.

Several parameters can affect the SNR such as relaxation, imperfections in the hard
pulses, voxel inhomogeneities etc. In 3D imaging, the SNR is proportional to the
product of the voxel size and the square root of the acquisition time (Macovski, 1996).

3.6 Removal of Artefacts

As discussed in Section 2.2.6.1, MR images are susceptible to artefacts that can create
ghosting and poor SNR. To reduce the truncation artefacts, the raw k-space data were
phase-corrected and then convolved with a window function, w, which smoothly rolls
off toward zero. This w attenuates the high spatial frequencies reducing truncation
artefacts (M. Bernstein et al., 2004; Harris, 1978). In this thesis, a Gaussian window
was employed to reduce the effect of truncation due to low-resolution in the 3D
propagator measurements (de Kort et al., 2018b). The Gaussian window can be
defined as:

w(m) = e_%(%)z, (3'13)

where ¢ is the standard deviation of the Gaussian distribution, m, is the index of the

central point of the k-space and m is an array representing the number of k-space data
along a chosen direction. The o is of the Gaussian function is defined as:

size(m)

o=—"FT——, 3-14
W-2,/2log?2 ( )

W is a window width factor which is always a positive number, size(m) is the size of
the m array, hence the number of k-space data along that direction. Increasing the
window width factor means a smaller value of ¢, hence a narrower Gaussian window
(M. Bernstein et al., 2004).
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4.1 Introduction

Fluid flow through porous rock is of considerable interest to the petroleum industry.
Understanding the displacement mechanisms in these complex pore networks can help to
improve the recovery and develop accurate simulation models. NMR has been used to
detect local flow processes within the opaque solid structure since it is a non-invasive
technique which requires no tracers and can give a better description of the flow regime
than the macroscopic properties. PFG NMR is one of the first experiments employed for
the study of spin displacement due to flow and diffusion (Callaghan et al., 1980; Stejskal
and Tanner, 1964). In complex porous media, the spins will not have the same
displacement over a given time interval due to restricted diffusion, flow variations and
limited pore space interconnectivity. As a result, PFG has been combined with imaging
modules to enable direct 3D measurements of flow in heterogeneous structures (Callaghan
etal., 1988; Dijk et al., 1999; Seymour and Callaghan, 1997a).

There are two main techniques which enable the detection of motion; the propagator and
the phase-contrast velocimetry. Spatially-resolved propagators capture the motion of
molecules from both diffusion and flow offering a full characterisation of the
hydrodynamic dispersion. Nonetheless, they are costly in terms of experimental time since
they require the acquisition of a range of g-points. Accelerating the acquisition through
under-sampling of the g-space has been recommended (Colbourne et al., 2016). Under-
sampling of both the g- and k-space has been proved more efficient for local propagator
measurements with great accuracy (de Kort et al., 2018a). Phase-contrast velocimetry can
be derived from a minimum of two g-points and when combined with CS can lead to fast
velocity measurements (Benning et al., 2014).

To evaluate the suitability of each method, it is important to distinguish two regimes of
flow based on the experimental spatial resolution. The first regime is characterised by
pore-scale resolution meaning that the voxel size is smaller than the pore body. This is
achieved in packed beds filled with large beads. In this regime, both propagator and phase-
contrast velocimetry have shown great agreement (Manz et al., 1999b). The second regime
involves measurements with a voxel size higher than the equivalent pore size. This regime
is met in all the core plugs, especially the low-permeability ones. Phase-contrast
velocimetry has shown deviations in the measured velocity compared to the externally
measured velocity when implemented in flow experiments through rocks (Chang and
Watson, 1999). This is because the accuracy of phase-shift measurements depends on the
symmetry of the local dispersion (Shukla et al., 2016; Vallatos et al., 2018) and the
suppression of the induced phase coming from local susceptibilities between the solid and
liquid phase (Waggoner and Fukushima, 1996). Therefore, propagator measurements are
deliberately used for the study of transport phenomena through rock samples (de Kort et
al., 2018b). Both phase-contrast and propagator methods observe the molecules'
displacement over a time interval 4 which is limited by the relaxation rate. The fast
relaxation rate in the rock system poses obstacles to the detection of ultra-slow velocities
(<10 ft d'Y) which dominate the oil recovery process in real reservoirs (Williamson et al.,
2020).
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The petrochemical industry is interested in the study of velocities lower than 10 ft d*
which is equivalent to 35 um s*. Therefore, it is important to understand the limits in flow
detection using NMR. Packer, (1969) first studied slow coherent motion with CPMG-
based NMR sequences. Flow as low as 1 um s has been detected for water flow through a
tube (Magdoom et al., 2019). NMR velocity measurements at the order of 60 um s
(Spindler et al., 2011) and 25 um s have been recorded for water displacement inside
plants (Windt et al., 2006). Williamson et al., (2020) derived the equations for slow flow
limits using the PGSE sequence for phase-contrast velocimetry. In the current chapter, we
have modified the same equations for the case of the APGSTE sequence. APGSTE has
been combined with the RARE imaging sequence for 3D spatial measurements. The
strategy of k-space sampling has been modified to reduce the signal losses and the whole
sequence has been combined with CS enabling measurements in less than 1 h. Ultra-slow
velocities from 3.5 up to 53 pm st are studied for the first time in a packed bed with pore-
scale resolution using this fast technique of velocimetry. The same system is also studied
with 3D propagators without spatial resolution which are obtained at the same
experimental time as the velocity images and are employed for the first time to detect such
slow flows.

4.2 Theoretical Background

4.2.1 Single-Phase Flow in Porous media

There are two different approaches to describing particle flow. On the one hand, the fixed
particle approach, also known as the Lagrangian approach, describes motion as the
displacement of individual particles. On the other hand, the fixed point approach, also
known as the Eulerian approach, describes motion by assigning a time-dependent velocity
to each particle. Using the Eulerian approach, the rate of increase of the total momentum of
a fluid depends on the bulk flow (advection), its molecular motion (diffusion) and the
externally applied forces. The equation of the kinetic energy for an incompressible fluid is
described by the Navier-Stokes equation as:

du
~VP +pg, +uVu =p (E+u-Vu), (4-1)
where p is the density of the fluid, —=VP + p g, describes the driving forces of pressure
gradient and gravity and u is the local velocity vector (Bird et al., 1987). The combination
of these three mechanisms of flow defines the flow behaviour of the fluid.

Figure 4-1 illustrates the types of flow fields. In laminar flow, particles move in smooth
layers (laminae) and there is no mixing between the streamlines. Laminar flow is an
inherently steady state. In turbulent flow, the streamlines present chaotic fluctuations due
to fluid inertia at high flow rates. In dispersive flow, particles that are initially placed at
nearby locations follow diverging paths, although the fluid flow may be steady-state. Such
dispersive flow behaviour is seen in flow through porous systems and has been studied
with simulations (Reynolds et al., 2000).
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Figure 4-1: Types of flow fields: (a) steady-state laminar flow, (b) turbulent flow and (c) dispersive flow
with particles starting on the same streamline and following divergent paths. The different dashed paths
represent flow trajectories from different starting points. Adapted from Callaghan, (2011).

4.2.1.1 Dispersion in Bead Packs

Dispersion in microscopically disordered porous media is a stochastic process driven by a
kinematic and a dynamic mechanism. The kinematic mechanism arises from the
streamlines which divide and rejoin repeatedly along the flow direction. The varying
orientations of the flow paths and the coordination numbers of the pore space affect the
length and the transverse separation of the streamlines. The dynamic mechanism is based
on the flow resistance, the local pressure gradient and the orientation. These two
mechanisms recommend two geometrical aspects of dispersion; the longitudinal and the
transverse dispersion. The longitudinal dispersion is related to the gradient of velocity
along the flow. More precisely, the longitudinal movement of molecules create local
velocity variations along the tortuous paths, a process known as mechanical dispersion.
Transverse dispersion is related to the gradient of the orthogonal components of the
velocity (Scheven, 2013). The transverse dispersion or else self-diffusion affects the
kinematic and dynamic mechanisms of dispersion by allowing particles to move from one
streamline to another, a process known as asymptotic Taylor dispersion. At the pore level,
self-diffusion enables particles to move from boundary layers (slow velocity regions) or
dead-end pores to nearby streamlines, a process known as holdup dispersion. The pore
structure affects these mechanisms of dispersion since it controls the separation of the
streamlines and the local velocities, while it acts as a barrier to diffusion (Sahimi, 2010).
The ratio between advection and diffusion is described by the Péclet given by:

_ (W) Lenar ' (4-2)

Dy
where [, IS the effective pore spacing or transport diameter and (u) is the average pore
space velocity (Manz et al., 1999a; Seymour and Callaghan, 1997b). In a monodisperse
bead pack, I, is defined by dg ¢, /(1 — ¢;,) , whereas in real rocks, [, IS equal to
28 F k, where k the absolute permeability and F is the formation factor. Both of these
properties are characteristics for each core plug (Singer et al., 2016). Pe > 1 shows that
advection is the dominant dispersion mechanism while Pe < 1 indicates that diffusion
controls the spreading of particles. The dispersion coefficient scales with Pe in mechanical
mixing, with Pe? in Taylor dispersion and with PelnPe in the hold-up dispersion
(Seymour and Callaghan, 1997b).

[40]
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The viscous forces of the fluid should also be taken into account to understand better the
flow behaviour. A comparison between the viscous and advective forces is achieved by the
Reynolds number defined as:

_ (u) lchar p
e= ———,
U
where u is the dynamic viscosity. For water flow through a smooth pipe, laminar flow is

epxected at the low Re while the turbulent flow regime is expected at Re >1000-2000
(Callaghan, 2014).

(4-3)

Another important metric, which should be introduced for the description of the flow at the
macro-scale, is the dispersivity length, L,,, which demonstrates the distance over which the
fluid molecules must travel to sample all the heterogeneities of the porous rock system
(Singer et al., 2016). When the particles have scanned the full length of the heterogeneities,
the dispersion transits from the pre-asymptotic to the asymptotic regime. In a
monodisperse bead pack, L, = 1.8 x [, and for a mean porosity of 0.36, L,, = d
(Lebon et al., 1997). In the asymptotic regime, mechanical mixing has reached a steady
state and the propagator looks like a Gaussian shifted from zero. In this case, the D, in
Eq.(2-44) can be replaced by the D,, which is the coefficient of the longitudinal
(mechanical) dispersion (Scheven and Sen, 2002).

4.2.1.2 Darcy Flow Behaviour

As shown by Eq.(4-2) and (4-3), the flow behaviour depends not only on the fluid
characteristics but also on the properties of the porous medium (l.4,-)- Rock properties in
petroleum reservoirs are divided into the static properties such as porosity, ¢, pore size
distribution, pore-throat diameter etc and into the dynamic properties such as permeability,
k, wettability, fluid saturation and capillary pressure, P.,,, (Satter and Igbal, 2016).
Permeability indicates how easily the reservoir fluids can pass through a porous medium
and it is the main parameter of distinction between convention (k > 0.1 mD) and
unconventional reservoirs (Canadian Society for Unconventional Resources, 2012;
DeSorcy et al., 1994). For a laminar flow field through a homogeneous porous medium,
the interstitial velocity of the fluid also known as Darcy velocity is given by (Darcy, 1856):

k
u=-——VP. (4-4)
U

In assumption of laminar flow, u does not present any change with time or space.

4.2.2 Flow MRI at Ultra-Slow Velocities

4.2.2.1 Pulse Sequences for Spatially-Resolved Flow MRI

As mentioned in Section 2.3, phase encoding gradients are employed in PFG methods to
quantify fluid displacement. In this work, two different spatially-resolved techniques were
used to detect fluid flow; the velocity mapping and the spatially-resolved propagators. The
same pulse sequence was utilized for both of these techniques. As descussed in L. Wang et
al., 2019, low-velocity non-Darcy phenomena appear in low-permeability rocks. Low-
permeability rocks dominate oil reservoirs. This is why it is important to employ these
techniques for systems with fast T, relaxation times and strong internal gradients. As a
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result, the APGSTE-RARE sequence presented in Figure 4-2 was chosen as the most
appropriate for slow flow spatially-resolved measurements. The use of bipolar gradients in
the APGSTE sequence reduces the effect of echo attenuation due to diffusion, while the
stimulated echo enables the use of a large 4 which is necessary for slow liquid flow (Cotts
et al., 1989). In the subsequent RARE module, crusher gradients of 2% g,,,4, around all
the refocusing pulses were used to remove unwanted phase incoherence. The k.44
dimension is frequency encoded while the kpqse1 and Kppqse2 dimensions are phase
encoded. This is achieved by applying two identical phase encoding gradients within the
inter-refocusing interval. The RARE echo train was obtained with the XY-8 phase cycling
(Gullion et al., 1990) which has presented the same echo stability and phase coherence as
the modified CPMG sequence (Carr and Purcell, 1954; Meiboom and Gill, 1958). The
phase encoding gradients are incremented after the acquisition of each pair of odd and even
echoes. The combination of echoes leads to better accuracy of the velocity measurements
as shown by Huang et al., (2017). For each g-space point, two identically phase-encoded
datasets are obtained for each odd and even echo. Thus, the total experimental time is
inversely proportional to N,.;,/2 instead of N,.;, as the conventional RARE sequence.
More details regarding the APGSTE-RARE sequence are provided by de Kort et al.,
(2018) who developed the sequence.

echo echo echo
2 T w2 w2 T not acguired /2 My odd Tyy even
T N T toiore T 1. T T . Te L% .. T Jl. Te Te
r.f. Ww r - WW
61658, Og g 8 |
€S> > homaospoil <> <> [
I
@K % g 1 % § ; —
I
I
QJ':kphasel - :
A I
< > I
I
I
I
Qxykphasﬂ -
I
I
\
I
I
\
13-interval APGSTE XY-cycled RARE
(Flow encoding) (Spatial resolution in 3D)

Figure 4-2: Schematical representation of the APGSTE-RARE sequence used to acquire 3D spatially-
resolved velocity maps and propagators. The 13-interval APGSTE sequence is followed by a RARE echo
train with XY phase cycling. Each pair of odd and even echoes is identically phase-encoded so that two
individual datasets for each g-space point can be obtained and averaged during post-processing. Adapted
from de Kort et al., (2018).

4.2.2.2 Theory of Phase Contrast Velocimetry

Advective (coherent) flow is related to a phase angle ¢ which is the angle between the real
and imaginary channels of the receiver. The linear relationship between the phase angle
and the mean velocity (u) for the APGSTE-RARE sequence shown in Figure 4-2 is given

by:
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¢ = q w4, (4-5)

where q = ¥ (2 §)g. The measured phase shift is affected by additional experimental
parameters such as a,, which accounts for phase contributions that depend on g and g,
which is the noise in the phase of the obtained signal. If the in-phase and quadrature
components are assumed to have equal and uncorrelated noise in each complex image then
the noise can be measured as:

2
2_ % _ 1 4-6
% 15|z~ sNr2’ (4-6)
where ¢;2 is the standard deviation of the background noise measured from four regions on
the background of the image as described in Section 3.5.4 and |S| is the mean magnitude of
the signal for a ROI inside the sample (Pelc et al., 1991).

The phase-contrast velocimetry is based on the subtraction of the phase image acquired at
g, from the phase image acquired at g, for a 4 observation time. This technique cancels
phase contributions not related to flow such as to eddy current distortions (Shukla et al.,
2016). The difference between two g-data points is known as the ‘two-point’ method and
enables the measurement along one direction to examine the motion in that direction. The
phase shift with the inherent noise measured using this method is written as:

Q2 — 1=y 26; (g9, —g)Au) +a, + Oyp- (4-7)

One way to remove phase contributions that are not related to the flow is the acquisition of
a zero flow phase-shift map, ¢,. Considering 4¢ = ¢, — ¢, the resulting phase shift map
after subtracting the no-flow phase image can be written as:

Ap — o =7 286 (g2—91) Au) + 0, — 0y, (4-8)

where g, is the imparted error for each spin at no-flow conditions. In most experiments,
the gradients are of equal but opposite amplitude g. Therefore Eq.(4-8) can be written as:

Ap — o = -y (266) (29) Au) + 0y — 0y, (4-9)

As shown by Eq.(4-9), the measurement of the phase map, 4¢, depends on the o, and
therefore on the SNR of the velocity image. Working in slow flow rates results in a lower
phase imparted in each isochromat, making the measurements prone to phase errors
(Magdoom et al., 2019). Except for SNR, linearity between the imposed velocity-encoding
gradient and the phase of the NMR signal should be tested in these slow-flow regimes.
This is because the ¢-g linearity is distorted as 4 and g are increased (Shukla et al., 2016).
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4.2.2.3 Challenges in Ultra-Slow Flow Detection with MRI

Williamson et al., (2020) derived all the mathematics for the detection of the slow flow
regime using the PGSE sequence. The same analysis is made here for the equations used in
the “13-interval’ APGSTE sequence which is the sequence deliberately used in this thesis
for diffusion and flow measurements.

To better understand the limits in flow detection, it is necessary to separate the slow- from
the fast-flowing regime. There is a critical velocity, ugz, which can separate the slow- from
the fast-flowing regime defined as:

T |2D
Usp = > / Aapp_ (4-10)

If the mean velocity of the spins is given by (u), the echo attenuation from flow and
diffusion using the 13-interval APGSTE is written as:

2
. q )
Eqir(q) = exp (l (u) 4q — Dgpp T (4 tstore T 6T — 2?)) : (4-11)

while the echo attenuation coming from T; and T, relaxation can be written as:

Erelax = %exp (_ tstore/Tl) €xp (_ ZTe/Tz)r (4'12)

where the factor 1/2 appears in the formula for the stimulated echo (Tanner, 1970)
showing that half of the initial signal amplitude is returned. The total echo attenuation in
the APGSTE part of the sequence is:

E(@) = Eqifr(Q) * Eretax- (4-13)

Considering the free water regime, where D, is equal to D (2.29 10° m%s?tat 25 °C) ,

0¢ 15S1.9ms, Ais 750 ms and g is scaled for 101 increments between -9.09 up to +9.09 mT
mL, the signal attenuation indicated by Eq.(4-11) is plotted for interstitial velocities of 1,
10, 20 and 80 ft d* in Figure 4-3. For this experiment, the separation between the two
regimes occurs at ugp= 35 ft day™. Figure 4-3 shows that for (u) < 35 ft d* the imaginary
signal lobes (red line) are slightly higher than the noise. For the chosen parameters, it is
difficult to measure flow velocities of 1 ft d! because the signal attenuates before showing
any detectable phase shift. For the higher velocities of 10 and 20 ft d!, the heights and the
depths of the imaginary lobes are easily distinguishable, enabling the measurement of the
flow in the presence of noise with good precision.

In the fast-slow regime, multiple imaginary lobes are resolvable and the peak of each lobe
can be found at:

(4-14)
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where N is the number of the lobe defining the first lobe as zero. The parameters in the
fast-flowing regime should be chosen so that phase wrapping is avoided. To avoid flow
aliasing the g-data point should be sampled following the condition:

(4-15)

signal attenuation [ arb. units

0 flow rate / ftday™!

Figure 4-3: Schematic representation of the real and imaginary part of the echo attenuation signal
simulated for 101 g-data points acquired with the 13-interval APGSTE sequence for an interstitial flow of
1, 10, 20 and 80 ft d* in the free water system. Adapted from Williamson et al., (2020).

In this case, the standard deviation of the velocity, o,,, measured from the ‘two-points’
method (Pelc et al., 1991) using gradients of the equal amplitude but opposite direction
defined as q; = —qq = qpqs¢ IS given by:

1
- \/ESNR dfast A .

This a,, is the minimum detectable velocity, (u,,;»), for the fast-flowing regime and it has

been divided by /2 to account for the acquisition of two g-points which are necessary for
the phase contrast and for the doubling of the variance when using the two-point method.

Oy

(4-16)

However, when (u) < ugg, measuring q from Eq.(4-15) leads to an overestimation of the g-
point required for the detection of the slow-flow regime. This is because diffusive
attenuation shifts the first imaginary lobe inwards and attenuates E; ¢ (q) before more
additional lobes are resolved as seen in Figure 4-3. The g-value which corresponds to the
highest lobe presents the greatest sensitivity to flow. From Euler’s formula, the imaginary
component of Eq.(4-11) can be written as:
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2

. q 8
Im{Edl-ff(q) } = sin({u) 4 q) exp (—Dapp Y (4 tstore T 6T+ 2 ?)) (4-17)
The local maximum of Eq.(4-17) is found from the first derivative as:

(uy A

—tan({u) q 4) =0,
D 25 (4-18)
q azpp (4‘tstore + 61 — TG

which is valid for both the slow- and fast-flowing regime. In the slow-flow regime,
tan({u) q 4) is very small since the interstitial velocity coming from the pump is small, so
the approximation of tan({u) q 4) ~ (u) q 4 can be valid. Solving Eq.(4-18) for the slow-
flow approximation, the optimum g-data point is given by:

1

Asiow .
D 4-19
\/ P (4’tst0re + 61 — &) ( )

2 3

The slowest detectable velocity, uy,,, is estimated by the noise g,,. Combining Eq.(4-17)
with Eq.(4-19) results in signal attenuation of exp(—1/2) =~ 0.6 in the case of D, with
narrow distribution. Neglecting this signal attenuation of 0.6 and setting the combination of
Eq.(4-17) and (4-19) equal to o, given by Eq.(4-6), the (u,,;,) is estimated as:

1 D 28
(umin> = Sin_l (m) \/ﬁ <4tstore + 6T - T) (4'20)

In other words, the velocity is detectable when (u) in the voxel is higher than (u,,;,). It can
also be said that the difference Im{E4;;;(q1) } — Im{Eq;;r(qz) } should be greater than
the standard deviation of the noise to detect the slow velocities.

All these approximations are valid in a system of coherent flow with D,,,,, independent of
the time and a propagator represented by a shifted Gaussian. A symmetrical Gaussian
propagator is an important parameter for the accuracy of phase-contrast velocimetry
(Shukla et al., 2016; Vallatos et al., 2018). For this reason, 4 is optimised so that the mean
displacement based on the pump flow rate ({), = Q 4/(A, ¢) is lower than the [, which

for a Gaussian propagator is /2 D A. This condition is easily achievable for the ultra-slow
velocities expected in the low-permeability reservoirs.

In this chapter, the detection of ultra-slow flow velocities will be tested in an ideal porous
medium. The choice of the optimum g-point for spatially-resolved velocity images was
made following the method described above. Validation of the slow flow technique and
conclusions regarding the behaviour of the spins at this ultra-slow flow regime are drawn.
In addition, 3D propagators were obtained for the same flow rates and the local dispersion
coefficients are analysed.
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4.3 Materials and Methods
4.3.1 Materials

A cylindrical bead holder was firstly filled with deionised (DI) water and then borosilicate
glass beads (Q.A. Equipment Ltd., UK) of 4.0 mm nominal diameter, d,, were added. The
packed bed was connected to a closed flow loop with a syringe pump (Quizix QX-1500HC
dual-cylinder syringe pump). Water was flowing through the bead pack for several hours at
different flow rates, while the bead holder was held perpendicular to remove all the trapped
air bubbles. The internal diameter and length of the bead holder were 38.5 mm and 58 mm,
respectively. The porosity of the bead pack, ¢, was measured as 37.6 + 0.6 %
gravimetrically and by implementing mathematical models for a loose random packing of
spheres (Roshani, 1990). It is hard to define a unique ‘pore size’ in a random packing of
spheres. A metric of twice the hydraulic radius, 1, has been defined in the literature as the
adequate ‘pore size’ of a bead pack (Fayed and Otten, 1984). For the current set-up:

ds ¢b
TH= P To o (4-21)
was measured as 402 um (Scheven et al., 2004). Hence, the ‘pore size’ of this bead pack
can be considered as ~ 804 um.

4.3.2 Methods

4.3.2.1 Water Flooding Protocol

The bead holder was connected into a closed flow loop with a syringe pump and was
centred inside the birdcage coil and then inside the cylindrical bore of the magnet. Uniform
flow was achieved by placing two porous polyethylene distributors plates (SPC
Technologies Ltd) at the entrance and the exit of the bead holder. The inner diameter of the
tubes between the pump and the bead holder was 1/16” (1.6 mm). The flow rate was turned
on for 1h before the beginning of data acquisition for each separate flow rate.

4.3.2.2 NMR Protocol for Slow Flow Through a Bead Pack

All NMR experiments were conducted at room temperature (20 = 1°C)ina 2 T (85 MHz
for 'H nuclei) horizontal bore superconducting magnet, controlled by a Bruker AV
spectrometer. A 63 mm inner diameter r.f. birdcage coil, tuned to 85.2 MHz, was used for
excitation and signal detection. Spatial resolution in three orthogonal x, y and z-directions
was achieved using a magnetic field gradient, capable of a maximum gradient strength,
Imax» 0f 10.7 G cm™, The z-direction was defined as the direction of superficial flow
through the sample. Water flow through the bed was monitored based on the following
experimental protocol:

I.  spatially-unresolved measurement of T; (inversion-recovery sequence)
ii.  spatially-unresolved measurement of T, (one-shot CPMG sequence)
iii.  ahigh spatially-resolved 3D RARE image of 437.5 um pixel™ isotropic resolution
to generate the under-sampling pattern
iv.  aspatially-resolved 3D RARE image of 656.3 um pixel™ isotropic resolution to
measure the relative porosity map for the sample
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v. APGSTE-RARE fully-sampled experiments of 2.63 mm pixel™ for 11 g-points to
prove the linear relationship between the phase and the amplitude of the gradients

vi. 3D spatially-resolved velocity maps of 656.3 um pixel™ isotropic resolution using
APGSTE-RARE with compressed sensing for different slow flows

vii.  afully-sampled velocity map with the same parameters as experiment vi for 15 ft
d! to find the optimum « and Bregman iterations for reconstruction
viii. 3D spatially-resolved propagators of 2.63 mm pixel™ isotropic resolution using

APGSTE-RARE with compressed for the same flow rates

ix. a3D spatially-resolved propagator of 656.3 um pixel™ isotropic resolution using
APGSTE-RARE with compressed sensing for one flow rate to compare with the
adequate velocity map

Experiment (i) was acquired to determine the signal loss during tg;,. Stimulated echo
storage time which depends on 4, while experiment (ii) was acquired to define the signal
attenuation due to the 7 inter echo time which changes with &,. Signal losses from the
RARE part of the sequence were not taken into account since the Scheme B k-space
acquisition (Section 3.2.2) can guarantee very small losses due to T, (Ramskill et al.,
2018). 3D propagators of 2.63 mm pixel™ resolution (viii) were designed to obtain flow
measurement within the same experimental time as the velocity maps of 656.3 um pixel™
resolution (vi). Both techniques give useful information for the slow flow regime. The aim
is to speed up the acquisition and to use these techniques in the dynamic fast-changing
system of a rock sample. In addition, velocity maps encoded along the x, y and z
directions were obtained for 3, 6 and 15 ft d* to give a better understanding of the fluid
behaviour by comparing the connected streamlines.

4.3.2.3 Multi-Objective Optimisation Toolbox for Experimental Parameters in
Velocity Imaging

To separate flow from noise in the slow-flow regime, the experimental parameters for the
slow-flow velocity maps (vi) were chosen carefully. More precisely, 4, g and &, were
optimised using a MATLAB multi-objective optimisation function which solves Eq.(4-19)
and maximises Eq.(4-13). One important constraint added in the optimisation process is
that the mean interstitial velocity coming from the pump,(u), = Q /(A. ¢), where A, is
the cross-sectional area, should be greater than (u,,,;;,) measured by Eq.(4-20) for the
adjustable parameters. Solving the system of Eq.(4-13) and Eq.(4-19) requires knowledge
of Ty, T, and D, of the sample which are measured by the experiments (i) and (ii), while

Dgppp Was considered equal to the D of the bulk water.

4.3.2.4 NMR Experimental Parameters

A hard 90° pulse of 39.3 us and a refocusing 180° pulse of 78.7 us were used. The
inversion recovery (Figure 2-5) experiment was performed for 16 different t,,. The tgp
was defined as 7.25 s (3xT;) for all the experiments. Then one-shot CPMG (Figure 2-6)
was obtained for a t, of 1.97 ms (50xduration of 90° pulse) for a long echo train until M
fully decayed. The FOV for all the 3D spatially-resolved experiments was 84 mm in the
Kread dimension and 42 mm in both Kphase dimensions. The Scheme B k-space trajectory
was implemented in all the spatially-resolved measurements. The parameters chosen for
the 3D velocity maps and the 3D propagators were adjusted for each separate flow rate.
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The high-resolution image (iii) was obtained with the 3D RARE sequence using 32 echoes,
a tecno Of 3.4 ms and 4 scans. The number of points acquired in the read dimension, N,..qq4,
was 192, while Nppqge1 and Nppqse, Were 96 giving an isotropic resolution of 437.5 um
pixel* along each dimension. The image acquired at the same resolution as the velocity
maps (iv) used 32 echoes, a t,cp, 0f 2.8 ms and 4 scans. The N,..qq Was 128, while Nppqgeq
and Nppqase2 Were 64 giving an isotropic resolution of 656.3 um pixel™. Image (iii) required
almost 3 h while image (iv) needed 2 h. Both images have pore-scale resolution since the
ry from EQ.(4-21) was measured as 804 pum.

In the velocity mapping, the matrix of k-points was defined the same as in the 656.3 pm
pixel* image. The k-space was under-sampled by 25% following the Scheme B trajectory
of sampling. The k,.,4 Was defined as the flow-encoding dimension and is the same as the
flow direction. Based on Section 4.3.2.3, the optimum experimental parameters for all the
applied flow velocities are summarized in Table 4-1. The total acquisition time for each
experiment was 56 min for 4 averages and 32 echoes.

Table 4-1: Experimental parameters for phase-contrast imaging.

(up) (ftd?) 4 (ms) 8¢ (ms) Yractor
1 201.4 1.4 35.5%
3 80 5.0 17.3%
6 91.4 1.6 47.6%
10 62.7 1.2 74.1%
15 24 15 96%

For 6, 10 and 15 ft d%, the above-mentioned optimum 4 and 8, were employed to acquire
11 different g-points by changing the gqctor from -96% up to +96%. All the k-space data
were obtained following the Scheme B trajectory and each acquisition required ~ 2.4 h.

Propagators were obtained with the parameters presented in Table 4-2. The selection of the
suitable g-points for the propagator measurements has been described by Scheven et al.,
(2005). The g-space is a reciprocal space like the k-space, hence the same rules apply to it.

The distance between the g-data, Aq, is related to the FOV of the flow field, FOV,.,,,, as:

A 1
249 _ . (4-22)
21 FOVyrop

The FOV,,,.,,, is defined as 5x({), for the bead pack system. The g-space was scaled up to

2m/,/DyA and the constraint of maximum E (q) for g=0 rad m™* was added to the
optimisation code. The number of g-points, N, was set to fulfil Eq.(4-22) and to require
the minimum time of acquisition. In the current system, 25 g-points were encoded along
the flow direction (z-direction) for all the different flow rates. The 3D propagator acquired
at the same resolution as the velocity maps required ~4 h, while the low-resolution one
needed ~40 min for an under-sampling rate of 11%.
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Table 4-2: Experimental parameters for spatially-resolved propagator measurements.

(uo) (ft d_l) A(ms) 6G(m3) Yractor
1 2070 5.0 96%
3 1100 4.8 96%
6 1250 3.0 67.5%
10 1070 2.4 96%
15 442 3.7 96%

4.3.2.5 Data Procession for Relaxation and Diffusion Coefficient Data

The One-Dimensional (1D) inversion is used for T; and T, relaxation measurements while
the 2D inversion is used for D-T, NMR measurements. The numerical methods employed
for the data acquired in these sample rocks are the ones included in the in-house code of
the Magnetic Resonance Research Centre (MRRC) (J. Mitchell et al., 2012; Mitchell et al.,
2013a). More details regarding the inversion process can be found in Bush, (2018).

4.3.2.6 Data Processing of Phase-Contrast Maps

All the velocity maps were reconstructed for an a of 0.095 and 6 Bregman iterations
following the optimisation procedure described in Section 3.4.1. In the current
experiments, data post-processing is similar to the one described by Huang et al., (2017)
and is summarised in the following steps:

1. MR raw datasets of odd and even echoes were measured with the pump switched
on and off for the parameters defined for each chosen flow rate.

2. Ineach flow and no-flow experiment, two velocity encoding gradients of equal
magnitude but the opposite direction and the same &, were employed.

3. For asingle flow rate, the four individual MR raw data are Fourier Transformed
yielding a complex-valued MR image.

4. The magnitude of the complex images was averaged to generate a single structural
image.

5. By implementing automatic background thresholding in the magnitude image as
described in Section 3.5.2, a binary mask was determined for nulling low-intensity
areas. Simultaneously a cylindrical mask defined by the 3D RARE image of the
same resolution was applied to the FT data.

6. Phase-contrast maps were acquired from the difference between the positive and
the negative encoding step for each odd and even echo to remove eddy current
phase contributions which are independent of g.

7. Phase unwrapping was performed separately for each odd and even echo at each
velocity encoding step. More precisely, the per voxel phase difference between the
flow and the no-flow even echo velocity image at +g was compared with an upper
and a low bound of phase. For @eyen,+q — ®o > 1 a phase of 2  was subtracted
and for @epen+q — o < —m a phase of 2 = was added to the total phase difference.
The same procedure was followed for the even echo velocity image acquired at -g.
The same phase unwrapping process was followed for the odd velocity images
acquired at +qg and -g. Then the phase map of the -q image was subtracted from the
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phase map of the +q image generating 4¢ — ¢, (Eq.(4-9)) for both odd and even
echoes. This process removes the noise dependency on g.

. The total phase contrast of the even echoes image was averaged with the negative

phase contrast of the odd echoes image to acquire the total phase contrast, 4¢;otq:-

. The per voxel noise was measured from Eq.(4-20) using as |S| the intensity of each

voxel.

The binary mask applied in all the velocity maps was obtained with a signal threshold of
approximately 9.2% of the maximum voxel signal.

4.3.2.7 Data Processing of Spatially-Resolved Propagators

Initially, a Gaussian window function with a W of 3.5 was used to erase the truncation
artefacts from the under-sampled q,k-space. The rate of under-sampling was ~11%. Then,
the raw data were phase-corrected by the phase of the maximum intensity k-point for the
central g = 0 m! to prevent the appearance of ghosting artefacts. Finally, CS reconstruction
was employed to obtain the FT data as described in Section 3.4. Further denoising was
achieved by multiplying the spatially-resolved data with a binary mask. The optimum
intensity threshold for the denoising mask was set as 25% times the normalisation
intensity.

Nonetheless, several local propagators present small artefacts around the main
displacement curve which affect significantly their statistical analysis. To suppress these
artefacts of local field distortion, a denoising method was introduced. This method begins
by first identifying the data points at approximately 1/2 of the maximum value of the
curve. A random local propagator in the middle of the vial was picked and the two data
points which represent the initial ROI are shown in Figure 4-4(a). Then the ROl was
expanded by 4 points toward the negative and the positive direction of the displacement
axis, respectively. Figure 4-4(b) shows the final ROI. Then, all the points outside the ROI
were set equal to zero smoothening the effect of the artefacts. To account for user mistakes
in the definition of the optimum ROI, the arbitrary limit of 4 was changed from 3 up to 10.
Then, the standard deviation among all the statistical metrics for all the new ROIs was
estimated and integrated into the local error analysis.

(a) 0.4 1 1 1 (b) 0.4 1 1 1
0.3 - 0.3 -
Tl\? 0.2 - i“ 0.2 -
E/ YREN E/ =\
0.1 - " \ - 0.1 /I \ -
- \
/ A ! \
04 ---"7 S=a-b 04+ - o7 S~ -
T T T T T T
-100 0 100 -100 0 100

displacement / ym displacement / ym

Figure 4-4: (a) Gaussian-shaped curve of the local propagator (black dashed line) and points at
approximately 1/2 of the maximum value (red and orange circles). The left and the right data points of
the FWHM were expanded by 4 points towards the negative and the positive direction of the
displacement axis creating an ROl as shown in (b).
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When the local propagators are skewed, the limit of expansion towards the positive
displacement axis is much larger compared to the negative expansion making sure that it
covers the full length of the tail.

After implementing all the above-mentioned denoising techniques, more reliable local
measurements can be extracted. Given the large amount of data for local propagators, it is
mandatory to define some quantitative statistical descriptors to describe the heterogeneity
of the flow and to compare the complexity of different flow systems (de Kort et al.,
2018a). The key statistical metrics used in this propagator analysis are the mean
displacement ¢;, the broadness of the peak which is given from the standard deviation o;
and the skewness y; of the curve for the phase i. Considering as P(r, 4) the local
propagator curve and r the displacement along the flow-encoded direction over an
observation time 4, the statistical metrics are given by:

_ [P MNrdr
R 2

— 2
o = j Ir (’f‘;‘():" ~ W7 nd (4-24)
_ [P, 4) (r—w)idr (4-25)

Ve = o [ P(r,4) dr

These statistical metrics were used to analyse all the propagators acquired with the 3D
APGSTE-RARE sequence in this thesis. In the case of slow flow through a bead pack, all
the local propagators present a Gaussian shape tilt from zero. The local ¢ for each
propagator was measured from Eq.(4-24). In a Gaussian-shaped propagator described by
Eq.(2-44), the local o is related to the coefficient of the longitudinal-mechanical
dispersion, D,,, from the advection-diffusion equation as:

’ o

4.3.2.8 Data Processing for Relative Porosities and Measured Flow Rates
The relative porosity in each voxel r, ¢,.; (1), was measured from the 3D RARE image of
656.3 pm pixel™ resolution as:

¢ Vsample
Vvoxel 2 I(T)'
where Vsgmpie IS the volume of the cylindrical sample, V,,,,; is the volume of each voxel,
I(r) is the intensity of each voxel, ), I(r) is the total intensity coming from all the voxels
which belong to the sample area and ¢ is the macroscopic porosity of the sample. In the

bead pack, some voxels contained only the water phase and some others both the water and
the solid phase of the bead. In this case, ¢ was defined as 1 and not as ¢,,.

bre(r) = 1(r) (4-27)
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The measurement of ¢,..; (1) was important for the measurement of the mean volumetric
velocity. To calculate the volumetric velocity, the measured per-voxel w(7) from the
velocity maps or the local propagators is multiplied by the ¢,..; () and the voxel cross-
sectional area. Then, all these local flux measurements are summed along the z-direction
resulting in the 1D mean volumetric velocity. In the case of the bead pack, ¢,..;(r) used in
the mean volumetric velocity coming from the propagator results was considered as equal
to ¢, since there is no pore-scale resolution. In the mean volumetric velocity coming from
the phase-contrast imaging, ¢,..;(r) derived from Eq.(4-27). Moreover, the mean
volumetric velocity can be compared to the Q set by the pump in the bead pack experiment
since relaxation effects are negligible.

4.4 Results

4.4.1 Relaxation Measurements

Figure 4-5 shows that only a unique peak is observable for the system of the bead pack.
The small peak in the T, distribution is considered an artefact. The measured T; was 2.34 s
while the long T, was 2.2 s.
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Figure 4-5: T, (a) and T, (b) distributions coming from the inversion recovery and the CPMG sequence
for the bead pack filled with water and 4 mm beads in diameter.

4.4.2 Linear Relationship Between the Phase and the Gradients

It is important to assess the validity of the linear relationship between the imparted ¢ and
the applied g in a flowing system (Shukla et al., 2016; Vallatos et al., 2018). Figure 4-6
shows the average phase, (@), for a ROI of 16 voxels in the middle of the FOV as a
function of g for three different flow rates.

The values of 4 and &, were derived from the multi-objective optimisation as described in
Section 4.3.2.3, while was g scaled. The value of (¢) for each g was measured from the
phase of the complex signal. Eq.(4-5) shows the linear relationship between (@), 4 and g.
A dashed line was fitted to the linear region. Shukla et al., (2016) have shown that the
linear relationship is lost for large values of 4 and g as well as for increased flow rates if
all the experimental parameters are kept constant. In Figure 4-6(a), the change of (¢) with
g is presented for 6 ft d* velocity using a 4 of 91.4 ms and a §; of 1.6 ms. The optimum g
was 47.6 % % g.n.. (red diamond) and is inside the linear region (dashed line). Similarly,
Figure 4-6(b) and (c) show that the optimum g defined by the optimisation process (red
diamond) for 10 and 15 ft d* were inside the limits of the linear area.
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Figure 4-6: Phase shift as a function of the gradient amplitude for 6(a), 10(b) and 15(c) ft d-* water flow
through a bead pack. The red data point shows the optimum g defined for the slow flow velocity maps by
the multi-objective optimisation and the dashed line indicates the area where ¢ and g are linear.

4.4.3 Noise Analysis in Phase-Contrast Imaging

After confirming the linear relationship between the phase and the g, it is important to
assess the local noise in the velocity measurements. One way of assessing the local noise is
by acquiring five successive velocity maps under the same experimental conditions and for
the same parameters (Murphy et al., 1993). Then, the per voxel standard deviation of the
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local velocity is assessed for each experiment. Figure 4-7(a) shows the standard deviation
among five successive velocity maps for 6 ft d* and Figure 4-7(b) for 15 ft dX. The
colourmap in both velocity maps is scaled between + 5x{u),. It can be seen that both
figures are dominated by the green colour which indicates a standard deviation of the
velocity around 0 um s,
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Figure 4-7: The middle x-y slice and z-y slice of the standard deviation between 5 velocity maps
acquired under the same conditions using the same experimental parameters for 6(a) and 15(b) ft d-.

A further assessment of the local noise in the velocity for 1 ft d* is given in Figure 4-8.
Firstly, the magnitude of the complex images for the odd and even echoes acquired for the
+q and -q points was averaged. The intensity image at no-flow conditions coming from the
average of the intensity of each is presented in Figure 4-8(a). Four regions in the
background were selected and are indicated by the squares. The standard deviation of the
voxel intensity within these squares was considered as the a,,. In this case, the SNR of each
voxels was measured by Eq.(3-12), considering A equal to the intensity of each voxel,
I(r). Based on these, the local error in the velocity, a,,, was measured from Eq.(4-20) and
is shown in Figure 4-8(b). Thirdly, the velocity map for the same x-y slice derived from
the process described in Section 4.3.2.5, is shown in the Figure 4-8(c), while the ¢,..; (1)
map is presented in Figure 4-8(d). The voxels at the interface of the liquid and the solid
phase are partially filled with water and they are coloured differently than dark red.
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Figure 4-8: The middle x-y slice of the bead pack is analysed for its average intensity for the odd and
even echoes and the -q and +q acquisitions showing the four background regions accounted in the
standard deviation of the background noise in the SNR measurements (a), its local velocity error g, (b),

its velocity maps (c) and its relative porosity (d) for 1 ft d-*.

The 1 ft d is the experiment with the highest noise since the imparted phase-shift of the
spins is the smallest tested. Both o,, and u(r) maps have been coloured in a similar way to
allow easy visual comparison. Figure 4-8(b) shows that g, is larger for the voxels that
belong in the interface between the water and the beads phase. However, by comparing
Figure 4-8(b) and (c), it can be concluded that in the area of the bulk liquid (between the
beads), the measured local velocity, u(r), is significantly higher than the corresponding
o, (r). Therefore, the novel technique enables the measurement of the local velocities with
small noise even at 1 ft d. The same noise analysis was conducted for the higher flow
regimes, showing an even smaller o, () compared to the measured u(r). The results for

the other flow regimes are not analysed here due to space limitations.

4.4.4 Velocity Maps from Phase-Contrast Imaging

After proving that local noise is minor in most of the areas of bulk liquid, all the velocity
maps are presented in Figure 4-9 and Figure 4-10 and the colourmaps are scaled as +
5%(u)q. The l.p4, for this monodisperse bead pack was 2.4 mm, the u for the water at
25°C is 8.9 10 Pa-s and the p is 997 10 g cm™. Figure 4-9 shows the velocity map for
1(a) and 3 ft d}(b). In both cases, the large o,, in the solid/liquid interface leads to large
error in the mean value.
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Figure 4-9: The middle x-y and z-y slices of the velocity maps for water flow through the bead pack at
1(a) and 3(b) ft d*. Interesting areas for comparison are shown by the light blue circles.

Figure 4-10 indicates the velocity map for 6(a), 10(b) and 15 ft d}(c). The results for the
mean measured velocity, (u,,), from the phase-contrast velocity maps presented in Figure
4-9 and Figure 4-10 and the corresponding Pe and Re for each applied Q are summarized
in Table 4-3. All the velocity maps present a red region of high-velocity flow paths in the
middle area of the bead pack. A great agreement between the externally imposed and the
measured velocities can be seen in Table 4-3. The large mean error in the (u,,) for the 1
and 3 ft d%, is mainly due to the high values of o, in the solid/liquid interface. This error is
also an indication of the (u,,;,) that can be detected for the chosen optimum parameters.
Interesting high velocity areas have been circled by the light blue line and are observed in
all the flow regimes.
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Figure 4-10: The middle x-y and z-y slices of the velocity maps for water flow through the bead pack at
6(a), 10(b) and 15(c) ft d*. Interesting areas for comparison are shown by the light blue circles.
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Table 4-3:Summary of the Q, Pe, Re and the mean measured interstitial velocity, (u,,), from the phase-
contrast imaging for 1, 3, 6, 10 and 15 ft d*.

(o) (ft dY) (ml_?nin_l) Pe Re (109) (lfr:]‘*)s)_l) (lf;";?l)
1 0.09 3.7 9.5 35501 | 3.5+33
3 0.28 11.2 28.6 106202 | 102548
6 0.56 22.3 57.3 211204 | 1942409
10 0.93 37.2 95.5 353507 | 31.9£8.1
15 1.36 55.8 1433 | 520210 | 437298

4.4.5 Average Volumetric Velocity Profile from Phase-Contrast Imaging

Figure 4-11 presents the mean volumetric velocity profile measured by the phase-contrast
velocimetry in parallel with the flow rate imposed by the pump (dashed yellow line). The
great agreement between the measured and externally imposed Q is another proof for the
great accuracy of the phase-contrast imaging in measuring ultra-slow velocities.
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Figure 4-11: Mean volumetric velocity profiles measured by the phase-contrast velocimetry for water
flow through the bead pack at 1(a), 3(b), 6(c) and 10(d) ft d-*.

4.4.6 Spatially-Resolved Propagator Measurements

The spatially-resolved propagators have been used for the analysis of D,,. The D,, map
and its distribution across the bead pack are presented in Figure 4-12 and Figure 4-13.
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The D,, maps were acquired in the same bead pack as the velocity maps in Figure 4-9 and
Figure 4-10. However, the propagator measurements cannot be directly compared to the
velocity maps since they were not obtained at pore-scale resolution. Each voxel contains
information on both the liquid phase and the solid phase. Figure 4-12(a) and (b) show the
results obtained for 1 and 3 ft d!, respectively. The measured values of D,, appear similar
across the whole sample. In both cases, the D,, presents narrow distributions around 1.95
10 and 2.2 10° m?s. D, is slightly lower than D due to the effect of restricted diffusion
coming from presence liquid and the solid phase within a single voxel.
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Figure 4-12: Local D,, along the flow direction measured from the Gaussian-shaped propagators for
water flow through the bead pack at 1(a) and 3(b) ft d*.

Figure 4-13 illustrates the D,, map for the velocities of 6, 10 and 15 ft dt. A broad
distribution of D,, was seen, with the highest values in the middle area of the inlet and
close to the right side of the outlet. The mean D, in Figure 4-13(a) was 2.6 10° m? s , in
Figure 4-13(b) was 2.9 10° m? s and Figure 4-13(c) was 3.2 10° m? s,
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Figure 4-13: Local D,, along the flow direction measured from the Gaussian-shaped propagators for
water flow through the bead pack at 6(a), 10(b) and 15(c) ft d*.

4.4.7 Velocity Map and 3D Propagator of Same Resolution

Figure 4-14 exhibits the velocity maps coming from the phase-contrast imaging(a) and the
propagator experiment(b) for 15 ft d* with 656.3 um pixel™? resolution. The D ,, map and
its distribution(c) are also portrayed. The regions confined in the red circles represent areas
of velocities higher than 90 um s, while areas of very slow or no flow are identified by
the green colour in the velocity maps. In these no-flow areas D,, was equal to the Ds. A
great agreement between the phase-contrast and the propagator results for the same
resolution can be noticed. Nonetheless, propagators required 8 times more experimental
time and an extra 1h for data reconstruction compared to the phase-contrast imaging.
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Therefore, high-resolution propagators are more time-consuming and they cannot be used
to map dynamic changes in the system.
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Figure 4-14: Velocity maps from phase-contrast velocimetry(a) propagator(b) and local D,, derived from
the Gaussian-shaped propagators) for water flow through the bead pack at 15 ft d*. Interesting areas for
comparison are shown by the red circles.

Figure 4-15 highlights that the 1D volumetric velocities coming from the local propagators
are higher than the ones coming from the velocity map for 15 ft d. This difference can be
related to the fact that the propagator captures both flow and diffusion displacement, while
phase-contrast velocimetry can measure only the flow displacement.
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Figure 4-15: Mean volumetric velocity measurement obtained by the velocity map(a) and the 3D
propagators(b) for water flow through the bead pack at 15 ft d-.

4.5 Discussion

To validate the accuracy of the measured ultra-slow velocities using the novel phase-
contrast imaging technique, it is important to identify the local error in the velocity
measurements. Figure 4-8 demonstrates that the local error o, (r) is small compared to
local measured u(r) verifying the robustness of the newly developed optimisation
technique. Even at the small velocities of 1 ft d, the measured velocity in the area of bulk
flow imparts a small amount of noise. For all the velocity experiments, the parameters
were chosen so as {({)o< V2 I, which is important for the accuracy of the velocity
measurements (Vallatos et al., 2018). The (u,,,) is inside the error interval of the externally
applied (u,) proving that the multi-objective optimisation tool can detect with great
accuracy the ultra-slow velocities within an ideal porous network.

Comparing the voxels inside the light blue circles for all the tested flow regimes, it can be
concluded that the high-velocity areas for 1 and 3 ft d! are wider and broader compared to
the same areas for 6, 10 and 15 ft dX. The very small Pe and Re values show that diffusion
has a significant contribution to the displacement of the molecules. The significant
contribution of the transverse dispersion for these ultra-slow flow regimes was also
verified by the D,, map. Figure 4-12 shows a homogenous distribution of D,, values close
to the D, which is characteristic of the Taylorian (transverse) dispersion. In contrast, the
velocity maps for 6, 10 and 15 ft d* (Figure 4-10) present areas of high velocities among
adjacent spheres forming clear paths towards the exit. The same paths were mapped by the
D,, maps in Figure 4-13. The inlet of the bead pack where all the streamlines were aligned
and the highest u () were recorded in Figure 4-10, is illustrated by the highest values of
D,,. Then, the streamlines were dispersed along the bead holder due to the presence of
beads. Several paths of lower D,, and of D,, equal to Dy were apparent along the flow as
shown in Figure 4-13. All these dispersed paths were again reconnected at the outlet
forming an area of high values of D,,. In these higher flow regimes, mechanical
(longitudinal) dispersion is the dominant mechanism of displacement in most areas of the
bead pack. However, there are still some areas of low D, ,, where Taylorian dispersion was
present.

Combining phase-contrast velocity maps (Figure 4-10) with D,, maps (Figure 4-13)
provide a better understanding of the mechanical and Taylorian mixing. Each experiment
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requires less than 1 h giving useful insights into the flow mechanisms. Obtaining phase-
contrast imaging and propagators with the same resolution (Figure 4-14) shows that both
methods give a similar representation of the flow behaviour at the pore-scale resolution.
However, local propagators can also map the local D,,. Areas of mechanical and Taylorian
displacement are better mapped. However, the acquisition and the reconstruction time are
significantly higher. As a result, low-resolution propagators can be considered a credible
and fast experiment which in combination with velocity maps can contribute to the
understanding of the fluids flow behaviour in these ultra-slow regimes.

4.6 Conclusions

In this chapter, two techniques for observing spatially-resolved velocities at ultra-slow
velocities in less than one hour were tested in an ideal porous system of beads. The first
technique enables pore-scale resolution and is based on the acquisition of two phase-
contrast images. The second technique is based on the acquisition of spatially-resolved
propagators without pore-scale resolution in order to capture both the flow and diffusion of
molecules in these ultra-slow flow regimes. The aim of this study is to show that ultra-slow
velocities can be captured with MRI, the displacement mechanisms can be identified and
the total acquisition time can be reduced without loss of quantitative information enabling
measurements at the dynamic scale.

An optimisation code was built in MATLAB requiring as input data the Ty, T, and Dy, of
the system to adjust the optimum 4, §; and g for the acquisition of the g-point which is
more sensitive to the flow. The accuracy of the technique is verified by adjusting the error
in the local velocity measurements taking into consideration the local SNR and the
standard deviation among successive velocity maps. Interstitial velocities as low as 1 ft d
(3.5 um s1) were detected for the first time within 56 min having a pore-scale resolution.
The mean interstitial velocities measured with MRI were in agreement with the interstitial
velocity set by the pump. In addition, the mean volumetric velocity measured with MRI
was very close to the pump flow rate, showing that the optimisation technique is reliable
for measurements in an ideal porous system.

Velocity maps resulting from propagator measurements with the same resolution are
almost identical to the ones acquired from the fast phase-contrast technique. However,
propagators provide extra information on the D,, giving a better mapping of the areas
where mechanical mixing is the dominating mechanism of displacement and of the areas
where spins are moving due to self-diffusion. Fast spatially-resolved propagators were also
acquired for the same ultra-slow flow regimes. For 1 and 3 ft d*?, the D,, is very close to

the D proving that diffusion across the streamlines had a significant role in the
displacement of the molecules. For Pe >22.3 and Re > 57.3 107, mechanical mixing
across the streamlines was dominant in most areas of the sample. This is the first time that
the Taylor dispersion is separated from the mechanical mixing through MRI measurements
at ultra-slow velocities. In Chapter 5, the two methods were used for ultra-slow flow
measurement through a sandstone and three low-permeability carbonate rocks.
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Sedimentary Rocks

5.1 Introduction

Low-permeability rocks are of great interest in recent years. Low permeability oil
reservoirs contain a significant amount of oil and are widely distributed around the
world. Almost 50% of the total oil reserves in China are trapped in low-permeability
reservoirs. The production of oil and gas from these reservoirs will be increased. In
these low-permeability reservoirs, the pressure gradients far away from the wellbore
region are much smaller than close to it. The ultra-slow flow rates typically used in
hydrocarbon recovery result in deviation of the fluid behaviour from Darcy to non-
Darcy (Panfilov and Fourar, 2006). Low-velocity non-Darcy flow phenomena are an
emerging area of research (Dou et al., 2014) since they influence the production rate.
The detection of ultra-slow velocities in the area of the non-Darcy regime is not
possible with conventional laboratory experiments (Wang and Sheng, 2017).
Therefore, various numerical models have been employed to describe this regime
(Diwu et al., 2018; Luo et al., 2019). Wang et al., (2019) designed a filtration column
which enabled ultra-slow flow measurements in the laboratory using different sand
beds. It was proved that the nonlinear effects depend on the interaction between the
fluid and the solid phase. Therefore, a different bottom limit of Re under which
nonlinear phenomena are present, is expected for each rock sample. Understanding
the mechanism of the non-Darcy flow regime in parallel with field research and
downhole logging are crucial for implementing economically feasible EOR
techniques in low permeability reservoirs (Davletbaev and Ivaschenko, 2014).

Both propagator and phase-contrast velocimetry have been employed to study flow
through bead packs (Kutsovsky et al., 1996). Phase-contrast velocimetry has given
good results for water flow through sedimentary rocks at flow rates in the order of 1
and 2 mL min (Li et al., 2009; Romanenko et al., 2012; Shukla et al., 2016).
Waggoner and Fukushima, (1996) accurately measured velocities as low as 40 pm s
for water flow through a sandstone with both velocity images and bulk propagators
using the ‘13-interval’ Cotts sequence and suitable phase cycle to suppress the
induced phase incoherence. This chapter focuses on detecting slow velocities through
one sandstone and three low-permeability carbonate rocks. The first goal of this
chapter is to validate that phase-contrast velocimetry and propagators capture the
ultra-slow displacement of the molecules. The second goal is to identify the changes
in the flow mechanisms as the injection rate increases. For this purpose, the APGSTE-
RARE sequence with CS was used to obtain spatially-resolved phase-contrast
measurements and 3D propagators in less than 30 min.
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5.2 Theoretical Background

5.2.1 NMR Techniques to Assess the Pore Throat Distribution in the
Presence of Internal Gradients in Low-Permeability Rocks

According to Mitchell et al., (2010), in most porous media T; distribution provides
better understanding of the pore size distribution than T, distribution which inherits
the attenuation coming from the diffusion (Eq.(2-31)). As described in Section
2.1.5.3, susceptibility contrast between the liquid and the pore wall generate local
magnetic fields creating distortions in the B, field. These local distortions are
responsible for phase accumulation in the local spins making the phase-contrast
velocimetry more challenging. In addition, the existence of very small pores and
throats increases the mechanisms of relaxation which affect the signal attenuation,
hence the SNR. A comparison between T; with T, distributions obtained in high-field
magnets can show if the effect of internal gradients in the porous system is important
(Price, 2017). The signal decay due to diffusion and T, relaxation can be studied by
simultaneously encoding D,,,, and T5. This can be detected by adding a CPMG echo
train right after the APGSTE sequence as shown in Figure 5-1 (Mitchell et al.,
2013a).
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Figure 5-1: Schematic representation of the APGSTE-CPMG sequence based on the ‘13-interval’
Cotts et al., (1989) combined with the standard CPMG echo train. On the diffusion encoding
sequence, the echo time is 27 and the observation time A. The rectangular phase-encoding gradient
pulse have a duration § and an amplitude g. Homospoils are indicated by the small grey rectangles
and the readout lobe by the large grey rectangle. Data are acquired during the CPMG echo train of
N..no €choes separated by t..;, time. A stimulated echo of t, duration is used before the CPMG
sequence.

The APGSTE-CPMG sequence results in the acquisition of D-T, correlations. D-T,
can give insights into the pore structure of heterogeneous porous media (Bernin and
Topgaard, 2013; Callaghan et al., 2003; Zhang and Bliimich, 2014). Measuring the
relaxation times and the D,,,,, of the system is important for estimating the maximum

SNR and therefore the u,,;, of the system as described by Eq.(4-20).

5.2.2 Propagator Measurements in Sedimentary Rocks

In real core plugs, the maximum observation time 4 is not sufficient for the scanning
of the rock heterogeneities L,, = l 4. AS a result, only the preasymptotic regime is
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expected in flowing experiments through rocks. Propagators present a long tail which
is characteristic of the core heterogeneity. Figure 5-2 shows the formed tail in the
propagator curve for short (small displacement) and long 4 (large displacement) time
intervals. In this case, the flow behaviour does not obey Eq.(2-44) and it is known as
non-Fickian flow (Bijeljic et al., 2013; Scheven et al., 2005b). In the case of the bead
pack, small displacements are defined as (u)4 < dg (Scheven et al., 2004).

'Y

Small mean displacement

Large mean displacement

Probability of displacement

[
0 Displacement

v

Figure 5-2: Schematical representation of bulk propagators for flow through a core plug for small
and large mean displacements. Adapted from Shukla et al., (2016).

For oil reservoirs a good approximation is that k above 1000 mD is related to high
permeability reservoirs, k of ~100 mD corresponds to low permeability and k below
10 mD to extra-low permeability reservoirs.

5.3 Materials and Methods

5.3.1 Materials

The core plugs provided by STCA had an average length of 7.00 + 0.01 cm and
diameter of 3.80 + 0.01 cm and their properties are presented in Table 5-1. The
samples were dried under vacuum for 1 hour and then saturated in DI under vacuum
for 3 hours.

Table 5-1: Porosity and absolute permeability of four different core plugs.

Ultra-Slow Flow in Sedimentary Rocks

Names ¢ (%) k (mD)
Bentheimer 22.9+0.7 1000+ 104
Estaillades 30.0+0.7 113+5.6

IND4_33 18.10+ 0.09 165+ 8.3

COR1.7 20.20+0.10 3.37+0.17

5.3.2 Methods

5.3.2.1 Core Flooding Protocol

The inlet lines of the Rock Core Holder (RCH) were filled with water to remove the
air and they were attached to the fixed end platen. The PEEK RCH flow cell
(ErgoTech, Conwy, UK) was filled with water and the core was loaded in the Aflas
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sleeve enclosed in the RCH to avoid the formation of air bubbles. Then, the adjustable
platen was placed at the outlet end as shown in Figure 5-3. The confining pressure
was monitored at 6.3 MPa using 3M Fluorinert FC-43 and water was injected with a
constant flow rate of 1 mL min™ for 1 h to remove any trapped air bubbles. The RCH
was connected in a closed flow loop.

Aflas core
— sleeve

rock core
[
rock core holder

MRI
magnet
N ==
core flooding effluent
PT
pw I]E.
g 9 [E— Gilson 307 HPLC J\ ﬂ
booo confining pressure 1= J
pump | —= Y
\/ Bruker AV spectrometer
N &
back pressure
regulator 750 psi
Quizix 1500
dual-syringe pump FC-13
fluorinert

brine

Figure 5-3: Schematic representation of the CFS set-up used during the water injection at various
flow rates through different core plugs.

5.3.2.2 NMR Protocol
All NMR experiments were conducted at the same magnet following the NMR

protocol described in Section 4.3.2.2 with an extra step after the experiment (ii). D-T,
correlation maps following the APGSTE-CPMG sequence described in Section 5.2.1
were obtained using different A times. D-T, maps were used to give insights into the
heterogeneity of each core plug. The high-resolution 3D CS propagators are not
analysed for the core plugs since they do not provide any interesting insight into the
flow.

5.3.2.3 NMR Experimental Parameters

The duration of the hard 90° and 180° pulses were adjusted for each sample
separately. The inversion recovery and the one-shot CPMG experiments were
conducted as described in Section 4.3.2.4. The D-T, correlations were performed with
24 g-points in the fast 4 acquisition and with 16 g-points in the long 4 acquisition.
The g scaled up to 96% *g,,,4, When incremented 24 times and up to 70% X gmax
when incremented 16times. The duration § of each bipolar gradient was defined as
4.2 ms, while 7, (t.cn,/2) Was chosen as fifty times the duration of the 90° pulse as in
the one-shot CPMG experiment.
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The FOV for all the 3D spatially-resolved experiments was kept the same and the
Scheme B Kk-space trajectory was followed. The parameters chosen for the 3D
velocity maps and the 3D propagators were adjusted for each separate flow rate and
each sample as described in Sections 4.3.2.3 and 4.3.2.4. The propagators for all the
samples were acquired for 29 g-points encoded along the flow direction (z-direction).
The exact experimental parameters for each rock are presented below.

Betheimer: A hard 90° pulse of 38.3 us and a refocusing 180° pulse of 76.6 us were
used for the Bentheimer rock. The tg, for all the experiments in this rock was defined
as 3.2 s. The velocity maps were reconstructed for an « of 0.043 and 5 Bregman
iterations. The parameters for phase-contrast imaging and propagator measurement in
Bentheimer are summarized in Table 5-2. The acquisition time for each velocity map
was 26 min for an under-sampling rate of 25%. The acquisition time for the low-
resolution propagators was 38 min, whereas for the high-resolution one was 5 h for an
under-sampling rate of 18%.

Table 5-2: Parameters for phase-contrast imaging and propagator measurements in Bentheimer.

(uo) (ft d_l) | A(ms) | 86 (mS) | gfactor
Phase-contrast imaging
6 134.1 0.6 93.1%
10 41.3 4.8 24.3%
15 24 5.0 29.4%
Propagators

6 597 4.2 82%
10 353 4.4 80%
15 239 4.2 80.7%

Estaillades: A hard 90° pulse of 36.8 pus and a refocusing 180° pulse of 73.6 us were
used for the Estaillades rock. The tg for all the experiments in this rock was defined
as 2.8 s. The velocity maps were reconstructed for an a of 0.024 and 4 Bregman
iterations. The parameters for phase-contrast imaging and propagator measurement in
Estaillades are summarized in Table 5-3. The acquisition time for each velocity
image was 24 min for an under-sampling rate of 25%. The acquisition time for the
low-resolution propagators was 44 min, whereas for the high-resolution one was 6.2 h
for an under-sampling of 21%.

Table 5-3: Parameters for phase-contrast imaging and propagator measurements in Estaillades.

(uo) (ft d_l) | A(ms) | SG(mS) | gfactor
Phase-contrast imaging
6 79.1 0.8 96%
10 52.7 3.8 33%
15 24 5.0 29.4%
Propagators

6 800 5.0 24%
10 672 1.9 96%
15 800 1.1 96%
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IND4_33: A hard 90° pulse of 39.7 us and a refocusing 180° pulse of 79.4 us were
used for the IND4_33 rock. The tg, for all the experiments in this rock was defined
as 4.5 s. The velocity maps were reconstructed for an a of 0.028 and 4 Bregman
iterations. The parameters for phase-contrast imaging and propagator measurement in
IND4_33 are summarized in Table 5-4. The acquisition time for each velocity image
was 38 min for an under-sampling of 25%. The acquisition time for the low-resolution
propagators was 1.31 h, whereas for the high-resolution one was 10.3 h for an under-
sampling of 29%. For 6, 10 and 15 ft d™%, the optimum 4 and &, indicated in Table
5-4 for phase-contrast imaging were employed to acquire 11 different g-points by
changing the grqctor from -96% up to +96%. All the k-space data were obtained
following the Scheme B trajectory and each acquisition required ~ 2.3 h. These results
were used to assess the linear relationship between ¢ and (u).

Table 5-4: Parameters for phase-contrast imaging and propagator measurements in IND4_33.

(uo) (ft d-l) | A(ms) | SG(mS) | gfactor
Phase-contrast imaging
6 86.5 0.7 96%
10 59.8 4.4 22.3%
15 24 5.0 29.4%
Propagators

6 1000 4.8 42.6%
10 900 1.4 96%
15 896 2.5 37%

COR1_7: A hard 90° pulse of 38.7 us and a refocusing 180° pulse of 77.4 us were
used for the COR1_7 rock. The tg, for all the experiments in this rock was defined as
2.3 s. The velocity maps were reconstructed for an a of 0.047 and 4 Bregman
iterations. The parameters for phase-contrast imaging and propagator measurement in
COR1_7 are summarized in Table 5-5. The acquisition time for each velocity image
was 20 min for an under-sampling rate of 25%. The acquisition time for the low-
resolution propagators was 50 min, whereas for the high-resolution one was 7.4 h for
an under-sampling of 29%.

Table 5-5: Parameters for phase-contrast imaging and propagator measurements in COR1_7.

(wo) (ftd?) |  A(ms) | 8(ms) | Gracter
Phase-contrast imaging
6 67 0.8 96%
10 53.8 4.5 66%
15 24 5.0 29.4%
Propagators

6 611.5 4.9 69%
10 720 1.8 96%
15 720 1.2 96%
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All the results were processed as described in Sections 4.3.2.5, 4.3.2.6 and 4.3.2.7. In
the case of the rocks, ¢ was defined as the porosity of each rock for the measurement

of the d)rel(r).
5.4 Results
5.4.1 Validation of the Applied Techniques

5.4.1.1 Validation of D-T2 Sequence in the Bead Pack

The D-T, sequence described in Section 5.2.1 should be validated. For that reason, the
bead pack studied in Chapter 4 was used. Figure 5-4 shows the echo attenuation for
different A values. For 4 set as 24 ms, 24 g-points were acquired, while for A set as
50, 100 and 200 ms, 16 g-points were obtained. The measured D,,,,, was close to the
D, for water for all the different applied 4, as expected. Moreover, the decay lines are
overlapping, proving that the relaxation effects were negligible in the system.

¢ A 24 ms

x A: 50 ms
A: 100 ms

A: 200 ms

10°

1071 ', L
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1
I

104 ‘ |

qEA / m 2 x 107
Figure 5-4: Echo attenuation for four different 4 measuring the value of Dy,

As explained in Section 2.3, D, can be considered equal to the D, s when short
bipolar gradients are employed. Figure 5-5 shows the 2D correlation between the
Dy, and the effective T, also referred as T, . ¢ for 4 equal to 24 and 200 ms. The D-

T, map presents a single peak for both D, ¢, and T, (Hiirlimann and Venkataramanan,
2002). However, the peak is broader for the short 4 equal to 24 ms. This is because
spins from all the T, relaxation times contributed to the diffusion. On the other hand,
for A equal to 200 ms, spins close to the interface with the beads or the walls of the
bead holder had relaxed without contributing to the D, distribution (Zhang and
Bliimich, 2014). In both cases, the T, is evenly distributed around 2.2 s, which was
also measured by the single-shot CPMG experiment in Section 4.4.1.
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Figure 5-5: D-T, maps coming from the APGSTE-CPMG sequence for the bead pack filled with
water and 4 mm beads in diameter for 4 equal to 24(a) and 200 ms(b).

5.4.1.2 Linear Relationship Between Phase and Gradients for One of the Core
Samples

Another important relationship that should be examined is the linear relationship
between the imparted ¢ and the applied g in a flowing system through the rocks. For
that reason, experiment (v) was performed for each rock using the optimum 4 and &
derived by the multi-objective optimisation for each flow rate (Section 4.3.2.3).
Figure 5-6 shows the (), for a ROI of 16 voxels in the middle of the FOV as a
function of g for 6, 10 and 15 ft d* of water flow through IND4_33. A dashed line
was fitted in that linear region. Figure 5-6(a) shows the change of (@) with g for 6 ft
d! velocity using a 4 of 86.5 ms and a §; of 0.72 ms. The optimum g used in the
velocity map was 96% % g4, (red diamond) and is inside the linear region (dashed
line). Similarly, Figure 5-6(b) and (c) show that the optimum g defined by the
optimisation process (red diamond) for 10 and 15 ft d! is inside the limits of the linear
area for the corresponding values of 4 and &, used in the velocity mapping. This
proves that the optimum g, 4 and &, used in the velocity map of each rock are in the
linearity area enabling the use of Eq.(4-5) for the measurement of the u (7).
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Figure 5-6: Phase shift as a function of the gradient amplitude for 6(a), 10(b) and 15(c) ft d-* water
flow through IND4_33. The red data point shows the optimum g defined for the slow flow velocity
maps by the multi-objective optimisation and the dashed line indicates the area where ¢ and g are
linear.

The same experiments were performed for all the core plugs used in this chapter, but
only the results coming from the IND4_33 rock are presented. The goal of this
analysis was to verify that Eq.(4-5) can be used for the measurement of the u(r) for
each complex pore structure and each flowing regime.
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5.4.2 Relaxation and Diffusion Measurements for all the Core Plugs

Bentheimer: Figure 5-7(a) shows that the T, distribution in Bentheimer is mainly
unimodal with a large peak around 1 s. The small peak around 96 ms can be attributed
to water confined within chlorites. In the literature, T, distribution is considered as a
reflection of the pore body distribution. On the other hand, the T, distribution
presented in Figure 5-7(b) is much broader with a large peak around 196 ms and
several small peaks. This broad distribution indicates that T, is affected by the
presence of internal gradients (Mitchell et al., 2010a).
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Figure 5-7: T, (a) and T, (b) distributions coming from the inversion recovery and the CPMG
sequence for the water-saturated Bentheimer.

Diffusion through internal gradients affects the short T, components and leads to fast
signal decay. Diffusion through internal gradients is also responsible for the artificial
peak which appeared at long T, (Mitchell and Fordham, 2014). Figure 5-8 shows that
the shape of the D-T, correlation map is different for 4 equal to 24 and 220 ms. In
Figure 5-8(a), there is an area of fast T, components with small D,¢¢. This area is
related to the presence of very small pores. The spins in these narrow pores have
fully decayed in the 220 ms regime. In Figure 5-8(b), fast T, components present
high values of D, and T, components around 110 ms present a broad D¢
distribution. These high D, rr measurements are related to the presence of high
susceptibility effects in these narrow pores (Zhang and Bliimich, 2014).
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Figure 5-8: D-T, maps coming from the APGSTE-CPMG sequence for the Bentheimer core plug
saturated with water for 4 equal to 24(a) and 220 ms(b).

Estaillades: Figure 5-9(a) shows the T; distribution in Estaillades as a bimodal
distribution around 927 and 192 ms. Figure 5-9(b) demonstrates that this bimodal
system is replaced by a broad T, peak and several small peaks around it. This
phenomenon is observed due to the diffusive coupling between large and small pores
which is important, especially in high-field magnets. Diffusive coupling results in a
decrease of the peak associated with the long T, around 164 ms which is connected to
the macropores. In addition, the peak related to the short T, values and therefore the
micropores become wider and the highest peak is around 38 ms. The small peaks at
the longest (1.4 s) and shortest (102 s) T, areas are artefacts.
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Figure 5-9: T, (a) and T,(b) distributions coming from the inversion recovery and the CPMG
sequence for the water-saturated Estaillades.

This bimodal T, distribution in Estaillades is better observed in the D-T., correlation
map presented in Figure 5-10. D-T, map presents different shapes for 4 equal to 24
and 100 ms. Fast T, components with small D, which are attributed to the small
pores, were apparent only in the 24 ms experiment. These fast components have fully
relaxed in the 100 ms regime which exhibits a narrower D, distribution.
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Figure 5-10: D-T, maps coming from the APGSTE-CPMG sequence for the Estaillades core plug
saturated with water for 4 equal to 24(a) and 100 ms(b).

IND4 33: Figure 5-11(a) shows the T; distribution in IND4_33 as a bimodal
distribution around 1.2 s and 144 ms. This bimodal distribution is in agreement with
the pore body size distribution seen in the literature for the Indiana limestone (Bijeljic
et al., 2013). Figure 5-11(b) presents a multicomponent T, distribution. This presence
of multiple effective T, peaks in a high-field magnet which do not follow the T,
distribution is characteristic of the presence of different internal gradient
environments (Mitchell, 2014; Mitchell et al., 2010b).
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Figure 5-11: T, (a) and T,(b) distributions coming from the inversion recovery and the CPMG
sequence for the water-saturated IND4_33.

Since the APGSTE sequence limits the effect of internal gradients, the multiple peaks
below T, of 0.1 ms are not apparent in Figure 5-12. In contrast to what was seen
above for Bentheimer and Estaillades, the D-T, map of IND4_33 presents similar
shapes for 4 equal to 24 and 80 ms. This means that D, is independent of 4. Even
though the T, distribution is wide, the D¢, distribution is narrow and concentrated
around 1.4x10°° m? s*. The small pores with the fast T, present small Dsr values
confirming the microporosity that dominates the pore structure of Indiana. According
to the literature, Indiana limestone cores present very few connected flow paths and
several dead ends (Ji et al., 2012; Singer et al., 2016) which makes them difficult to

study with NMR.
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Figure 5-12: D-T, maps coming from the APGSTE-CPMG sequence for the IND4_33 core plug
saturated with water for 4 equal to 24(a) and 80 ms(b).

COR1_7: Figure 5-13(a) shows the expected bimodal T; distribution in COR1_7. The
two peaks are observed around 716 and 223 ms. The T, distribution in Figure 5-13(b)
is similar to the one acquired for Estaillades. The long T, of 1.6 s and the fast T,
below 102 s are artefacts. Diffusive coupling results in a decrease of the peak around
83 ms which is associated with the macropores and broadness of the peak around 20
ms which is associated with the micropores.
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Figure 5-13: T, (a) and T,(b) distributions coming from the inversion recovery and the CPMG
sequence for the water-saturated COR1_7.

The same T, distribution in COR1_7 is better observed in the D-T, correlation map
presented in Figure 5-14. D-T, maps present similar shapes for 4 equal to 24 and 100
ms. Fast T, components with small D, ¢, which are attributed to the small pores, were
apparent only in the 24 ms experiment. These fast components have fully relaxed in
the slow 100 ms regime. In both cases, the D, distribution is centered around
1.25x10° m? s1. The fast T, relaxation measured in this sample is responsible for the
poor SNR in the MRI measurements, as will be discussed below.
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Figure 5-14: D-T, maps coming from the APGSTE-CPMG sequence for the COR1_7 core plug
saturated with water for 4 equal to 24(a) and 100 ms(b).

5.4.3 Noise Analysis in the Phase-Contrast Imaging for all the Core
Plugs

Internal gradients have a significant effect on the velocity measurements for all the
studied core plugs. To investigate the local error in the obtained velocity maps from
the phase-contrast imaging technique, the 6 ft d* regime for all the samples is
analysed. The slowest velocity regime carries the highest per cent of noise. Therefore,
the standard deviation among five successive velocity maps and the o, () map are
displayed for the slowest flow regime of each rock.

Bentheimer: Figure 5-15(a) shows the standard deviation among five successive
velocity maps at 6 ft d* flow. The colourmap in all the measurements has been scaled
between + 5x(u),. The green colour dominates the image proving that the standard
deviation of the measured velocities is close to 0 um s™*. The red stripes seen in the z-
y slice of the core are attributed to external artefacts of the magnetic field.

Figure 5-15(b) presents the same analysis made for the bead pack in Figure 4-8. The
intensity image coming from the phase-contrast imaging obtained at no-flow
conditions (top left) is presented along with the a,,(r) map (top right) measured by
Eq.(4-20), the u () map (bottom left) and the ¢,..;(17) map (bottom right) coming
from the fully-sampled 3D RARE image for the Bentheimer rock. Comparing the
u(r) map with the o, () map and the standard deviation, it can be concluded that the
detected local velocities carry a small amount of error when measuring ultra-slow
flow at 6 ft d* through Bentheimer. The same measurements were repeated for 10 and
15 ft d!, showing that the local error is even smaller for these higher flow regimes.
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Figure 5-15: The middle x-y slice and z-y slice of the standard deviation between 5 velocity maps
acquired under the same conditions using the same experimental parameters(a). The middle x-y
slice for the average intensity image coming from the phase-contrast imaging, the local velocity
error a,,, the measured velocity map and the relative porosity coming from the 3D RARE image(b)
for water flow at 6 ft d* through the Bentheimer core plug.

Estaillades: The same type of analysis was conducted for Estaillades and is presented
in Figure 5-16. The colourmap in all the measurements has been scaled between +
5%(u),. Both the standard deviation and the o, () map present a uniform green
colour, showing that the error in the measured local velocities in the u () map is
small.
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Figure 5-16: The middle x-y slice and z-y slice of the standard deviation between 5 velocity maps
acquired under the same conditions using the same experimental parameters(a). The middle x-y
slice for the average intensity image coming from the phase-contrast imaging, the local velocity
error a,,, the measured velocity map and the relative porosity coming from the 3D RARE image(b)
for water flow at 6 ft d* through the Estaillades core plug.

IND4 33: Figure 5-17 presents the same noise analysis for IND4_33. The colourmap
for all the measurements has been scaled between + 10x(u),. Even though, the green
colour is dominant in both the standard deviation and the a,, (1) map, there are more
region of yellow and red colour in this carbonate rock, compared to Estaillades. The
intensity image coming from the phase-contrast map at the top left corner in Figure
5-17(b) indicates that the background noise is high and that there are several low
intensities inside the sample. A characteristic area of low signal intensity can be seen
in the middle of the x-y slice. The same region presents very low values of ¢,..;(1) as
seen in Figure 5-17(b) (bottom right). These voxels have low SNR and therefore
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significant o, (r) as shown by the yellow areas in the middle of the x-y slice in
Figure 5-17(b) (top right).

However, the velocity map in Figure 5-17(b) (bottom left) presents several voxels
with high measured velocities (yellow, orange and red colour) outside this area of
high error. This proves that even in this very noisy system, the detected local
velocities import a small amount of noise.
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Figure 5-17: The middle x-y slice and z-y slice of the standard deviation between 5 velocity maps
acquired under the same conditions using the same experimental parameters(a). The middle x-y
slice for the average intensity image coming from the phase-contrast imaging, the local velocity
error a,,, the measured velocity map and the relative porosity coming from the 3D RARE image(b)
for water flow at 6 ft d* through the IND4_33 core plug.

COR1 7: Figure 5-18 presents the same noise analysis for the lowest permeability
rock. The colourmap for all the measurements has been scaled between + 10x(u),. In
this rock, there are also some regions of high noise indicated by yellow and red
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colours. These regions are represented by a long thick stripe across the centre of the
x-y slice of the rock as clearly seen in the intensity image in Figure 5-18(b) (top left).
This area is also characterised by very small values of ¢,..;(r) as presented in Figure
5-18(b) (bottom right) and higher a,, (). However, most of the areas of high
velocities are located outside this noisy area as seen in the u () map in Figure
5-18(b) (bottom left). Therefore, local ultra-slow velocities were measured accurately
even at this extra-low permeability rock.
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Figure 5-18: The middle x-y slice and z-y slice of the standard deviation between 5 velocity maps
acquired under the same conditions using the same experimental parameters(a). The middle x-y
slice for the average intensity image coming from the phase-contrast imaging, the local velocity
error a,,, the measured velocity map and the relative porosity coming from the 3D RARE image(b)
for water flow at 6 ft d* through the COR1_7 core plug.
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5.4.4 Velocity Maps from Phase-Contrast Imaging and 3D
Propagators

The velocity maps coming from both the phase-contrast imaging and the 3D
propagators for each different rock are presented below.

Bentheimer: Figure 5-19 shows the velocity maps coming from the phase-contrast
imaging for 6 (a), 10 (b) and 15 ft d}(c) in Bentheimer. Bentheimer is a homogeneous
sandstone and the flow field at this resolution appears homogeneous across the core
for 6 and 10 ft d1. For 15 ft d%, there are two areas of high velocities close to the
outlet of the sample, circled with a light blue line.
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Figure 5-19: The middle x-y and z-y slices of the velocity maps coming from the phase-contrast
imaging for water flow through the Bentheimer core plug at 6(a), 10(b) and 15(c) ft d. Interesting
areas are highlighted by the light blue circles. In the z-y slices, parallel ‘zipping’ lines which
correspond to artefacts are present.

The velocity maps of 656.3 pm pixel™ resolution presented in Figure 5-19 were
averaged to a resolution of 2.63 mm pixel* and are presented in Figure 5-20 and
Figure 5-21. Figure 5-20 presents the comparison between the velocity maps of the
same resolution coming from the phase-contrast(a) and the propagator(b) techniques
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for 6 ft d”L. In both z-y slices, an area of high velocities is present on the middle right
side of the outlet and is circled by a light blue line.
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Figure 5-20: The middle x-y and z-y slices of the velocity maps coming from the phase-contrast
imaging average at 2.63 mm pixel™* resolution(a) and from the 3D propagators for water flow
through the Bentheimer core plug at 6 ft d*.

Figure 5-21 shows the results obtained for 15 ft d1. Both the phase-contrast(a) and
the 3D propagator(b) velocity images presented two areas of high velocity close to the
outlet. These two areas are circled by a light blue line in the z-y slice proving that
both the phase-contrast and the propagator sequence recorded a similar pattern of
flow.
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Figure 5-21: The middle x-y and z-y slices of the velocity maps coming from the phase-contrast
imaging averaged at 2.63 mm pixel* resolution(a) and from the 3D propagators for water flow
through the Bentheimer core plug at 15 ft d.

Table 5-6 has summarised the (u),, coming from both the phase-contrast and the
propagator acquisitions. Although the phase-contrast imaging resulted in a (u,,,) very
close to the (u,) for all the flow velocities, the propagator measurement resulted in
higher (u,,).

Table 5-6: Mean measured velocities coming from the phase-contrast imaging and the propagator
measurements from the different flows through the Bentheimer core plug.

(up) Q (up) (u,,)-phase-contrast (u,,) - propagators
(ftd®) | (ML min™) | (ums™) (pm s) (pm s)
6 0.33 21.2 209+ 7.1 28.6 0.7
10 0.55 35.3 23.8+7.9 51.8+0.4
15 0.83 52.9 42.8+2.8 76.9 + 0.7

Estaillades: Figure 5-22 presents the velocity maps coming from the phase-contrast
imaging for 6(a), 10(b) and 15 ft d*(c) in Estaillades. Even though Estaillades has a
bimodal pore-throat distribution, the velocity maps coming from the phase-contrast
imaging present a homogeneous distribution of high and low velocities. The same
homogeneity in the velocity distribution is seen in the velocities coming from the
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propagator measurements presented in Figure 5-23. An area of high velocities is
highlighted by the light blue circle and is located at the same area of the core plug for
all the different flow velocities.
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Figure 5-22: The middle x-y and z-y slices of the velocity maps coming from the phase-contrast
imaging for water flow through the Estaillades core plug at 6(a), 10(b) and 15(c) ft d%. In the z-y
slices, parallel ‘zipping” lines which correspond to artefacts are present.
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Figure 5-23: The middle x-y and z-y slices of the velocity maps coming from the propagator
measurements for water flow through the Estaillades core plug at 6(a), 10(b) and 15(c) ft d™.
Interesting areas are highlighted by the black circles.

Table 5-7 has summarised the (u,,,) coming from both the phase-contrast and the
propagator acquisitions. On the one hand, the phase-contrast imaging resulted in a
(u,,) slightly lower than the (u,) for all the flow velocities. On the other hand, the
propagator measurements resulted in (u,,,) higher than the (u,).
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Table 5-7: Mean measured velocities coming from the phase-contrast imaging and the propagator
measurements from the different flows through the Estaillades core plug.

(up) Q (ug) (u,,)-phase-contrast (u,,) - propagators
(ftd™) | (ML min*) | (pms™) (pm s™) (pm s™)
6 0.43 21.2 174+ 6.1 542 +0.8
10 0.72 35.3 23.8+6.9 64.8+1.2
15 1.08 52.9 42.8+2.8 109.8 £2.4

IND4 33: Figure 5-24 presents the velocity maps coming from the phase-contrast
imaging for 6(a), 10(b) and 15 ft d}(c) in IND4_33. The areas of low SNR within the
sample have been masked and several high-velocity voxels were detected. Due to its
very short T, relaxation times, IND4_33 is one of few Indiana Limestone rocks whose
velocity has been mapped successfully for different ultra-slow flow regimes. Figure
5-25 shows homogeneous velocity profiles coming from all the propagator
measurements. This homogeneous mapping across the core and around zero is a result
of several parameters which will be discussed later.
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Figure 5-24: The middle x-y and z-y slices of the velocity maps coming from the phase-contrast
imaging for water flow through the IND4_33 core plug at 6(a), 10(b) and 15(c) ft d*. In the z-y
slices, parallel ‘zipping’ lines which correspond to artefacts are present. In the z-y slices, parallel
‘zipping’ lines which correspond to artefacts are present.
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Figure 5-25: The middle x-y and z-y slices of the velocity maps coming from the propagator
measurements for water flow through the IND4_33 core plug at 6(a), 10(b) and 15(c) ft d*.

Table 5-8 displays the (u,,,) coming from both the phase-contrast and the propagator
acquisitions. Both the phase-contrast and the propagator measurements resulted in
(u,,) lower than the (u,).
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Table 5-8: Mean measured velocities coming from the phase-contrast imaging and the propagator
measurements from the different flows through the IND4_33 core plug.

(ug) Q (ug) (u,,) - phase-contrast (u,,) - propagators
(ftd?) | (mL min?t) | (ums?) (um s?) (um s?)
6 0.26 21.2 84+34 17.0 £ 0.6
10 0.43 35.3 145+24 25.6+0.9
15 0.65 52.9 23.3+32 421+1.7

COR1_7: Figure 5-26 presents the velocity maps coming from the phase-contrast
imaging for 6 (a), 10 (b) and 15 ft d}(c) in COR1_7. The left side of the z-y slice is
dominated by areas of low SNR and several voxels have been masked. However, the
right side of the z-y slice demonstrates several regions of high velocities which are
highlighted by the black circles. In the x-y slice, the thick stripe of low SNR at the
centre of the core plug has been masked and the areas of high velocities have also
been circled. The same high-velocity areas were also observed in the velocity maps
coming from the propagator measurements which are exhibited in Figure 5-27. It can
be seen that in propagator measurements, the results suffer from low SNR and a large
among of voxels have been masked, especially in Figure 5-27(c). COR1_7 is an ultra-
low permeability rock and this is the first time that velocity has been detected in such
a difficult to study sample.
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Figure 5-26: The middle x-y and z-y slices of the velocity maps coming from the phase-contrast
imaging for water flow through the COR1_7 core plug at 6(a), 10(b) and 15(c) ft d*. In the z-y
slices, parallel ‘zipping’ lines which correspond to artefacts are present.
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Figure 5-27: The middle x-y and z-y slices of the velocity maps coming from the propagator
measurements for water flow through the COR1_7 core plug at 6(a), 10(b) and 15(c) ft d*.
Interesting areas are highlighted by the black circles.

Table 5-9 gathers the (u,,) coming from both the phase-contrast and the propagator
measurements for the COR1_7 sample. The phase-contrast imaging resulted in a (u,,)
similar to the (u,), whereas the propagator measurements derived a much larger (u,,).
It should be pointed out that in the propagator measurements, a large number of voxels had
been masked. This means that many voxels of low SNR or low velocity have been excluded
from the measurement.
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Table 5-9: Mean measured velocities coming from the phase-contrast imaging and the propagator
measurements from the different flows through the COR1_7 core plug.

6 0.29 21.2 16.2+6.2 32.6+0.8
10 0.48 35.3 29.8+7.4 48.4+£0.7
15 0.73 52.9 46.9+9.3 855+ 14

5.4.5 Flow Paths Formed from the Phase-Contrast Images

Figure 5-28 presents the flow paths derived by the velocity vectors for 15 ft d!
through the Bentheimer (a) and the Estaillades (b) rocks. The three data acquisitions
were combined using the ‘streamslice’ function of MATLAB. Figure 5-28 shows that
for the same velocity, the homogeneous pore structure of the Bentheimer enables the
formation of long straight flow paths towards the exit. In contrast, the bimodal pore
structure of the Estaillades causes tortuosity in the detected flow paths towards the
outlet.

(a) 42

0 21 42 0 21 42
y / mm y / mm

Figure 5-28: The middle x-y and z-y slices of the velocity maps with the flow paths (red lines with
arrows showing the direction) for water flow through the Bentheimer (a) and the Estaillades(b)
core plug at 15 ft d*.

Figure 5-29 presents the flow paths derived by the velocity vectors for 15 ft d!
through the two Indiana limestones, the IND4_33(a) and the COR1_7(b) rocks. In
contrast to Bentheimer and Estaillades, the narrow pore throats met in Indiana
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Limestones are responsible for the presence of several unconnected and tortuous flow
paths along the flow direction. In Figure 5-29(b), some longer tortuous flow paths,
similar to the ones observed in Estaillades, can be seen close to the outlet of the z-y
slice of the COR1_7. These areas are highlighted by the black line and indicate the
presence of connected pores in this area.
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Figure 5-29: The middle x-y and z-y slices of the velocity maps with the flow paths (red lines with
arrows showing the direction) for water flow through the IND4_33(a) and the COR1_7(b) core
plug at 15 ft d%,

5.5 Discussion

As discussed in Chapter 4, it is important to analyse the T; and T, relaxations for each
rock, as well as the D_app before finding the optimum experimental parameters for
the slow-flow experiments. By analysing the relaxations and the diffusion coefficient
interesting observations can be made about the rocks. Bentheimer presented a strongly
unimodal pore structure with strong internal gradients. Estaillades exhibited a bimodal
T, distribution which is in agreement with the pore body size distribution seen in the
literature for Estaillades (Dautriat et al., 2011; Mitchell and Fordham, 2014). The
short Ty is related to the microporosity of the core (< 2 um), while the long T;
corresponds to the macroporosity. Its T, distribution demonstrates strong diffusive
coupling between the pores (Mitchell et al., 2014). IND4_33 is an Indiana Limestone
presenting bimodal pore structure and strong internal gradients. According to the
literature, the variation in the pore size creates distinct regions with stronger and
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weaker local magnetic field gradients. The spins diffuse between these distinct
regions, giving rise to multiple T, times (Mitchell and Fordham, 2014). This explains
the multiple peaks T, distribution measured in the IND4_33 . In addition to that, the
sample is dominated by microporosity with fast T, relaxations which deteriorate the
SNR in the velocity measurements. The other Indiana Limestone, COR1_7, presented
T, and T, relaxations faster than the IND4_33. Faster T; means the pore throats in this
limestone were narrower. COR1_7 is an extra-low permeability rock with stroing
diffusive coupling which make it hard to study.

Comparing the ¢,.;(r) map among the samples, a homogeneous distribution can be
seen in Bentheimer, while areas of low intensity mixed with the high-intensity ones
can be noticed in the other three carbonates. This agrees with the multi-modal peak T,
distribution recorded in the carbonate samples. Analysing the standard deviation
among successive velocity maps and the o, (r) maps measured for the 6 ft d* regime
in all the studied rocks, it was proved that the noise imported in the local velocity
measurements was small. Therefore, the optimisation toolbox proved valid for the
measurement of the ultra-slow velocities through rocks. The two Indiana Limestone
samples presented higher values of noise in some regions within the sample. This high
noise was related to the low local SNR due to the fast T, relaxation. The areas of low
SNR and high local noise were also mapped in the ¢,-.; (1) map and in the intensity
image of the velocity map.

For the case of water flow through the Bentheimer, the velocity mapping coming from
the averaged phase-contrast imaging presented a similar pattern of flow to the one
detected with the 3D propagator sequence. The velocity distribution was relatively
homogeneous along the core with some areas of concentrated high-velocity voxels
close to the outlet. Estaillades also presented a relatively homogeneous distribution of
the velocity field along the core using both velocity imaging techniques. Both
Betheimer and Estaillades presented long connected flow paths for the 15 ft d*
regime presented in Figure 5-28. On the other hand, IND4_33 and COR1_7 presented
several areas of low SNR within the rock which were related to the fast T, relaxation.
IND4_33 presented a homogeneous velocity map coming from the propagator
measurement. The long 4 in addition to the low-resolution of the propagator
measurements resulted in the green colour which dominates Figure 5-25. In other
words, the high-velocity voxels detected in Figure 5-24 were merged with the low or
no-velocity voxels, presenting that homogeneous green colour. As shown by the flow
paths in Figure 5-29(a), IND4_33 is a rock dominated by dead ends and unconnected
paths. Similar flow path patterns have also been detected by Romanenko et al., (2012)
in higher flow rates of 2 mL min™. In COR1_7, the propagator measurements mapped
the areas of higher velocities and the results were aligned with the phase-contrast
imaging results. However, the propagator measurements were governed by voxels of
low SNR which were masked in the data processing. This resulted in an important
loss of information as seen in Figure 5-27. The (u,,) obtained by the propagator
measurements was higher than the (u,,,) measured by the phase-contrast imaging
because propagator captures movement from both flow and diffusion. Moreover,
some of the slow flowing spins especially in the Indiana Limestones may have
relaxed due to surface relaxation.
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The novel phase-contrast imaging was proved less sensitive to noise even though the
measurements were obtained at higher resolution. Acquisition of high-resolution
propagators which can detect the ultra-slow flow was very difficult for the two
Indiana Limestone samples since noise dominated the measurements.

5.6 Conclusion

In this chapter, the two techniques of phase-contrast imaging and low-resolution
propagators developed in Chapter 4 for observing ultra-slow flowrates in less than one
hour were tested in a homogeneous sandstone and in three heterogeneous carbonates.
None of these techniques had pore-scale resolution. The aim of this study is to show
that the multi-objective optimisation and the new propagator technique can capture
for the first time ultra-slow flows in the complex pore space of different rocks and to
identify areas of high velocity flow paths as the externally applied flow from the
pump was changing.

The same noise analysis was conducted for all the samples and all the flow rates. The
standard deviation among consecutive velocity maps and the measurement of the

o, (r) proved that in most areas within the volume of each sample, the detected
velocities were much higher compared to the local noise. In Bentheimer, a
homogeneous velocity distribution with some areas of higher velocity close to the
outlet were recorded by both propagator and phase-contrast imaging. The flow paths
recorded for flow through this homogenous sandstone were long and straight in
contrast to the more tortuous paths detected in Estaillades. The heterogeneity in the
pore-throat distribution affected the formed flow paths for the same externally applied
velocity of 15 ft d™. IND4_33 and COR1_7 were dominated by unconnected flow
paths and areas of low SNR. The novel phase-contrast imaging was proved as the
most suitable and less noise-sensitive technique for the acquisition of velocity
measurements in these rocks.

This is the first time that the transverse and the longitudinal dispersion have been
recorded for flow through the same core plug at different flow rates. Moreover, this is
the first time that flow through a rock at reservoir-like interstitial velocities has been
recorded with MRI. The utter goal is to use these two techniques to identify the
changing behaviour of polymers when flooded through these rocks and identify the
optimum flow rate which will result in the highest oil recovery in a two-phase system.
In Chapter 6, a new method for capturing two-phase flow in a water-oil system was
developed and was applied in an ideal and in an Estaillades.
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Chapter 6 Two-Phase Flow in an Ideal
and in a Rock-Porous System

6.1 Introduction

Chemical shift sensitivity is one of the key advantages of MR as it allows us to
distinguish the signal coming from different chemical species, whereas other imaging
techniques such as micro-CT require the addition of dopants in order to map
multiphase flow distribution. The addition of dopants is considered costly and
corrosive to the equipment. In addition, bulk properties are influenced by the presence
of dopants leading to inaccurate results (Lin et al., 2018; Vinegar, 1986; Wildenschild
and Sheppard, 2013). NMR techniques rely on good spectroscopic chemical shift
separation between the chemical compounds. Several methods based on the spin-echo
sequence have been employed to distinguish between oil and water signals (Tessier
and Packer, 1998). Other techniques based on the different relaxation times or
different diffusion coefficients of the species have also been proposed. Bulk T, — T,
Dgpp — T, measurements as well as spatially-resolved sequences such as L — T, L —

T, — T, and SESPI (T, maps) have been applied in both low- and high-field magnetic
fields to map the remaining oil phase during or after water-flooding (Bush, 2018a;
Jonathan Mitchell et al., 2012; Mitchell et al., 2013b). Another famous technigue is
the WATERGATE pulse sequence in which a selective m pulse is used to affect only
the water resonance (Liu et al., 1998).

In porous media, T, relaxation is very fast making the signal suppression scheme look
like the most prominent technique for chemical selection in porous media. Pre-
saturation of the solvent resonances by a low-power selective r.f. pulse is a common
suppression technique that presents several drawbacks as described by Zheng and
Price (2010). Selective water excitation followed by gradient dephasing is a standard
technique initially used for suppression of the T; and B, inhomogeneities in the
single-scan localisation methods such as STEAM (90°-TE/2-90°-TM-90°-TE/2—
Acq) (Frahm et al., 1987) and PRESS (90°-TE1—180°~TE1+2—180°-TE>— Acq)
(Bottomley, 1982). Single water- and oil-suppression sequence has been combined
with pulse-acquire and RARE sequence and has been used in water-flooding through
dodecane saturated Estaillades rock (Ramskill et al., 2018). A more efficient method
of multiple frequency-selective r.f. pulses followed by dephasing gradients of
changing amplitude has been proven insensitive to T; and B, inhomogeneities. This n-
pulse variable angle sequence is called WET (Water suppression Enhanced through T;
effects) method. This method is independent of intervoxel T; and B; inhomogeneities
and therefore spatial homogeneity in suppression is achieved (Ogg et al., 1994;
Smallcombe et al., 1995). This suppression technique is used in the current
experiment for dodecane and water suppression and is combined for the first time
with pulse-acquire, RARE and APGSTE-RARE for spatially-resolved two-phase flow
in an ideal porous medium and in a complex carbonate rock.
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6.2 Methods for Achieving Chemical Selectivity

6.2.1 Chemically-Selective Pulse-Acquire Experiment

NMR spectra are considered a quantitative and fast measurement of the bulk presence
of a chemical species in the sample. It has been stated that a single Gaussian pulse
leads to non-uniform excitation of frequencies (Callaghan, 2014; Gladden, 1994).
This is why this chapter focuses on multiple Gaussian pulses known as the WET
scheme are used for the chemical shift selectivity of the oil and the water phase in
combination with several sequences. Figure 6-1 presents a new pulse sequence where
the WET scheme is combined with the pulse-acquire experiment. Discrimination
between chemical species is achieved by four selective excitation pulses at x-, y-, y-
and y-direction, respectively. The flip angle 8 for each pulse was optimised to
account for T; and B; inhomogeneities following the method described by Ogg et al.
(1994). Each selective pulse is followed by a dephasing homospoil gradient at the
transverse plane. The homospoils are applied along with the three (z, x, y) orthogonal
directions. The duration of the homospoils was defined as &y, the gradient
stabilisation delay as 7, and the time interval between the soft pulses as 5. The
amplitude of each subsequent homospoil gradient is halved yielding g, 1/2 g,

1/4 g, and 1/8 gwhere g, is the amplitude of the first homospoil gradient. This
change in amplitude has been proved more efficient for the minimisation of the
gradient echoes (Smallcombe et al., 1995). Then, the un-suppressed phase can be
manipulated from the pulse sequence that follows.
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Figure 6-1: Schematic of the chemically-selective pulse-acquire experiment. Chemical suppression
is based on the WET pre-conditioned sequence which consists of four soft pulses with variable flip
angles (<180°) and with x, y, v, y phases respectively. The amplitude of each subsequent gradient
pulse is halved and the gradient stabilisation delay is denoted as . The time duration between two
successive soft pulses is ;.

6.2.2 Chemically-Selective and Spatially-Resolved Spectra

The four pulses WET suppression scheme was also integrated into the 1D spatially-
resolved Chemical Shift Imaging (CSI) pulse sequence as shown in Figure 6-2.
Acquiring spatially-resolved spectra can give an extra validation for the effectiveness
of the WET scheme when the information is spatially-resolved since the sequence is
based on the peak suppression. Acquiring spectra along the full length of the sample
shows that at each pixel the one peak is fully-suppressed and only the signal from the
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selected chemical compound is detected. This step can be used before the acquisition
of 3D RARE images with chemical suppression, to test the efficiency of the peak
suppression when it is applied spatially.
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Figure 6-2: Schematic of the chemically-selective CSI experiment. Chemical suppression is achieved by adding the
WET pre-conditioned sequence in front of the chemical shift imaging module. The spatial information is achieved
using the changing amplitude gradient of duration J.

Chemically-selective 1D or 3D CSI experiments can be used in complex systems such
as catalytic reactions (Yuen et al., 2002), where multiple peaks are present and the
acquisition of the spectrum at each voxel suppressing only one peak is required. In the
current research, the effectiveness of the pulse sequence was compared to volumetric
measurements and to the results coming from 3D RARE images.

6.2.3 Chemically-Selective RARE Images

For the acquisition of chemically-selective images, a pre-conditioning stage of four
selective pulses was added in front of the 3D RARE imaging sequence (Hennig et al.,
1986) as shown in Figure 6-3. Even though the application of a 3D CS-RARE
sequence in combination with a chemical suppression scheme has already been used
by Ramskill et al. (2018) to study the multi-phase flow in a core-plug, the WET-based
suppression scheme in combination with the improved under-sampling and
reconstruction method, improved the accuracy and reliability of the quantitative
results which is important for the two-phase flow analysis.
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Figure 6-3: Schematic of the chemically-selective RARE experiment. Chemical suppression is achieved by adding
the WET pre-conditioned sequence in all three orthogonal directions (z,x,y) in front of the RARE imaging module.

In the current chapter, results from both fully-sampled and under-sampled RARE
images with chemical selection will be presented and will be compared to the results
coming from the single-selective pulse suppression scheme used by Ramskill et al.
(2018).

6.2.4 Chemically-Selective and Spatially-Resolved Flow Propagators

As explained in Chapter 4, the APGSTE sequence is more suitable for the study of
flow through porous media of fast T, relaxation. Implementing the chemically-
selective stage during the t,;,,. time interval, as shown in Figure 6-4, was proven
ideal for the chemical selection under flow conditions. By placing the selective pulses
during the t,;,-. time interval, the chemical selection was achieved without increasing
the experimental time. Moreover, there are no limitations in the choice of 4. The one
phase is suppressed during the tg;,.-. time interval, while the un-suppressed phase-
encoded in the g,-space. Then, they experience the RARE sequence which provides
3D spatial resolution.
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Figure 6-4: Schematic of the chemically-selective APGSTE-RARE experiment. Chemical suppression is achieved
by adding the WET sequence in all three orthogonal directions (z,x,y) during the ts,,. duration when the
magnetisation is stored along the longitudinal position before the g-encoding stage which is followed by the 3D
RARE pulse sequence.

Both chemically-selective RARE and APGSTE-RARE sequences can be combined
with the CS and Scheme B (Section 3.2.2) trajectory of sampling. The aim of this
chapter is to show the quantitative nature of the four-pulses selective scheme with the
pulse-acquire, the CSI, the RARE and the APGSTE-RARE sequence. It is the first
time that chemical selection is implemented in the APGSTE-RARE sequence and its
validity is proved in the ideal porous set-up designed for this experiment.

6.3 Materials and Methods

6.3.1 Materials

6.3.1.1 Bead holder filled with beads and a vial with dodecane

A cylindrical bead holder was filled with DI water, large borosilicate glass beads
(Q.A. Equipment Ltd., UK) and a vial filled with dodecane (99%, Acros Organics) and
smaller beads. The large spheres were of d equal to 4.0 mm and the small spheres in
the vial of d; equal to 2.0 mm. Dodecane was in the hydrocarbon phase and was
trapped in the 10 mL vial. The internal diameter and length of the bed were 37.1 mm
and 70 mm, respectively and the whole apparatus is illustrated in Figure 6-5. The
packed bed was connected to a closed flow loop with a syringe pump (Quizix QX-
1500HC dual-cylinder syringe pump). Water was flowing through the bead pack for
several hours at different flow rates, while the bead holder was held perpendicular to
remove all the trapped air bubbles. The blue arrows demonstrate the direction of water
flow.
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Figure 6-5: Schematical representation of the bead holder of 70 mm length and 37.1 mm diameter
packed with borosilicate glass spheres of 4 mm diameter and a 10 mL vial filled with dodecane and
borosilicate glass spheres of 2 mm diameter. Water flows from the right to the left as shown by the
blue arrows (mobile phase) while dodecane remains static (stagnant phase) inside the vial.

The ¢, was measured as 39.5 + 0.6 % gravimetrically and by implementing
mathematical models for a loose random packing of spheres (Roshani, 1990).
Following Eq.(4-21), the r, of the area filled with water was 436 um (Scheven et al.,
2004). Hence, the pore size of the bead holder outside the vial can be considered as ~
873 um. Similarly, the porosity inside the vial, ¢,,, was defined as 39 % and the
hydraulic radius as 213 um, hence the expected pore size was considered as ~ 426
wm.

6.3.1.2 Estaillades carbonate rock

A cylindrical plug of an Estaillades (EST1_102) carbonate rock (provided by STCA)
with an average length of 7.01+0.01 cm and an average diameter of 3.81 £ 0.01 cm
was studied. The core was placed in the oven for 1 h at 90°C to remove molecules of
water captured in the pores. Increasing the temperature higher than 100°C, which is
the boiling point of water, could damage the sample. Therefore, the temperature of
90°C was considered suitable for at least partial removal of water particles captivated
in the pore structure. Then, the core plug and the semi-permeable disc were dried
under vacuum for 2 h and then they were both saturated in synthetic brine under
vacuum. Low salinity, synthetic brine was prepared using sodium chloride (99 %,
Sigma Aldrich) and Deionised water (DI) to a concentration of 3.0 = 0.1 g NaCl litre”
1. The DI water used for every study in this thesis was obtained from a laboratory
purification system (ELGA, DV25, Pure Lab Option), to a concentration of 1.075 +
0.001 g GACI3 /litre deionised water. The core P.V. was measured as 23.64 £ 0.50 mL
by gravimetric analysis, corresponding to a porosity of 29.62 + 0.67 %. This
measurement agrees with the porosity given by STCA equal to 29.6 %. The
permeability of the rock was measured with nitrogen adsoprion in the laboratories of
STCA and was equal to 113 mD. The core was then placed in the RCH and a 6.3 +
0.3 MPa confining pressure was applied using 3M Fluorinert FC-43. The RCH was
placed in a closed-loop system with a back-pressure regulator, and the confining
pressure was maintained using a Gilson model 307 pump. The rock was analysed in
two different states of saturation. The first state was 15 + 0.7% brine and 85 + 0.7%
dodecane and is known as the ‘end of primary drainage’. The second state was 67 +
2% brine and 33 + 2% dodecane and is known as ‘end of imbibition’. More
information about these states follows in Chapter 7 and Chapter 8. The brine was
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prepared with deionised (DI) water to a concentration of 3.0 = 0.1 g NaCl L. Both
phases had a uniform distribution along the length of the core.

6.3.2 Methods

6.3.2.1 NMR Protocol for Chemically-Selective Experiments in the Bead Pack
All NMR experiments were conducted at room temperature (20 + 1 °C) in the same 2
T magnet. The transmitter/receiver offset was set at the peak of the chemical
compound that we want to observe. The offset frequency of each selective pulse was
set at a 0.75 ppm distance from the peak of the chemical compound that we want to
suppress. The amplitude of the first homospoil was defined as g, and it was set at 24
% of the g,nax- The amplitude of each successive homospoil was halved as shown in
Figure 6-1.

Firstly, the WET suppression scheme was tested in the bead pack shown in Figure
6-5. In the pulse-acquire experiment, the vial was filled only with oil and not with
spheres. Then, the 2 mm beads were added to the vial. Multiple pulse-acquire
experiments with and without chemical selection were acquired to test for the
reproducibility of the novel pulse sequence. Fully-sampled 3D RARE images were
acquired using the same WET scheme. Finally, water was injected at a flow rate of 7
mL min and fully-sampled 3D spatially-resolved propagators were acquired for the
water and the oil phase separately.

6.3.2.2 NMR Experimental Parameters for the Bead Pack

In the pulse-acquire with chemical selection experiment, &; was chosen as 3.1 ms and
t, as 2 ms. The tzp was set as 8 s to allow the full recovery of the magnetisation. The
duration of the hard 90° pulse was 19 us. The duration of all the Gaussian-shaped
excitation pulses was 8192 us which is related to a bandwidth of 155 Hz as derived
from Eq.(2-14). The flip angles were optimised following the method described by
Ogg et al. (1994). The optimum flip angles were 91.7°, 92.1°, 95.6° and 173.9°. The
t, was measured as 9.2 ms and the N, was set as 8 to achieve a full phase cycle. The
same parameters were used for both water and dodecane suppression changing only
the offset frequency of the pulses. More precisely, the offset frequency was set at 0.55
ppm for the dodecane suppression and at 5.55 ppm for the water suppression.

In the 3D RARE experiments, the parameters of the pre-saturated stage remained the
same. The tzp was changed to 0.5 s and 24 scans were taken. The FOV in the Kk,..qq4
dimension was 96 mm and in both k4501 and Kppqse2 Was 48 mm. The Ny, in the
RARE loop was 16 with a t.cp, 0f 3.7 ms. The Ny..qq Was 256, while Ny pge1,
Npnase2 Were 128 giving an isotropic resolution of 375 um pixel. This enabled pore-
scale resolution inside the vial where the 3, (EQ.(4-21)) was measured as ~ 426 um
and in the area around the vial where the r;, was measured as ~ 873 um. Scheme A k-
space sampling trajectory (Section 3.2.2) was implemented. The acquisition time for

one image was approximately 4 h.

The same Scheme A k-space sampling trajectory was followed in the 3D propagator.
The FOV along the three dimensions was the same as in the images. In this
experiment, the N,..,q Was 80 and the Ny pgse1, Npnase2 Were 40 giving an isotropic
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spatial resolution of 1.2 mm pixel™, almost 3 times lower than the image resolution. A
7, 0f 2.2 ms was defined for the spatial encoding while a = of 4.1 ms was determined
for the flow-encoding part of the sequence. A 4 of 200 ms was applied, while the
length of a single g-encoding gradient was settled at 3.7 ms. The g-points were
encoded along the superficial flow direction, i.e. z-direction, and the N, was set at
40. A total of 65 g-points were sampled by applying flow encoding gradients between
-10.16 x102 and 10.16 x1072 Tm ™ (94.92% of g,,,4,) in equidistant steps; i.e.,
symmetrically around the centre of g- space, with the 33" point at g=0 m*. The
duration of the homospoil during the tg;,,. time interval was 10 ms while its
amplitude was set at 30% of the g,,,4,. TO avoid the effect of eddy currents while the
magnetisation was stored at the longitudinal position a delay of 2 ms was placed
before and after the large homospoil of 10 ms, right before the chemically-selective
scheme as shown in Figure 6-4. Sixteen signal averages were used with a tgp of 1.03
s, resulting in a total acquisition time of 30 h.

6.3.2.3 NMR Protocol for Chemically-Selective Experiments Estaillades

A series of pulse-acquire experiments were performed to optimise the tgp, 8, and t;,
parameters. To optimise the tzp, T; relaxation time was needed. Therefore, an
inversion recovery experiment was acquired. Based on that value, seven non-
chemically selective pulse-acquire experiments were performed changing the tgp, i.€.
the time between consecutive scans. Then, we needed to optimise the WET
suppression scheme. For that reason, five chemically-selective pulse-acquire
experiments for the water and five chemically-selective pulse-acquire experiments for
the oil phase changing initially the §;,, and then the t;, value.

The optimised suppression scheme was employed for the acquisition of 3D fully-
sampled and under-sampled RARE images for the oil and the water phase following
the Scheme B trajectory of k-space sampling. The same sampling trajectory was
followed for all the spatially-resolved experiments. The images were compared with
1D CSI experiments to prove the quantitative nature of the acquisition. Then, brine
was injected at 5 ft d* through the rock and 3D APGSTE-RARE experiments with
under-sampling were obtained.

6.3.2.4 NMR Experimental Parameters for the Estaillades

The inversion recovery experiment was performed with a hard 90° pulse of 40.7 us
and 8 scans, choosing 16 points for signal decay. In the non chemically-selective
pulse-acquire experiment, the duration of the hard 90° pulse was 40.7 ps. The tgp
varied from 0.8 s up to 7.7 s (5xT;) between 8 scans. The duration of all the Gaussian-
shaped excitation pulses was chosen as 8192 ps which is related to a bandwidth of
155 Hz. For this soft pulse duration, the power level of the 180° pulse was calibrated
as 18.6 dB. Hence, the flip angles for the soft pulses were manually calibrated for the
chemically-selective experiment and they were set up as 68°, 84.7°,91.8° and 103°.
The offset frequency for the selective pulses was set at 0.55 ppm for dodecane
suppression and at 5.43 ppm for water suppression. After choosing tzp equal to 3 s
and t;, of 0.58 s, the value of the duration of the homospoil &;, varied from 0.5 up to 4
ms. Then, choosing a tgzp 0f 3 sand a §;, of 3 ms, the value of 7, varied from 0.58 up
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to 3.08 ms. All this calibration occurred at the state called ‘end of the primary
drainage’, therefore the oil phase was dominant.

After defining the optimum values of tzp, 85, and 7, for the WET scheme, one
reference spectrum was compared with the two chemically-selective spectra. At this
point, the rock was in the ‘end of imbibition saturation state. Therefore, the brine peak
was larger. The hard 90° pulse was calibrated at 41.9 ps. The duration and the flip
angle of the suppression scheme were again calibrated and the optimum values were
found the same as before. Then spatially-resolved spectra along the axial position of
the rock were acquired implementing the same suppression scheme. The duration of
the gradient &, shown in Figure 6-2 was 0.18 ms while its amplitude was chosen as
95 % of the g,,4,- Therefore, the resolution of the CSI spectra along the axial position
was 656.3 um pixel™. The gradient stabilisation delay &, was defined as 1.8 ms while
the duration of the hard 180° was 83.8 ps.

Fully-sampled 3D RARE images chemically-selective for the oil and the brine phase
were compared to a reference fully-sampled 3D RARE image for the same state of
saturation. All images were acquired following the Scheme B acquisition trajectory.
The FOV in the Kread dimension was 84 mm, and in both Kghase dimensions 42 mm.
The number of echoes in the RARE loop, N,p,, Was 32 with an echo time, 7., of 2.9
ms. The Ny.eqq Was 128 and the Nppase1, Nprase2 Were 64 giving an isotropic
resolution of 656.3 um pixel™ along each dimension. The acquisition time of each
image for 4 averages was 26 min. Then, two chemically-selective fully-sampled 3D
RARE images of higher resolution were acquired. More precisely, the N,,,4 Was 192
while the Nppqse1 and Nppqse2 Were 94 giving an isotropic resolution of 437.5 um
pixel™! along each dimension. The acquisition time of each image for 4 scans was 1 h.
The water fully-sampled image following the Scheme B trajectory was used to
generate a sampling pattern. Several under-sampling ratios were used and it was
found that the lowest ratio of under-sampling which led to quantitative measurement
was 25% of all k-space data points. Therefore, two under-sampled images using the
same pulse sequence settings as for the fully-sampled experiments were obtained. For
4 scans, the required time was reduced from 1 h down to 15 min for each chemically-
selective image.

The Scheme B acquisition trajectory for the sampling of the k-space was also
followed in the 3D propagators with chemical selection. The FOV in the Kread
dimension was 84 mm and in both Kpnase dimensions 42 mm as in the imaging.
However, the Ny.cqq Was 96 and the Nppase1, Npnase2 Were 48 giving an isotropic
spatial resolution of 875 um pixel™, almost 2 times lower than the resolution of the
under-sampled images. The N,., was set at 32, the 7, was defined as 2.5 ms for
spatial encoding and the T was measured as 2.2 ms for flow-encoding. A 4 of 1.8 s
was chosen, while 6, was settled at 3.4 ms. A total of 87 g-points were encoded along
the superficial flow direction, i.e. z-direction. The g-points were sampled by applying
flow encoding gradients between -9.2 x1072 and 9.2 x102 T m ™ (86% 0f g,,4,) iN
equidistant steps; i.e., symmetrically around the centre of g- space, with the 44" point
at g=0 m™1. The duration of the homospoil during the t,,. time interval was 10 ms
while its amplitude was set at 30% of the g,,,.,. T0 avoid the effect of eddy currents
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while the magnetisation was stored at the longitudinal position a delay of 1.1 ms was
placed before and after the large homospoil of 10 ms, right before the chemically-
selective scheme as shown in Figure 6-4. Eight signal averages and two dummy scans
were implemented with a time between excitations of 3.0 s, resulting in a total
acquisition time of 20 h for an under-sampling rate of 24% in the k,q-space.

6.3.2.5 NMR Data Processing
To demonstrate the quantitative nature of the improved MRI techniques, it is

important to measure the relative saturation of water (SX) and dodecane (S¥) in the
core plug given by:

HI - I
Sk = ———— and (6-1)
HI - Ik + Ik
Ik
Sk=_2 6-2
°  HI - I + I¥ (-2

HI is the hydrogen index of the dodecane, I,, is the integral of the water phase, I, is
the integral of the oil phase and k stands for ref (reference spectrum), supp
(chemically-selective spectrum) and MRI (images acquired with 3D RARE). HI is
defined as the ratio of the amount of hydrogen in the sample over the amount of
hydrogen in pure water at Standard Temperature and Pressure conditions (STP)
(Appel, 2004). More precisely HI is given by:

[Ruc/(Arc + Ary R)]
[H]ST )

water

HI=p

(6-3)

where p is the density of the chemical compound, in this case, the dodecane (0.75
g/cm3), Ar is the relative atomic mass of 13C, Ary is the relative atomic mass of *H,
[H]STE,. is the concentration of hydrogen in pure water at STP and R, is the
hydrogen/carbon ratio which is equal to 2.17 for dodecane. In the dodecane-water
experiment, the value of HI was calculated as 1.03 + 0.01.

The CS-RARE images of the Estaillades were reconstructed for an « of 0.13 and 12
Bregman iterations. The 3D CS propagators were treated as described in Section
4.3.2.7.

6.3.2.6 Gravimetric and VVolumetric Measurements

The NMR and the MRI measurements were compared to the gravimetric
measurements 2" and SJ"*" in the ideal bead pack system and to the volumetric
measurement S2°! and S¥°! in the rock system.

The relative saturation of a fluid is defined as the volume of that fluid, normalized by
the whole pore volume (Schon, 2015). In the system presented in Figure 6-5, there is
no pore volume neither in the sense of a saturated rock nor in the sense of a
conventional saturated bead pack. Since dodecane and water were present in the
system in separate set-ups without being in contact, the whole pore volume was
considered as the sum of the water and the dodecane volume. Gravimetric
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measurements took place after the NMR measurements. The bead pack was weighed
and then it was decomposed. The beads of 4 mm in diameter and the vial filled with
dodecane and water were dried and weighed giving the mass of the water present in
the bead pack. Knowing that the density of water at 20°C is 0.998 = 0.02 g cm?, a
water volume of 29.3 + 0.6 mL was derived. The same method was followed for the
gravimetric measurement of the dodecane included in the vial filled with beads of 2
mm in diameter. The empty vial and the beads of 2 mm were dried in the oven and
then they were weighted extracting a dodecane volume of 3.9 + 0.1 mL. Volumetric
measurements were acquired by measuring the effluent of the imbibition process.
More precisely, brine was injected into the core and the effluent was collected.
Knowing that the rock was saturated by 85% with dodecane, we could derive the final
saturation by measuring the effluent dodecane.

6.4 Results and Discussion

6.4.1 Chemical Selectivity of the Pulse-Acquire Sequence in the Bead
Pack

Figure 6-6 is a comparison between the WET scheme with one selective pulse(a) and
four selective pulses(b). The reference spectrum is plotted in parallel with the water
peak to illustrate the difference in the suppression of the dodecane peak. The sample
studied here was the bead pack filled with the large beads of 4 mm and the 10 mL vial
filled with dodecane. The inverse peak seen in the one pulse WET scheme
suppression has also been mentioned by Ramskill et al. (2018). This inverse peak
affects the integration limits increasing the uncertainty of the saturation
measurements. The four pulses WET scheme suppresses more efficient the signal
coming from the oil phase.
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Figure 6-6: Standard (non-chemically-selective) NMR spectrum (dashed black line) in parallel with
chemically-selective spectra for the phase of water (blue solid line) using one (a) and four soft
pulses(b) during the pre-conditioned stage in the system of a bead pack filled with water, 4 mm
beads and a 10 ml vial filled with dodecane.

Implementing the four pulses WET scheme in the sample presented in Figure 6-5, the
resulting reference spectrum is plotted along with the water and the oil peak in Figure
6-7.
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Figure 6-7: Standard (non-chemically-selective) NMR spectrum (dashed black line) in parallel with
chemically-selective spectra for the phase of water (blue solid line)(a) and the phase of the oil (red
solid line)(b) using the four pulses WET pre-conditioned scheme in a system of a bead pack filled
with water, 4 mm in diameter beads and a vial of 10 ml filled with dodecane and 2mm in diameter
beads.

6.4.1.1 Optimum Peak Integration

The presence of oil and water in the system can be determined using the relative
concentration determination method (Amin and Claridge, 2017). The integration area
around each peak was adjusted as the summation of its FWHM and an extension of

1.2 ppm on each side of the curve. The integrals between the reference (I; f i =w,o)

and the suppressed (I;“*”) spectrum for both phases was compared. Comparing
17¢/ with IS*P? in Figure 6-7(a), the percent of water suppression was calculated as 1.0

%, while the oil peak was suppressed by 98.8 %. Similarly, comparing 15/ with 5*P?
in Figure 6-7(b), the oil peak was suppressed by 2.5 %, while the water peak was
suppressed by 97.8 %.

6.4.1.2 Reproducibility of the Spectrum

Seven reference, seven chemically-selective for the water phase and seven
chemically-selective for the dodecane phase spectra are plotted in Figure 6-8. The
overlap among all these spectra proves the excellent reproducibility of the chemically
and non-chemically selective experiments.
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Figure 6-8: Seven reference, seven chemically-selective for the water phase and seven chemically-
selective for the dodecane phase spectra are plotted in parallel in a system of water and dodecane
placed in a bead holder.
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6.4.1.3 Error Analysis of the Pulse-Acquire Experiments

From the suppression analysis an error of 1.0% x I"*/ and 2.5% x 1"/ were assigned
to the I,PPand I,“PP, respectively. The standard deviation among all the spectra
presented in Figure 6-8 was also integrated into the error analysis. Another parameter
that can bring error in the peak integration is the extension area of 1.2 ppm around the
FWHM of each peak. That is why this extension limit was varied from 0.9 ppm up to
1.8 ppm. The standard deviation among these different integration areas was
integrated into the error analysis of the I, and I,,.

6.4.1.4 Quantification of the Chemical Selectivity of the Pulse-Acquire Sequence
Figure 6-9 compares the relative saturation measurements coming from the reference
and the suppressed spectra with the gravimetric results. The relative saturation
measurements coming from the NMR spectra were measured from Eq.(6-1) and (6-2)
and the error analysis followed the process described above. Analysing the reference
spectrum, .-/ was measured as 0.88 + 0.01 and S}/ as 0.12 + 0.01. Analysing then
the suppressed spectrum data, S;,P¥ was found equal to 0.87 + 0.01 and S, P equal
to 0.13 = 0.01. These measurements are in great agreement with the S7"“"of 0.88 +
0.002 and the SY"*"of 0.12 + 0.004.
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Figure 6-9: Comparison of the NMR and the gravimetric determination of the relative saturation of
the dodecane S, (red square) and the water S,, (blue circles) from the NMR spectra acquired from
the non-chemically-selective (a) and the four pulses WET chemically-selective (b) pulse-acquire
experiment.

6.4.2 Chemical Selectivity in the 3D RARE Images of the Bead Pack

Figure 6-10 illustrates the reference image of the bead holder represented in Figure
6-5 with both the oil and the water phase (a), the image of the water phase (b) and the
image of the oil phase (c). All the images were normalised by the mean intensity
coming from 16 voxels around the voxel of maximum intensity in the reference
image.
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Figure 6-10: 3D fully-sampled RARE images acquired with the non-chemically-selective (a) and
with the four pulses WET scheme for the water (b) and the oil phase (c). The k-space was sampled
following the Scheme A trajectory.

Comparing Figure 6-10(b) with (c), we can easily observe that the four pulses
suppression scheme has worked. However, there are some small intensities in the oil
area in Figure 6-10(b) and in the water area in Figure 6-10(c). Comparing the
intensities in an area of 1331 voxels in the region of oil in Figure 6-10(b) with the
same area in Figure 6-10(a), a suppression of 87% of the oil phase was attained.
Similarly comparing the area of 1331 voxels in the region of water in Figure 6-10(c)
with the same area in Figure 6-10(a), a suppression of 79% of the water phase was
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achieved. This suboptimal suppression led to a S}®! of 0.80 + 0.046 and a S}®! of
0.20 + 0.046. These values deviated by 9% from the gravimetric measrements. The
reason for the sub-optimal suppression in these images was very short tz, of 0.5 s.
According to the theory 5 x T; is needed for the full recovery of the magnetisation
and the T, relaxation of the water in a system of large pores is ~ 2.1 s, close to its bulk
relaxation. Similarly for the oil phase trapped in the vial, the T; relaxation can be
considered as 1.4 s (Reci et al., 2017). The very short tz, was employed to reduce the
acquisition time and to qualitatively see if the novel WET scheme was working. There
was no intension for quantification of the 3D RARE images of the bead pack. The 3D
RARE images of the Estaillades rock were obtained with the optimum parameters and
they were quantified as we will describe later.

6.4.3 Chemically-Selective Propagators Following the APGSTE-
RARE Sequence in the Bead Pack

To quantify the suppression in the local propagators, we focused on the measurement
of the displacement coming from the global propagator for each phase and on the
measurement of the D, using Eq.(2-44) for the oil phase. Since the oil phase is
confined in a porous system, D is also called D,,,,. The oil phase is stagnant,
therefore the measured Dy is expected equal to the D, of the oil phase which is 0.845
10° m? s! (at 25°C) (Marbach and Hertz, 1996).

Firstly, for a flow rate of 7 mL min, ({), for the given A was 54.6 + 5 um. Figure
6-11(a) presents the global propagator of the water phase, in other words, the
summation of all the local water propagators. This skewed shape with the large peak
around the stagnation point gave a ({),qter 0f 57.2 =4 um. The error attributed to the
(O)water derived from the denoising method described in Section 4.3.2.6. The
agreement between ({), and ({)\,qcer 1S a first indication of the reliability of the
chemical selection in the flow measurements. In addition, the global propagator of the
oil phase presented a Gaussian curve well defined around zero as expected.
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Figure 6-11: Total or global propagator of the water (a) and the oil (b) phase obtained from the
summation of all the 3D local propagators acquired with the chemically-resolved APGSTE-RARE
sequence in the ideal system of the bead holder with the vial filled with dodecane.
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Secondly, the o,,;; for all the local propagators recorded inside the area of the vial
were measured from Eq.(4-24) and the local D, was measured by Eq.(4-26). The
local Dy, and its distribution are presented in Figure 6-12. The local Dy,
demonstrates an homogeneous distribution around a mean value of 0.85 10 m?s!
which is very close to the Dy of the oil. Increased D,,,,, can be seen in the area close to
the trapped air bubble as shown in Figure 6-12(a). The great agreement in these
measurements shows that not only the global but also the local chemically-selective
propagators have a quantitative meaning.
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Figure 6-12: 2D x,y- (a) and z,y- (b) slice images and histogram (c) of the local apparent diffusion
coefficient measured from the local propagator acquired with chemically-selective APGSTE-RARE
sequence for the oil trapped in the vial.

Having confirmed the quantitative nature of the chemically-selective propagators, we
moved into analysing for the first time some local propagators with interesting shapes.
Figure 6-13 and Figure 6-14 present the z,y-slice of 3D image of the bead holder in
parallel with the per voxel propagators coming from the oil and the water phase. The
resolution of the intensity image was 3.2 times higher than the resolution of the
propagator data. The white square represents the voxel location and its size was
adjusted to the resolution of the propagator measurements. Figure 6-13(a) presents a
Gaussian-shaped propagator shifted from zero by 58.1 + 0.1 um at the inlet of the
bead holder. The Gaussian shape can also be confirmed by the very small value of
Ywater €qual to 0.2 £ 0.1 um. In this voxel, Taylor dispersion was dominant and
molecules were displaced to adjacent streamlines due to diffusion. Figure 6-13(b)
shows a voxel in a high shear region adjacent to the interface with the vial. The local
propagator was characterised by {,qter = 75.8 £2.8 um, 0,y 4ter = 84.3 £ 3.3 um and
Ywater = 1 £ 0.1 um. The high positive skewness is a descriptor of significant flow
dispersion added to molecular self-diffusion. As expected, the oil propagator is zero
for all of these voxels. Close to the outlet of the bead holder, an interesting top-hat
shaped propagator was identified and is presented in Figure 6-13(d). This propagator
shape is typical of the laminar flow of a Newtonian fluid through a pipe. For this
voxel, (yater =128.4£0.2 UM, 0,0ter = 82.2 £ 0.7 um and y,, q¢er IS Z€r0 as
expected for the uniform velocity profile of the tube.
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Figure 6-13: Chemically-selective propagators for water flow through the bead holder filled with 4
mm beads and a vial packed with 2 mm spheres and dodecane. For 4 = 200 ms, the local propagator
and the the statistical metrics for each phase are shown at the inlet(a), the middle(b) and the
outlet(c) of the sample.

Figure 6-14(a) demonstrates a voxel inside the vial, where only the oil phase is
present and stagnant. The Gaussian-shaped propagator had a ag,;; of 18.3 £ 0.6 um
which is translated into a D,,,, of 0.84 + 0.05 10 m?s™. Since ¢,;; was near zero and
Dgpyp Close to the D, the mechanism of Brownian motion due to diffusion is confirmed
for the area inside the vial. Figure 6-14(b) presents a voxel where both the water and
the oil phase are present. The oil phase exhibited the Gaussian-shaped propagator
curve around zero with an a,;; of 18.5 + 1.3 um as expected. On the contrary, the
mobile water phase experienced high shear stress on the vial interface which was
combined with high dispersive flow. The statistical metrics of the water propagator
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curve were calculated as {,,gter = 70.9 £ 1.2 um, oy qter = 68.6 £ 2.2 um and yy, qrer =

0.6+ 0.3 um.
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Figure 6-14: Chemically-selective propagators for water flow through the bead holder filled with 4
mm beads and a vial packed with 2 mm spheres and dodecane. For 4 = 200 ms, the local propagator
and the the statistical metrics for each phase are shown inside the vial (a) and at the edge of the vial
where both phases coexist in the same voxel (b).

6.4.4 Chemical Selectivity of the Pulse-Acquire Sequence in
Estaillades

Estaillades is a dual-porosity carbonate rock (studied in Chapter 5) and is a more
complex system than the bead pack. The tzp as well as the 6, and t;, of the WET
suppression scheme presented in Figure 6-1 were optimised separately for this
sample. From the multiple pulse-acquire experiments without chemical selectivity, a
tgp Of 3 s was proved sufficient for the full magnetisation recovery. Then from the
multiple pulse-acquire experiments with chemical selectivity, &, of 3 ms and t;, of
1.08 ms were found as the optimum parameters of the WET scheme for that precise
two-phase system in Estaillades.

6.4.4.1 Quantification of the Chemical Selectivity in the Spectra of Estaillades
Figure 6-15(a) presents the reference spectrum (black dashed line) in parallel with

optimum areas of integration for the calculation of the 17/ and 17/ Figure 6-15(c)
shows the chemically-selective spectra in front of the dashed line of the reference

spectrum. Figure 6-15(b) shows that the measured S”¢/ of 0.73 + 0.01 and S}/ 0of 0.28
+0.01 were inside the error bandwidth of the S¥°! equal to 0.66 £ 0.04 and the S7°
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equal to 0.34 + 0.02. The small deviation in the S¢" and S}/ could be related to the
overlap between the two peaks which is a result of the presence of the rock. Figure
6-15(d) shows that the measured S;,, P of 0.68 = 0.05 and S;"P? of 0.32 = 0.05 were
even closer to the S¥°! and S¥°! values. It can be concluded that the chemically-
selective spectra result in quantitative saturation measurements with better precision.
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Figure 6-15: The reference spectrum is plotted in parallel with the optimum area of integration for
the oil peak (red curve) and the water peak (water curve)(a) in the Estaillades rock. The relative
saturation measured from each optimum area is compared to the relative saturation measured
volumetrically from the effluent at the end of the brine injection process (b). The reference
spectrum is plotted in parallel with the chemically-selective spectra acquired with the four pulses
WET pulse-acquire sequence in the Estaillades rock (c). The relative saturation coming only from
the chemically-selective spectra is compared to the relative saturation measured volumetrically (d).

6.4.4.2 Quantification of 1D CSI with Chemical Selection

The optimum parameters for the WET suppression scheme were implemented in the
CSI pulse sequence encoded along with the axial position of the rock. The mean S,
and S, coming CSI were measured as 0.69 + 0.03 and 0.31 + 0.03 respectively. Figure
6-16(a) shows the great agreement of these data with the volumetric measurements.
The error analysis in the spatially-resolved spectra was the same as the method
described in Section 6.4.1.3 for each spatial position. Then, the S,, and S, profiles
coming from the CSI were plotted in parallel with the S,, and S, profiles coming from
the 3D chemically-selective fully-sampled RARE images. The great agreement
between these results is presented in Figure 6-16(b).
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Figure 6-16: Comparison of the CSI and volumetric determinations of the relative saturation of the
dodecane S, (red squares) and water S,, (blue circles) from the CSI spectra using the chemically-
selective pulse-acquire method (a). The 1D spatially-resolved S, (light blue line) and S, (dark red
line) along the axial position of the Estaillades rock coming from the CSI are plotted in parallel
with the results coming from the chemically-selective 3D fully-sampled RARE image.

The great agreement in all of these data proves the quantitative nature of the four
pulses WET suppression scheme when combined with the CSI and the fully-sampled
3D RARE sequence.

6.4.5 Chemical Selectivity in the 3D CS-RARE Images of the
Estaillades

6.4.5.1 Error Analysis of the 3D CS-RARE Images

The first error added in the IXR" and I3R! comes from ranging the limits of the
optimum cut-off value derived from the automatic background thresholding method
described in Section 3.5.2. Another error comes from the difference between the
intensity of the reference image and the sum of the IMR" and IR coming from the
chemically-selective images for each voxel. It was found that the intensity of the
reference image was suppressed by 3.5 % on average. This result came from the
images of 656.3 um pixel™ resolution. The same mean value of suppression was used
in the per voxel error analysis of the images acquired with 437.5 pm pixel™
resolution.

Last but not least, the effect of the CS in the measurement of the SYR! and SMR!
should be assessed. Therefore, the fully-sampled and the reconstructed images
acquired under the same parameters were compared and the difference in the
measured IR and IMR! was integrated into the total error analysis of the CS images.

6.4.5.2 Quantification of the Chemical Selectivity in the 3D CS-RARE Images
The reconstructed under-sampled 3D RARE images following the Scheme B
trajectory of k-space sampling with a resolution of 437.5 um pixel™ for the water and
the oil phase are illustrated in Figure 6-17(a) and (b), respectively. The red arrows
point at two regions of the rock where the water image seems to present a ‘cavity’. By
observing these regions in the oil image, we can distinguish a significant amount of
oil occupying the ‘cavity’ areas. The structural quality of the chemically-selective
images after reconstruction is much better compared to Ramskill et al., (2018).
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The SMR! and S}RIwere estimated as 0.68 = 0.02 and 0.32 = 0.02, respectively. The
relative saturations coming from the fully-sampled images were also measured.
Figure 6-17(c) and (d) illustrate the great agreement between the volumetric

measurements and the SY® and S’ coming from both the fully- and the
reconstructed 3D images.
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Figure 6-17: Reconstructed 3D RARE image of 437.5 um pixel resolution for the brine (a) and the
dodecane (b) phase. The relative saturation of the dodecane S, (red squares) and the brine S, (blue
circles) measured by the fully- sampled (c) and the reconstructed under-sampled (d) 3D RARE

images using the four pulses WET scheme for suppression are compared to the volumetric
measurement of the effluent.

The improvement in the image quality is the result of several parameters. Firstly, the
sampling pattern and the reconstruction parameters were optimised following the
method described in Section 3.4.1. Secondly, the masking of the background noise
followed the method described in Section 3.5.2. Thirdly, the optimization of the four
pulses WET scheme followed the method described in Section 6.4.4. All these
improvements enabled the interesting structural observations mentioned above.

6.4.6 Chemically-Selective Propagators Following the APGSTE-
RARE Sequence in the Estaillades

The results coming from the global propagator for the brine and the dodecane phase
are presented in Figure 6-18. The ({),,qter from the water phase was measured as 94.9
+ 2 um while the ({), for the given 4 was 31.8 um. The ({),;; was measured as 1.8 +
2 um which confirmed that the oil phase remained trapped in the porous medium.
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Figure 6-18: Total or global propagator of the water (a) and the oil (b) phase obtained from
summation of all the 3D local propagators acquired with the chemically-resolved APGSTE-RARE
sequence in the Estaillades rock.

The P(z, A) of water is a positively skewed distribution characterised by a sharp peak
near zero. This sharp peak is associated with dead zones in the flow field. The chosen
A was longer than the longest T, leading to significant signal attenuation. This signal
loss in addition to the surface relaxation led to ({),,qter > ({)o. It has been shown that
the longer the A4 the larger the measured ({),,qter Since slow-moving spins are not
detected (Scheven et al., 2005a).

Analysing the local propagators for the oil phase, the D, map in parallel with its
distribution is presented in Figure 6-19. The D,,,, values were equally distributed are
a mean of 0.37 10° m?s™L. Since there are no similar data in the literature the expected
value of Dg,,,, was adjusted following the long-time approximation recommended by
Latour et al. (1993). According to this approximation, for long 4, D,,,, becomes equal
to D; X 1/1, where 1 is the tortuosity of the porous medium. For the Estaillades
core, a y of 4 is recommended in the literature (Yang et al., 2019). Therefore a Dy,
around 0.21 10° m?s™* would be expected. This expected value is not very far from
the measured Dy, value taking into account that 1 in that precise two-phase system
of the Estaillades rock may be different than 4.
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Figure 6-19: 2D x,y- (a) and z,y- (b) slice images and histogram (c) of the local apparent diffusion
coefficient measured from the local propagator acquired with chemically-selective APGSTE-RARE
sequence for the oil confined in the Estaillades pore structure.
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This is the first time that the D,,,,, of dodecane confined in a carbonate rock is
measured locally in the presence of brine. Another interesting observation is that D,
is macroscopically uniform along the core even though the Estaillades has a bimodal
pore structure.

Figure 6-20 illustrates three local propagators chemically-selective for the oil (red)
and the brine (blue) phase along the flow direction. This is the first time that such data
are presented in a rock system. Comparing the voxel at the inlet with the voxel in the
middle of the core plug as shown in Figure 6-20(a) and (b), respectively, {,,qter
present a small increase from 72.9 =4 um up to 86.3 + 3.1 um. This increase in
{water 1S @accompanied by an increase in g, 440 from 130.2 £+ 4.5 umup to 147.1 £ 3.4
um. This means that more molecules diffuse to streamlines of higher velocity
increasing the broadness of the propagator curve. Moving closer to the outlet of the
core in Figure 6-20(c), a decreased {,,4terr Of 30.45 £ 4.5 pm and a a,, 44 OF 96.6 £
10 um were observed. The water propagator at this voxel approximates the shape of
the oil propagator. One possible explanation is the existence of artefacts close to the
outlet of the RCH since the recorded intensity in that area is lower compared to the
fluid intensity at the inlet.
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Figure 6-20: Chemically-selective propagators for water flow through an Estaillades core with
S,»=0.68 and S,=0.32. For an observation time 4 = 1.8 s, the local propagator and the statistical
metrics for each phase are shown at the inlet(a), in the middle(b) and close to the outlet of the core

plug(c).

6.5 Conclusions

In this work, a novel four pulses WET sequence was employed for the acquisition of
quantitative bulk spectra, 1D spatially-resolved spectra, images and propagators in a
bead pack and in a complex Estaillades core. Two-phase flow detection with NMR is
achieved for the first time by combining this novel suppression scheme with the
APGSTE-RARE sequence.
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The four pulses WET scheme combined with the pulse-acquire sequence showed
great agreement with the gravimetric measurements for the system of the bead pack
and was proved more efficient than the single-pulse suppression scheme used
previously (Ramskill et al., 2018). The effectiveness of the WET suppression in the
APGSTE-RARE sequence was verified by the propagator measurements. Firstly, the
measured ({),,qter from the water propagator was similar the (), implemented by
the pump. Secondly, the D,,,, from oil propagators showed a great agreement with the
D, of dodecane, showing that the chemical selectivity combined with propagators can
give guantitative results.

The chemically-selective bulk and 1D (CSI) spectra showed great agreement with the
gravimetric measurements in the Estaillades sample as well. The novel suppression
scheme in parallel with the improved reconstruction process described in Chapter 3,
resulted in S}RI and SYR! of higher accuracy coming from the 3D CS-RARE
sequence. The chemically-selective APGSTE-RARE presented interesting shapes for
the water and the oil propagators in the rock system. The water phase which was the
mobile phase presented skewed propagators with a large peak around zero as expected
by the literature (Scheven et al., 2005a). The oil phase presented Gaussian-shaped
propagators proving that oil was trapped in the porosity as the water was flowing
through it. From the local oil propagators, a mean D,,,,, was measured and the
obtained value was not very far from the approximations found in the literature.

The MRI technique demonstrated herein is a useful tool for the study of spatially-
resolved multiphase displacement processes inside complex porous media
encountered in petrophysics. The chemically-selective CS-RARE sequence is used to
monitor the imbibition and the polymer injection dynamic processes presented in
Chapter 8. The multiphase propagator technique will also be used in the polymer
injection stage to map the polymer and brine displacement through the rock.
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7.1 Introduction

Laboratory-scale displacements in rock core plugs are widely used to examine the
mechanisms of oil recovery. There are several methods to prepare the cores and
achieve reservoir representative saturation under laboratory conditions. The
phenomenon of displacement of the non-wetting fluid within a porous medium by a
wetting fluid is known as primary drainage. Monitoring the oil and water distribution
during the primary drainage process in parallel with the pressure change in the sample
leads to interesting observations regarding the capacity of the reservoir, the pore
geometry (Lindquist, 2006) and the wetting characteristics (Anderson, 1986). All
these characteristics are fundamental for the digitalisation of the reservoir which is the
core of DR. Digitalisation is important to predict the relative saturation of the
reservoir with depth.

NMR has already been used to monitor the primary drainage process. In log data, T,
distributions have been used to map the pore space distribution and relate it to the
P.qp (Volokitin et al., 2001). Several MRI techniques have also been used for the
acquisition of saturation profiles during drainage (Cano Barrita et al., 2008; Spinler et
al., 1999). Other techniques such as diffusion-weighted profiles (Sylta, 2010) and
spatially resolved T,-T, sequences have been employed to provide localised
quantitative measurements for the hydrocarbon and the water phases (Bush, 2018b).
Taking advantage of the chemical shift between the hydrocarbon and the brine peak
confined in the pore space, a 1D spectra profile sequence has been implemented to
quantify spatially and dynamically the presence of oil and water (Hall and
Rajanayagam, 1987).

This chapter builds upon the use of the 1D spatially resolved CSI sequence in parallel
with the dynamic pressure drop measurement during the slow injection of dodecane in
a brine-saturated Estaillades rock. The 1D spatially-resolved CSI sequence is used to
quantitively, spatially and dynamically monitor the primary drainage of a carbonate
core with the porous plate technique maintaining a continuous injection of 0.3 ft d!
until the entry pressure of the ceramic disc was reached. At this point, the injection
was changed to constant pressure flow reaching a connate relative saturation. The
relative saturation recorded in this experiment is the lowest water concentration
mentioned in the literature for the drainage of carbonate rock. The aim of this study is
to analyse the pore-filling mechanisms and the saturation profile within a dual-
porosity carbonate rock.

7.2 Theoretical Background

7.2.1 Definition of Primary Drainage

Drainage refers to the displacement of a wetting fluid from a non-wetting fluid within
a porous medium, initially fully saturated with the wetting phase. The word primary
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indicates that this is the first time the non-wetting phase invades the pore network.
One example of primary drainage is the injection of CO; into a saline aquifer.
Another popular process of primary drainage is the Mercury Intrusion Porosimetry
(MIP) used for the assessment of the pore size distribution. Another case of primary
drainage in a natural system is the migration of the hydrocarbon phase from the
source rock to a hydrocarbon reservoir. During this natural process, the oil or gas
moves upwards under buoyancy until it faces a barrier to movement and it is then
accumulated to form a reservoir. At this stage, the oil displaces the brine phase in the
pore space driven by the buoyancy force caused by the density difference since the
hydrocarbons are less dense than the brine (Blunt, 2017).

7.2.2 Techniques for Capillary Pressure Curves and Resistivity Index

MIP (Blunt, 2017), dynamic displacement, centrifuge and Porous Plate injection (PP)
are routinely used in the oil industry (Kalam et al., 2006). The PP method is
deliberately used in core analysis and involves the placement of a semi-permeable
ceramic disc in capillary contact with the sample. Then a constant displacement
pressure is imposed stepwise. More precisely, the displacing fluid is injected at
different pressure stages and when capillary equilibrium is reached, an average water
saturation, S,,,, is calculated giving the F,,-S,, curve(Dullien et al., 1986). Even
though PP is reliable for measuring capillary pressure curves, it is time-consuming.
As aresult, a slightly altered technique known as Short-Wait Porous Plate (SWPP)
method has been studied. In this method, the non-wetting phase is injected at ultra-
slow flow rates constantly instead of stepwise. SWPP has given reliable S, -
Resistivity Index (RI) curves in short experimental time. Nevertheless, F4,-S,, curves
obtained with SWPP present deviations when compared to the ones obtained with
MIP or PP (Kalam et al., 2006). An exponential model fitting of the SWPP results to
the MICP or PP results has been recommended by Dernaika et al., (2016) as a
solution to extract reliable P.,,-S,, curves from SWPP.

P.qp is defined as the pressure difference between the non-wetting and the wetting
phase. The non-wetting phase invades the pore when F,,,, is higher than zero. Primary
drainage implementing the conventional PP method leads to the acquisition of throat
size distributions for the rock. The measured F,,,, is related to the throat size, 7, as:

Pray = 20, COS@R’ (7-1)
Tt
where 65 is the receding contact angle and is considered (Lenormand, 1990). In the
SWPP method, there is a continuous injection of the non-wetting phase, therefore
recorded pressure could be related to the narrow throats. However, information from
the wider throats is lost since there is no equilibrium in the system and this method is
not recommended for the acquisition of the throat size distributions.

7.2.3 Mechanisms of Immiscible Fluid Displacement

Two mechanisms control the displacement of one fluid by another non-immiscible
fluid in a capillary tube, without any gravity effects. The first one is described by the
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viscous pressure drop between the two fluids and the other by the capillarity. The
effect of these two kinds of forces is quantified by the capillary number, Ca, given by:

u
Ca= 252, (7-2)
O-T

where up and u, are the Darcy interstitial velocity and the viscosity of the displacing
phase, respectively, and o is the interfacial tension between the two fluids
(Lenormand and Zarcone, 1989). Knowing that the Darcy velocity, for the flow of a
displacing phase through a porous media is given by:

k k., AP
Up = i T, (7'3)
then combining Eq.(7-2) and Eq.(7-3) it can be derived that:
k k., AP
= — 7-4
Ca o L’ (7-4)

where k is the absolute permeability of the rock, k, is the relative permeability of
the displacing phase, AP is the pressure drop and AP /L is the pressure gradient along
the flow direction. The relative permeability of a phase i is given by:

ky = ki/k for i= phase D, d, (7-5)

where k; is the effective permeability of the phase i. Ca represents the ratio of viscous
to capillary forces. Another important parameter for describing the mechanism of
displacement is the mobility ratio, M, defined as:

_ krD/krd _ krD 'ud
My = = ,
tp! ta  krqpp

where k,.; and u, are the relative permeability and the viscosity of the displaced
phase. The viscosity component of Eq.(7-6) is usually dominant. Mobility is
favourable when My < 1, whereas displacement is not efficient when M, > 1
(Rellegadla et al., 2017; Wei et al., 2014). In primary drainage, the displacing phase is
the non-wetting phase and the displaced phase is the wetting phase.

(7-6)

7.2.3.1 Mechanisms of Displacement in Primary Drainage

Lenormand et al. (1988) identified three main mechanisms of displacement in
drainage. The first mechanism is called stable displacement and it is triggered by the
viscosity of the injected fluid. The pattern of displacement looks like a piston with a
flat front. The second is called unstable displacement or viscous fingering and it is
controlled by the viscosity of the displaced fluid. The third mechanism is called
capillary fingering and it occurs when the flow rate is slow, hence Ca is small. In this
case, viscous forces are negligible and the displacement is governed by capillary
forces. This mechanism has the pattern of fingers spread across a connected network
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of pores in all directions. In more detail, as the non-wetting phase is injected,
molecules advance along the flow direction forming loops which ‘trap’ the wetting
phase until a flow channel reaches the outlet-end as shown in Figure 7-1.

Figure 7-1: Illustration of the invasion percolation statistical simulation presenting the capillary
fingering mechanism of displacement on a large network. Flow occurs from the left to the right.
The black solid line represents the first path reaching the ceramic disc (outlet) while the dashed
grey lines describe the fingers formed along the path due to capillarity. Adapted from Lenormand et
al. (1988).

In the standard PP method, Ca is vanishingly small since the system is left to reach
capillary equilibrium at each pressure stage. In the SWPP method, the flow rate is
designed to keep Ca < 10*maintaining low saturation rates (Dernaika et al., 2016).
Consequently, the expected mechanism of displacement in the SWPP is capillary
fingering. Figure 7-1 shows that more fingers are growing close to the inlet.
Therefore, capillary fingering is characterised by the presence of a declining S,
profile from the inlet towards the ceramic disc.

7.2.3.2 Wetting Layers

Fingers are growing following the invasion percolation process. As the non-wetting
phase invades a pore or moves through a throat, the wetting phase is not entirely
expelled. Instead, the wetting phase is retained in the cracks, crevices and corners of
the complex pore structure, leaving the non-wetting phase in the centre. These areas
of the trapped wetting phase are called wetting layers. Wetting layers have a thickness
of a few microns in reservoir rocks as illustrated in Figure 7-2.
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Figure 7-2: Cross-sectional area of a rectangular throat. The wetting phase (blue shaded area) is
accumulated on the corners and the roughness of the pore space forming the wetting layers. The
non-wetting phase resides in the centre of the pore. In capillary equilibrium, the interface between
the two fluids has the form of an arc meniscus and does not interfere with the flow. The interface
between the fluids has a radius r and a contact angle 6. Adapted from Lenormand et al., (1983).

In capillary equilibrium, there is a fixed radius of the arc menisci formed in the
interface between the two fluids. As the pressure is increased, the wetting fluid gets
squeezed to the corners. So at the end of the primary drainage, the non-wetting phase
will reside on the solid surface directly, but some of the wetting fluid will always be
present in the cracks at any finite P4, (Blunt, 2017).

7.2.3.3 Irreducible Water Saturation

This finite minimum water concentration remaining at the end of the primary drainage
process is called irreducible or connate water saturation, S,,. (Collins, 1975). In rock
porous systems, the value of S,,. is higher compared to bead packs. This is happening
because brine molecules are adsorbed by hydratable solids and they are accumulated
in ultra fines throats or squeezed in the wetting layers (Dullien et al., 1986). The
externally applied pressure cannot overcome the threshold capillary pressure, P,
needed to invade these small cavities. Therefore, the wetting phase will always be
present in the system as happens in real reservoir conditions.

7.2.3.4 Wettability and Capillary Pressure in Real Reservoirs

In natural systems, primary oil migration takes place over geological time scales or
millions of years. Sedimentary rocks consist of a variety of minerals that have
different wettabilities (Abdallah et al., 2007). The non-wetting phase moves under the
influence of gravity. Consequently, the wettability changes as a function of the
reservoir depth, since the fluid pressure changes with depth. In this case, P4, is given

by:
Pcap = (pw - pnw)gr h (7-7)

where p,, — pnw 1S the density difference between the wetting and the non-wetting
phases, g is the gravitational acceleration and h is the height above h,. The h, is the
datum depth where the pressure of the non-wetting and the wetting phases are equal
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and is known as free water level. Figure 7-3 shows that F,,,, is decreased as the depth
of the reservoir is increased.

h & ! b
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Figure 7-3: Illustration of the variation of the wettability, the relative water saturation, S,,, and the
capillary pressure curve as a function of the height in a real reservoir. The nominal height h is the
free water level where the P, is zero. S, is the irreducible water saturation. The dashed
horizontal line shows the oil/water contact represents the location of the capillary pressure
threshold, P/, where a finite oil saturation is reached. Adapted from Blunt (2017) and Abdallah et
al., (2007).

In low depth, P.,, is high enough to enable oil molecules to force the water out of the
pore-throat system, making the reservoir more oil-wet. Moving deeper into the
reservoir, P.,,, decreases and the water wetting films become thicker. At this stage,
the system is either oil-wet or water-wet. This inhomogeneous wetting of the reservoir
rock is called ‘mixed-wetting’. Close to the oil/water contact, the F,,,, is known as
threshold pressure. At this stage, the water phase is dominant and only a small finite
amount of oil is present (Blunt, 2017).

Based on this analysis, we can now understand how the acquisition of F.4,-S,, curves
under laboratory conditions can help us predict the reservoir wettability and S,, based
on the depth. The AP recorded during the SWPP method deviates from the F,,, since
no equilibrium is attained. The aim of this work is to implement the SWPP technique
and identify the pattern of invasion through the acquisition of S,, and S, profiles
within a dual-porosity carbonate rock. For this purpose, 4P was recorded in parallel
with fast NMR acquisitions.

7.3 Materials and Methods
7.3.1 Material and Chemicals

The Estaillades rock (EST1_102) was used in this series of experiments and the
process for measuring its porosity through saturation is described in Section 6.3.1.2.
The ceramic disc was saturated following the exact same procedure. Estaillades’
porosity was measured as 29.62 + 0.67 %. In the current experiment, dodecane
Dodecane (99%, Acros Organics) was used as the non-wetting fluid with a standard
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viscosity of 1.36 cP and brine as the wetting phase with a viscosity of 0.89 cP (Liu et
al., 2011).

7.3.2 Methods

7.3.2.1 Core-Flooding Protocol for the Primary Drainage

Following brine saturation, the core and the ceramic disc were enclosed in a layer of
polytetrafluoroethylene (PTFE) heat-shrink tubing. The ceramic disc (ELE
International) was rated to 1.5 MPa (217.5 psi) and the permeability provided by the
supplier was 4.5 102 mD with 1.0 cm width and 0.32 porosity. Initially, PTFE heat
shrink was used to enclose both the ceramic disc and the core plug. However, due to
an increased confining pressure (6.3 + 0.3 MPa), the use of the heat-shrink was
impossible. Therefore, the brine saturated ceramic disc and the rock core were loaded
in the Aflas sleeve without being enclosed in the heat shrink as shown in Figure 7-4.
More precisely, the PEEK Rock Core Holder (RCH) flow cell (ErgoTech, Conwy,
UK) was filled with brine and then the ceramic disc and the core were pushed inside
to avoid the formation of air bubbles inside the porous network. No flow distributor
plates were placed in the inlet or the outlet of the RCH flow cell. The inlet lines of the
RCH were filled with brine to avoid capturing air bubbles and they were attached to
the fixed end platen. The inner diameter of the tubes between the accumulator and the
RCH was 1/16" (1.6 mm), while close to the inlet of the RCH there were two high-
pressure lines of 1/32" inner diameter. Then, the adjustable platen was placed at the
other end of the RCH and it was connected to the outlet line. The confining pressure
was monitored and brine was injected with a constant flow rate of 0.071 mL min? (~
1 ft d?) for 11.1 h until a quantity of 2 P.V. passed through the core. The step of brine
injection at 1 ft d"* was important to ensure the removal of air bubbles trapped within
the porous system which could lead to signal loss.
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Figure 7-4: Schematic representation of the CFS set-up used during the primary drainage. 4P; is the
pressure drop across the pump and the CFS and AP, is the pressure drop across the ceramic disc.
Pyyj is the pressure recorded from the pressure transducer during the injection, while AP is the
pressure drop along the sample.

Then, dodecane was injected with a constant flow rate of 0.02 mL min? (~ 0.3 ft d)
until a maximum pressure of 1.49 MPa (216 psi) was reached. This pressure threshold
was chosen less than the pressure limit of the ceramic disc (217.5 psi) making sure
that dodecane would not break through the disc. After 14.4 h of oil injection, the
pressure threshold was reached. At this point, the injection mode changed to constant
pressure injection which is described by a fluctuating Q as shown in Figure 7-5.
Primary drainage of the core to S,,,. was terminated after 249.7 h (10.4 d) of oil
injection under constant pressure.
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Figure 7-5: Flow rate of oil injection recorded by the pump pressure transducer during the whole
duration of the primary drainage.

7.3.2.2 NMR Protocol for Monitoring the Primary Drainage

All NMR experiments were conducted at room temperature (20 = 1°C)ina 2 T (85
MHz for *H nuclei) horizontal bore superconducting magnet, controlled by a Bruker
AV spectrometer. A 63 mm inner diameter r.f. birdcage coil, tuned to 85.2 MHz was
used for excitation and signal detection. Spatial resolution along the direction of
superficial flow (z) was achieved using a magnetic field gradient, capable of a
maximum gradient strength of 10.7 G cm™, along the z-direction. The primary
drainage flood was dynamically monitored using 1D CSI along the flow direction of
the core plug as illustrated in Figure 7-6. Before starting the injection, a series of
reference spectra and low-resolution images were acquired to align the sample with
B; and B, magnetic fields and to assess the reproducibility of the spectrum.
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Figure 7-6: Schematic of the CSI pulse sequence.

7.3.2.3 NMR Experimental Parameters

A hard 90° pulse of 48.2 us and a refocusing 180° pulse of 96.5 us were used. After
comparing several spectra with different t;, values, the optimum t,, was chosen as
1.12 x T,. As explained in the theory chapter, tg, affects the t,,,. In dynamic
measurements, tz, should be short enough to record dynamic changes and in parallel
maintain an acceptable SNR. The duration of the phase gradient, §;, was 0.14 ms and
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it was ramped to a maximum value of 0.102 T m™ (95% g,,4) in 128 evenly
distributed increments. The gradient stabilisation time, &,, was 2 ms resulting in a
FOV of 105 mm with a resolution of 0.82 mm pixel* along the z-direction. The
acquisition time of one CSI experiment with 4 averages was 17.5 min and the total
data acquisition lasted 112.3 h.

7.3.2.4 Pressure Drop Along the Core Plug

The injection pressure, Py, ;, was monitored using the CFS injection pump in-built
Sensata pressure transducer (0-20,000 psi range, + 1.6 psi sensitivity) as shown in
Figure 7-4. The pressure drop across the core plug was calculated as:

AP = Py, — AP, — AP, (7-8)

where AP; is the pressure drop across the accumulator and the entrance of the RCH
and AP, is the pressure drop along the ceramic disc. The pressure drop between the
pressure transducer and the accumulator was considered negligible. 4AP; was
estimated using the Poiseuille law along the tube that connects the accumulator with
the entrance of the RCH given by:

L8
AP1 =Q—4‘ueff' (7-9)

T rtube

where s ¢ is the effective viscosity along the tube, 13, is the radius and L the
length of the tube. The L was calculated using the NMR data. Knowing that each 1D
CSI experiment required 17.5 min, the length of the tube was adjusted based on the
time and the volume of the injected oil until the first oil peak appeared in the
spectrum. Dodecane was injected from the right towards the left side of the spectrum
intensity presented in Figure 7-7. Figure 7-7(a) shows that the oil peak appeared at the
inlet of the RCH after 175 min of oil injection. Since the flow rate was constant at
0.02 mL min', the dead volume between the accumulator and the RCH was 3.7 mL.
Figure 7-7(b) gives an insight into the oil propagator along the flow direction after
210 min of flow.

(a) time: 175 min (b) time: 210 min 108
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Figure 7-7: The real value of the spectrum along the axial direction of a brine saturated carbonate
rock. (a) The oil peak became apparent at the inlet of the core after 2.9 h of il injection. At this
point, the interstitial flow rate was constant at 0.3 ft d%. (b) The oil peak was better distinguished
when the oil propagated more after 4.1 h of injection.

Using Eq.(7-8), 4P; was measured as 1.8x10” MPa (2.6 107 psi) during the period of
constant flow rate and as 4.0 10 MPa during the period of injection under constant
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pressure. Following Darcy’s law described by Eq.(7-3) along the ceramic disc, AP,
was measured as 0.2 MPa (29 psi) during the period of constant flow rate, while it
fluctuated around 0 MPa during the period of injection under constant pressure.

7.4 NMR Data Processing
7.4.1 Methods for Measuring the Relative Saturations

Quantification of the spatially-resolved spectra was performed with two different
methods. The first method is called the ‘integration” method and was based on
dividing the spectrum into two areas and integrating the peak within these areas.
Optimising carefully the area around each peak, I,, and I, at each axial position were
measured. Using Eq.(6-1) and (6-2), the corresponding S,, and S, were calculated.
The second method is called the ‘line shape” method and was based on the fitting of a
Langragian curve to the obtained experimental data. Firstly, a Langragian curve was
fitted to the brine peak which was the dominant component in the initial system.
Then, a second curve similar to the first one but broader by 1.46 ppm and shifted by
3.5 ppm was simulated for the oil component. Both simulated curves were compared
to the experimental data giving the final S,, and S, measurements.

Both methods are affected by field distortions such as line broadening, deviation on
the ppm axis, baseline offset and peak overlap due to the presence of the rock and the
ceramic plate. These distortions and their effect on the spectrum are further analysed.

7.4.2 Broadening of the Line Width and Deviation on the ppm Axis

The first distortion in the spectrum was observed close to the outlet of the RCH,
where the ceramic disc was placed. Figure 7-8 presents the 1D CSI results acquired
after 16.6 h of oil injection. At this point, dodecane had reached the ceramic disc and
both brine and oil peaks were present at each axial position.
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Figure 7-8: A schematical representation of the brine saturated Estaillades with the ceramic disc
(brown cylinder) is plotted in parallel with the 2D magnitude of the spectrum acquired from the 1D
CSI experiment after 997.5 min (16.6 h) of dodecane injection at 0.3 ft day* (a). The red arrows on
the left and right sides of the core plug show the direction of the dodecane flow. The same data are
presented in a 3D plot illustrating the spectrum in each axial position of the rock (b).
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Figure 7-8(a) shows the magnitude of the brine and the oil peaks along the flow
direction. The oil presence is described by the top line and is around § = 1.3 ppm. The
brine presence is displayed by the bottom line around & = 4.8 ppm. The schematical
representation of the core plug attached to the ceramic disc with the dodecane flow
from the left to the right is plotted on the top for a better understanding of the
injection system. It is noticeable that the two horizontal parallel lines were tilted
towards the positive side of the y-axis (§-axis). Broadening and distortion of the
spectrum near the ceramic disk are also seen in the 3D plot of the spectrum presented
in Figure 7-8(b).

Further analysis of this line broadening effect is apparent in Figure 7-9 where the
spectrum at four axial positions is plotted. At a distance of 22.1 mm from the outlet of
the RCH, the spectrum deviates a lot and the brine peak was shifted from 4.8 ppm to
6.3 ppm. At distances 24.6 and 27.9 mm, the brine peak was found at the expected 4.8
ppm. Nevertheless, both peaks were broader than expected showing significant
overlap. Moving closer to the centre of the rock core at a distance of 59.9 mm, the oil
and brine peaks can easily be distinguished. The distortion in the spectral shape
affects both the ‘integration’ and the ‘line shape’ methods and is taken into account
during the error analysis.
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Figure 7-9: Spectrum at 22.1, 24.6, 27.9 and 59.9 mm from the outlet of the RCH. The distance is
estimated starting from the left (outlet), where the ceramic disc was placed, to the right side (inlet)
of the RCH.

7.4.3 Baseline Offset Error

Another distortion in the spectrum was observed at the centre of the FOV with a
baseline offset. Figure 7-10(a) displays the experimental spectrum (solid black line)
and the fitting coming from the ‘line shape’ method (dashed red line) at the position
pointed by the yellow dashed line in Figure 7-10(b) for the same experiment shown in
Figure 7-8. Even though the ‘line shape” method seems insusceptible to the baseline
deviation, the measured S,, is slightly higher than expected. More precisely, the S, of
the central point was measured as 0.46 which was higher than 0.44 measured in the
other pixels close to the centre. This deviation in the values of S,, and S, was included
in the local error analysis.
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Figure 7-10: The reference spectrum is plotted in parallel with the spectrum measured using the
‘line shape’ method (a) at the central point of the sample pointed out by the yellow dashed line in
(b). The solid blue and red lines along the axial direction of the core represent the value of S, and
S, respectively (b), as it is measured from the spectrum using the ‘line shape’ method.

7.4.4 Effect of Artefacts in the ‘Integration’ Method

To understand better the effect of these distortions in the S,, and S, obtained using the
‘integration’ method the experiment presented in Figure 7-8 is further analysed. Three
axial positions were picked for analysis in Figure 7-11. The closest point to the
ceramic disc was 22.1 mm from the outlet, the second position of interest was at 27.9
mm and the third point was at position 59.9 mm from the outlet. At each position, the
reference spectrum (dashed black line) is presented in parallel with the optimum area
of integration for each chemical component (red curve for dodecane and blue curve
for water). The yellow dashed line points out the pixel of the spectrum along the core

plug.

Figure 7-11(a) and (b) demonstrate that broadening and deviation on the ppm axis
make difficult the optimisation of the integration area around the oil and brine peaks.
More precisely, the appearance of a tail on the right side of the oil peak affects the
choice of the optimum integration limits. Even though, the fitting follows the
deviation on the ppm axis, the estimated values of S, and S, are different compared
to the values acquired along the full length of the core where the oil and brine peaks
were well separated and distinguished as shown in Figure 7-11(c).
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Figure 7-11: The reference spectrum (dashed black line) acquired with 1D CSl is plotted in parallel
with the optimum area of integration adjusted using the ‘integration’ method for the water peak
(blue curve) and the oil peak (red curve) at distance 22.1 (a), 27.9 (b) and 59.9 mm (c) from the
outlet of the RCH. A ceramic disc was placed at the outlet of the RCH. The yellow dashed line
points to the exact position along with the core where the reference spectrum was acquired and the
values of S, (red line) and S, (blue line) along the core were measured using the optimum area of
integration for each component.

The effect of peak broadening and overlap was further analysed by comparing the
sum of I, and I, from the optimum area of integration (green line) to the total
integral of the reference spectrum (black line) at all axial positions. Figure 7-12
proves that the ‘integration” method leads to reliable results for the data obtained 16.6
h of oil injection. This difference between the sum of I, and I, and the total integral
of the spectrum was taken into account for the total error analysis. Another important
parameter to assess was the limits of the optimum area of integration. The limits of
the integration area around each peak were varied. Then, the standard deviation
among the measured I,, and I, at each position was mesured. Last but not least, the
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reproducibility of the spectra was also analysed and was added to the total error
analysis for the final S,, and S, measurements.
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Figure 7-12: Analysis of the peak integration method along the axial direction of a carbonate rock
core when both oil and brine peaks are present along with the core. The sum of the optimised oil
and water integral (green line) is plotted in parallel with the integral derived from the whole
reference spectrum (black line) along the axial dimension of the core after 997.5 min (16.6 h) of
data acquisition. Water and oil integrals are shown by the dashed blue and red lines, respectively.

7.4.5 Effect of Artefacts in the ‘Line Shape’ Method

The same data were also analysed using the ‘line shape’ method. In Figure 7-13, the
experimental spectrum (solid black line) is plotted in parallel with the simulated
spectrum (red dashed line) at the same three axial positions as in Figure 7-11. Each
position is pointed out by the yellow dashed line. The spectrum was normalised to the
highest intensity point of all the spectra acquired along with the axial position. It can
be seen that the simulated spectrum follows the deviation and the broadening of the
reference spectrum at 22.1 and 27.9 mm from the outlet of the RCH.

[138]



Chapter 7 Primary Drainage in Estaillades Carbonate Rock

~—
&

arb.units

1 —— Reference Sp. o |——Water
7 [ |= = Line shape fit Ir 7 |—0il
time line

f=]
=]
|
T
=3
oo
T
1

Spectral Absorption /
o
S
]
T
S
(=]
< < 5 ¢
}
La P | n La i1

30 40 50 60 70 80

12 6 0 -6
z — direction/mm

1 1 1
(b)i — Reference Sp. ' T ' T T —— Water

| b [ |- = Line shape fit e 7 |—0il
= time line
= 0.8 - 08l ]
~
£ 0.6 - o5 0.6 P ]
pe] p ———————e ]
E‘f 0.4 L wn 04 }KM
2 .
Iy
= 0.2 4 -
E 02 B
w04 ; ’ r I 0k L I 1 I L 1 E

12 6 0 6 30 40 50 60 70 80

§ z — direction/mm
/ ppm

©

Reference Sp.
-~ = Line shape fit

— Water
Oil
time line

—_
1
T
T
1

=
o0
1

=
(=21
1

=]
(%]
1

Spectral Absorption / arb.units
=
'S
1

=
1
(=]

30 40 50 60 70 80

12 G 0 -6
z — direction/mm

4 / ppm

Figure 7-13: The reference spectrum (solid black line) acquired with 1D CSI is plotted in parallel
with the simulated spectrum using the ‘line shape’ method (red dashed line) for the water and the
oil peak at a distance of 22.1 (a), 27.9 (b) and 59.9 mm (c) from the outlet of the RCH. A ceramic
disc was placed at the outlet of the RCH. The yellow dashed line points to the exact position along
with the core where the reference spectrum was acquired and the values of S, (red line) and S,,
(blue line) along the core were calculated by analysing the line shape fitting (red dashed line).

The total error in the calculation of S, and S, using the ‘line shape’ method is divided
into two parameters; the reproducibility of the spectrum and the difference between
the reference and the fitted curve at each axial position.

7.4.6 Conclusions Driven by Comparing ‘Integration’ and ‘Line
shape’ Methods

Both the ‘integration’ and the ‘line shape’ methods derive quantitative results for the
Sw and S, profiles. The ‘line shape’ method gave more robust measurements at the
initial stage of the drainage when the oil had not reached the ceramic disc since it is
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less sensitive to the broadening of the linewidth. The ‘integration’ method presented
better accuracy in the measurement of the S, and S, , when S, reached 0.20 in the
area close to the ceramic disc.

7.5 Results

Figure 7-14 presents the AP as a function of the mean saturation of the wetting phase,
Sw- S,» comes from the mean value of the local S, measured along the flow direction
using both the ‘line shape’ (solid black) and the ‘integration’ (dashed black) methods.
It can be seen that AP is a monotonically decreasing function of the S,,. Eight
different zones have been identified and highlighted with dashed lines of various
colours on the AP-S,, curve. The S,, and S, profiles obtained in each of these zones
are further analysed below. The goal is to identify the pattern of the brine
displacement.

| |=——Line shape

] |= = Integration

4 lesseninn zone 1

T [ermrmnee zone 2

] zone 3

| Jeeennnee zone 4

wezone 5
zone 6

[ [seeeeses zone T

4 zone 8

AP / MPa

Figure 7-14: AP as a function of the S,, during the injection of dodecane into an initially brine-
saturated Estaillades carbonate core. Primary drainage was conducted using the porous plate
method, with continuous injection at Q equal to 0.3 ft d* until the maximum pressure threshold of
the ceramic disc (1.5 MPa) was reached. Then the Q was reduced keeping the pressure constant
while the S, was further reduced until a reservoir-representative S,,. was achieved. Dotted coloured
lines indicate eight zones of interesting dodecane-brine equilibrium.
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Figure 7-15: AP (a) and Q(b) change with time while dodecane was injected into the brine saturated
Estaillades rock for the first six zones of interest presented in Figure 7-14.

Figure 7-15 presents the AP and the Q change with time for the first six zones
highlighted in Figure 7-14. It can be seen that Q was switched to zero when AP
reached the threshold. The S,, and S, profiles for each zone are analysed in Figure
7-16.

Figure 7-16(a) until (d) are results of the ‘line shape’ method, while Figure 7-16(e)
and (f) are results of the ‘integration’ method. The Ca measured from the constant oil
injection was at the order of ~ 2.7x1078, hence capillary forces were expected to
control the process of oil invasion into connected pores and throats.

Initially, the recorded P;,,; following the brine injection was 0.21 MPa (31 psi). Oil
was injected at a constant Q of 0.02 mL min oil reached the inlet of the RCH. AP
started to increase linearly until it reached the value of 0.23 + 0.01 MPa after 175 min.
This AP is better presented in Figure 7-15(a) with the dotted blue colour and can be
related to the oil-water contact since a measurable quantity of the brine was displaced
from the system and not only from a single pore. The S,, close to the inlet of the RCH
was measured as 0.99 + 0.003 and is illustrated in Figure 7-16(a).

As more oil was injected, the value of S,, started to significantly deviate from one
while the AP presented a large increase. In zone 2, oil has invaded the throats adjacent
to the inlet of the sample as projected in Figure 7-16(b). After 245 min of injection,
dodecane has filled the available flow paths until a distance of 29 mm from the inlet.
AP was calculated as 0.37 = 0.01 MPa and is better seen in Figure 7-15(a) with the
dotted red line. A small difference between the S, measured from the ‘line shape’
(0.96 = 0.003) and the ‘integration’ method (0.94 + 0.008) was observed in Figure
7-14. As we discussed in Section 7.4.6, the ‘line shape method’s result is considered
more robust at this stage.
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Figure 7-16: 1D spatially resolved relative saturation for the brine (S,,, blue) and the dodecane (S,,
red) related to zone 1(a), zone 2(b), zone 3(c), zone 4(d), zone 5(¢) and zone 6(f) presented in
Figure 7-14 and Figure 7-15. Qil was injected from the right to the left side of the core plug.

As more oil was injected, S,, and S, profiles continued to present this uniform shape
with slightly higher values of S, close to the ceramic disc as illustrated in Figure
7-16(e). AP presented a slight increased from 0.47 up to 0.51 + 0.01 MPa as seen in
Figure 7-15(a) between the dotted black and the dotted pink lines. However, S,
presented a significant decrease from 0.80 = 0.005 (zone 4) down to 0.54 + 0.004
(zone 5) as shown in Figure 7-14. More injection of oil resulted in an abrupt increase
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of AP from 0.51 (zone 5) to 1.28 + 0.01 MPa (zone 6) as seen in Figure 7-15(a)
between the dotted pink and the dotted yellow lines. At this stage, Q turned from
constant to zero as seen in Figure 7-15(b) by the same dotted lines. S,, was decreased
from 0.54 down to 0.48 + 0.004. Analysing the S,,, profile in Figure 7-16(f), a uniform
decrease along the axial position is observed. After 825 min of injection, the presence
of oil and brine was equal along the full length of the core, with a slightly higher
presence of oil close to the ceramic disc.
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Figure 7-17: 1D spatially resolved relative saturation for the brine (S,,, blue) and the dodecane (S,,
red) related to zone 7(a) and zone 8(b) presented in Figure 7-14. Qil was injected from the right to
the left side of the core plug.

Right before zone 6 (822.5 min), AP reached the ceramic disc pressure threshold of
1.49 MPa. The injection continues under constant pressure conditions. Figure 7-17
demonstrates that the S, and S, profiles related to zone 7(a) and zone 8(b) in Figure
7-14 continue to change following the same uniform profile seen in Figure 7-16(e)
and (f). Figure 7-17(a) presents the small increase of S, close to the ceramic disc. At
this stage, S,, presented a decrease from 0.48 (zone 6) down to 0.41 + 0.004 (zone 7).
Figure 7-17(b) indicates the S,, and S, profiles at the end of the imbibition process
after 10 d (14,980 min). The uniform S,, is the result of the hydraulic conductivity
between the wetting layers along the whole volume of the core plug. At zone 8, the
measured S, was defined as the S,,. and was equal to 0.15 + 0.007. This is the lowest
Swe ever recorded in laboratory drainage for a dual-porosity carbonate rock.

7.6 Discussion

The 1D CSI sequence employed in this research required 17.5 min. During one
acquisition 0.37 mL of oil which is equivalent to 1.6 % of the total P.V. of the rock
had been injected. This very small change in the saturation of the system enabled the
dynamic monitoring of the process of drainage. Combining Figure 7-14 with Figure
7-15 and Figure 7-16, interesting observations can be made. The S,, and S, profiles
presented in Figure 7-16(a), (b) and (c) suggest that the main mechanism of
displacement at this stage was the capillary fingering. The larger values of S, close to
the inlet could be related to the finger growth formed perpendicular to the flow
direction as discussed in Section 7.2.3.1. As illustrated from the profiles, brine was
trapped as oil was propagated towards the ceramic disc.
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As more oil entered the system and more oil channels reached the ceramic disc, a
uniform S, and S, profile was created as illustrated in Figure 7-16(d). The transition
from zone 3 to zone 4 is analysed in Figure 7-18 by presenting the S,, and S, profiles
between these two areas of interest. Gradually declining values of S,, close to the
ceramic disc could be related to the growth of small oil fingers in that area. This
mechanism of finger growth close to the ceramic disc has been demonstrated by
Lenormand et al., (1983) for flow through a 2D duct model with a ceramic disc placed
at the outlet. This model showed that fingers close to the area of the obstacle
expanded faster than fingers already formed along the main paths of flow. This gives
a potential explanation for the slightly higher values of S, in the area close to the
ceramic disc as observed in Figure 7-16(e) and (f). However, the broadness of the
spectrum line in parallel with the other artefacts discussed in Section 7.4, adds
significant experimental noise to our measurements for that area of the sample.
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Figure 7-18: Spatial distribution of the relative saturation along the axial direction of the Estaillades
rock for the pore-filling mechanism after 385, 402.5 and 420 min of oil injection with flow
direction from the right to the left. These periods appear between zone 3 when oil reached the
ceramic plate, and zone 4 when a uniform distribution along the core was reached, in Figure 7-14.

The data acquired during the constant pressure regime, therefore between zone 6 and
8, are probably related to the Haines jump mechanism of throat invasion. During this
mechanism, oil molecules already injected into the system are moving to regions of
lower pressure and therefore towards larger pores and throats located along the fingers
already formed. This displacement of the oil molecules will bring a decline in the
overall recorded AP. Then, a very small quantity of oil should be injected reaching
again the AP threshold. These continuous displacements and injections are the
possible explanation for the fluctuations recorded in the AP in Figure 7-14. The
hydraulic conductance due to the residual water trapped within the calcite grains was
responsible for the uniform S,, along the core and for the continuous production of the
wetting phase under the constant pressure regime (Dullien et al., 1986). Due to limited
experimental time, the process was stopped after 10 days reaching a S,,. of 0.15
which is the lowest value ever recorded in a dual-porosity carbonate rock.

Analysing the recorded 4P, some extra observations can be made. It is known that
P.qp, describes a single pore-filling phenomenon and in the case of Estaillades core,

the P.,,,- Sy curve presents two stages of invasion as seen in the literature (Blunt,
2017). The first stage of pore-filling is related to the macro-, while the second stage is

[144]



Chapter 7 Primary Drainage in Estaillades Carbonate Rock

related to the micro-porosity. In contrast, the AP- S, curve shown in Figure 7-14 is
monotonical, proving that under continuous injection both macro- and micro-pores
were invaded. Using AP instead of P4, in Eq.(7-1) and assuming that Estaillades is a
system of cylindrical capillary bundles, an approximate for the size of the penetrated
throat can be made. In the current experiment, o, between water and dodecane can be
assumed as 53.7 mN m™ (Goebel and Lunkenheimer, 1997) and 65 as zero (Demond
and Roberts, 1991; Lenormand, 1990).The r, was found between 0.042 and 0.23 um
for the measurements between zones 1 and 5. This r, range is within the limits of the
micro-pore distribution as mentioned in the literature for several Estaillades samples
(Blunt, 2017; Dautriat et al., 2011; Mitchell and Fordham, 2014).

The continuous injection model in the SWPP does not allow the restoration of
capillary equilibrium. Therefore, information coming from the macro-pores was lost
in the recorded AP. However, AP seems to derive good estimates for the size of the
throats invaded at each stage. At the oil/water contact point (zone 2), AP was 0.23
MPa which is related to an r; of 0.23 um. Between zone 2 and zone 5, 4P was almost
stable which means that throats between 0.11 and 0.14 um located in the newly
formed fingers were invaded by oil. Even though the SWPP technigue cannot be used
to obtain a representative pore-throat size distribution for the sample, it can give a
good estimate of the size of the smallest throats located along the formed oil channels.

7.7 Conclusion

In this chapter, the SWPP technique was chosen for the primary drainage of an
Estaillades core plug to prepare the rock in a real reservoir S, before the stage of
forced imbibition and polymer injection. The dodecane injection was monitored using
1D spatially resolved CSI and the pressure change was recorded along with the
injection rate. The aim of this study was to identify the mechanisms of brine
displacement from the dodecane phase in a dual-porosity carbonate rock.

The acquired data were treated with the newly developed 'integration” and ‘line
shape’ methods. The ‘line shape’ method presented a smaller error when the quantity
of oil inside the sample was small. When the oil reached the ceramic disc, the
‘integration’ started to give more accurate results compared to the ‘line shape’
method. Both methods are suitable for the accurate analysis of 1D spectra and provide
similar S,, and S, profiles. Both techniques were used in the S,, and S, profile
analysis in parallel with the AP and Q change with time. Combining these results with
the AP-S,, curve was important for the identification of the displacement pattern. The
main key points can be summarised below:

= TheS, and S, profiles along with the AP enabled the allocation of the oil-
water contact point. Even though this point could not be observed in AP-S,,
curve since S,, did not deviate from one, the S,, and S, profiles enabled its
identification. At the oil-water contact, AP was measured as 0.23 MPa.

= The profile analysis between zone 1 and zone 4 was in agreement with the
invasion percolation pattern. Brine was trapped in several areas close to the
inlet while oil propagated towards the outlet. When the oil reached the
ceramic disc, a homogeneous distribution was established.
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= Haines jump was identified as the most possible mechanism of pore-filling
during the constant pressure injection, explaining the fluctuations in the
recorded Q and AP and the decrease in the measured S,,,.

The recorded AP was proved to give a good estimate for the r; of the micro-porosity
of the Estaillades invaded as each stage. This means that AP recorded during the
SWPP method of drainage could potentially be used for the assessment of the micro-
porosity in an unknown rock sample. This is a useful observation for the
determination of the complexity of a system knowing that the SWPP method cannot
produce a representative pore-throat distribution.

Finally, a reservoir representative S,,. of 0.15 was achieved by switching the injection
mode from constant Q to constant pressure. This is the smallest ever recorded S,,. in a
carbonate rock using the SWPP. The reservoir-representative S,, . is very important
for the quantification of the oil recovery during the imbibition and the polymer
injection experiments presented in Chapter 8.
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Chapter 8 Imbibition and Xanthan
Gum Injection in the Estaillades
Carbonate Rock

8.1 Introduction

Since the early 1960s, chemical EOR techniques were employed after the secondary
imbibition step to improve oil production. Polymer flooding is currently considered
one of the most promising technologies in EOR due to its commercial and technical
feasibility. However, the mechanisms of displacement are still debatable. Simulations
(Seybold et al., 2021; Sullivan et al., 2007), as well as flow-through transparent model
systems (Demin et al., 2000; Lenormand et al., 1983; Lenormand and Zarcone, 1989),
have been implemented for the understanding of the displacement mechanisms. Non-
invasive techniques such as NMR (Clarke et al., 2015; Li et al., 2016; Mitchell et al.,
2016) and pCT (Celauro et al., 2014; Tapias Hernandez and Moreno, 2020; Van
Batenburg et al., 2015; X. Wang et al., 2019) have also been used to measure the
apparent viscosity and relative saturation after polymer injection through bead packs
and sandstones. Nevertheless, most of these data have been acquired under no-flow
conditions. These stop-acquire experiments cannot fully describe the mechanisms of
displacements, especially in the process of polymer injection since the dynamics of
the system are different. In addition, the homogeneous pore structure of bead packs
and sandstones cannot fully describe the brine and polymer flow through complex
pore structures such as carbonate rocks. More than 60% of the world’s oil is trapped
in carbonates (Zaeri et al., 2018). One of the aims of DR is to predict multi-phase
displacements at the pore-scale and then run flow simulations at the macro-scale
(Andersen, 2014). Micro-scale imaging of displacement has been achieved with time-
resolved synchrotron uCT. This technique was used to monitor the evolution of
drainage and imbibition in a carbonate sample with relatively large pores (>100 um,
Ketton) (Singh et al., 2018).

This chapter employs various NMR techniques to dynamically map the oil
displacement during brine and then polymer injection at a macro-scale. Chemically-
selective snapshot images, pulse-acquire and CSI experiments in parallel with
pressure logging were employed to continuously monitor the brine and xanthan gum
flood through Estaillades. Moreover, the chemically-selective APGSTE-RARE
sequence developed in Chapter 6 was employed under steady-state conditions for the
brine and the polymer flood separately. This is the first time that spatially-resolved
propagators of Low-Salinity Brine (LSB) and xanthan gum are obtained and
compared. The aim of this study is to identify the pattern of imbibition and the
mechanisms of oil displacement during the injection of a biopolymer.
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8.2 Theoretical Background
8.2.1 Waterflooding and Oil Recovery

Imbibition is the inverse process of drainage when the wetting phase is entering the
pore space displacing the non-wetting phase. Secondary imbibition is the invasion of
a pore structure when the wetting phase is already trapped in it in narrow areas such
as crevices and roughness. Oil recovery from real reservoirs is a secondary imbibition
process since the wetting phase is present in all the depths (Figure 7-3) (Blunt, 2017).
Waterflooding is a relatively cheap secondary imbibition process used in oil recovery
since seawater is used as the wetting phase. The efficiency of the oil recovery depends
on two factors; the macroscopic sweep efficiency described by the My and the
microscopic sweep efficiency described by the Ca. Figure 8-1 illustrates the
difference between these two factors.

Macroscopic sweep efficiency Microscopic sweep efficiency

Producing
well

Injection
well

Figure 8-1: lllustration of the macroscopic and the microscopic sweep efficiency during water
flooding in a real reservoir. Adapted from Lake, (1989).

The macroscopic sweep efficiency depends mainly on the spatial heterogeneity of the
reservoir. Brine flows through the higher permeability channels bypassing oil
confined in the lower permeability regions (Shende et al., 2021). The microscopic
efficiency depends on the uy, of the injected phase at a distance from the well, the
viscosity difference and the o, between the two phases (Muggeridge et al., 2014;
Rellegadla et al., 2017).

8.2.2 Pore-Filling Mechanisms in Imbibition

The microscopic efficiency depends on the pore-filling mechanisms. There are two
distinct mechanisms to describe the displacement of the non-wetting phase; the snap-
off and the piston-like mechanism. An example of how these pore-filling mechanisms
act on a water-wet pore-throat is given in Figure 8-2. At very low u,, the wetting
phase advances from pore to throat with piston-like displacement as shown in Figure
8-2(a). When the brine-oil interface (dashed line) meets the large water-wet pore, the
brine starts to travel through the wetting layers. The adjacent throat starts to swell and
the thickness of the brine layer reaches a r..,.;; which triggers the snap-off mechanism
of pore-filling as shown in Figure 8-2(b). At this stage, the oil phase in the large pore
is disconnected and remains in the system in the form of a trapped ganglion. The
capillary pressure of the oil ganglion remains constant as more brine is injected into
the system with the same u. These mechanisms have been imaged in a square lattice
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network of varying throat sizes (Lenormand et al., 1983) and in a Ketton limestone
(Singh et al., 2017).

(@) solid
brine Connected
oil
+——Pp
throat
(b) solid
 Connected
oil
brine Oil

ganglion

throat

Figure 8-2: An illustration of the pore-filling mechanisms during imbibition at a low capillary
number in a water-wet pore-throat system. The brine-oil interface (dashed line) propagates with a
piston-line mechanism from the first pore to the throat of similar size (a). Then, the brine flows
through the wetting layers of the large pore initiating the swelling of the adjacent throat (b). When
the thickness of the layer at the second throat reaches a critical radius, snap-off occurs forming two
terminal menisci and trapping the oil under the form of an oil ganglion.

8.2.3 Displacement Patterns of Imbibition at Macro-Scale

There are four generic displacement patterns simulated on a square lattice network of
pores and throats as presented in Figure 8-3 (Blunt and Scher, 1995; Chandler et al.,
1982; Lenormand and Zarcone, 1984; Vidales et al., 1998). These patterns can be
described as:

Cluster growth: At very slow flow rates (Ca ~ 10°®), the snap-off mechanism triggers
the growth of the wetting layers and patches of water in the form of clusters as shown
in Figure 8-3(d). Very little or no trapping of the oil phase is observed.
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(©)

— non-wetting phase

wetting phase

(d)

Figure 8-3: Illustration of the four patterns of imbibition resulting after simulation at a 200200
square network. (a) is the percolation with cluster growth pattern. The injected fluid is represented
by the black colour and travels through the crevices triggering the snap-off mechanism. (b) is the
flat frontal advance where the fluid advances as a uniform front. (c) is the invasion percolation
pattern where only the connected pores are filled and there is no crevice flow. (d) is the cluster
growth mechanism where the wetting phase travels through the layers allowing pores and throats to
be filled anywhere. The largest clusters will continue to grow filling the whole system. Reproduced
from Blunt and Scher, (1995).

Percolation with trapping: At a slightly higher flow rate (Ca ~ 107), the snap-off
mechanism is again triggering the filling process. More precisely, the injected fluid
invades the pores with a piston-like mechanism but it also moves through the
connected wetting layers triggering the snap-off phenomenon as presented in Figure
8-2. The process is called percolation and significant trapping of the oil phase is
observed. The oil phase can escape if it has access to a connected pathway to the
outlet. Figure 8-3(a) shows the pattern of a dendritic front with discontinuous clusters.
This pattern is deliberately seen in real reservoir settings.

Invasion percolation with trapping: Increasing further the flow rate (Ca ~ 10°) and
considering that there is no connectivity among the wetting layers, the water phase
advances across the system with a piston-like mechanism. Figure 8-3(c) illustrates
that in invasion percolation the oil phase is trapped among the wetting fingers creating
a fractal pattern.

Frontal advance: Further increase in the flow rate (Ca ~ 10#) leads to a frontal
advance pattern as presented in Figure 8-3(b). The injected phase advances with
piston-like filling from the inlet to the outlet establishing a uniform front. Therefore,
no trapping of the oil phase is observed.

Trapping is controlled by both the pore-throat structure and the wettability of the
reservoir resulting in poor efficiency of the oil recovery (Gao et al., 2021). In water-
wet reservoirs, waterfloods lead to an approximate recovery of 40% of the OOIP since
the largest portion of the oil is trapped under capillary effects (Haugen et al., 2014).
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8.2.4 Mechanical Behaviour of Polymers in EOR

To increase the oil extraction, waterflooding is followed by a tertiary recovery stage
known as EOR. This research focuses on the chemical EOR and in particularly in the
polymer injection. More information regarding the different EOR methods
(Gbadamosi et al., 2019; Rellegadla et al., 2017; Terry, 2001) and the criteria for the
polymer selection can be found in the literature (Mohamid et al., 2015; Rellegadla et
al., 2017). The most common polymers used in oil field applications are hydrolysed
polyacrylamides (HPAM) and xanthan gums (Al-Shakry et al., 2019). This research
focuses on the use of xanthan gum. To better understand the mechanisms of
displacement, it is important to analyse the mechanical behaviour of this biopolymer.
The shear and elongational stresses exerted on the molecule during its flow, influence
the apparent viscosity, ug,,, Of the agueous solution.

Xanthan gum is a semi-flexible polymer with less-known characteristics. In an
aqueous solution at rest, xanthan gum presents a semi-rigid molecular structure as
illustrated in Figure 8-4. Hydrogen and ionic bonds are formed among the rigid rods,
while a ratio of entanglement between the macromolecules is also expected. These
intermolecular bonds are easier to break than the intramolecular associations of the
random coil-conformation of the HPAM. Hence, xanthan gum solutions are easier to
flow compared to HPAM. At low shear rates, y, the initial bonds and entanglements
are fractured and get replaced by new intermolecular bonds among the aligned rigid
rods (dotted red lines). At this stage, there is no reduction in the 4, since the
number of fractured bonds is equal to the number of newly formed bonds and the
polymer exhibits Newtonian behaviour. The ‘onset’ of the power-law (shear-thinning)
regime occurs when the externally imposed movement becomes faster than the rate of
formation of new entanglements and molecules start to slide over each other. Xanthan
gum has presented an extension-thickening behaviour when flowing through a core
under high y. This thickening behaviour has been related to the generation of new
transient entanglements due to the continuous expansions and contractions and the
presence of stagnation points. The onset y is decreased as the polymer concentration
is increased (Gonzalez et al., 2005; Morris et al., 1981; Urlacher and Noble, 1997).
Xanthan gum is less sensitive to salinity changes compared to HPAM (Kohler and
Chauveteau, 1981). High salinity decreases its viscosity mainly in the Newtonian
regime (Martel et al., 1998).
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Xanthan gum

At rest Newtonian Shear-thinning

Figure 8-4: Schematical representation of the xanthan gum macromolecules at rest and when
flowing through a narrow throat under the effect of shear stress. The red dotted lines represent the
intermolecular interactions and the black dots the associations. Adapted from Zaitoun et al., (2012)
and Urlacher and Noble, (1997).

8.2.5 Mechanisms of Oil Displacement in Polymer Flooding

Polymer injection enhances the oil mobility through a combination of mechanisms
which were first summarised by Wei et al., (2014) and Gbadamosi et al., (2019). The
two most important mechanisms of displacement can be summarised as:

Mobility control: In simple waterflooding, brine is usually less viscous, hence more
mobile than oil, My > 1, creating a pattern of viscous fingering towards the production
well. This fingering effect leaves regions of unswept oil as shown in Figure 8-5(a)
(Abidin et al., 2012; Homsy, 1987). When a polymer is dissolved in the injected
phase, the up, is increased. Therefore My <1, resulting in a stable front of injected
phase as presented in Figure 8-5(b).

@) Mg>1 (b) Mg<1
Producing Producing
well well
Water flood _Pc_)lylr_lel‘
mjection

Figure 8-5: Illustration of the macroscopic sweep efficiency when viscous fingering occurs for
Mg>1(a) and when the piston-like mechanism is employed for Mz<1(b). Adapted from Lake,
(1989) and Gbadamosi et al., (2019).

Disproportionate Permeability Reduction (DPR): The spatial heterogeneity met in
real reservoirs is expressed by regions of different porosity and permeability. For
simplicity, this spatial heterogeneity is illustrated by four layers of different k, k,, k5
and k, as shown in Figure 8-5. In waterflooding, the brine will flow faster through the
higher permeability layers such as k; and k5 until it reaches the production well. As
more brine is injected, it follows the already formed paths towards the production
well. Consequently, oil remains trapped in the low permeability regions of k, and k,.
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When polymer is injected into the reservoir, it initially invades the high permeability
zones previously swept by the brine phase. Polymeric molecules are retained in the
pore wall reducing the k,. There are three types of polymer retention; polymer
adsorption on the grain surface (Mishra et al., 2014), mechanical entrapment in
narrow throats and hydrodynamic retention in stagnant zones (Agi et al., 2018). The
newly injected brine after the polymer retention is diverted to other unswept areas
resulting in oil production.

Having analysed the displacement patterns and the mechanical behaviour of the
polymeric molecules, imbibition and xanthan gum injection through the Estaillades
rock after the primary drainage step is studied. Chemically-selective images and 3D
spatially-resolved propagators in parallel with pressure monitoring have been
employed to visually and quantitatively analyse these mechanisms.

8.3 Materials and Methods

8.3.1 Materials and Chemicals

The Estaillades core and the LSB used in this EOR study have been described in
Chapter 7. Following primary drainage, 87 + 2% of the core was filled with dodecane
and 13 + 2% was filled with brine. The xanthan gum (Sigma LifeScience, from
Xanthomonas campestris) powder was dissolved in the LSB with mechanical stirring
for 48 h at a concentration of 3000 mg/L at 20 °C. The solution was then filtered
through a 3 um and subsequently through a 1.2 um filter (Millipore) (Mahani et al.,
2017). Out of this high in concentration solution, eight samples of varying
concentrations were prepared. The rheological behaviour of these samples was
analysed and the optimum concentration for the current system was picked. Then, a
large portion of the polymeric solution was prepared and its pH was calibrated at ~
8.3 by adding a buffer of diethanolamine (provided by STCH) to avoid any
dissolution of the carbonate rock (Mahani et al., 2015).

8.3.2 EOR Polymer Concentration

8.3.2.1 Method for Defining the Optimum Polymer Concentration
To choose the optimum xanthan gum concentration, a better understanding of the

range of y exerted during flow through the pore-throat system of the rock is
necessary. For that purpose, a profile of laminar Newtonian flow within a throat of
cylindrical shape is assumed. Therefore, the velocity profile is expected to be
parabolic, having the maximum velocity along the axis and zero velocity at the pore
wall (Lovell, 1989). The effective maximum shear rate, ¥, s max, is met at the pore
wall and depends on the A, the average pore diameter, 2r,, and the amount of
liquid, V, at time t according to:

(8-1)

The amount of liquid V at time t that passes through the cylindrical throat is equal Q.
The Darcy velocity is also written as:
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_Q
up = PA. (8-2)
According to the capillary bundle approach, the rock is simulated as a sum of
capillary tubes of varying diameters. After Eq.(8-1) and Eq.(8-2):
. 4up
Yappmax = o (8-3)
14

The pore structure in a carbonate rock is very heterogeneous, hence u, presents
spatial variation. More precisely, the difference between the r, and the 7, has an
impact on the particle acceleration which is different in each porous system. Knowing
the expected up met in the system, we can define a range of expected y for the flow
inside a rock. Xanthan gum is a non-Newtonian fluid, hence its viscosity changes with
y following the fully developed Carreau model given by:

Hapy () = tins + (tto — s )[1 + @P)T (8-4)

where ;¢ is the Newtonian viscosity at an infinite shear rate and is usually defined
as 1 cP, u, Newtonian viscosity at zero shear rate, n, and a are the fitting constants,
1/ is the critical shear rate which defines the onset from Newtonian to power-law
rheological behaviour. Knowing that an p,,,, of ~10 cP inside the rock is desired, the
optimum concentration is defined based on the rheological behaviour of the solution
and the Y4pp max iNSide the pore structure.

8.3.2.2 Optimum Polymer Concentration

The xanthan gum solutions of different concentrations were subjected to a range of y
between 500 s and 0.1 s in a controlled strain rheometer (Rheometric Scientific
ARES 320). This range of y is representative of field conditions. The chosen
concentrations were 300 = 10, 600 + 10, 900 + 10, 1200 £ 10, 1500 + 10, 1800 = 10,
2100 + 10 and 3000 + 10 mg I"*. The rheological behaviour of these solutions at 20°C
is illustrated in Figure 8-6.
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Figure 8-6: The effect of shear rate, y, on the apparent viscosity ,,,, (&) and on shear stress (b) of
xanthan polymer solutions prepared to different concentrations in low-salinity brine.

It can be observed that at higher concentrations, the ‘onset’ of the shear-thinning
regime occurs at lower y. The particle acceleration inside the Estaillades rock can lead
t0 @ Uyyq, OF 384 ft d! as proven by simulation (Zamani et al., 2017). Since the 7,
distribution for most Estaillades rocks studied in the literature present a large peak
around 10 um and a smaller peak around 0.2 um (Dautriat et al., 2011; Mitchell and
Fordham, 2014), Y4pp max Was estimated between 2.8 s and 1,092 s in the large
throats and between 113 s and 43,688 s in the smaller throats. Since the rheometer
reaches a maximum y of 500 s, the rheological behaviour of the fluid inside the
porous medium cannot fully be described. Figure 8-6 shows that at 500 s only the
solution with a concentration of 3000 + 10 mg 1"t is above 10 cP. This was chosen as
the optimum concentration for the current experiment. Figure 8-7 shows the Carreau
model fit (Eqg.(8-4)) for the chosen xanthan gum solution.
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Figure 8-7:Fully developed Carreau model for xanthan gum polymer prepared to a concentration of 3 g
L at 20 °C in low-salinity brine of 3.0 = 0.1 g NaCl 1'%,
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8.3.3 Methods

8.3.3.1 Core Flooding and NMR Protocol for Imbibition and Polymer Injection
The core flood was conducted using a different flooding system. A syringe pump
(Quizix QX-1500HC dual-cylinder syringe pump, Chandler Engineering, Oklahoma,
USA) and pressurised-air accumulator were employed as illustrated in Figure 8-8. The
ceramic disc was detached from the RCH. The rock was placed back in the RCH and
was confined under a pressure of 6.3 MPa. LSB was stored in a beaker and the
polymeric solution in the accumulator under pressure. The cylindrical tube between
the pump and the RCH had a 30.3 m length and 1/16" (1.6 mm) inner diameter. AP;
was the pressure drop across the inlet tube. Then, brine and subsequently polymer
were injected at different flow rates. The P;,; was monitored using the pump in-built

Sensata pressure transducer of this syringe pump.

e Aflas core sleeve
7
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pressurised air

Figure 8-8: Schematic representation of the CFS set-up used during the imbibition and the polymer
injection. Xanthan gum (polymer) was stored in an accumulator and was pushed out using
compressed air, while the brine was stored in a beaker.

The imbibition and polymer injection in parallel with the NMR techniques employed
in this chapter were as follows:

1. Secondary imbibition: The Estaillades rock reached an S,,;,- of 0.15 at the end
of primary drainage. The ceramic disc was detached and the sample was
confined in the same RCH. Then, 3 g I"* NaCl/Hz0 brine was injected at 0.15
ft d* (0.011 mL min™) until a quantity equal to 2.1 P.V. filled the system. The
effluent was collected in a volumetric cylinder and the process was monitored
in-situ using chemically selective spectra and snapshot imaging.

2. 1% brine injection: Then brine was initially injected at 8.4 ft d* (0.6 mL min™)
to remove the oil ganglia trapped in the system and the process was monitored
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with bulk spectra for ~ 30 min. Then velocity was increased even up to 15 ft d°
1 and no further recovery of oil was seen. 3D spatially-resolved propagators
with CS for the oil and the water phase were acquired at 1 ft d*.

1%t polymer injection: the viscous solution was injected into the core at 0.15 ft
d The process was monitored with chemically selective spectra and snapshot
images.

. 2" polymer injection: xanthan gum was injected at 1 ft d* (0.071mL min™),

This process was initially monitored with chemically selective spectra and
snap-shot images and then with 3D chemically-selective propagators.

. 2" brine injection: LSB was injected at a velocity of 3 ft d* (0.21 mL min™).

The dynamic stage of displacement was monitored with 1D CSI and the
steady-state with 3D chemically-selective propagators.

. 3" polymer injection: xanthan gum was injected at 3 ft d*. 1D CSl and 3D

chemically selective propagators were acquired.

. 3" brine injection: LSB was injected at 6 ft d™*. The dynamic stage was

monitored with chemically-selective spectra and when there was no further
removal of oil spatially and chemically-resolved propagators were obtained.

. 4™ polymer injection: xanthan gum solution was injected at 6 ft d* and the

dynamic stage was monitored with 1D CSI. The propagator acquisition was
interrupted due to plugging which caused an abrupt increase in the pressure.

Step 2 aimed to remove the trapped oil ganglia by changing abruptly the AP.
Consequently, we could study only the effect of the DPR mechanism on oil
displacement. All the steps are summarised in Figure 8-9.
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1. Secondary imbibition: brine waterflood
3 g I' NaCI/H,O
-2.1P.V.
-0.15 ft d”'(spectra, images)
-8.4 ft d* (spectra)
-1 ft d* (propagator)

2. EOR polymer injection
3000 mg I'' xanthan in 3 g I' NaCl/

H,O T e
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- 1 ft day'(spectra, images,
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Figure 8-9: Schematic illustration of the EOR core-flooding and the NMR protocol.

8.3.3.2 Pressure Drop Along the Inlet Line in the CFS system

Knowing the 7,5, the uy, for each externally applied Q can be estimated. Using
Eq.(8-3), the y profile along the tube can be measured. Then, the i, profile is
calculated using the Carreau model. According to the average viscosity approach
(Eberhard et al., 2019), the mean value of the u,,, profile is a good approximate for
the u. s s of the polymer. AP, was calculated using Poiseuille law (Eq.(7-9)).
Subtracting this value from the recorded P, ;, an estimate of AP across the rock was
defined.

8.3.3.3 Operational Errors in Core Flooding

Following the primary drainage step, the RCH was opened to the air and the ceramic
disc was removed from the system. At the same time, the CFS was changed to the
system described in Section 8.3.3.1. The inlet lines of the RCH were filled with brine
to limit the trapped air and the rock was confined again in the RCH without the
ceramic disc. Then two chemically-selective snapshot images were obtained and the
bulk S,, and S, were measured as 0.18 + 0.01 and 0.82 + 0.01. These values deviated
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from the 0.12 + 0.02 and 0.88 + 0.02, respectively, measured at the final stage of
drainage, as shown in Figure 8-10(a). Analysis of the S, and S, profiles in Figure
8-10(b) demonstrates a decline in the S, on the right side (inlet). This proves that
brine from the inlet tubing invaded the inlet of the RCH. Moreover, a decline in the S,
on the left side indicates that an amount of oil close to the outlet was removed when
the confining pressure was applied to the rock due to pressure change.
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Figure 8-10: Comparison of the relative saturation of the dodecane S, (red square) and the water S,
(blue circles) coming from the first chemically-selective MRI images with 437.5 um pixel™
resolution at the beginning of imbibition and the final 1D CSI experiment of drainage(a). The result
of the MRI images is further analysed by projecting the profile of S,, and S, where the inlet is on
the right side and the outlet on the left side(b).

These operational errors due to the change of the CFS and the detachment of the
ceramic disc do not impact the monitoring of the saturation during the imbibition and
polymer injection processes. They are accounted as the initial state of the core plug
for the measurement of the total oil recovery.

8.3.3.4 NMR Experimental Parameters

The imbibition was monitored with a reference spectrum and two chemically-
selective spectra. The tz, was 3 s and the 90° pulse 40.7 ps. A full phase cycle
required 8 averages and 2 dummy scans were also employed. The flip angles for the
selective pulses were manually calibrated as 68°, 84.7°, 91.8° and 103° for a duration
of 8192 ps. The duration of §, and 7, were calibrated as 3 ms and 1 ms, respectively.
3D RARE images were acquired for a FOV of 84 mm in the Kread dimension and 42
mm in both Kpnase dimensions. The under-sampling rate was 25% for N, equal to
32. The Nyeqq Was 192 and the Nypgse1, Npnase2 Were 96 giving an isotropic spatial
resolution of 437.5 pm pixel™. The tp, was 3 s using 4 scans and 2 dummy scans.
The pulse-acquire experiments employed during the increase of the brine flow rate
used a 90° pulse of 40.7 ps, 4 scans and a tgzp Of 3 s.

In the polymer injection, the dynamic and the steady-state (no oil was recovered)
stages were monitored with different NMR experiments. During the dynamic stage,
the spectra and the chemically-selective images were acquired with the same
parameters as in the imbibition process and the results are presented in Section 8.4.3.
The 1D CSI experiments were acquired with a tz, of 3 sand a §; of 0.18 ms and it
was ramped to a maximum of 95% g,,., in 128 evenly distributed increments. The
FOV was 84 mm with a resolution of 656.3 um pixel™ along the z-direction and &,
was 1.7 ms. The acquisition time of one CSI experiment for 4 averages was 28 min.
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The 3D propagators obtained during the steady-state stage are presented in Sections
8.4.5 and 0. They were acquired with the same suppression scheme as the one used
for the snapshot images. For all propagators, the duration of the homospoil during the
tstore time interval was 10 ms while its amplitude was set at 30% of the g,,,4x- A
gradient stabilisation delay of 2 ms was placed before and after the homospoil. The
FOV along the three dimensions was maintained the same as in the images while the
Nyeqq Was chosen as 96 and the Nypqse1, Npnasez Were 48 giving an isotropic spatial
resolution of 875 um pixel™. The 90° pulses were 41.9 ps, 180° pulses 83.4 ps, the
Neocho 32 and the under-sampling rate was 23%. Two dummy scans and 8 averages
were employed for a total acquisition time of ~18 h. The oil, brine and polymer
propagators at 1 ft d were acquired with a tg, 0f 5.5's, a 4 of 1100 ms and a &, of
1.1 ms. A total of 33 g-points were sampled by applying flow encoding gradients
between - 9.2 x102 and 9.2 x1072 Tm™* (86% 0f g4, ) in equidistant steps. The brine
and polymer propagators at 3 ft d* were acquired with a tz, of 4.5, a 4 of 600 ms
and a &, of 1.8 ms for a total of 49 g-points with the same amplitude. The brine
propagator at 6 ft d* was acquired with a tp 0f 5.5 s, a 4 of 500 ms and a &, of 2.4
ms for a total of 87 g-points with the same amplitude. The same mask was applied to
all the propagator data.

8.4 Results
8.4.1 Dynamic Monitoring of the Imbibition

The process of imbibition was monitored with spectra and snapshot images while
brine was injected at 0.011 mL min. Each image required 16 min, so there is an
increase in the brine volume by 0.18 mL between the consecutive images. This
increase in the brine volume was taken into account for the error analysis of the S,,
and S,. The error analysis for the pulse acquire experiments with chemical selection is
described in Section 6.4.4 and for the CS-RARE images in Section 6.4.5. Seven
stages during the imbibition process were picked and are presented in Figure 8-11.
More precisely, Figure 8-11 shows the time evolution of the imbition process in
parallel with the images and the S,, and S, profiles.
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Figure 8-11: 2D slices coming from the 3D CS-RARE images with chemical selection in parallel
with the profile of S,, and S, along the flow direction and the mean values of S,, and S, coming the
whole images (light blue for brine and dark red for oil) and from the chemically-selective spectra
(blue for brine and red for oil) along with the time of brine injection. The time for the acquisition of
each set of experiments is demonstrated by the dashed yellow line and the results obtained after
1.7(a), 3.4(b), 5.6(c), 8.4 h(d) of injection are shown. The flow direction in images is from bottom
to top and in the S,, and S, profiles from the right side to the left.

Better visualisation of the displacement pattern is given by 3D images in Figure 8-12.
The 3D images were treated with Avizo 9.5.0 (FEI Visualisation Sciences Group,
USA). The mechanism of displacement presents similarities with the mechanism of
invasion percolation with cluster growth demonstrated by Lenormand and Zarcone,
(1984). As the brine propagates along the core a dendritic front seems to be formed.
creating discontinuous areas at the lateral edges (clusters). However, more statistical
analysis which is out of the scope of this thesis is required to support this theory.
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After 5.6 h of injection, the S, profile decreased in the middle area from ~ 0.83 down
to ~ 0.62 as shown in Figure 8-11(c). At the same time a small change at the inlet
from ~ 0.55 down to ~ 0.51 was recorded. This change at the inlet is an indication of
new flow paths formed due to snap-off events while brine was injected. The brine
reached the outlet of the core in Figure 8-11(d). When the first brine flow paths
reached the outlet, large portions of oil were either unswept or trapped along the flow
direction as illustrated in Figure 8-12(d).

floy, floy,
Figure 8-12: 3D reconstructed images of the oil phase for the imbibition process after 1.7(a), 3.4(b),
5.6(c), 8.4 h(d) of brine injection at 0.15 ft dX. Each (a), (b), (c) and (d) 3D image is associated to
the (a), (b), (c) and (d) time evolution of Figure 8-11. The red area represents the oil phase which is
decreased as more water is injected following the direction indicated by the arrow. The water phase
is located at the transparent area of the ROI. The black areas comes from the 3D shadowing effect
created in Avizo 9.5.0 and they do not have any physical meaning. The red ring seen at the outlet-
end of the sample was due to oil trapped at the formation of the adjustable platen.

As more brine was injected into the system, oil was produced in parallel with brine. In
Figure 8-13(a), the mean S, was equal to the mean S,. However, the water oil
concentration close to the outlet was higher. As more brine was injected into the
system, new flow paths were created displacing the previously bypassed oil. The S,
profile presented a larger decrease in the middle and the outlet area as illustrated in
Figure 8-13(b). The swept zone continued to expand as more brine was injected until
a steady-state was reached in Figure 8-13(c). After this stage, there was no more oil
production and only brine was collected at the effluent. Brine injection continued for
58.8 h and the final S,, and S, were compared with the volumetric measurements of
the effluent in Figure 8-14 presenting a great agreement. During the secondary
imbibition in Estaillades, 55.2% of the OOIP was recovered.
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Figure 8-13: 2D slices coming from the 3D CS-RARE images with chemical selection in parallel
with the profile of S,, and S, along the flow direction and the mean values of S, and S, coming the
whole images (light blue for brine and dark red for oil) and from the chemically-selective spectra
(blue for brine and red for oil) along with the time of brine injection. The time for the acquisition of
each set of experiments is demonstrated by the dashed yellow line and the results obtained after
11.2(a), 12.9(b) and 16.2 h(c) of injection are shown. The flow direction in images is from bottom
to top and in the S,, and S, profiles from the right side to the left.
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Figure 8-14: Comparison of the MRI and the volumetric determination of the relative saturation of
the dodecane S, (red square) and the water S,,, (blue circles) from the 3D CS- images acquired with
the four pulses WET RARE experiment.

8.4.2 Removal of the Oil Ganglia

Removal of the oil ganglia was important since Chapter 8 focuses on the study of the
DPR mechanism. Increasing the velocity from 0.15 up to 8.4 ft d, an abrupt increase
in the AP led to an abrupt change in S,,. This abrupt change was monitored with
multiple spectra for 30 min. Oil was displaced in less than 22 s after the initiation of
the pump without allowing the spectra to map dynamically this change. More precise,
S, was decreased from 0.37 + 0.02 down to 0.33 + 0.01 after the pump initiation and
no further change in S, was observed for the rest of the acquisition as shown in Figure

8-15.
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Figure 8-15: Spectrum and optimum areas of integration for the brine (blue) and the oil (red) phase
after 5.3 min of brine injection at 8.4 ft d* in parallel with the S,, and S, change during 30 min of
injection at the same flow rate.

8.4.3 Dynamic Monitoring of Polymer and Brine Injections

Xanthan gum was initially injected at 0.15 ft d, the same velocity used in the
imbibition process. Even though, My was decreased due to an increase in pp, N0 more
oil was displaced. The S, before the injection was 0.33 = 0.02 and after the injection
was 0.32 + 0.02. Figure 8-16 presents the S,, and S, profiles coming from the image
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after 7.7 h of polymer injection in parallel with the time evolution of the bulk S,, and
S, and the measured AP per injected quantity of polymer measured in P.V.. The data
acquisition was interrupted after 7.7 h due to coil overheating while the polymer
injection continued for 27.7 h until 0.75 P.V. had been injected.
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Figure 8-16: S,, and S, profiles coming from the 3D reconstructed images at the time shown by the
yellow dashed line and time evolution of the mean values of S,, and S, coming the whole images
(light blue for brine and dark red for oil) and from the chemically-selective spectra (blue for brine
and red for oil) along with the time evolution of the pressure drop along the sample for xanthan
gum injection at 0.15 ft d-L.

Then, the velocity was increased up to 1 ft d* without any extraction of oil. However,
interesting fluctuations in the measured AP were recorded as shown in Figure 8-17.
The data acquisition was again interrupted due to coil overheating after ~ 6 h. At this
stage, a polymer quantity equal to 1.1 P.V. had been injected. Xanthan gum injection
continued for ~ 18 h to obtain a 3D propagator. As mentioned in Section 8.3.3.4, typ
was increased from 3 up to 5.5 s to avoid coil overheating and acquire a representative
flow map.
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Figure 8-17: S,, and S, profiles coming from the 3D reconstructed images at the time shown by the
yellow dashed line and time evolution of the mean values of S, and S, coming the whole images
(light blue for brine and dark red for oil) and from the chemically-selective spectra (blue for brine
and red for oil) along with the time evolution of the pressure drop along the sample for xanthan
gum injection at 1 ft d%.

After the results in Figure 8-17, brine was injected at 3 ft d* leading to extra oil
recovery. Figure 8-18 presents the saturation profiles, the S, and S,, coming from the
1D CSI sequence as well as the recorded pressure change. After 0.5 h, the S, profile
presented a greater decrease close to the inlet while the S, decreased from 0.33 = 0.01
down to 0.30 + 0.01. The S, profile continues to decrease from the inlet towards the
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outlet after 0.9 h. After 3.8 h, a quantity of brine equal to 2 P.V. had been injected
giving a homogenous profile with a S, decrease from 0.30 + 0.01 down to 0.28 +
0.01. During this stage, an extra 18.2% of OOIP was extracted. AP presented a
gradual increase until it started to decline after 5.5 h of injection. The AP fluctuations
are further discusses in Section 8.4.4.
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Figure 8-18: S,, and S, profiles coming from the 1D CSI sequence at the times 0.5 (a), 0.9 (b) and
3.8 h (c) after injection are shown by the yellow dashed line in parallel with the time evolution of
the S, and S, coming the CSI and the pressure drop across the sample during brine injection at 3 ft
d! after xanthan gum injection at 1 ft d-*.

Brine injection continued for 18 h to obtain a 3D propagator. Then a quantity of 2
P.V. of Xanthan gum was injected at ~ 3 ft dX. Unfortunately, the pressure was not
recorded during this stage. The S, remained the same during the whole polymer
injection as shown in Figure 8-19. Polymer injection continued for the acquisition of a
3D propagator.
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Figure 8-19: S,, and S, profiles coming from the 1D CSI sequence after 4.7 h of injection shown by
the yellow dashed line in parallel with the time evolution of the S,, and S, coming the CSI during
xanthan gum injection at 3 ft d* after brine injection at 3 ft d*.

Brine was then injected at a higher 6 ft d™* velocity. The decrease of S, was abrupt
from 0.28 + 0.01 recorded at the end of the polymer injection down to 0.26 + 0.01
recorded at the beginning of the brine injection. A homogeneous change the S, profile
occurred at this stage and an extra 8.5% of OOIP was extracted. The measured AP
presented a gradual decrease until reaching a steady value for ~ 2 h and then
fluctuations with time. The dynamic process was monitored for ~ 6 h during which 6
P.V. of brine had been injected. Brine injection continued for the acquisition of a 3D

propagator.
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Figure 8-20: Time evolution of the S,, and S, coming from the chemically selective spectra in
parallel with the time evolution of the pressure drop across the sample for brine injection at 6 ft d-
after xanthan gum injection at 3 ft d*.

Xanthan gum was finally injected at 6 ft d. No further change in the S, profile was
recorded as presented in Figure 8-21. Plugging occurred after almost 10 h of polymer
injection interrupting the propagator acquisition. Figure 8-21 shows a small peak in
the AP after 1.2 h of injection and then a smooth decrease.
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Figure 8-21: §,, and S, profiles coming from the 1D CSI sequence after 1.9 h of injection shown by
the yellow dashed line in parallel with the time evolution of the S, and S, coming the CSI and the
pressure drop across the sample during xanthan gum injection at 6 ft d* after brine injection at 6 ft

dt.

The oil distribution across the core at the end of each recovery stage is further
analysed by projecting the 3D images. The DPR mechanism can be mapped by
visually analysing the areas of trapped oil. Figure 8-22(a) indicates the areas of
trapped oil after the removal of the oil ganglia by injecting brine at 8.4 ft d*. At this
stage, the S, was 0.33 = 0.01. Then polymer was injected at 0.15 and 1 ft dX. Figure
8-22(b) shows that the brine injected at 3 ft d* right after the polymer injection
created new flow paths removing the bypassed oil from several regions across the
core plug. This shows that the previously injected polymer reduced the relative
permeability of the high permeability swept areas. Then the newly injected brine
invaded new regions where oil was trapped, leading to a reduced S, of 0.29 + 0.01.
Injecting more polymer led to the blockage of these newly formed brine flow paths.
Figure 8-22(c) demonstrates that brine injection at 6 ft d* right after polymer injection
at 3 ft d! created new flow paths. Oil was extracted from several previously unswept
areas. Even the large blocks of confined oil presented smaller intensity, hence smaller
oil concentration. The final measured S, was 0.26 + 0.01.

Brine injection at 3 ft d- Brine injection at 6 ft d-'

after polymer injection
at 1ft d

after polymer injection
at3ftd!

(b)

84 Cm A’L

Figure 8-22: 3D fully-sampled images acquired with Scheme B for the oil phase at the end of the
imbibition process after the removal of trapped oil ganglia (a), at the end of the brine injection at 3
ft d* after polymer injection at 1 ft d* (b) and at the end of the brine injection at 6 ft d! after
polymer injection at 3 ft d*(c).
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The whole waterflooding and xanthan gum injection led to a total recovery of 68.3%
of OOIP out of which 4.6% came from the removal of the oil ganglia and 8.5% from
the DPR mechanism due to polymer injection.

8.4.4 Time-Dependence of the Recorded Pressure Drop

At 0.15 ft d! the recorded AP in Figure 8-23(a) was constant. This is potentially
related to the Newtonian behaviour of the polymer at ultra-slow u, (Al-Shakry et al.,
2019; Eberhard et al., 2019). The fluctuations observed in Figure 8-23(b) and (c) for
higher Q are time-dependent and are related to the shear-thinning behaviour of the

polymer.
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Figure 8-23: Pressure drop along the core with time for xanthan gum injection at 0.15(a), 1(b) and 6
ft d-1(c) through Estaillades core. The dashed yellow line shows the end of data acquisition.

A potential explanation of these AP fluctuation can be derived from the analysis of
the disentanglements among the polymeric rods. Figure 8-23(b) shows an initial
increase in AP which comes from the increase in uy, from 0.15 up to 1 ftd*. A
relatively constant AP was maintained for 2 h. At 0.36 P.V., a large increase in AP
was seen. This increase can be related to the formation of large aggregates along the
core. From these two stages of injection, a quantity of polymer equal to 1.1 P.V. had
been injected. This means that polymer molecules had travelled across the whole P.V.
of the rock. When more polymeric molecules entered the core, the ‘newer’ molecules
experienced deformation due to the y and then they collided with the ‘older’
molecules already placed in areas of large permeability. Out of these collisions, new
entanglements were formed reducing gradually the permeability of these areas. AP
remained constant at this higher value for 2 h when a gradual decrease was noticed.
This gradual decrease could be associated with the dissociation of the aggregates and
lasted for 2 h. After injecting a total quantity of 1.1 P.V. at 1 ft d’%, the injection
stopped. In the absence of flow, the dissociation stopped and the formation of new
entanglements caused a new increase in AP.

Figure 8-23(c) presents the AP change during the polymer injection at 6 ft d* after
brine injection. At this stage, the polymer was located at several positions along the
core. AP showed an initial small decrease. This could be related to the fast rate of
fission of the covalent bonds due to the externally applied pressure. Then a constant
AP was observed until a 1.1 P.V. had been injected. During this constant AP the rate
of dissociation is equal to the rate of formation of new entanglements. At this point,
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an abrupt increase in AP which lasted for only 18 min followed by a fast decrease
was recorded.

The recorded AP during the brine injection is also analysed. Figure 8-24(a) presents
the gradual increase of AP as brine was flowing at 3 ft d displacing the unswept oil
from the low permeability regions due to DPR from the polymer. Qil was produced
along with small quantities of xanthan gum. After 3.8 h, a quantity of brine equal to 2
P.V. had been injected and no more oil was produced. The increase in AP could be
related to the formation of entaglements as polymeric molecules were displaced inside
the pore structure. 4P remained constant for a short time and started to rapidly
decrease after 3 P.V.. At this point, a large amount of polymer had been displaced out
of the system and the degree of bond dissociation was high.
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Figure 8-24: Pressure drop along the core with time for brine injection at 3(a), 6 ft d*(b) through
Estaillades core after the polymer injection. The dashed yellow line shows the end of data
acquisition.

Figure 8-24(b) exhibits the AP fluctuations as brine was flowing at 6 ft d*. In this
experiment, the oil was extracted abruptly. This is why AP presented its highest value
at the start of the data acquisition since brine started to flow through the lowest
permeability areas displacing the unswept oil. As more brine was injected, there was
no more oil recovery and large quantities of xanthan were pushed out of the rock.
After 2 h (~2 P.V.), a large decrease in AP was recorded followed by a subsequent
increase. These fluctuations in the AP could be related to the formation and
dissociation of entanglements as the polymeric molecules were displaced from high
and low permeability areas of the pore structure.

8.4.5 Comparing Propagator Data for Polymer and Brine Flow

The data coming from the 3D spatially and chemically-resolved propagators for a
velocity of 1 and 3 ft d* are compared to detect the changes in the flow behaviour of
the two fluids. For the 1 ft d%, (¢), was 3.9 um while I, was 69.7 pm, while for the 3
ft dt, (¢)o was 6.4 um and I, was 51.5 pm. Since [, was higher than (), in both
cases, mixing between stagnant and flowing populations was expected to affect the
fluids’ behaviour. The mean volumetric velocity was calculated as described in
Section 4.3.2.7 and is presented in Figure 8-25.
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Figure 8-25: Flow rate profile for the brine (blue) and the polymer (green) phase coming from the
APGSTE-RARE sequence with chemical selection in parallel with the flow rate set by the pump
(yellow dashed line) for 1(a) and 3 ft d%(b).

Figure 8-25 shows that for 1 and 3 ft d* both brine and polymer presented a declining
and fluctuating profile in the measured mean volumetric velocity. In the 1 ft d%, the
polymer velocity profile presents a higher decline compared to the brine. In the 3 ft d-
1 the polymer velocity profile presents a smaller decline and overall higher mean
volumetric velocities compared to the brine phase. The declining profile close to the
outlet is probably related to errors that have not been accounted for. There is the
possibility that the magnetic field pesented distortions close to the outlet area of the
RCH. There is also the possibility that AP did not remain constant during this stage of
injection. In this case, the measurements were not obtained under steady-state
conditions which explains the noise imported in the measurements close to the outlet.
It should be pointed out that fluctuations in the AP were recorded even when oil was
not extracted. 4P was not recorded during the propagator measurements. However,
detecting the displacement of both the brine and polymeric molecules at these ultra-
slow flows was important. Higher mean volymetric velocities were recorded for the
polymer phase showing the effect of the shear-thinning even when the externally
applied velocities are the same.

8.4.6 Comparing Brine Propagators Before and After Polymer
Injection

The goal of this comparison is to identify the change in the brine flow paths due to the
polymer injection and the DPR effect. Figure 8-26(a) presents the per voxel brine
displacement for 1 ft d"}(before) and 3 ft d*(after), while Figure 8-26(b) indicates the
per voxel brine displacement for 3 ft d*(before) and 6 ft d*(after). In Figure 8-26(a), a
large number of voxels is included inside the red cycle showing that many voxels
exhibit larger displacements for the 1 ft d™* compared to the 3 ft dX. This means that
the initially formed flow paths invaded by the brine were blocked by the polymer
injection at 0.15 and 1 ft d. Therefore, when the new brine was injected at 3 ft d%,
the molecules searched for other areas of higher relative permeability. Moreover, even
though the same mask was applied to all the data, there is a large number of voxels
that present displacement for 1 ft d* but they are stagnant for 3 ft d* and the opposite.
This is a clear effect of the DPR phenomenon. Similarly in Figure 8-26(b), there are
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many voxels of high displacement at 3 ft d* which presented smaller displacements in
the 6 ft d* regime. In Figure 8-26(a), the number of voxels is equally distributed
around the diagonal showing that even though the externally imposed velocity by the
pump is higher, the detected displacements in the 3 ft d* regime are not higher. In
contrast, Figure 8-26(b) demonstrates that for the 6 ft d™ regime most voxels present
higher displacements.

(b) =0 L L L
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Figure 8-26:Voxel-per-voxel comparison of the displacement coming from the local propagators of
the brine phase across the whole Estaillades core for 1 ft d*(before) and 3 ft d*(after polymer
injection) (a) and for 3 ft d(before) and 6 ft d*(after polymer injection) (b).

8.5 Discussion

The Estaillades core plug employed in this study can be considered as a reservoir
representative sample giving an understanding of the macroscopic imbibition in a real
reservoir. The imbibition took place with a flow rate of 0.011 mL min, hence a Ca of
~ 8.8 10°. According to Section 8.2.3, the brine was expected to advance across the
core following the pattern of invasion percolation with cluster growth. The expected
dendritic front and the cluster growth in different areas within the sample are
illustrated in Figure 8-12. Trapping of large quantities of oil due to the formation of
these clusters is seen along the whole volume. This is the first time that the
mechanism of displacement is imaged in a 1.5” carbonate core plug. As more brine
was injected, new flow paths were created displacing the previously bypassed oil until
a uniform oil distribution was established. After 16.2 h of injection, no more oil was
observed in the effluent. At this stage, 55.2 % of the OOIP was recovered.

Oil was trapped in the bypassed areas but also in the form of oil ganglia at different
areas along the core due to the snap-off mechanism. The snap-off mechanism has
been imaged at pore-scale resolution in a Ketton limestone (carbonate) using time-
resolved synchrotron X-ray uCT imaging (Singh, 2018). In the current thesis, oil
ganglia were removed from the system by increasing abruptly the brine injection from
0.15 up to 15 ft d* achieving an extra recovery of 4.6% OOIP. In order to increase the
oil recovery during the chemical EOR stage, a xanthan gum concentration of 3000 +
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10 mg It was chosen. According to Figure 8-6, the polymeric solution is expected to
present a g, above 10 cP when flow through the porous network.

Oil occupied 33% of the P.V. before the EOR stage. The polymer was injected at 0.15
ft d* and presented a constant AP confirming the expected Newtonian behaviour.
When the polymer injection was increased up to 1 ft d%, fluctuations in AP were
recorded. At this stage, the polymeric solution was expected in the shear-thinning
regime. These fluctuations were related to the formation and dissociation of
entanglements as more polymeric molecules were entering the pore structure (Morris
et al., 1981). Time-dependent phenomena for xanthan gum have also been reported by
Dupuis et al., (1994). Increase in the ug,,,, of the xanthan gum solution has been
recorded in the literature for flow through rocks at y >1000 s (Gonzalez et al., 2005).
No more oil was extracted during the injection of polymer. This is the first time that
AP fluctuations were recorded for a biopolymer flow through a carbonate rock. Qil
recovery was recorded when brine was injected at 3 ft d*. As illustrated in the 3D
images in Figure 8-22, brine invaded new areas where oil was trapped. This oil
recovery is a result of the DPR mechanism described in Section 8.2.5. Polymeric
molecules injected at 0.15 and 1 ft d were attained to the pore wall reducing the k,.
of the previously swept areas. The newly injected brine at 3 ft d* entered new
unswept areas where oil was present. The DPR mechanism was also confirmed by the
per voxel comparison of the displacement before and after the polymer injection in
Figure 8-26.

8.6 Conclusions

In this chapter, the imbibition of the Estaillades core plug was followed by xanthan
gum injection and various NMR techniques were used to map the structural and flow
changes. The aim of this study was to identify initially the pattern of oil displacement
from brine and then identify the DPR mechanism during the biopolymer injection
through a bimodal rock.

The improved WET suppression scheme enabled us to map visually and
quantitatively the oil extraction during the imbibition process by acquiring fast
images. This is the first time that the mechanism of displacement was imaged in a
carbonate rock during continuous flow. The imbibition at 0.15 ft d* resulted in a
recovery of 55.2% of the OOIP.

Trapped oil ganglia were then removed by increasing the externally applied velocity
up to 15 ft d. An extra 4.6% of OOIP was recovered during this stage. Then polymer
was injected at 0.15 ft d! presenting a constant AP. When the velocity was increased
up to 1 ft d*, fluctuations in the recorded AP were observed. This is the first time that
time-dependent phenomena are recorded for xanthan gum flow through a carbonate
rock. According to the theory, the polymer is expected to present a Newtonian
behaviour at 0.15 ft d*, whereas at 1 ft d* the polymer is expected to be in the shear-
thinning regime. Nevertheless, the simulation cannot fully predict fluid’s behaviour in
the rock pore structure which is full of contractions and expansions. No more oil was
extracted during polymer injection proving that the polymeric molecules entered the
same flow paths swept by the brine phase during imbibition. Oil was recovered when
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brine was injected at 3 ft d* after the polymer injection. This shows that the
previously swept areas were blocked by the polymeric molecules and the newly
injected brine was forced to invade new flow paths pushing out the trapped oil. This
diversion of the flow due to the DPR mechanism was also proved by the per voxel
comparison of the displacement before and after the polymer injection. Fluctuations in
the AP were also observed during the polymer flow at 3 ft d*. Fluctuations were
related to the formation and dissociation of aggregates as more polymer was injected.
Oil was recovered during the brine injection at 6 ft d* following this polymer
injection. From this series of consecutive brine and polymer injections, an extra 8.5%
of OOIP was extracted. Imbibition and polymer injection led to a total recovery of
68.3% of OOIP.

The different behaviour exhibited by the brine and the polymeric phase when flowing
at 1, 3 and 6 ft d* show how important is the development of the novel ultra-slow
flow measurements technique presented in Chapter 4 and Chapter 5. This technique
offers the potential to further study and compare brine and polymer flow in various
complex pore structures in two-phase systems.
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9.1 Summary of Conclusions

In this thesis, two novel techniques were developed for the characterisation of the
flow through complex pore structures. The first technique enabled the detection of
ultra-slow interstitial velocities through a bead pack and then through low
permeability cores. The second technique improved the detection of two different
phases by efficiently suppressing one phase in each acquisition. The technique
quantitatively measured the relative saturation of oil and water inside a bead pack and
a carbonate rock. Moreover, the suppression technique was combined for the first
time with the spatially-resolved MRI flow propagator sequence enabling the detection
of two-phase flow. This novel technique enabled the identification of the mechanisms
of displacement during imbibition and EOR under reservoir-representative conditions.
The main conclusions of the research undertaken are given below.

Chapter 1 introduced the EOR steps and the importance of DR in the oil and gas
industry. It also introduced how NMR can contribute to the development of the DPR
and the optimisation of the EOR strategies. Chapter 2 introduced the basic principles
of NMR and MRI in structural imaging and translational motion. Chapter 3 described
the novel k-space under-sampling strategy, the method for choosing the optimum
reconstruction parameters and the denoising methods for all the reconstructed data.

In Chapter 4, a novel multi-objective optimisation toolbox which identifies the
optimum experimental parameters for phase-contrast imaging based on the
complexity of the system was reported. More precisely, the optimisation toolbox
assesses the Ty, T, and Dy, of the system to derive the optimum 4, §; and g used in
the APGSTE-RARE sequence for phase-contrast imaging. The optimum parameters
were tested for flow through the ideal system of a bead pack filled with water and 4
mm beads. The experimental time was reduced from 4 h down to 56 min using CS
and velocities as low as 1 ft d* (3.5 um s™) were detected for the first time. Phase-
contrast images with pore-scale resolution and 3D propagators without pore-scale
resolution were obtained for 1, 3, 6, 10 and 15 ft dX. Error analysis proved that the
local velocities were measured with good accuracy. Combining these data, it was
concluded that self-diffusion was the main mechanism for displacement for 1 and 3 ft
dL. Increasing the velocity at 6 ft d* or higher, the D,, coming from propagators
showed that mechanical mixing became the dominant mechanism of displacement.
This is the first time that MRI achieved to detect ultra slow velocities for water flow
through a bead pack.

Chapter 5 presented the implementation of the novel phase-contrast imaging with
optimised experimental parameters for flow through a Bentheimer, an Estaillades and
two Indiana limestone core plugs. Phase-contrast images and 3D propagators of the
lower resolution were obtained for 6, 10 and 15 ft d*. All the measurements were
obtained in less than 40 min. Error analysis showed that local velocities were
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measured accurately, even though the fast T, relaxation and the presence of internal
gradients decreased the SNR. Velocity maps derived from both of these methods in
combination with the flow paths coming from the phase-contrast images obtained
along x, y and z indicated different flow behaviours for each rock. Bentheimer is a
homogeneous sandstone with long T; and T, relaxations which are related to a
unimodal system of pores and higher SNR. This higher SNR results in a small error in
the measured local velocities. Estaillades also presented a homogeneous distribution
in the velocity field obtained using both the phase-contrast and propagator sequences.
The flow paths formed for the 15 ft d* regime for the Bentheimer core plug presented
long and straight line proving the good connectibity of the pore-throat channels.
These long lines became more tortuous in the case of the Estaillades core plug,
showing that the water behaved differently in this dual-porosity network. IND4_33
and COR1_7 presented very fast T, relaxation times which resulted in areas of low
SNR. For IND4_33 the phase-contrast images of higher resolution detected voxels of
higher velocity, whereas the propagator measurements of low-resolution presented a
homogeneous distribution of velocities around zero for all the flow velocities. Phase-
contrast imaging was considered as the best velocity mapping technique for this rock
and the analysis of the formed flow paths proved that the pore network is dominated
by dead ends and unconnected flow paths. COR1_7 is the first ultra-low permeability
rock studied at ultra-slow flow regimes. In this rock, the areas of higher velocities
were mapped by both the phase-contrast and the propagator sequence. Phase-contrast
imaging appeared less sensitive to the low SNR. The formed flow paths proved that
this rock is also governed by unconnected pores. In contrast to /IND4_33, an area of
well connected paths and high velocities was identified on the z-y slice of the velocity
maps. This is the first time that velocity maps and flow paths between four different
rocks under ultra-slow flow conditions have been recorded and compared.

Chapter 6 described the development and the calibration of the novel four-pulses
suppression scheme. The so-called WET scheme was combined with the pulse-
acquire, the CSlI, the RARE and for the first time the APGSTE-RARE sequence and
was implemented in an ideal bead pack and a two-phase Estaillades rock. The four-
pulses scheme was compared with the single-pulse scheme and the two chemically-
selective spectra were compared for the system of the bead pack, showing the better
performance of the novel technique. The S, and S, coming from the chemically-
selective spectra, 1D spectra and images were compared with the volumetric
measurements in both tested samples, presenting a great agreement. Moreover, this is
the first time that chemically-selective propagators obtained with the APGSTE-RARE
sequence were obtained. The Dg,,, map coming from the propagator of the stagnant
dodecane phase trapped inside the vial was in great agreement with the D, of
dodecane. Using the same technique in the rock system, a D,,,,, map of the trapped
dodecane inside Estaillades was calculated. However, there are no literature data for
dodecane trapped in Estaialldes to prove the measured values. Water propagators
obtained along the whole volume of the bead pack presented interesting shapes
showing different flow behaviours inside the same system. Similarly, the skewness
and the broadness of the local water propagators obtained in the Estaillades rock
varied along the direction of flow.
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In Chapter 7, the process of primary drainage in a dual-porosity Estaillades core was
described. Dodecane was injected into the water saturation rock following the SWPP
protocol, while S,,, and AP were continuously recorded. The 1D CSI method was used
for the acquisition of the saturation profiles. Combining the AP-S,, curve along with
the S,, and S, profiles showed that invasion percolation was the main mechanism of
water displacement during the step of injection under a constant flow rate of 0.02 mL
min’t. After reaching the pressure threshold of 1.49 MPa of the ceramic disc, oil
injection continued under constant pressure. During this step of constant pressure, oil
was injected following the Haines jump mechanism. At the end of the drainage
process, a S, of 0.15 was achieved. This is the lowest value ever recorded in dual-
porosity carbonate rock and is a reservoir representative residual oil recovery.
Accurate pore-throat size distribution is not possible using the SWPP method of
filling since equilibrium is not established at any stage of injection. However, it was
found that a good approximate of the narrowest r, invaded at each stage of the
injection can be made from the measured 4P.

In Chapter 8, the process of imbibition and polymer injection through the Estaillades
rock filled by 85% with dodecane is described. Chemically-selective spectra, 1D CSl,
3D RARE images and 3D propagators were employed to identify the mechanisms of
displacement. The water injection in the step of imbibition occurred at 0.15 ft d* and
resulted in a recovery of 55.2% of the OOIP. The pattern of invasion percolation with
cluster growth was imaged for the first time using the 3D CSRARE sequence with the
improved four pulses WET scheme. An extra 4.6% of OOIP was recovered by
removing the oil ganglia through an abrupt increase in the flow velocity up to 15 ft d-
! Then, the polymer was injected at 0.15 ft d!, presenting a constant AP. The
measured AP was constant. This was related to the Newtonian behaviour of Xanthan
gum when flowing through the wider throats of Estaillades as proved by the average
viscosity simulation model. Increasing the velocity up to 1 ft d%, the recorded AP
presented fluctuations. These fluctuations in AP were related to the shear-thinning
regime and the formation and dissociation of entanglements. During this polymer
injection, no more oil was recovered proving that the polymeric molecules entered the
same flow paths swept by the brine phase during imbibition. Oil recovery was
recorded when brine was injected at 3 ft d! after the polymer injection at 1 ft d*. This
is an indication that the previously swept areas were blocked by the polymeric
molecules. Consequently, the newly injected brine invaded new flow paths displacing
the trapped oil. The per voxel comparison of the displacement derived from the
propagator measurements before and after the polymer injection also proved this
diversion of the flow due to the DPR mechanism. Oil was recovered also during the
brine injection at 6 ft d* following the polymer injection at 3 ft d*. From these
consecutive brine and polymer injections, an extra 8.5% of OOIP was extracted. The
overall imbibition and polymer injection led to a total recovery of 68.3% of OOIP.
This is the first time that the DPR mechanism was monitored and identified through
AP and NMR measurements during EOR under real reservoir conditions.
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9.2 Suggestions for Future Work
9.2.1 Systemic Study of Single-Phase Ultra-Slow Flow in Rocks

Chapter 5 demonstrated the velocity maps, the formed flow paths and the propagator
measurements for 6, 10 and 15 ft d! obtained in one sandstone and four carbonate
core plugs. The study could be expanded to more core plugs to create a library of
rocks studied and identify similarities and differences in the mechanisms of
displacement of water through these different rocks. These flow studies could serve to
validate and calibrate the flow behaviour derived from DR simulations and machine
learning algorithms. Moreover, flow velocities lower than 6 ft d* could be detected in
rocks with relatively long T; and T, relaxations, hence higher SNR such as the
Bentheimer sandstone studied in Chapter 5. Studying the flow behaviour of water in
velocities lower than 6 ft d* could lead to new interesting observations. Ultra-slow
flow studies are in a primary stage. There are few experimental (L. Wang et al., 2019;
Zeng et al., 2011) and simulation studies (Dou et al., 2014; Wang and Sheng, 2017)
investigating this regime. However, MRI techniques can give interesting insights into
the mechanisms of flow that dominate each porous system.

9.2.2 Dynamic Monitoring of Single-Phase Polymer Core Floods

As explained in Chapter 8, it is important to understand the flow behaviour of
polymers at ultra-slow velocities to explain the mechanism of oil recovery in EOR.
HPAM, xanthan gum and Scleroglucan are three polymers of high interest for the
EOR (Abidin et al., 2012; Agi et al., 2018). The injection of these polymers at ultra-
slow velocities can dynamically be monitored with the MRI methods developed in
Chapter 4. Phase-contrast images and low-resolution 3D propagators acquired in
parallel with AP recorded by a differential pressure transducer connected directly to
the RCH can relate the pressure changes with the flow behaviour of each polymer at
each different flow rate. A differential pressure transducer (Wet/Wet Differential
Pressure Model PXM409-WWDIFF, Omega, UK) with a AP range of 0-35 bar has
been bought and the LabVIEW script for the data acquisition has been written
enabling the beginning of such experiments. The concentration of the polymer in the
formed polymeric solutions can vary and the same solution can be tested in different
flow velocities and different porous systems. In addition to that, the brine
concentration in each polymeric solution can vary and the same flow velocities and
systems can be studied showing the effect of the salinity on the flow behaviour.

9.2.3 Dynamic Monitoring of Multi-Phase Polymer Core Floods

As discussed in Chapter 8, ultra-slow flow in two-phase systems presents higher
resistance to flow (Hao et al., 2008). The novel four pulses WET scheme works
efficiently in rocks with narrow spectral width. This is why the Estaillades rock was
chosen for the complete EOR experiment described in Chapter 8. Another interesting
rock with narrow spectral width when saturated with water is the Fontainebleau core
plug. Identifying cores with narrow spectral widths which allow the separation of the
oil from the water peak is crucial for the study of multiple two-phase systems.
Conducting complete EOR core floods in these rocks and monitoring each stage with
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the fast velocity maps for ultra-slow flow described in Chapter 4 can give valuable
insights into the polymer injection and the oil recovery mechanisms.
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