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ABSTRACT

ALVES, F.P. NMR studies on mechanically oscillating samples under
magnetic field gradients. 2023. 69p. Dissertation (Master in Science) - Instituto de
Fisica de Sao Carlos, Universidade de Sao Paulo, Sao Carlos, 2023.

Logging While Drilling (LWD) operations take place within highly complex and demanding
environments. This work is an introduction to some of the complex range of phenomena
resulting from the combined effects of the Nuclear Magnetic Resonance (NMR) technique,
relaxation, diffusion and porous media, with a particular focus on their applications in LWD
conditions. Its aim is threefold. First, extracting information from porous media structure
requires the development of theoretical models that connect its physical features to the
NMR signal. In this regard, theoretical studies were conducted to describe the standard
theory behind NMR relaxation and diffusion in porous media. Second, proper interpretation
of experimental results remains challenging, in part due to the ill-posed inverse problem
related to estimating some parameters from the NMR measurements. In this sense, we
have applied the Tikhonov regularization method for parameter estimation. Third, single-
sided magnets as a structure probe, in particular, allow one to simulate a petrophysics
environment within the laboratory. In this respect, from an experimental perspective,
preliminary measurements of a standard liquid were performed to determine the transverse
relaxation time (73) distributions probed by a benchtop single-sided NMR system, with
well-logging tool characteristics: a cylindrical sweet spot with 4 ¢m of diameter and length;
magnetic field of 47 mT centered at 11 cm from the magnet’s surface; and a constant
gradient of 35.7 G/cm along z. To mimic the operation of an LWD tool, but under standard
pressure and temperature conditions, we have established a controlled environment with
a mechanical system capable of performing a sinusoidal motion between the sample and
the external magnetic field. Our aim is to gain a deeper understanding of the complex
patterns within the NMR signal in these scenarios by uncovering their underlying origins
and drawing attention to potential caveats associated with the conventional interpretation
of NMR relaxation data. Finally, in conclusion, ongoing research is under developing to
address extreme conditions that push the frontiers of standard NMR theory, potentially

aiding to industrial applications.

Keywords: Nuclear magnetic resonance. Porous media. NMR relaxation. Petrophysics.
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RESUMO

ALVES, F.P. Estudos de RMN em amostras mecanicamente oscilante sob
gradientes de campo magnético. 2023. 69p. Dissertacdo (Mestrado em
Ciéncias) - Instituto de Fisica de Sao Carlos, Universidade de Sao Paulo, Sao Carlos, 2023.

Operagoes de Logging While Drilling (LWD) ocorrem em ambientes altamente complexos
e exigentes. Este trabalho é uma introducao a alguns dos complexos fendomenos resultantes
dos efeitos combinados de relaxacao, difusdo e meios porosos via Ressonancia Magnética
Nuclear (RMN), com foco particular em suas aplicagoes em condigoes de LWD. Seu
objetivo ¢ triplo. Primeiro, extrair informacoes da estrutura de meios porosos requer o
desenvolvimento de modelos tedricos que conectem suas caracteristicas fisicas ao sinal de
RMN. A respeito disso, estudos tedricos foram conduzidos para descrever a teoria padrao
de relaxacao e difusao em meios porosos via RMN. Segundo, a interpretacao adequada dos
resultados experimentais permanece um desafio, em parte devido ao problema inverso mal
posto relacionado a estimagao de alguns parametros a partir das medidas de RMN. Nesse
sentido, aplicou-se o método de regularizacao de Tikhonov para a estimacao de parametros.
Terceiro, magnetos single-sided, em particular, permitem simular um ambiente petrofisico
no laboratério. A vista disso, de uma perspectiva experimental, medicoes preliminares
de um liquido padrao foram realizadas para determinar as distribui¢coes de tempo de
relaxagao transversal (T5) com o emprego de um magneto single-sided, com caracteristicas
de ferramenta de perfilagem de pogo: um sweet spot cilindrico com 4 cm de didmetro e
comprimento; campo magnético de 47 mT centrado em 11 cm da superficie do ima; e um
gradiente constante de 35.7 G/cm ao longo de z. Para replicar a operagdo de uma ferramenta
LWD, mas sob condic¢oes padrao de pressao e temperatura, estabelecemos um ambiente
controlado com um sistema mecanico capaz de realizar movimentos senoidais entre a
amostra e o campo magnético externo. O objetivo é obter uma compreensao mais profunda
dos padroes complexos de sinais RMN nesses cendrios, revelando suas origens subjacentes
e destacando possiveis ressalvas associadas a interpretacao convencional dos dados de
relaxacao via RMN. Finalmente, em conclusdao, pesquisas estdao em desenvolvimento
para abordar condigoes extremas que exploram as fronteiras da teoria padrao de RMN,

potencialmente auxiliando nas aplicagoes industriais.

Palavras-chave: Ressonancia magnética nuclear. Meios porosos. Relaxometria. Petrofisica.
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1 INTRODUCTION AND MOTIVATION

Porous media are ubiquitous in Nature. Their structure is relevant to a wide range of
both scientific and industrial problems in determining the physical, chemical, and biological
properties of the medium.! =2 In particular, for Petrophysics applications because of the
commercial importance of well logging.®~* Petrophysics is the study of physical properties
of rocks. Since petroleum is found in porous sedimentary rocks, considerable efforts are
focused on understanding the relationships between the porous media properties and the
fluids that saturate it." " Nuclear Magnetic Resonance (NMR) techniques are recognized as
a powerful method for probing porous media structure and fluid composition.* ! Within

this context, this work aim to explore, at an introductory level, the following topics.

Porous media. Porous media play an important role in a wide number of disciplines
as diverse as petrophysics, biophysics, and chemical engineering. Despite their diversity,
ranging from biological tissues to rocks, porous media possess a complex structure at a
mesoscopic scale, commonly referred to as the microstructure scale. This structure is of
primary interest in numerous applications. An example in Petrophysics applications is

rock porosity, essential to assess the oil basin quality.>~*

Nuclear Magnetic Resonance. NMR as a structural probe is utilized in a
variety of fields such as chemistry, materials science, geology, and biomedicine. Different
characterization techniques may be used to obtain useful information on the pore space.””
NMR offers a wide range of methods, and their main advantage is that they are noninvasive

and nondestructive, as well as available for in-situ measurements.® !

NMR relaxation and diffusion effects. Spin relaxation and diffusion are key
parameters describing the dynamics of the spins under investigation and their interaction
with the surrounding environment. In particular, relaxation time analysis is the most
common technique used in industrial applications of low-field NMR and is commonly used

to characterize fluid type and pore size.'?~13

NMR parameter estimation. NMR longitudinal relaxation time (7}), transverse
relaxation time (73), and self-diffusion coefficient (D) parameters have long been used to
characterize porous media. Conventional NMR relaxation and diffusion techniques might
extract one of these parameters in a single experiment. In porous media, T, provides
structural information on the porous material and fluid composition. In particular, it is
found to be enhanced by surface relaxation and thus it has been used to measure pore sizes.
The distribution of pore sizes leads to a distribution in relaxation rates. Multiexponential
relaxation data may be inverted to yield relaxation-time distributions, using the inverse

Laplace transform.!4 17
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Petrophysics applications. NMR is recognized by the petrophysical community
in the form of well-logging tools. Well logging is the means by which the physical properties
of subsurface earth formations are measured in situ. The most important application of
well logging is the characterization of hydrocarbon reservoirs: a single-sided permanent
magnet and radio frequency resonator are lowered into a well in order to interrogate the
fluid properties in the formation near the bore. Once the borehole environment is unusually
harsh, this is an immeasurably challenging problem.3~%!2=13 NMR well-logging was one of
the first industrial applications of NMR, starting in the 1950s. Since then, it has become
one of the main tools for reservoir profiling and estimation of important properties, such as

porosity and permeability. We refer to'® and the references therein for a historical review.

By necessity, logging tools utilize low-field magnets, since there are significant
technical challenges associated with generating a strong magnetic field under the harsh
environmental conditions of a well bore. To provide consistent in laboratory measurements,
they are designed with permanent magnets (magnetic fields up to By = 0.05 T, vy = 2 MHz
for 'H) and have become the industry standard in core analysis.'?~!3 Low-field NMR
plays two significant roles in oil/gas applications: well-logging tools provide access to
“reservoir-scale” measurements of the formation fluids, whereas benchtop instruments are
used to examine fluids and cored plugs of rock recovered from the reservoir. Interpretations
of well logs are supported by laboratory-scale measurements. Benchtop NMR systems
provide fluid characterization, rock properties, and a platform for trialing new recovery
methods prior to single-well pilots in the reservoir.!! Figure 1 provides an overview of the

prevalent experiments and uses in the field of low-field NMR.

A notable difference between conventional and single-sided magnets is that, in
the former, the sample is placed inside the magnet, which represents a limitation, for
example, for those larger than the magnet space. Then comes the concept of inside-out
NMR, in which, now, the magnet is placed inside the object. When we refer to the study
of rock formations, the object is the Earth. The sensitive spot is outside the tool body
and has a specific profile within the so-called volume sweet spot. With the use of these
magnets and RF coils, it is possible, for example, to study liquids confined in reservoir
rocks, although they are not restricted to applications in the oil industry. The reader is
referred to'®~2" for a detailed description of single-sided magnets features as well as their

extensive application.
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Figure 1 — Permanent magnets are used in various applications. The range of magnetic
field strengths is divided into three categories: intermediate field, low field, and
ultra-low field. Low field NMR can be used for relaxation, diffusion, and imaging.
Regular permanent magnet technology is used in oil reservoir well-logging and
process monitoring, among other applications. Permanent magnet designs are

customized for specific purposes and can be open-access or single-sided.
Source: Adapted from MITCHELL.*

The High-Resolution NMR Laboratory (LEAR - IFSC/USP - Brazil) has conducted

2127 which has contributed to a

extensive research using NMR to investigate porous media
greater understanding of this subject with potential implications for various industries,
as evidenced in the following selected works.?*™? Currently, LEAR is actively focused on
characterizing petroleum reservoirs through the use of unilateral (single-sided) magnets,
and has made significant strides in developing novel techniques that employ unilateral
NMR instruments to obtain essential reservoir property data.*'=*? In this sense, let’s

examine the specific issue we are interested in by utilizing unilateral NMR instruments.

Problem. Research in porous media is inherently multi-disciplinary with a broad
range of applications.® Currently, great efforts are focused on the development of magnets
and NMR methods that simulate some reservoir conditions, where some challenges are
introduced, such as signal acquisition in the presence of some random movement. To be
concrete, this work is part of a research context directly motivated by the understanding
of the effects resulting from the logging tools on the NMR signal.** ¢ Figure 2 depicts the
tool motions experienced by wireline logging and Logging While Drilling (LWD) tools.
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To comprehend the behavior of NMR signals obtained from samples under LWD
conditions, but with regular pressure and temperature conditions, it was used a single-
sided magnet, probes, and a mechanical system that emulates a relative sinusoidal motion
between the sample and the external magnetic field. Specifically, all the developments
of this work were performed on a benchtop single-sided NMR system, with well-logging
tool characteristics: a cylindrical sweet spot with 4 cm of diameter and length; magnetic
field of 47 mT centered at 11 cm from the magnet’s surface; and a constant gradient of
35.7 G/cm along z. The reader is encouraged to consult® =2 for further technical details,

as well as preliminary experimental results.

For the remainder of the work, the movements of the LWD tools will be referred to
as oscillating movements, as we will limit ourselves to this case. However, it is crucial to
note that in practice, this movement is significantly more complex. For instance, while our
equipment can replicate the oscillating movements, it cannot fully capture the dynamic and
unpredictable nature of the actual drilling process. As such, any findings and conclusions
drawn from our experiments should be interpreted within the context of our experimental
setup and may not necessarily reflect the behavior of NMR signals in real-world LWD

scenarios.

Approach to the problem. The focus of this work is specifically on the analysis
of a standard liquid data under a very specific set of experimental conditions. We aim
to simulate certain LWD conditions through a carefully controlled experimental setup
in order to examine the behavior of NMR signals and we will be using the Carr-Purcell-
Meiboom-Gill (CPMG) pulse sequence to acquire data. By focusing specifically on the
behavior of a standard liquid data under these challenging conditions, we aim to gain
a better understanding of the limitations and opportunities presented by NMR in this

context.

Expected analysis. In LWD operations, extra signal decay caused by motion-
induced factors is a common occurrence. Among these factors, lateral motion is often the
dominant source of this decay.*” The authors in** delve into the impact of lateral motion
on NMR measurements within the 75 domain. As lateral-motion can distort the recorded
echo train, this may result in a distorted 75 distribution. Depending on the original 75
value, this can lead to a shift of a short Ty peak to shorter values, or the creation of
additional peaks in the case of a long T35 peak. With respect to this matter, based on LWD
results and simulated data, they proposed a formula to describe the most complex case,

the lateral-motion flow effect.

Goal. The present study represents a significant advancement toward using NMR
technology in reservoir characterization despite challenges presented by LWD conditions.
The ultimate objective is to improve the accuracy and reliability of NMR-based techniques

for measuring fluid properties in complex geological formations under LWD conditions.
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Figure 2 — The logging tool’s motion varies depending on the conveyance method used.
Wireline logging involves a predictable and uniform tool motion, with the
cable drawn upwards at a constant rate of around 1.0 m/min in NMR logging.
However, wireline tools can experience minor shocks and vibrations when moving
through rough boreholes. In contrast, LWD results in a more complex tool
motion due to the drilling process introducing axial, rotational, and harmonic
motion in all three radial coordinate directions (axial, rotational and lateral).
Source: Adapted from O’NEILL.*

1.1 Dissertation outline

Following this brief introduction, the remainder of the dissertation is the result of
nineteen months of work (including a global pandemic, coursework, and teacher assistant
activities) at the High-Resolution NMR Laboratory (LEAR - IFSC/USP - Brazil). It is

organized as follows:

o Chapter 2 introduces fundamental concepts of relevance in NMR, prior to starting
the study of methods and techniques to solve problems arising in porous media. In

particular, we present the main relaxation mechanisms in porous media.



24 Chapter 1 Introduction and Motivation

o Chapter 3 describes the ill-posed inverse problem of finding relevant microstructural
features of porous media given the NMR measurements. We introduce the concept
of regularization methods to find an adequate solution via inverse Laplace transform.

Our attention has been directed towards 1D relaxation experiments.

o Chapter 4 provides preliminary results for the 75 relaxation parameter estimation
performed on a standard liquid probed by a benchtop single-sided NMR system,
with well-logging tool characteristics. Herein, we have applied our LWD simulator
to mimic the operation of an LWD tool under standard pressure and temperature

conditions.

o Chapter 5 concludes by giving a succinct summary of the dissertation’s contents, as

well as identifying potential avenues for future research.

As we embark on this journey of exploring the fascinating realm of NMR in porous
media, it is important to acknowledge the vast array of topics that exist within this field.
However, the scope of this work necessitates a focused approach, and thus we have made a
deliberate choice to limit our reproduction of content to what we believe is essential for a
thorough understanding of the underlying physics at play. It is worth noting that a wealth
of information is available in the form of review articles and extensive bibliographies.
Interested readers are encouraged to peruse the References section of this work for further

reading on these topics.

Moreover, this dissertation serves as a comprehensive and insightful introductory
resource for the LEAR group on the complex and intricate topic of NMR in LWD conditions.
The extensive literature review, with particular emphasis on the works of*'=*? and the
references cited therein, was instrumental in guiding the direction and scope of this study.
Therefore, this manuscript can be used as a valuable resource for future investigations on

NMR in porous media, in particular, by the LEAR group.
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2 NUCLEAR MAGNETIC RESONANCE

NMR explores the interaction of nuclear magnetic moments with magnetic fields.
A static field is applied to polarize the sample, time-dependent magnetic RF fields are
needed to stimulate the system’s response, and magnetic field gradients are used for spatial
labeling. This chapter introduces some NMR fundamental concepts in a very synthetic
form. Our aim is not to provide full details, rather we have focused on the semi-classical
description, which is sufficient for the purposes of this work. For a more complete treatment,

as well as the quantum mechanical treatment, we refer to one of many excellent books.*® 5

2.1 Principles of NMR

2.1.1 Semi-classical description

In 1946, two independent groups, one led by Felix Bloch at Stanford and the other by
Edward Purcell at MIT in the US, developed the most widely used method for conducting
NMR experiments.?* ~>? The detection of changes in nuclear magnetization forms the core
of this approach. To accomplish this, the magnetization needs to be perturbed from its
initial equilibrium state, where it aligns with the static external magnetic field. Once this
perturbation takes place, the magnetization exhibits dynamic behavior. By placing a coil
in the plane transverse to the external field, an electromotive force is generated, allowing
for the quantification of these dynamics through a macroscopic and observable signal. The

pursuit of this signal is the central goal of all NMR experiments.

The fundamental requirement for conducting any NMR experiment is that the
sample possesses both a magnetic dipole moment g, and an intrinsic nuclear angular

momentum — nuclear spin S. They are related according to’!

pn="S. (2.1)

Here, v is the gyromagnetic ratio of the nucleus. The gyromagnetic ratio of the proton
is ¥ = 2.675-10° T~ s~'. In the presence of electromagnetic fields, the magnetic dipole
moments of nuclei interact magnetically with them, for S = 1/2; for S > 1/2, they interact
both magnetically and electrically. Throughout this work, we restrict ourselves to spin-1/2
nuclei that represent most of the experimental works in the field, including the ones
presented in this work. The 'H nucleus is probably the most common spin-bearing nuclei
among all, especially because of its abundance in biological and mineral samples in the
form of water or hydrocarbon molecules. In fact, diffusion experiments probed by 12Xe

gas resonance also involve 1/2-spins.*®5°



26 Chapter 2 Nuclear Magnetic Resonance

To understand any NMR experiment, it is crucial to understand the Zeeman
effect — the interaction between the nuclear magnetic dipole moment and magnetic fields
(external and local fields) that influence the nucleus. This interaction is responsible for
the splitting of different energy levels. The absorption and emission of energy during the
transition between these energy levels give rise to the observed phenomenon in an NMR
experiment. The following Hamiltonian describes the interaction between a spin S and a
magnetic field By 0

H = —+S- By, (2.2)

with eigenvalues
E. = FvhBy/2, (2.3)

corresponding to a spin aligned with the field (F_) or anti-aligned with the field (F,) (see
Fig. 3). For example, protons in a 1 T field yield the energy splitting

E, — E_ =~hBy~ 1072 J ~ 10 k3T, (2.4)

at room temperature (7" = 300 K). Thus, a strong magnetic field produces a relatively weak
magnetization. In low-field regimes, of the order of mT, this value is even weaker, reduced

by 1073 orders of magnitude. More precisely, the small energy splitting is proportional to

the external magnetic field and given by Curie’s Law*® 0
272
ny*h* By
Mo = “dhpT (2.5)

where n is the density of spin-bearing particles.

e "

_________ ¢ 12 YﬁBO -1
vhBy . ? 0
T e 1

-2

Figure 3 — The figures show the energy level diagrams for spin systems subject to Zeeman
interactions. The left panel shows the case for S = %, while the right panel
depicts the situation for S = 2. The energy difference between levels is given
by vABy. The bold line represents the expected relative population of the spin
states in thermal equilibrium.

Source: Adapted from CALLAGHAN.?
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Felix Bloch®! put forward a concise set of equations to describe the time evolution
of magnetization based on phenomenological arguments. These equations are often used
in NMR, where magnetization is treated as a vector quantity within the semiclassical
framework. However, the limitations of this model are evident for systems with S > 1/2,
necessitating the use of quantum mechanics. Despite these limitations, Bloch’s equations
remain a valuable tool in the study of magnetization dynamics. The underlying arguments

of these equations are explained below.

1. In an arbitrary homogeneous external magnetic field, B, the equation of motion
of nuclear magnetization, M, of an ensemble of non-interacting isochromatic spins (in
phase) is given by

The above relationship describes a permanent precession movement of the magnetization
M around the field B for an isolated system when viewed in the laboratory frame (see

Fig. 4). The frequency of free precession, for a field By, is given by the Larmor relation
For 'H: v ~ 2.675- 108 T~ s7! and vy = wy /27 ~ 42.5 MHz T~

(O] X

Figure 4 — The evolution of nuclear spins under the influence of a resonant RF magnetic
field can be depicted using a magnetization vector to represent the ensemble
of spins. The left figure illustrates this evolution in the laboratory frame,
where a longitudinal magnetic field By and a transverse rotating field B, are
present. When the rotation rate wq, relative to the frequency of the rotating
field By, matches the Larmor frequency wy = 7By, the magnetization vector
simultaneously precesses about Bg at wy and about By at w;. The right figure
shows the same system in the rotating frame, where B; is stationary. In
this frame, the effective longitudinal field at resonance is zero, and only the
precession about B; is observed.

Source: Adapted from CALLAGHAN.?
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In reality, the system of interest interacts with its environment and neighboring
systems. These two types of interactions give rise to what is known as transverse and lon-
gitudinal relaxation, which occur simultaneously and independently.**% Bloch developed

the concept of transverse and longitudinal relaxation based on the following arguments.

2. When a nuclear spin system is placed in a static field B, = By, it reaches a
thermal equilibrium magnetization of M, = M,. However, if the system is disturbed, for
instance, by applying an oscillatory radio frequency (RF) pulse B;(t) perpendicular to
the static field, with a frequency w; that meets the resonance condition w; = wy, the
magnetization will obtain a component perpendicular to the applied field By (see Figure
4). After turning off the RF field, a transverse relaxation process will occur (it is important
to emphasize that the transverse relaxation process is not limited to the period after the
RF field is turned off, as relaxation also occurs during the application of subsequents RF
pulses). The relaxation process results from the interactions of the nuclear spin system with
local fields, which cause a range of different precession frequencies, leading to dephasing.
This process progressively reduces the M, and M, components of magnetization and can

be mathematically described by the following equations

dM, , M,
== - 2.
dt T (28)
The solution is given by
M, ,(t) = M, ,(0) exp (—t/T5) . (2.9)

Here, T, is the transverse relaxation time. In the laboratory frame of reference, this
relaxation process occurs simultaneously with the precession of magnetization around the
static field By. As a result, Bloch demonstrated that a induced and observable nuclear
signal should be detected immediately after the RF pulse is turned off, which can be
conveniently measured by a coil positioned in the transverse plane. This signal, referred to
as free induction decay (FID), decays with time. This decay is associated with the coherence

loss (dephasing due to T,) during the precession dynamics of the nuclear ensemble.

In practice, there is an additional dephasing (73) to T5, which is determined by the
inhomogeneity of By throughout the sample. It is worth noting that the phase loss due
to T3 can be recovered by applying a suitable pulse sequence, whereas the intrinsic delay
due to T3 is not recoverable and is related to random and time-dependent local fields. The

combination of 7, and T3, provides the T value given by,

1 1 1

= 4= 2.10
15 T2+T2” (2.10)

in the case of macroscopic dephasing be also satisfactorily represented as an exponential

decay.™
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3. During the transverse relaxation process, the longitudinal component of magneti-
zation simultaneously tends to recover its equilibrium value of M, = M. This phenomenon
occurs due to the interactions between the nucleus and the surrounding medium (lattice).
In general, the formulation of this recovery process can be described as follows

dM, M, — M,

(2.11)

dt Ty

The solution is given by
M, (t) = M,(0)exp (—t/T7) + My (1 — exp (—t/T1)) . (2.12)
Here, T; is called the longitudinal relaxation time.

4. Lastly, it is assumed that the precession and relaxation processes occur indepen-
dently of each other, leading to Bloch’s phenomenological equation
dM (¢ 1 1
®) =M x B - —(M, — My)z — —
dt T T

The vectors x, y and z are the usual Cartesian ones in the laboratory frame of reference.

(M,% + M,3). (2.13)

It is crucial to emphasize that the monoexponential model can only be applied
under specific conditions where the interaction terms responsible for transverse relaxation
are weak, as described, for example, by the Bloembergen, Purcell, and Pound (BPP)
theory.” While detailed explanations of the relevant formulas can be found in various
sources,*® " the monoexponential model is particularly effective in characterizing spins in

liquid-state molecules. Figure 5 illustrates the essential features of this model.

log( T] 5 TZ)

2F

4 2 0 B "
log(1/ o)

Figure 5 — The T and 75 relaxation times describe the rate at which the magnetization of
a nuclear spin system in a magnetic field returns to its equilibrium value after
being perturbed. The relaxation times can be expressed as a function of the
correlation time 7., which represents the timescale of interactions within the

system, at a fixed Larmor frequency wy.
Source: Adapted from CALLAGHAN.?
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However, when dealing with solids and macromolecules that undergo slow motions,
the relaxation process becomes more complex, and the monoexponential model may be
insufficient to capture this complexity. Nevertheless, since we are limited to observing
slowly relaxing spins, the phenomenological approach provided by the monoexponential

model remains entirely appropriate in these situations.

2.1.2  Signal detection

Free precession and Faraday detection. The resonant condition of the spins
disturbs the magnetization from equilibrium, but what constitutes the NMR signal? The
detection of signals in NMR relies on the Larmor precession of non-equilibrium macroscopic
nuclear magnetization in the laboratory frame. A coil, such as a solenoid with its axis
orthogonal to the z-axis as shown in Figure 6, can detect this free-precession through

Faraday induction. The output of the coil is an oscillating voltage.

V()= Vocos( @,1)

cos(wt) isin( @t)
— 0 O

, 1, . .
Mt )Z% V,cos( (001+(01)+% cos(@ot—t) V(1) =15 Vosin(@gt +ot)-i ssin(@gt —ot)

A\ N

1, . .
V()= 3 Vocos(@ot—mt) M(it)y=-i % Vosin(@gt —wt)

Figure 6 — A solenoid coil can detect the electromagnetic force (emf) resulting from the
precession of the magnetization vector M at the Larmor frequency wy = 7By
through Faraday detection. A heterodyne detection scheme is also shown, which
involves a combination of independent mixers and low-pass filters assigned
to real and imaginary channels. This scheme results in obtaining a complex
difference signal 1Vjexp (—i (wy — w) t).

Source: Adapted from CALLAGHAN.?
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The specific details of the signal amplitude, which are dependent on factors such
as the dimensions of the RF antenna coil, its number of turns, and resistance, are not
within the scope of our current discussion. However, one important factor that emerges
is that the signal strength will be proportional to the Larmor precession frequency due
to Faraday induction. Therefore, high magnetic field strength and large v are essential
for achieving a high sensitivity in NMR signals. Protons are the primary choice for NMR
applications due to their large gyromagnetic ratio, high isotopic abundance, and ubiquity

in biological tissue, organic molecules, and natural and synthetic materials.

Radiofrequency receivers detect signals by mixing the input signal with a reference
RF oscillator, a process known as heterodyning. This detection method is phase-sensitive,
meaning that by mixing the signal with two heterodyne references that are 90° out of
phase, we obtain separate in-phase and quadrature-phase output signals. These signals
are then interpreted as the real and imaginary parts of a complex number. Measurements
in reality are always represented by real numbers. Therefore, the separation of the signal
into real and imaginary parts requires detection in two independent channels. The actual
detection of Larmor precession in a single coil corresponds to a voltage oscillation of the
form Vj cos(wot). By heterodyning with two channels assigned to the real and imaginary
parts, we can equivalently represent this as a multiplication of Vj cos(wgt) and exp(iwt)

which yields two frequencies, one positive and one negative,
1
Vo cos (wot) exp(iwt) = §V0 lexp (—i (wp —w) t) +exp (i (wo + w) t)] . (2.14)

The sum frequency term is rejected by the receiver filters and only the difference
Vo exp (—i (wo — w) t) is returned. The negative frequency difference, (wy — w), that is
measured is inconsequential, as it only reflects the clockwise nature of the spin precession.
The significant aspect is that we can measure [M, +iM,] in a frame of reference that
rotates at the heterodyne mixing frequency. This enables us to naturally place ourselves in
the rotating frame, utilizing it not only for the RF excitation process but also for detection.
Henceforth, magnetic resonance phenomena will be discussed from the perspective of the

rotating frame as it provides the most natural viewpoint (refer to Figure 4).

It should be noted that when the mixing frequency w is different from the Larmor
frequency wy, the signal will oscillate at the offset frequency Aw = wg — w. Therefore, the
absolute phase of the heterodyne receiver may not be identical to that of the precessing
magnetization, leading to an arbitrary phase factor, exp(i¢), in the signal. However, this

factor can be removed in the signal processing.*®
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2.1.3 Pulse sequence

NMR pulse sequences are used to manipulate and measure the behavior of nuclear
spins in a sample. In the context of porous media, the CPMG pulse sequence®® =7 is
particularly useful in characterizing the pore size distribution, surface-to-volume ratio,
and fluid-solid interactions of porous materials. In conditions similar to LWD, such as in
situ measurements, the use of pulse sequences becomes particularly important as the data

acquisition is limited by time and space constraints.

2.1.3.1 Carr-Purcell-Meiboom-Gill pulse sequence

The CPMG sequence is one of the most widely used pulse sequences in NMR. To
illustrate this method (see Figure 7), let us consider the application of a 7/2 pulse with
By along the +z-axis at ¢ = 0 in the rotating reference frame with frequency w; exactly
at the Larmor frequency wy. This pulse rotates the magnetization M, to lie along the
+y-axis. At t = 7, if a 7w pulse is applied with B; along the +xz-axis, an echo is formed
at 27 with the magnetization along the —y-axis. By applying another 7w pulse at t = 37,
another echo is formed at 47, this time along the +y-axis. This process is repeated, and
successive 7 pulses at (2n+ 1)7 (n =0,1,2,...) form echoes at (2n + 2)7, with the echoes
forming along the —y-axis for odd n and the +y-axis for even n. Since all components of
the magnetization in the x — y plane are decaying exponentially with a time constant 75,

which is a result of relaxation processes, the echo sequence also decays exponentially with
1.

lE g | e
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Figure 7 — The CPMG pulse sequence produces multiple spin echoes at times 2n7, with
each echo being modulated by a 75, relaxation envelope.
Source: By the author.
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The conventional spin echo method for measuring 75 requires multiple measurements
to be made at different values of 7 to obtain the envelope of the echo amplitude as a
function of 27.5% However, Carr and Purcell®® proposed a more convenient method to
obtain the entire echo envelope in a single pulse train. This method offers a significant
advantage over the conventional spin echo method, as it allows the acquisition of the entire

envelope of the echo amplitude in a single measurement.

By recording each Carr-Purcell echo N times, the signal-to-noise ratio is improved
by v N. However, slight deviations from the 7 rotation angles in these pulses can lead
to cumulative effects that may become significant. To address this, Meiboom and Gill®”
proposed a solution that introduced a 90° phase shift into the radio frequency field between
the initial 7/2 pulse and the subsequent 7 pulses. Therefore, in general, if the By for the
7/2 pulse were oriented along the p-axis, then the By for the 7 pulses would be applied
along the ¢ £ 90°-axis (refer to Figure 7).

2.1.4 Magnetic field gradients

In our upcoming discussions, we will be introducing a new component that is
crucial to understanding the physical system at hand: magnetic field gradients. A magnetic
field gradient is responsible for labeling the nucleus by changing their precession frequency
according to their position. The simplest and most common choice is a spacial constant
gradient, so at a point shifted from the initial position by r, the inhomogeneous magnetic

field Bg(r,t) varies linearly in space. Hence, we define the local magnetic field as
B(r,t) =By + G(t) - r, (2.15)

with G being a tensor.’®" The equation (2.15) has two contributions: the first one is a
strong static magnetic field By, responsible for inducing equilibrium magnetization; the
second one is a linearly varying field G(t) - r, responsible for encoding the nucleus by its
position. The first affects all the nuclei, in the same way, given by the Larmor frequency

wo = vBy; the second is needed to distinguish the precession frequency from its position.

Under the condition of weak gradients, |G(¢) - r| << |By|, the components of the
gradient perpendicular to the direction defined by the external field By, that we will
consider being the z-axis, can be neglected. The remaining components of the gradient
tensor, denoted by g(t), are those parallel to the direction defined by Byg. So, from equation
(2.15), the external field takes the form

B.(r,t) = By + g(t) - 1. (2.16)

The equation (2.16), despite providing the necessary spatial distinction for the study of
diffusion, does not consider the molecule’s stochastic motion, which causes fluctuations

in the position r. When the position is treated as a stochastic process r(t), each nucleus
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acquires a random phase ®(r(t),t) due to an inhomogeneous magnetic field, which is
obtained by integrating the position-dependent precession frequency along the random

53,59

trajectory r(t) of the nucleus,

o(x(t).0) = [ "a(t') - r(f)dt. (2.17)

Equation (2.17) is written in a rotating reference frame with the constant Larmor frequency
wo = 7By, which has no particular interest in the measurement of motion. The random
variable ®(r(t),t) is now a functional of the stochastic process r(t), with initial phase
®(r,0) = 0, which expresses the condition of isochromatic spins (in phase) right after the
/2 RF-pulse.

Thus, from equation (2.17) each nucleus contributes to the signal attenuation by
the factor ¢®. However, most NMR experiments are performed with a large number of
nuclear spins and the detected signal arises not from fluctuations of individual spins but
rather from a coherent superposition over all of them. The theoretical approach to this
problem is based entirely on the probabilistic interpretation of this superposition. In doing
so, the contribution from diffusion to the macroscopic signal can be obtained by averaging
the functional e'® over all the nuclei. Since the number of nuclei is very large, the average

can be replaced by the expectation over all realizations of the random variable r(t),5

E = (e7®). (2.18)

The signal in equation (2.18) is normalized to one in the absence of diffusion-weighting
gradient and when no relaxation is present. Note that the signal attenuation due to
diffusion in equation (2.18) takes the form of the characteristic function of the random
variable phase ® and leads to an attenuation of the echo due to phase incoherence arising

from the random movements of molecules in the system.

It is worth noting that the discussion of magnetic field gradients will be revisited

and further elaborated on in the Experimental Chapter of this work.

2.2 Relaxation in porous media

The NMR relaxation times can be particularly useful parameters for porous media
characterization since they prove to be sensitive to molecular motion and are affected by
the pore geometry.”" In particular, they are extensively used in petrophysical applications
to measure porosity and estimate pore size. A complete theory of relaxation involves a
myriad of mechanisms that we shall not describe here, rather we focus on the relaxation
processes of great interest in porous media. The references should be consulted for a more

complete overview. 4850
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For fluids in porous media, three main independent relaxation mechanisms are

involved:

Bulk relaxation. Bulk relaxation, a fluid’s inherent relaxation property, is deter-
mined by the fluid’s physical attributes, including its viscosity and chemical composition.
It occurs when a nucleus experiences a magnetic disturbance that oscillates at the Larmor
frequency, such as the fluctuation of local magnetic fields from neighboring nuclei’s ran-
dom motion. Bulk relaxation is influenced by environmental factors like temperature and

pressure, affecting both 7 and T, relaxation.

Surface relaxation. It has long been known that the NMR relaxation times of
fluids in porous media are shorter than in bulk fluids.” Diffusion gives a molecule the
possibility to collide with nearby solid surfaces, and each collision of a molecule with a
surface provides an opportunity for spin relaxation, a phenomenon often called surface
relaxation. The problem of surface relaxation for molecules experiencing restricted diffusion

61-62 Tndependent of

in a porous structure was treated in detail by Brownstein and Tarr.
the mechanism of surface relaxation, the experimentally measured relaxation rate is often
found to be proportional to surface-to-volume ratio (SVR). This mechanism contributes

to both 7} and T, relaxation behavior.

Diffusion-induced relaxation. Diffusion in inhomogeneous fields leads to addi-
tional attenuation of the CPMG echo amplitudes. When subjected to a CPMG sequence
with long inter-echo spacing in a gradient magnetic field, gas, light oil and water exhibit
substantial diffusion-induced relaxation. For these fluids, the diffusion-related relaxation
time constant becomes a critical parameter for detection. This dephasing is caused by
the molecule moving into a region with different magnetic field strength and precession
rate and can be mitigated by minimizing the echo spacing tg. The result for the decay
term contributed by unrestricted diffusion in the CPMG sequence within the Gaussian
approximation is given by"®

(1{2)]3 = 11272G2Dt§. (2.19)
Here, D is the molecular diffusion coefficient, v is the gyromagnetic ratio of the nucleus,
and G is the gradient strength. It’s worth noting that diffusion affects only 75 relaxation

and has no impact on the 77 relaxation rate.
Summary. The relaxation processes act in parallel, and so the rates add
1 1 1 1
(%)~ @), @), (3), (220)
T2 total T2 B T2 S T2 D
where (1/75) 5 is the bulk contribution, (1/7%)4 is the surface contribution, and (1/73),,

is the diffusion contribution. The corresponding equation for 77 is

(7).~ (&), (7), a2y

Note there is no diffusion contribution to 77.
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2.3 Concluding remarks

To summarize, this chapter covers the key aspects of NMR, including the semi-
classical description, the formation of the NMR signal, the application of magnetic field
gradients, and the main relaxation mechanisms in porous media. However, it is important

to make some brief remarks about how these topics are related to our project.

o Whilst we have presented the concept of gradients in the context of weak gradient
regimes, it is important to bear in mind that when it comes to NMR of porous media

we may encounter strong magnetic field gradients.®3—%4

The violation of this regime is less problematic for LWD tools due to gradients
originating from the natural non-uniformity of the static field. These gradients can
be probed effectively in low-gradient zones. However, LWD tool inhomogeneities may
be quadratic in relation to the position relative to the sweet spot. This modification
affects the spatial characteristics and acquisition parameter dependence of the spin

phase functional, specifically represented by equation (2.17).

In the context of our experiments with liquids in the area of NMR of porous
media under LWD conditions, the focus is on bulk relaxation. The decision to neglect the
contributions of surface relaxation and diffusion terms in our analysis was made for the

following reasons.

o Surface relaxation effects, which are influenced by surface-to-volume ratios, as

61=62 can be complex. Therefore, although the

described by Brownstein and Tarr,
surface relaxation mechanism is a crucial factor for extracting valuable information
about the structure of a porous medium, by neglecting the contributions of surface
relaxation, we can simplify our analysis and focus on the more measurable and

relevant bulk relaxation parameters.

« Additionally, the diffusion term in NMR relaxation is related to the movement of
fluid molecules in the porous media, and can be influenced by factors such as pore
size and shape, temperature, and fluid composition. In our experiments, we aim to
mitigate the effects of diffusion on our measurements through the use of the CPMG
pulse sequence. Specifically, we will use a CPMG pulse sequence with a short echo

time.

In summary, while surface relaxation and diffusion effects can certainly be important
in certain contexts, in our experiments with liquids in the area of NMR of porous media
under LWD conditions, we have chosen to neglect these contributions in order to simplify

our analysis.
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3 NMR SIGNAL PROCESSING AND PARAMETER ESTIMATION

Inferring microstructure from the macroscopic NMR signal is an intrinsic and
formidable inverse problem.®’ Inverse problems are usually characterized by ill-posedness.®
In order to correctly interpret NMR experiment results and compute the distributions of
NMR parameters, it is necessary to process the experimental data with a robust inversion
procedure.®~16:66=67 T this chapter, we will look at an introductory algorithm with the
Tikhonov regularization method for NMR parameter estimation. We have focused on 1D

relaxation experiments.

3.1 Motivation

The complexity of the physical systems we are interested in does not allow one to
access their entire microstructure.®® Rather, one focuses on estimating some macroscopic
parameters sensitive to the local physical environment. As there may be a range of
parameters that characterize a given system, usually the NMR parameters investigated
are relaxation times (longitudinal T} and/or transverse T5) and self-diffusion coefficient

(D). These types of measurements are of special interest in the physics of porous media.

Most experiments in the natural sciences are indirect.'® That is, the observed data,
S(t), are related to the desired function f(7") by

S(t) :LbK(t,T)f(T)dT+e(t), c<t<d. (3.1)

Here, K(t,T) is a known kernel, as are the constants a, b, ¢, d, and €(t) are unknown
noise components, that always exist and have different origins.'* One is then faced with
the standard inverse problem: estimating f(7") from a number of noisy measurements,
S(t). Equation (3.1) is a Fredholm integral equation of the first kind and is present in the
description of a wide variety of problems. For most of them, estimating f(7") is an ill-posed
problem. The concept of ill-posed problems goes back to Hadamard, see for example.%® In
general, the NMR signal describing multiexponential relaxation is described by Fredholm

integral equation of the first kind.!®

3.2 NMR signal processing

In practice, the continuum model of the form given by equation (3.1) needs to be
approximated by a discrete model. Write the signal to be inverted, S(t), as a vector arising
from the discrete sampling times, ¢;, where ¢ = 1... N. The solution f(T) is discretized in

the domain of T} where j = 1... M. If we pre-specify the values of Tj to be used, then we
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may calculate a priori N x M matrix K;; = K (¢;,7;). Then,
M
S(t:) =Y K (t:,T3) f(T)) +e(t). (32)
j=1

The kernels K (t;,T;) are specific for each experiment, describing the expected form of
NMR relaxation data. For example, for experiments of the type CPMG, Inversion Recovery
(IR), and Saturation Recovery (SR), we have

et/ CPMG
K(t,Tj) =4 (1-2e%/T), IR (3.3)
(1 — e‘ti/TJ) ., SR

While in principle K=! may be calculated algebraically, the matrix K is “ill-
conditioned”. This is reflected in the large value of the condition number, defined by the
product of the Frobenius norm ||K|| - ||[K™!||. A large condition number means that the
inversion process tends to have an explosive effect on any errors, ¢;, in f (7;). To deal
with ill-conditioned, it is necessary to incorporate further information about the desired
solution in order to stabilize the problem and to single out a useful and stable solution.

This is the purpose of regularization.

To enforce absolute prior knowledge, it is necessary to ensure that all spectral
amplitudes are positive, i.e., f(7;) > 0. To incorporate statistical prior knowledge, the
solution should aim to minimize the mean-squared residual. In addition, the principle
of parsimony dictates that the simplest solution, one that contains only the expected

information and the least amount of detail, should be chosen.

3.3 Regularization methods

Having established that many inverse problems are mathematically ill-posed and
computationally ill-conditioned, we need to introduce an indispensable technique known

as regularization.

3.3.1 Tikhonov regularization

The most well-known and typical method for linear problems is the one known as
Tikhonov regularization.®® As will be shown, it is simple to implement but introduces the

classic question: “How can I choose the regularization parameter?”.

Here, the idea is as follows: suppose we attempt a least-squares solution f(T') to

equation (3.2). Then the sum of squared residuals is

X = ZZ (Si — K (t:.T)) f;)°
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the quantity we would seek to minimize. Tikhonov regularisation adds a term, I'f, in the

minimization process so that the residual to be minimized is
min {||S — Kf||* + o|Tf]*} , (3.5)

where « is known as the regularization parameter. The operator, I'f, is chosen on the basis
of parsimony, that is, to favor smoothness with a minimum number of peaks. Commonly
used penalties are the square of amplitudes, inclination (first difference), and curvature

(second difference). One such smoothness operator might involve the curvature of f(7').

The way to proceed numerically is as follows. We start with the signal vector S, the
elements of which, S;, correspond to each sampling value (for example, time value) labeled
t;, where 1 = 1...N. Next, we choose a priori range in the solution space of discrete
relaxation rates Tj, where j = 1... M. The solution vector f, the distribution of relaxation
time, has values corresponding to each T} and labeled by f;, with j = 1... M. Thus the

solution satisfies

J

min {ZZ (Si = K (t,T3) f;)* + a Y (2f; = fi — fj1>2} : (3.6)

where the last term contains the numerical form of the second derivative of f(7'). The
solution obtained by minimizing equation (3.6) has the least amount of curvature necessary

to accurately model the data.

How does one choose the regularization parameter o > 0 optimally? This is a
difficult question and in general unsolved. One possible method is, after constraining the f;
values to be positive, perform a least squared minimization over a range of « values, and
compute the residual in equation (3.4) for each . We select a value of « that minimizes

x? while still adhering to the principle of parsimony.!'®~16-66-67

Therefore, the Tikhonov regularization method is an effective technique for sta-
bilizing the inverse Laplace transform by incorporating a penalty term that discourages
significant changes in the 75 distribution. Furthermore, the non-negativity constraint
guarantees that the estimated T, distribution is valid from a physical standpoint. An
example of time-domain data exhibiting multi-exponential decay with noise, transformed

utilizing the Tikhonov regularized least squares, is depicted in Figure 8.

It should be noted that the T} values can be evenly spaced, but more frequently
they are chosen to be equally spaced in logarithmic scale, which allows a broad range of
decades to be covered without requiring an extremely large value of M. When running
the algorithm, these predetermined 7} values act as “bins” in a histogram that represents
the data. As such, they are discrete, and their intensity reflects the total probability of
finding the relaxation rate within the range defined by neighboring bins.



40 Chapter 8 NMR Signal Processing and Parameter Estimation
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Figure 8 — This figure depicts the numerical inverse Laplace transform of a time-domain
signal S(t) that decays as a multi-exponential function, along with the corre-
sponding spectrum of relaxation rates, f(7'). The regularization parameter «
is adjusted to minimize 2, as shown by the arrow indicating the chosen value
in panel (a). Panels (b) and (c) illustrate S(t) and f(T), respectively, with the
latter calculated using a logarithmic spacing of T" values.

Source: Adapted from CALLAGHAN.>3

3.4 Concluding remarks

Signal processing and parameter estimation play a crucial role in extracting mean-
ingful information from NMR data, particularly in the context of porous media. In order
to accurately estimate physical parameters, such as pore size, it is essential to carefully
process and analyze the NMR signal. Moreover, regularization methods are essential for

overcoming the inherent noise and uncertainty in NMR measurements.

We have presented the basic theory of signal processing and parameter estimation
in NMR, along with its fundamental principles and regularization methods, in a succinct
yet comprehensive manner. It is important to note how these topics are relevant to our

project in the area of NMR of porous media under LWD conditions.

o The Tikhonov regularization method is a powerful tool for signal processing in the

field of NMR.*~1¢ One of the primary challenges in applying Tikhonov regularization
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is selecting an appropriate regularization parameter, which controls the balance
between fitting the data and regularizing the solution. If the parameter is chosen

inappropriately, it can result in an over- or under-regularized solution.

o While Tikhonov regularization may be a useful starting point, it is important to
analyze and study other methods in depth in order to ensure the reliability and
accuracy of inversion. In addition to other inversion methods, alternative techniques
like the L-curve method or generalized cross-validation can offer more dependable
estimates for the regularization parameter. One may find a valuable introductory

reading on this topic by referring to® and the references therein.

With a deeper understanding of these concepts, we can better apply them to our

research on NMR of porous media under LWD conditions.
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4 EXPERIMENTAL

Lateral movements of the drilling tool directly affect the NMR measurements, both
in its intensity and relaxation rates. To understand the behavior of NMR signals under
similar conditions to those of LWD, we have used a single-sided magnet together with a
mechanical system that emulates a relative sinusoidal motion between the sample and
the external magnetic field. This equipment was used to emulate an LWD tool operating
under normal pressure and temperature conditions.*! ~** This chapter presents the main

preliminary results from experiments conducted by the author.

4.1 Material and methods

All the developments of this work were performed on a benchtop single-sided
NMR system, with well-logging tool characteristics: a cylindrical sweet spot with 4 cm
of diameter and length; magnetic field of 47 mT centered at 11 cm from the magnet’s
surface; and a constant gradient of 35.7 G/cm along z. The experimental apparatus is

illustrated in Figure 9.

To carry out the single-sided NMR experiments, a Tecmag NMR console (LapNMR)
was utilized in conjunction with a Tomco RF power amplifier (BT00500-AlphaS). An RF
solenoid coil was constructed for use with the single-sided magnet. The selected geometry
was a solenoid coil, with a length of 50 mm, a diameter of 45 mm, and 34 turns of AWG
19 enameled copper wire wound around a PVC support. This coil can accommodate a

cylindrical sample holder with a maximum diameter of 38 mm.

To simulate the oscillating motion in an LWD pattern, the probe was mounted
on an acrylic table (refer to Figure 9), which is situated on a platform connected to a
set of pulleys linked to an electrical motor (Electro-Craft Servo Products, model M1030)
powered by a constant voltage from an external DC power supply (Instrutherm, model
FA-3050). The platform, which creates the oscillating pattern, is also connected to an
eccentric wheel. An external trigger, linked to a homemade optic sensor and an oscilloscope
(Agilent Technologies, model DSO6104A), produces synchronization of the measurements.
This fact is important to ensure the acquisition timing of the first measurement from a
given initial sample position. At last, the frequency of the oscillation can be regulated by

adjusting the voltage applied to the electric motor.
Sample. For the 'H experiments, a 2% (w/v) Sodium-Fluorine Gel (Flugel - DFL)

was used. This gel had a neutral pH of approximately 6.5, and its viscosity ranged from
7000-20,000 cP, with a relative density between 0.850 — 1.025 g/cm?. The choice of this

gel was based on its higher viscosity compared to distilled water. This fact is important
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in order to mitigate potential additional effects on the conducted measurements, such as

turbulent motions and diffusion effects.

Figure 9 — The experimental setup used for MOS-NMR experiments comprises the follow-
ing components: (a) a single-sided magnet, (b) a shielded solenoid coil acting as
an NMR probe, (¢) a series of pulleys that connect to an electric motor driven
by a (d) DC power supply to regulate the probe’s oscillatory movement, and
(e) an oscilloscope used to measure the oscillation frequency. Additionally, an
optic sensor is associated with the set of pulleys to synchronize the oscillation
to the CPMG experiment.

Source: Adapted from LUCAS-OLIVEIRA .2

4.2 CPMG pulse sequence under magnetic field gradients

The CPMG sequence is the primary NMR technique used in the well-logging
industry and laboratory sample analysis for evaluating formation and reservoir fluid
properties (refer to Figure 7). Similar to the magnetic field gradient used to measure

diffusion, static field gradient is also found in specifically designed magnets using permanent
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magnetic materials, such as NMR well-logging tool (see Figure 10). The key difference of
NMR in the presence of a non-uniform field is the significant off-resonance effect for all

pulses, once every pulse is volume-selective (explained in the next section).

Multiple spin echoes at times 2n7 are measured (dashed red line in Figure 10),
modulated by a T; relaxation envelope (dashed blue line in Figure 10), with n being a
natural number. The entire decay curve is acquired during one echo train, so it is possible

to determine T3 in a single experiment, which makes this measurement a very efficient one.

To enhance the signal-to-noise ratio, it is customary to co-add N signals from
multiple successive experiments. This approach results in coherent addition of signals,
while noise adds randomly, leading to an improved signal-to-noise ratio by N/248-50
Although successive additions can be performed, there is a limitation to the rate at which
they can be done. To maintain the nuclear spin system’s full signal strength, it needs time
to recover its z-axis magnetisation between experiments, which requires a delay of several
Ti-relaxation times. This recovery process sets a limit on the number of co-additions that

can be performed within a certain time duration.

All the experiments were performed using the standard CPMG acquisition. The
widths for the 90° and 180° RF excitation pulses were 10 us and 20 us, respectively; echo
time tg = 400 ws; 12.000 sampled echoes; repetition time of 6 s; and 16 averages. The

temperatures of the magnet, probes, and samples were kept constant at (25.0 +0.1)°C.

te le lg
90(’00 180;:&900 \.‘\ 180;:|:900 1802:&900
(RF) [
e

Figure 10 — Schematic illustration for the CPMG pulse sequence in the presence of a static
field gradient.
Source: By the author.
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4.3 Spatial RF selectivity

The composition of the RF pulses in NMR experiments conducted in the presence
of a magnetic field gradient is highly significant as it establishes the effective range of
Larmor frequencies that the RF can stimulate, which is defined as a width of dw. The

Larmor frequency band can be calculated using the following equation®
Aw =~vyGL. (4.1)

One considers the sample length along the GG gradient, which is denoted by L. If the value of
dw is less than Aw, then the excitation will be selective and will not stimulate the entirely
sample. The excited region will be concentrated in a cross-section that is perpendicular
Sw

o In the case of a
5

rectangular RF pulse, the spectral composition is defined by a sinc function. If the pulse

to the gradient direction. The width of this section is given by 0L =

has a duration of ¢,, then the predominant excitation band region is defined by the central
lobe of this sinc function, which is in the interval {—i, —i—i} % For instance, if a rectangular
pulse of duration ¢, = 20 us is applied the excitation band is approximately éw = 100 kHz.
In the presence of a magnetic field gradient of approximately Gy = 35 Gauss/cm along z,

this pulse will excite a cross-section of approximately . = 7 mm, as shown in Figure 11.

Front View

z w t
L=2% | FT

A

Legend

’E.‘UV
&

[ Sweet spot (40 mm)

[ Sample (38 mm)

B Excited region (7 mm)
JFJ Fourier transform

Figure 11 — The application of an RF pulse in the presence of a magnetic field gradient
results in spatial RF selectivity, exciting only a specific portion of the sample
volume.

Source: By the author.
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4.4 Mechanically-Oscillating-Sample under magnetic field gradients: MOS NMR

MOS-NMR experiments are conducted with the sample localized in a region where

the magnetic field is given by the expression
B(r,t) =By + G- r(t). (4.2)

In this context, Bg = Byz represents the main external magnetic field; G = Gyz is the
magnetic field gradient across the sample region; and r(t) denotes the nuclear spin position.
Assuming that the sample undergoes a sinusoidal oscillation in time with amplitude ag
and frequency €2, and considering the direction of the magnetic field gradient z, we have

Z-r(t) = z(t). Therefore, the position z(t) can be expressed as follows
2(t) = 29 + apsin(Q2t + 0), (4.3)

where 6 is a phase that depends on sample initial position.

In the case of a CPMG MOS-NMR experiment, as the spin undergoes sinusoidal
motion along the magnetic field gradient, additional accumulated phases arise for each
dephasing (¢1) and refocusing (¢») periods 7 around the 7 pulses, affecting the amplitudes
of the signal. This effect can be generalized by considering the phase accumulated between
any two intervals (n — 1)7 and n7. The general phase is given by (refer to Eq. (2.17))

nTt

On = ’yG’O/( | [20 + ag sin(Q2t + 0)] dt

n—1)T
Goa (4.4)
=vGozoT + 7 (; Olcos(Qn — 1)7 + 6) — cos(Qnt + 6)].
Here, n is in the range of [1,2,3,...]. The case of thermal initial conditions will be

considered for zg.

Each echo has an accumulated phase ® corresponding to the sum of the phases
leading up to it, considering the sign changes introduced by the 7 pulses. Thus, the total

accumulated phase is given by (see Figure 12)
o, = ¢, — D, 1(—1)" (4.5)

The term (—1)" accounts for the effect of the m pulse every 27 intervals.

The CPMG pulse sequence produces observed echoes every interval of tg = 2nr.

Thus, the NMR signal can be calculated using the following expression

M(2nt) = M(2n7) exp (—i®y,) . (4.6)
Here, M is the modulated signal caused by the sinusoidal motion of the sample relative to
the magnet. It is important to emphasize that the relaxation effects result in a monoex-
ponential decay, as explained in the NMR Chapter. This means that incorporating these

effects into our descriptions is relatively straightforward.
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Figure 12 — Visual representation of the accumulated phase resulting from the oscillating
motion. Specifically, the accumulated phase ® is computed as a sum of every
phase ¢ leading up to it.

Source: By the author.

4.5 Results and discussions
4.5.1 CPMG-MOS-NMR decay

Theory. Initially, we will focus on presenting the results associated with this
theoretical model, which are described by the equations (4.4) - (4.6), to gain some insight
into the physics of the problem and the experimental data utilizing the following set of
parameters: gyromagnetic ratio of the proton, v = 2.675 - 108 T~! s'; constant gradient,
Gy = 35.7 G/cm; echo time, tgp = 400 ps; mechanical system amplitude, ay = 2 mm;
mechanical system frequency, {2 = 2 Hz; and T5-relaxation, T = 1 s. This last value will

be justified in the upcoming section, as it is connected to Flugel’s T5.

In equations (4.4) - (4.6), it is observed that the signal modulation patterns depend
on the initial sample position, which is an important point to consider in understanding the
experimental results. One can then simulate the magnetization decay under two different
initial conditions defined by the angles 6 = 0° and 6 = 90°.

Figure 13 presents a diagrammatic illustration of the mechanical oscillation under
the influence of a magnetic field gradient, specifically for the case where # = 90°, which
encompasses all the physics of the problem. Although this image is primarily pictorial,
it will be frequently employed as a valuable aid in unraveling the complexity of the

phenomena involved in our physical system.
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Figure 13 — This figure provides a schematic representation of the mechanical oscillation
occurring in the presence of magnetic field gradient for a specific case, namely
0 = 90°. For more comprehensive information, please refer to the text.
Source: By the author.
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e Att=0.

1. The sample is situated at its initial synchronized position, z = +a¢/2 =

+1 mm.!

2. At this stage, it is important to note that the sample has zero initial velocity.

3. As a result of the sample’s location at its initial synchronized position of
7z = ap/2 = +1 mm, a portion of the sample volume that will enters the ezcited
region (denoted by the blue color) will not have been previously excited, the

so-called inflow volume (denoted by the red color).
. Att=T/4.

1. The sample passes through the region with z = 0 mm.
2. At this stage, the sample presents its maximum velocity.

3. As the sample passes through the current region with z = 0, the previously

inflow volume is fully contained within the excited region.

« Att="T/2
1. The sample reaches the position z = —ay/2 = —1 mm.
2. At the position of z = ag/2 = —1 mm, a portion of the previously excited

volume will now extend beyond the excited region, creating an outflow volume

(denoted by the orange color).
« Att>T/2.

1. The sample will have reached a steady state stage, meaning that the inflow and
outflow sample volume will now have been defined within the excited region,

resulting in a contributing (remaining) volume (denoted by the green color).

2. This cycle will continue in a similar fashion, with the sample oscillating around

its equilibrium position, z = 0 mm, with a oscillation amplitude of ag = 2 mm.

With the aid of this visualization, let us now delve into the results obtained from
the theoretical model for both cases, 8 = 0° and § = 90°, which are depicted in Figure 14.
All plots presented in this manuscript were generated by the software MATLAB.

LTt is important to make a significant remark regarding the reference used for measuring

the amplitude of oscillation. In Figure 13, we will be presenting the oscillation denoting an
amplitude of ag = 2 mm between the intervals of [z = 4ag/2,z = —a/2|, which differs from
the implication of equation (4.3) which suggested [z = +ag,z = 0]. It must be noted that this
decision was taken with the sole purpose of better representing the visualization of observed
phenomena, without any observable impact on our results — at the current stage of our work
— as elucidated by our forthcoming discussion of the results.
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Figure 14 — The theoretical model predicts modulation curves that exhibit distinct beating
patterns for two conditions: § = 0° and 6 = 90°. For more details, please refer
to the text.

Source: By the author.
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From now on, the dashed black line represents the intrinsic decay of T5, while the
solid blue line is associated with the sinusoidal oscillation. It is important to highlight
that the phase modulation graphs exclusively reflect the effects of sample oscillation on
the NMR signal under the assumption that the entire oscillating volume remains within
the excited region. This fact has inherent limitations for our physical system as will be
seen moving forward to the next discussion, and it is crucial to compare these results with

experimental data to further validate their reliability and accuracy.

Moving forward in our analyses, we will focus on the § = 90° case as it produces a

more visible effect on the NMR signal.

4.5.2 Spatial RF selectivity effects

Experiment. In order to precisely control the frequency, amplitude, and sample
position relative to the magnet, the experimental setup was meticulously designed. While
the system is simpler than those utilized for reservoir conditions in terms of coil and
magnet geometry, it was carefully constructed to achieve optimal performance. A solenoid
coil was utilized in the setup, which offered several advantages. Firstly, it allowed for the
observation of phase modulation caused by sample movement. Additionally, the uniform RF
magnetic field in the sweet spot provided by the solenoid coil allowed for pulse selectivity

to be achieved with less complexity.

Figure 15 provides a clear visualization of the signal decay observed through the
application of the CPMG pulse sequence, as well as the corresponding 75 distribution, for
the 'H Flugel experiment with a static sample. This figure serves as an essential reference

for analyzing the results of the experiment.

Static sample

—T) = 10369

0.8

-

NMR Signal [a.u.]

0.1

0
0 1 2 3 1 104 102 10" 102
Time [s] Tas]

Figure 15 — The decay of 'H observed from the CPMG pulse sequence for a bulk sample
of Flugel and the corresponding 75 distribution.
Source: By the author.
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Echo train. One important distinction between signals obtained from uniform
magnetic fields and those from high-gradient fields is the difference in the shape of the
observed echo. In a uniform magnetic field, the echo is broad enough to be observed over
a range of milliseconds, allowing for more points to be acquired before and after the exact
CPMG refocusing time. This results in a flatter region around the echo’s top, which can

increase the signal-to-noise ratio without affecting the average intensity value.

However, the same cannot be said for high-gradient fields, as the narrow shape of
the echo leads to a rapid decay of points around the top. Even a slight deviation of tens of
microseconds can result in a significant change in magnitude and phase, making it difficult
to obtain a higher signal-to-noise ratio. In theory, the observed effects can be explained by
focusing on the maximum point of refocusing, which corresponds to the top of the echo.
Therefore, utilizing the smallest observation window provides results that are closer to
the theoretical values. However, this approach comes at the cost of a significantly lower
signal-to-noise ratio, which poses a disadvantage. In all of our experiments, we have utilized
an echo window of 50 points and an echo time of 400us, which was selected specifically to

minimize the influence of diffusion effects.

We will now discuss the results obtained for configurations using a fixed frequency
of Q = 2 Hz and different amplitudes ay = [0, 1,2] mm. Our initial focus is to compare
these results with our theoretical model. In Figure 16, we present a comparison between
the experimental data obtained from CPMG pulse sequences and the modulation curves

predicted by our theoretical model.

The theoretical framework examined in this manuscript does not yet incorporate
an essential aspect of the phenomenon under study, namely, spatial RF selectivity effects.
This implies that the model does not account for the potential impact of a reduced excited
volume of the sample due to mechanical oscillation (as depicted in Figure 13). This, in
turn, can lead to a decrease in the intensity of the NMR signal, as the signal strength is
directly proportional to the number of excited particles. As a result, the experimental data
obtained from the echo trains exhibit decay rates that surpass the predictions generated
by the theoretical model. In particular, refer to Figure 16, looking closely at the oscillation
with an amplitude of ag = 2 mm, since this case has a more visible impact on the NMR

signal.

Therefore, our initial analysis suggests that spatial RF selectivity effects is a crucial
factor that influences the decay rates of echo trains in our physical system. Consequently,
it is essential to incorporate this effect in experimental design and interpretation to obtain
precise and dependable results. The subsequent analyses of this work will aim to explore
and clarify the causes and consequences of it, with the analysis of the T5 distributions

serving as a starting point.
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Figure 16 — A comparison was made between the experimental data (top images) obtained

from CPMG pulse sequences and the modulation curves predicted by the the-
oretical model (bottom images). The curves were generated for one condition,
namely 6 = 90°.

Source: By the author.
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Ts distribution. Let us now shift our focus towards the examination of the 15
distribution and how it responds to motion. We will be performing a relaxation time
analysis on the same data previously discussed. This approach will allow us uncover any

additional insights that may further our understanding of the system.

Figure 17 shows the results for a fixed frequency of 2 = 2 Hz and different
amplitudes ag = [0, 1, 2] mm. Upon closer examination, we observed the presence of two
relaxation times as the mechanical system amplitude increased. Despite a change in signal
amplitude, which varies in intensity depending on the corresponding oscillation amplitude,

the relaxation time for each peak remains constant.

The presence of two relaxation times in the relaxation process can be further
illustrated in Figure 18. Once again, we will be closely examining the case that corresponds
to an oscillation with an amplitude of ag = 2 mm, once this particular case has a more
pronounced effect on the NMR signal. The so-called faster relaxation time lasts for
approximately t =1/2-T =1/2-1/Q = 0.25 s, which is half the oscillation period.

The spatial RF selectivity effect significantly influences the time evolution of the
NMR signal in our physical system, especially during the initial stages of the signal. The
experiment was synchronized by # = 90° and the sample volume was then displaced in
and out from the excited region for half of the oscillation period until it reached the steady
state stage (refer to Figure 13). Based on our findings, we can tentatively conclude that the
decay observed in our experiments cannot be entirely explained by the physical relaxation
property 15 alone. Instead, the effects of spatial RF selectivity must also be considered.
Consequently, the faster relaxation time observed can be attributed to the spatial RF

selectivity effect, which we refer to as Th sefect-

These findings are align with the expected analysis made in the Introduction
Chapter that lateral motion can distort the recorded echo train, resulting in a distorted 75
distribution. In particular, lateral motion can create additional peaks in the case of a long
T, peak.** Therefore, as a partial conclusion, we can infer that the NMR signal can be

segregated into two distinct regions based on their characteristics, as shown in Figure 18.

o The first region is where spatial RF selectivity effects are predominant and is visible
until the inflow and outflow volumes have been defined within the ezcited region

and reach the steady state stage, as depicted in Figure 13.

o After this transient period, the NMR signal evolves under the effect of phase modu-
lation, which is responsible for the further evolution of the NMR signal in the second

region.

It is worth noting that these two regions are experiencing the intrinsic physical

decay that is linked to transverse relaxation.
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Figure 17 — Each column displays the NMR signal observed for different oscillation ampli-
tudes along with its respective Inverse Laplace Transform. It is noteworthy
that the 75 geleet remains constant across different oscillation amplitudes. How-
ever, its contribution increases with the oscillation amplitude.

Source: By the author.
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Figure 18 — As we can observe in the experimental results, there are two distinct com-
ponents in the relaxation process. The faster component has a duration of
approximately 0.25 s, which corresponds to half the oscillation period of the
sample. This characteristic can be clearly seen in the experimental data.
Source: By the author.
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Moving forward, we aim to enhance our analysis by incorporating diffusion effects,
taking our study to the next level. It is worth mentioning that the concepts presented here

are still in their early stages of development.

4.5.3 Moving forward

Magnetic field inhomogeneity is a common issue in single-sided NMR that can
cause resonance offsets across the sample, complicating conventional pulse sequences and
reducing sensitivity during detection periods.'?=2° This section describes how the formation
of echoes in the presence of a strong and uniform static gradient can be utilized to encode

self-diffusion, which reveals molecular dynamics and sample microstructure.

Diffusion effects. When investigating the behavior of spins in an NMR experiment,
one may take into account the effect of diffusion. This effect arises from the fact that the
position of the spin experiences not only deterministic contributions due to oscillation but
also stochastic contributions to its movement. In the case of molecular diffusion, these
stochastic contributions are associated with the Brownian motion of molecules as they
move in the presence of a non-homogeneous magnetic field.**°° The effect of diffusion on
NMR signals is manifested as a phase shift relative to the refocusing pulses, which results
in the nuclear spins failing to fully refocus. Consequently, the NMR signal observed is

subject to additional attenuation, leading to a reduction in signal intensity.

The echo time, which represents the duration between the center of the radio
frequency pulse and the center of the echo signal in a pulse sequence, can significantly
impact the characteristics of the NMR signal observed. If the echo time is too short, the
nuclear spins may not have sufficient time to fully evolve, leading to decreased signal
intensity.”® On the other hand, if the echo time is too long, the nuclear spins may experience
diffusion processes that result in the loss of phase coherence. In unilateral low-field NMR
sensors, the pulse sequence typically used is based on the generation of Hahn echo operating
in the presence of a steady gradient (see Fig. 19) intensity.?® To improve the sensitivity of
these experiments, a CPMG sequence is applied after the so-called diffusion editing period
(tg1) to generate an echo train that takes advantage of long transverse relaxation times of

liquid samples. From now on, we will disregard the impact of relaxation on attenuation.

MOS-NMR  and diffusion effects. Let’s now examine NMR diffusion in porous
media under LWD conditions, specifically with regard to oscillatory movements. With
careful consideration of the relevant factors, the phase variable ¢(z(t),t) is now a function
that has the dependence of two terms, ¢(z(t),t) = Gstochastic(t) + Pdeterministic (£). The first
one is related to diffusion movement and considers the position of the spin as a stochastic
variable. The second, in turn, is related to the deterministic sinusoidal movement controlled

by the experimenter.
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The effects under study can be incorporated by accounting for the phase accumula-

tion, which can be determined using the following approach

(I)(Z(t>? t) = ’)/GO/Zstochastic<t>dt + ’}/GO / Zdeterministic(t)dt- (47)

Given the independence between the two phenomena under consideration, and in light of
the information already presented in Section 4.4, the attenuation of the NMR signal can

be described by the following equation

M(2n7—> = M(QTZT) exp (_i¢stochastic)2n €xXp (_i¢deterministic)2n . (48>

The presence of two distinct types of motion during the experiment becomes evident, each
with its own distinct characteristics. Once again, it is worth noting that relaxation effects
in our system result in a monoexponential decay, so incorporating these effects into our

theoretical framework is relatively straightforward.

902, 1802 g0e
(RF)
lp1
oo
0 .
o P time
tg 1 , )
6_ T_2 <87f¢stochastic > e %—2

Figure 19 — This figure depicts pulse sequence utilized for diffusion editing, where Hahn
echoes are generated in the presence of a static gradient. The first generated
echo has an amplitude attenuated by diffusion.

Source: By the author.
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Preliminary analysis. In the field of NMR in porous media, LWD conditions

pose a unique challenge to diffusion measurements. These measurements are crucial in

understanding the transport properties of fluids in porous media. Let us delve into some

preliminary analysis of the effects on diffusion measurements in a CPMG experiment of

NMR porous media under LWD conditions. It is crucial to first establish some foundational

concepts. Understanding these concepts is essential to appreciate the significance of the

key points and to gain insight into the complexities of the NMR diffusion measurements

in porous media under LWD conditions.

e In a CPMG experiment, the diffusion coefficient of the fluid is related to the decay of

the NMR signal, which is caused by the random motion of the fluid molecules in the
presence of the applied gradient pulses. The diffusion coefficient can be estimated by

fitting the signal decay to a model that describes the diffusion process.™

The equation for the attenuation of the NMR signal in a CPMG experiment under

the Gaussian regime and unrestricted diffusion is a simple and elegant expression®®

1
E=¢3® = 137 GeDt, (4.9)
where D represents the diffusion coefficient. It describes the decay of the signal due
to diffusion, and is given by a single exponential term in which the decay constant is
proportional to the square of the diffusion coefficient and the square of the gradient

strength.

The traditional approach to measuring diffusion properties in NMR is based on the
Gaussian regime. However, in the presence of strong gradients, this assumption may

no longer hold true.®364

Furthermore, in the case of porous media, the diffusion regime may not need to be
unrestricted. This is because porous media can contain complex pore geometries
and heterogeneities. In unrestricted diffusion, the displacement of molecules is not
confined by the pore size and shape, and instead reflects the underlying transport

properties of the fluid.

The effects of strong gradients on NMR measurements in porous media can be
significant and complex. One primary effect is the dephasing of nuclear spins, which
can lead to additional attenuation of the NMR signal. In addition, these spatial
encoding effects can be especially problematic in the presence of oscillatory motions,
where the coupling of the gradients with the motion can lead to additional attenuation

and even more complex signal behavior.

Moreover, it is worth mentioning that when comparing the magnitudes of random

movements in LWD acquisitions, such as molecular motion and tool-induced motion, the
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latter overwhelmingly dominates the resulting attenuation. Therefore, considering this
significant influence of tool-induced motion, the concept of regarding an LWD tool as a

diffusion probe appears rather impractical.

4.6 Concluding remarks

To gain a deeper understanding of the intricate patterns observed in the NMR
signal, we can simulate the operation of the LWD tool in standard temperature and
pressure conditions while controlling specific movements with respect to the external
magnetic field. This can be achieved by employing a mechanical system with a single-sided
magnet and probes that replicate the sinusoidal motion between the external magnetic field
and the sample. Through this approach, we can investigate the underlying mechanisms

responsible for the observed patterns in the NMR signal.

The present manuscript focused on investigating the impacts caused by the variation
of the amplitude at a fixed frequency, with the aim of simplifying the complexity of the
problem as much as possible for just a few sets of parameters, so that this work, together
with its results, can function as a toy model. It should be noted that the vast complexity of
LWD conditions means that a complete and accurate description of real NMR measurements
remains challenging, and this model can only serve as an introductory tool. With this in

mind, it is possible to draw some preliminary conclusions.*?

o We offer a comprehensive and introductory model that simulates the effect of
oscillatory motion under the presence of a gradient magnetic field on the NMR
signal, with the primary purpose of simulating LWD conditions. As an added benefit,
interested readers have the ability to easily modify the parameters of this simulation

to align with their unique objectives.

It should be noted that the lack of accounting for spatial RF selectivity effects in
the model at this stage does not necessarily mean that the observed outcomes are
inaccurate. It simply means that there may be additional factors at play that could
potentially affect the results. Moreover, through this exploration, it is hoped that
a more nuanced understanding of the phenomenon under study will be achieved,
ultimately contributing to the development of more comprehensive models that

account for the complex dynamics of spatial RF selectivity effects.

e Our LWD simulator allows us to explore and distinguish the effects associated with
the spatial RF selectivity. Even with just inverse Laplace technique analysis, we were

able to separate the two relaxation times in the data presented in this manuscript.

To rephrase, it can be said that we analyze all experimental data under the assumption
of a monoexponential relaxation kernel, which may contradict earlier discussions

about spatial RF selectivity effects and phase modulation in NMR signals, once they
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might not exhibit the same decay signature as the physical intrinsic decay of the

transverse relaxation time.

A critical aspect of our work that remains as a perspective is the development of
a more refined data analysis to ensure the quality of the NMR signal, especially
when dealing with complex conditions. This is of utmost importance in industrial
applications, such as the oil and gas industry, where relaxation data play a vital role
in estimating parameters like porosity and permeability. These parameters, in turn,

serve as the basis for critical decision-making processes.

One simple processing technique that can potentially be used with the results
presented in the current manuscript is performing the NMR signal inversion by
introducing the calculated modulation factor within Equation (4.6) to assess the

possibility of directly correcting the motion effect in the NMR processing.

Overall, this work presents experimental results obtained with our LWD simulator

explained through the basic theoretical method employed. As a next step, we plan to

study a set of representative rocks from the sandstone and carbonate families using the

equipment presented in this manuscript. In addition, experiments related to the section

discussing diffusion effects are already in progress. To minimize the effects associated with

spatial RF selectivity, we aim to design more efficient probes that allow for the application

of shorter RF pulses. Finally, we wholeheartedly encourage readers to engage with the

LEAR group to offer any suggestions or report any errors, as we continually strive to refine

and improve our methodologies.
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5 CONCLUSIONS AND PERSPECTIVES

Reservoir and LWD conditions are characterized by intricate and demanding
environments. The current state of the art in the field of NMR parameter estimation
is continuously evolving to meet these challenges and continued research is needed to
develop new techniques and methods for NMR measurements in porous media under these
conditions.*? % In the present work, we were able to explore the impact of oscillatory
motions on the measurements of NMR parameters, particularly the complexity of T,

distributions.

The purpose of this work was to provide a concise yet comprehensive introduction to
the theory of NMR relaxation and diffusion, as well as signal processing, and demonstrate
their importance in the characterization of porous materials and their application in LWD
conditions. The relaxation and diffusion properties of fluids in porous materials can provide
valuable information about the pore structure, fluid dynamics, and fluid-solid interactions.
Signal processing techniques, such as inversion algorithms, are essential for converting
NMR signals into useful information about the sample. The conclusions drawn from this
work are based on both the relevant literature and the author’s own research, and are

summarized in the following bullet points.3~*12-13,19-20

o The low-field NMR technique and unilateral magnets have been long applied for the
characterization of porous media. The positive sides of this technique include its
ability to provide real-time measurements during drilling, allowing for more accurate
and efficient characterization of subsurface formations. However, there are also some
limitations to the technique, including the need for specialized equipment that can

withstand the harsh conditions of drilling environments.

While our work has focused on potential applications in the context of LWD tools, it is
important to emphasize that depending on the drilling approach, different magnetic
field profiles can be obtained. Thus, the suitability of the technique should be
evaluated for each specific drilling environment, and the limitations of the technique

must be considered when interpreting results.!? =2

o CPMG pulse sequences in NMR have been widely used for the characterization of
porous media, including applications in well-logging. In the presence of intricate
environments, which are common in LWD conditions, advanced signal processing
techniques may be applied to CPMG data to improve the accuracy of NMR parameter
estimation and provide more detailed information about the pore structure of porous
media. These techniques might be particularly useful in LWD-like conditions, where

the signal-to-noise ratio may be lower and signal distortions may be more prevalent.
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This master’s work in NMR applied to porous media and conditions similar to LWD
offers a plethora of exciting and promising research perspectives. The potential research
directions are vast and varied, ranging from the development of novel pulse sequences
and hardware to the exploration of fundamental aspects of NMR relaxation and diffusion

mechanisms in porous media. Some possible perspectives are:®1%41716,68

« Signal processing techniques. Advanced signal processing techniques are neces-
sary to extract useful information from the highly complex NMR signal in demanding
environments. Signal processing techniques, such as machine learning algorithms,

signal decomposition techniques, and advanced statistical analysis, may be utilized.

« Combination with other characterization techniques. NMR is frequently
employed in conjunction with other characterization techniques such as X-ray micro-
tomography (CT) or electron microscopy to acquire a more complete understanding

of porous media.

« Application to real-world problems. The use of NMR as a tool for characterizing
porous media offers numerous practical applications for solving real-world problems,
particularly in the oil and gas industry. Its versatility make it an essential technique

for studying porous media in different geological formations.

Despite these challenges, NMR remains a valuable tool for characterizing fluids
and rocks in reservoirs and boreholes. Advances in hardware, software, and methodology
continue to improve the accuracy and precision of NMR measurements under challenging
conditions. These improvements will enable the continued use of NMR as a powerful tool

for scientific research and practical applications.

The LEAR research group will face the challenge of sustaining their extensive
research on the application of NMR to the study of porous media. The group has focused
its efforts on this area, and their significant progress is evident in the development of novel
methods for using unilateral NMR instruments to obtain information on fluid properties
and reservoir properties.*! =42 This work has initiated the exploration of potential avenues
for a deeper understanding of porous media and its potential implications for a variety of
industries, making it a critical area of research for the LEAR group to pursue in future

projects.
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