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Short Summary

The problem that a magnetic drilling mud cause to the accuracy of the directional drilling technology is
outlined. The purpose of the work is identified in the theoretical modelling of the magnetic response of the
magnetic mud, a fluid that is contaminated with small amounts of magnetic materials. The theory of mixing
magnetic materials is reviewed, practical results are derived in detail and discussed. The classic model of an
ellipsoid, instrumental for the calculations, is presented in detail. Are then defined and developed the models
for suspended particles under the combined effect of a magnetic field and Brownian motion; the predictions

are compared to the available experimental data.
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Introduction

“ANDREA: I would like to become a physicist like you, Galileo.
GALILEOQO: Surely I agree with you, since there is a huge amount of problems still to solve in our
field.”

— Bertold Brecht, Life of Galileo

1.1 Background

etween the many human activities, the hunt for energy has a prominent role; a part of the modern
B energy needs is covered by natural fossil Oil and Gas, that have to be extracted from underground
deposit through deep and expensive wells.

Oil wells have been traditionally vertical, but in recent times it has been started to drill deviated and
horizontal wells, in the continuous race to get more oil while the reserves become less accessible. Deviated
wells are extensively used in Offshore field developments, in order to exploit a wide area with a single
platform; horizontal wells are drilled for the production of shale gas, as a long section of well is needed inside
the typically shallow and horizontal reservoir.

Outside the Oil industry, drilling horizontal bores is used to create buried channels that can house cables

and pipes, as an alternative of digging a trench, lay the cable and cover it again.

The technology has been called directional drilling, and present a set of new challenges with respect to
the normal boring of a vertical, straight hole. The first challenge is to convince the drilling bit to change
direction; isn’t easy but many techniques have been effectively applied, so that the drilling direction can be
changed at will.

However, this control of the steering is not accurate, depending on many factors that could alter the given

direction and eventually lead to miss the planned target. As a result a survey system is needed, complemen-
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tary to the physical steering system, able to detect and estimate where and in what direction the bit is going,

in order to implement the indispensable corrections to stay on track.

This latter issue has generate a subject of its own, often called steering survey, and a lot of techniques
have been developed to gauge the position and the direction of the drilling bit; a prominent role is taken
by the Measurement While Drilling (MWD) systems, consisting on a set of sensors, mounted right after the
drilling bit, that can communicate their readings from the bottom of the well to the surface, enabling the rig
crew to know the actual direction almost in real time.

Down inside the Earth’s crust, is not possible to rely on the GPS or look at the stars to get the direction,
so the survey must rely on directional signals that are detectable also under the surface, like the gravitational
field and Earth’s magnetic field'. Then, the typical set of sensors consists of an accelerometer, that detect the
direction of the gravitational acceleration and hence the vertical inclination of the assembly, and a directional

magnetometer, that sense the direction of the magnetic North.

The attention is then zoomed on the detection of the magnetic field, and a detailed view will reveal that
the determination of the North is not simple at all, and is prone to many systematic errors and unavoidable
uncertainties, that degrade the accuracy of the direction survey impairing the performances of the Directional
Drilling.

The errors can come from different sources: the sensor can be faulty; the drill bit and the drill string
are made of steel and can be magnetized, deflecting the local field; Earth’s field can naturally vary over
space and time; and so on. All the main error contributions must be taken into account, to implement the
necessary correction and assess the effective uncertainty. Between those sources, a special place is taken by

the magnetic error induced by the drilling mud, that is the subject of this thesis work.

Qil
business

Human

Directional g Directional g Magnetic o Magnetic | Magnetic
needs

= Energy =mm -
drilling survey survey error sources mud

= Drilling ==

Figure 1.1: A summary on how the magnetic mud fits in the big picture. A similar summary, for the magnetic mud
modelling, is represented in figure 4.1 in the Conclusions. [100]

The problem of the magnetic mud

The drilling mud is the fluid that is pumped down the well to lubricate the drill bit and remove the cuttings,
and it can constitute an important source of error in the magnetic survey. The mud is usually magnetically
inert, but during normal operations it could become contaminated with magnetic particles like steel wear

filings, and thus acquire strong magnetic properties.

1Other interesting signals that could be available at depth, like neutrinos or gravitational waves, are not easy to detect.



1. INTRODUCTION 4

A magnetic drilling mud can shield or deflect the Earth’s magnetic field, affecting the readings of the sen-
sors that are surrounded by the mud. This issue is known since many years and it is credited to cause serious
problems in specific conditions; however, a clear interpretation of the phenomenon, along with a technique to

quantify the error induced, has not been developed yet. To understand the magnetic properties that the mud

drill string drilling mud rock formations

transmitter,

other electronics magnetometer non-magnetic

collar drill bit

Figure 1.2: A sketch of the bottom hole assembly in operation. All the elements illustrated can bring significant
error on the measurement of the Earth’s magnetic field B. Now, the attention is all on the drilling mud contribution.
[105]

acquires when contaminated, have been carried experiments and proposed interpretations. The Directional
Drilling application was the original source of the challenge, but in order to understand and model how the

magnetization of the mud arises, the sharp tools of physics are needed.

The modelling of the drilling mud can rely essentially on the methods developed for electromagnetism,
statistical physics and mathematical analysis. However, the magnetization of the mud has many analogues in
nature and in technology, thus the modelling process can benefit from the contributions coming from different
fields of science. Fields and application that can provide relevant insight include the theory if dielectrics, the

science of paleomagnetism, even astrophysics and the technology of composite materials.

Literature survey

There exist an official guideline for the evaluation and correction of errors in the directional survey of deviated
wells, issued by the ISCWSA committee [29], but the magnetic mud contribution is not included yet, and is
being currently discussed [21, 36]. The detrimental effects of the magnetic mud had been identified several
years ago, and early studies are presented in the references [18, 17, 19], that also model the importance of
the effect with respect to the well orientation. More geometric aspects of the field deviation are addressed in
[20, 31, 32].

The properties of real drilling mud have been measured [18, 28, 30], identifying the root cause of the
magnetic properties in small amounts of magnetic contaminant particles. Some experiment have been carried,
[26, 30, 35], measuring the magnetic shielding effect of muds prepared mixing an inert base with magnetic

particles.
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Figure 1.3: The empirical evidence: real drilling mud in a bucket is attracted and lifted by a strong magnet. Image
from [28]. [14]

The physical modelling of the mud from first principles is approached in some publications, [25, 34, 33]
and some Thesis works [23, 22, 27].

The problem of the magnetic mud is very similar to others encountered in science, like the effective
polarization of a dielectric [3, §8], the Langevin theory of paramagnetism [2, §28] the Detrital Remanent

Magnetization in paleomagnetism [7, 77].

What remains to be done?

The origin of the magnetic properties of the mud had been identified in small quantities of strongly magnetic
particles suspended in the fluid, but the physics of such a suspension remains unclear. Models for magnetic
suspensions exists, but have not been completed or properly adapted. Some experimental result are puzzling
and need completely new models to be explained. All those issues are to be addressed, in order to set up
reliable system that could be used to estimate the magnetic properties of the mud, given the amount and
properties of the contaminants.

More experimental work should be needed also, specially to measure size, shape and composition of the
contaminating magnetic particles. Experience on the field is needed to track the origin of such contaminants,

and understand what procedures can reduce the problem without being too expensive.

Then, the effect on the magnetic measurements need to be carefully evaluated, and a simple error model
must be selected, to be implemented in the whole directional survey system. Contaminant concentration
limits should be settled, together with a way to assess such limits in field operations; the procedures needed

to keep the contamination under control must be checked or restated where needed.
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1.2 Objectives

This Master project is focused on the physical modelling of the drilling mud, as it was identified to be the
critical link in the chain, as well as the most attractive issue from the scientific point of view. The starting
point had already been settled, with an empirical benchmark and fundamental theoretical insights. The
general purpose of this work is to improve the theoretical understanding on the magnetization of the mud;

in detail, the job had been divided into six different objectives:
1. Review, assess and improve the models already proposed;
2. Research in the literature for existing models and methods applicable to the drilling mud;
3. Identify the core physics of the mud magnetization, defining the theoretical framework;
4. Explain the peculiar behaviour seen in the experiments;
5. Provide practical formulas and estimates;

6. Provide an accountable derivation of the results.

Limitations

This study is limited to the theoretical modelling of the mud, and do not include the geometric and direc-
tional variables needed to evaluate the error induced on the directional survey. Most of the space is filled
with calculations and estimates, leaving few room for extensive introductions and broad overviews of all the

arguments touched.

The experimental data are limited, as always, so many variables in the models cannot be quantified ac-

curately.

Several approximations are made in the course of the work, many of which could be questioned; the
modelling has been carried with a classical, macroscopic and mechanical style, thus neglecting a number
of phenomena, like those arising from chemical, colloidal and quantistic properties. This simplification has
been made for the lack of informations on the microscopical processes going on in the mud, for the personal
limitations of the researcher, and for the daunting amount of deep complications that will derive when

including all the details imaginable?.

1.3 Outline of the report

In the report, the models for the magnetization of the mud are derived, with a prominent part taken by

modelling a suspension of magnetic particles, see figure 1.4.

2A models to be useful needs to be simple, but there always the risk of excluding something crucial!
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For those who have no time to read the whole thesis, the essential results are listed in the section 4.2.

In the chapter 2 are at first briefly defined the needed elements of magnetism: is then presented the theory
for the effective properties of a mixture of two different substances, typically one medium and the suspended
solids, when they are not allowed to move. This subject is commonly presented in electrostatic, and is here
adapted for the magnetic case. The main result of the theory are the mixing formulas, that are evaluated for
some examples.

The following chapter 3 is the key one, with the model of a suspension of magnetic particles, free to move,

(a) (b)

Figure 1.4: The main subjects of this thesis: (a) the real drilling mud, subject to the Earth’s magnetic field B; (b)
the model of the drilling mud, a suspension of magnetic particles oriented with B (c) the model of the shape of the
suspended particles, an ellipsoid [114]

subject to the magnetic forces that have to fight against the disordering Brownian motion. Calculation of the
resulting magnetization is carried for dipoles, reproducing Langevin’s theory, and for ellipsoidal paramagnetic
particles. Limiting cases and quantitative estimates are evaluated.

In the last chapter 4 the main results are briefly reviewed, and are indicated some suggestion for future work.

An illustration of the main features of the drilling mud is in appendix A; is very short and could be read
before the other chapters, to get familiar with the object of the report. In the following one B are collected
the representative numerical values used for the estimations.

In the bulky appendix C there is "the Ellipsoid in all its glorious details”, where are reported the calcula-
tions and the results for the classic model of an ellipsoid immersed in a uniform field. The magnetic particles
considered in chapters 2, 3 are always modelled as ellipsoid, using the results from this appendix.

The thesis is a bit long, but there are a many illustrations. Good reading!

>«



The effective susceptibility of a

mixture

2.1 Definitions and units for the magnetic field

“To proceed further we must establish the physical dimensions of these vectors and agree on the
units in which they are to be measured ”

— J. A. Stratton, after presenting Maxwell equations

The definitions and units of measure in magnetostatic are a bit tricky, and is useful to outline the main
quantities involved. It is also mandatory, as the quote suggest, to state what units of measure are used. Since
the topic of this thesis stem from an engineering application, will try to use units from the International
System (SI) [119]. In the following are outlined the salient quantities of magnetostatic; detailed description
can be found in most texts of Electromagnetism [1, 3, 9, 33], although sometimes they still don’t agree about
notations or units. It is useful to remark that the present work will encompass only static or quasi-static
conditions and macroscopic or quasi-macroscopic ones; although it is founded on magnetism, it will not need
any knowledge of what magnetism really is, or where it comes from. A careful use of the following definitions,
joined with Laplace equation alone (Maxwell’s ones will stay hidden!) is all what is needed to build a classical
theory for the magnetization of our drilling mud.

The magnetic field B, or magnetic flux density, is expressed in Tesla [T] or micro Tesla [pT] . In

classical vacuum this flux density is related to the ’field strength’ H by the relation
B = ,U,()H

Where H is measured in Henry or Ampere per metre [Am~!] and the vacuum permeability po = 47 - 10~7

is a scalar (vacuum supposed to be isotropic!) with the adjusting dimensions [Tm A~!] . When a material
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is present, it can affect the field with a property M called magnetization:
B = po(H+ M)

For many common materials within a reasonable range of applied field, the magnetization is induced by the
field and is linear on it: M = xyH. Those material are called paramagnetic or diamagnetic, depending on
the sign of the proportionality constant y. In general, x is a tensor, since the induced magnetization can
depend on the direction of the imposed field, that sounds reasonable for crystalline solids. It is anyway very
common, and usually a good approximation, to consider x a scalar, stating that the material is isotropic.
Exploring the effect of the crystalline anisotropy could be of great interest and has been included in the
"Recommendation for future work” wish list. Forgetting all that, let’s introduce the (scalar) permeability u

of the material and the previous equation can be rewritten:
B =pH = po(1+x)H (2.1)

Note that x = (& — po)/ 1o is the volumetric susceptibility of the material, dimensionless; to add a bit of
complication, is often measured and reported in term of the mass, thus needing a correction with the density
Pt Xmass = X/p-

Materials like iron and magnetite are called ferromagnetic, they don’t fit well with the simple linear
relation and can hold a permanent magnetization M even in absence of the external field. And there are of
course a great number of other materials with strange names, that exhibit the weirdest functional relations
with the applied field, but won’t be considered here?. Often the term magnetization is used to indicate the
remanence, R specially to measure the strength of permanent magnets, but this time is expressed in Tesla,
R = poM.

For the present application also the energy density stored in the magnetic field can be easily defined:3
1
Un = §H -B (2.2)

This energy density is, incredibly, already set in the SI units of Joules per cubic metre [J/m?] .

1 And the density weight could be expressed in pounds, grams, ounces, MeV or whatever, so tabulated values must be carefully
checked.

2Well, the entire work of this thesis consists on studying the weird reaction of the drilling mud on the applied field, thus falling
in this last category; but its component are always considered to be nicely Paramagnetic, and sometimes ideally ferromagnetic

3A proper definition of the magnetic energy can be very tricky [8, p.21, p.337] but in this work there is no need to worry
since a) the field is external and constant in time, b) all the components of the system were already there, and c) all the interest
is only on the variations of the energy.
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2.2 Mixing Formulas

As was illustrated before, the drilling mud is a rich blend of several different substances. If the magnetic
response of the single ingredients is known, is it possible to infer the properties of the mixture? This issue is
quite old and wide considering also the mathematical equivalence between magnetostatic and electrostatic.
The most ancient and simple mixing formula, the weighted average, often called Wiedemann’s law [20],
[117, p.349] when applied to the magnetic susceptibility, could be not enough to describe many situations of
interest.

Essentially, in a static or semi-static environment, all the following quantities have an equivalent approach:
magnetic Permeability, Dielectric constant, Refraction index, electric and heat Conductivity; almost wherever

a Laplace equation is in place.

Figure 2.1: Some of the many fathers of the mixing formula [98]

Since there are different fields of science involved, the fundamental Mizing Formula that solve the current
problem has different versions and names, in honour of those that have refined it for every new application:
the oldest version is the Clausius-Mossotti [37, 38] dating back to 1850, then came Maxwell-Garnett, Lorenz-
Lorentz, Railegh, Bruggeman, Polder-van Santen, Onsager, and probably others.

The essential formula can be derived, among other ways, by considering spheres suspended in a medium
of different permittivity. The field inside a sphere can be sorted out from one of the listed electromagnetic
books, [3, §9], or better evaluated as a special case from the appendix C, using equations (C.10), (C.12) with
parameters from the table C.1. The two ways should match and provide as result for the field B_ inside the

sphere:
3z

B_ = Ho+M) = Ho +LHg) = y1Hop——F—
w1 (Ho ) = p1(Ho 0) = 1 Dy

Where p1 is the permittivity of the sphere and po that of the medium. Defining now the effective large-scale

permittivity piers of the mixture with the equation
B = s H (2.3)

Where the bars stands for spatial average. Said 0 the volume fraction of the spheres, the effective susceptibility

4Even the famous Einstein’s formula on the viscosity of a suspension of rigid spheres can be seen as a special case of mixing.
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results as:
— 32
B B_ B, _mHog 2
eff==—==0— +(1-0 =6——T L (1§
Hetf = g = O, ( )Ho H, (1= 0)p2
30(p1 — p2)

= 1+ 2.4

#2( M1+2M2—5(M1—M2)) 24

This is the Maxwell-Garnett formula for magnetism, that gives the susceptibility of a dilute suspension of
spherical particles; it is the first useful result for the determination of the susceptibility of the drilling mud,
knowing properties and concentration of its components.(Maybe is the first time this formula is applied to

drilling mud, but it is not brand new nor original: this form dates back to 1904 [40]).

Beware, the formula not exact: the particles must be spherical and well diluted, meaning non interacting;
see [49] for a numerical comparison and a quantification of the error. It holds its age anyway very well, and
could be applied with success, specially thanks to the upper and lower bounds set by the paper [46] for an
arbitrary mixture. The diluted condition is not so strict, allowing a good match up to several percentage
point, and even over the whole composition range if also the 'flipped’ version of the formula is used, when
what was the medium is modelled as spherical inclusions as in figure 2.2.

Thanks to the many scientists that have worked on the mixing problem, there are several ways to improve
this formula, see for example [45, 47, 48, 10, 50, 51, 52]. For the present purpose this approximation is
considered enough, and the formula will be extended in the next sections only in the case of ellipsoidal
suspended particles.

as final approximation, let’s take the susceptibility y and the concentration § both small (y ~ 10~5 for most

8 A
.. Weighted Ave )
— Garnett FW
---. Garnett BW ;
4 ] ,

Figure 2.2: A plot of the effective susceptibility, from equation (2.5), compared with the linear Wiedemann law.
The FW line is obtained with the inclusions having x1 = 8 and the medium x2 = 0 while in the BW line the roles are
swapped. Note that the Garnett plot differ from the weighted average already for § < 1, since the x in this example
is not small. [40]

The equation 2.4, considering the medium with permeability close to the vacuum one, us = 1, can be
cleanly expressed also in terms of volumetric susceptibility x = (u1 — po)/ o :

Ners = peff—po 30X
- 110 3+x(1-9)

(2.5)

This function is plotted in fig 2.2.
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materials without iron); the amazing result is

Xeff = (5)( (2.6)

That is, the result that would be obtained by the weighted average of Wiedemann’s law, simply taking
the volumetric weighted average of the susceptibilities. Whenever the ingredient added has no powerful

paramagnetic properties, this last straightforward formula can be successfully applied.

Figure 2.3: The ancient mother of all mixing formulas, the weighted average; here reported in the Hammurabi code
stele, ca 1750 BC

2.3 A suspension of paramagnetic ellipsoids

The particles suspended inside the drilling mud have no reason to be spherical. The bentonite, one of the
main gelling ingredients of the drilling mud, is composed of thin platelets. But the main reason to model the
suspended particle as non-spherical is to try to understand the dynamical magnetizing behaviour observed
by Amundsen et al.[25] and by Ding et al. [26]. In this first section is developed the static or equilibrium
case, using the methods of the effective permittivity, while the trial of reproducing the dynamics is left to
the following chapter.

The non-spherical particles are modelled as ellipsoid, since for this shape exist a clean analytical solution,
that is described in detail in the Appendix A, from which the main results are taken. A light analytical
approach impose also to restrict the general ellipsoid to a spheroid, meaning setting two of the axes equal.
This restriction reduce the adherence with realistic cases, but is considered sufficient to capture the physics

of the system.
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2.3.1 Mixing for ellipsoids

Similarly to the mixing formulas, also the suspension of ellipsoids has a long story. It is chosen here to follow
the line of Sihvola [10, 48], adapted for the special paramagnetic case. The first and simplest case to study

is when all ellipsoids are aligned, like in figure 2.4 Let’s take a large number of ellipsoidal particles, all with

- @ @~ @0
- >
O@
> -
OS>
>
(-

-

>
>
>

Figure 2.4: A fictitious suspension where all the particles are perfectly aligned, perfect ellipsoids and even with the
same proportions. The mixture is manifestly non isotropic.[107]

same proportions and aligned all together; the size can vary. Let also the suspension be sufficiently diluted,
so the nightmare of particle-particle interaction can be neglected. The Cartesian axes are set to correspond
with those of the ellipsoids; in one of those Cartesian direction, say x, parallel to the a axis of the ellipsoids,
the external field is H, and the resulting field inside one of the ellipsoid is determined by the demagnetizing
factor L1y as in equations (C.10), (C.12):

X1 —x2 1 X1 — X2
X L H = B - N T2 0 (1 Ny (27)

1
H; = H) — Liy.—P, = H)+ N, —
Ho X1 H2 X1

Where the last approximation has been made under the assumption that the permeability of the medium is
the vacuum one g (as is often the case, as the base fluids of the mud possess very low susceptibility), and
using the susceptibility instead of the permeability. This setup will be kept from now on, since allows much
more compact expressions and all derived expressions could be re-tuned to the general case if needed.

The Garnett equation (2.5) can easily take the demagnetizing factors of the ellipsoid instead of those of
the sphere, so the effective susceptibility in the z direction (identical to the a direction) results, with ¢ the

small volumetric fraction of ellipsoids:

dx

1+ Ny x(1-9) (28)

Xeffa=

The other components of the susceptibility can be obtained analogously, and the result is a non-scalar
susceptibility, meaning the mixture has different properties in different directions, but still with diagonal

form, thanks to the coordinates parallel to the axes of the ellipsoid:

Xa 0 0
Xeff =10 xp» 0 (2.9)
0 0 Xxc
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A direct practical application of this model is for the susceptibility of deformed rocks, where the inclusions
of different minerals have been smeared all parallel, giving rise to an anisotropic texture. In the drilling

application a perfect alignment is unrealistic, and a more general approach is needed.

2.3.2 Arbitrary orientation

The following step is to consider the ellipsoids not all parallel; since they are usually many, there is no point in
defining the orientation of each one; instead is necessary to introduce a distribution function, that represent
the relative density of ellipsoid with a certain orientation.

Again, the simplification from ellipsoid to spheroid is critical to achieve a reasonably compact description

of the orientation; let’s imagine the spheroid as a needle with an arrow on his tip, see figure 2.5:

N

X

/

Y \

Y

Figure 2.5: Definition of the orientation angles # and 1 with respect to an arbitrarily oriented frame. A third angle
is not needed since the spheroid is invariant around its main axis. Note that the angle 6 is measured from z axis and
not from yz plane; this choice is very convenient when the magnetic field is turned on along the z axis.[110]

The orientation is thus defined by a single direction vector, that spans a solid angle €2. Due to the mirror
symmetry of the spheroid (and of the material of which is made, which is assumed isotropic), the orientation
can be reduced to half sphere, 0 < ¢ < 27w, 0 < 6 < 7/2. Let P(Q) be the probability density of for a

spheroid to be oriented with angle €2; the normalization condition is:

/2 27
1 :/QdQP(Q) - /0:0 de/w_o dep cos 6 p(6, 1)) (2.10)

Then, let’s rewrite the effective equation (2.8) for a generic orientation of the spheroid, meaning rotating the

linear tensor (2.9), like from the figure 2.5; the rotation is here performed only around the § angle, otherwise
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is too complex, and the 1 will be shown to be essentially superfluous and is set to 0:

Xer(0) = Ryxes /R
cosf —sinf O X 0 O cosf sinf 0
= |sinf cos® O]-]1 0 xp O[] —sinf cosf® O
0 0 1 0 0 xc 0 0 1

Xa €082 0 + xpsin? 0 (xa — Xxp)cosfsind 0
= | (xa — xp)cosOsinf xqsin?6+ ypcos?6 0 (2.11)
0 0 Xe

Thanks to the general linearity of electromagnetism, is now possible to get the average (tensorial) permittivity
by integrating this expression over the distribution of orientation; in the following formula the integration
goes separately for all 9 components of the x; and the p(6,)) is considered constant in :

/2

/2 27
Xave =/ de dip cosOP(0,4) = 277/ dOsinOp(0)xesr(6,v) (2.12)
0=0 =0 0=0

The fact that P(6,1) is constant in ¢) mean that the distribution is invariant for rotations around the z axis;
with this consideration, can be stated that the off-diagonal components of x4,e vanish. The interest is then

all in the zx component, that can be written explicitly:

/2
Xar = 27T/ df sin Op(0)(xa cos? 0 + xp sin’ 0) (2.13)
0=0

This result is used to evaluate the effective permittivity when a field is imposed in the z direction. In the
special case when all ellipsoids are aligned with the z axis, § is w/2 for them all, and the distribution has
a Dirichelet § shape p(6) = 0(n/2)/(2mw) (some normalization..), and the special case of equation (2.8) is

obtained again. Another special case of paramount interest is when the ellipsoids are oriented randomly,

N
> TN =
—

Figure 2.6: A suspension with randomly oriented particles ellipsoid, represented in 2D. On large scale it should look
isotropic.[107]

see figure 2.6 that is the reasonable case when the suspension is throughly mixed. In this condition P(2)

is constant, meaning also p(#,1) to be constant and from the normalization, to be 1/(27); the integral can
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then be solved®:

/2 1 1 2
Xar = 277/ df sin @ — (x4 cos® 0 + xpsin®0) = = xa + =X (2.14)
0=0 2w 3 3

Beautiful! To touch with hand the results, it is instructive to see how this formulation behave with limiting
cases, meaning very long ellipsoids (called needles) or very flattened ones, like coins, for which the depolarizing

factors has a simple value.

2.3.3 Needles and coins

Let’s take the ellipsoid with the shape of a needle; from the table C.1 comes N, = 0, N, = 1/2, Thus the

effective permeabilities along a and b axis are, given x the one of the material, and § the concentration

Xa =0X
Xb = 1_;5;155 (2.15)
Thus, when all the needles are aligned along the field x, the average is the same :
Xave = 0 X (2.16)
While when the needles are randomly oriented,
Xave = %M + :,2)1;5;1;; = ;&W (2.17)

Let’s do also the case of flat disks, coins or platelet, in which N, = 1, N, = 0; this is of special interest in

case of one of the main ingredients of the drilling mud, the Bentonite ®. The demagnetizing factors are:

_
14+ x(1-96)

o (2.18)

Xa

so when they’re all aligned flat, perpendicular to the field (so the short axis a is parallel to the field), the

effective permittivity is:
ox

Fpr (2.19)

T
Xave -

5This integral could be avoided, by saying that the random distribution is isotropic, so must be the average: xZ%, = x4v. =

chiZ?, = 1/3xa + 1/3xs + 1/3xc, with xe = xp for the spheroid. The match of the two results encourages to use the integral
for more complex tasks.

SMust be reminded that when mixed with water, the clay Bentonite swallows a lot of water and separates in platelets of one
molecule thick, creating a strong gel. Its magnetic properties (as measured in the dry bulk) come from a variable contamination
of Iron. Iron atoms are trapped and dispersed between the platelets, making the model of a compact macroscopic platelet, with
uniform susceptibility, not so realistic.
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While when they’re randomly oriented

1 oy 2 1. 3+2y(1-96)
1 25y = 1oy ot X1 =9) 2.2
3T+x(1—0) 1 3°X 73X T (1= (220)

TT
Xave -

for the platelets, is interesting also the case when they are oriented with one of the long axis parallel to the

field:
Xave = 0X (2.21)

All those relations are very clean, and could be ready to be used directly in practical applications. It is
however time to disclose the worst calculation of all this thesis. As already indicated, the susceptibility for all
materials is very small, except some ones containing Iron (or Cobalt, or Rare Earths”). It is very instructive
to calculate how those relations behave for x small. Now, computing the approximate form of equations

(2.16), or (2.17), and (2.19), (2.20),leads to the same result for them all:
Xave = 0X (2.22)

That is again the simple, old weighted average formula (2.6)! This horrible consideration could relegate all
the formulas, carefully evaluated for spheres, needles and platelets, in a remote corner: the hidden place for
elaborate formulas with scarce use. The only good side is to know that such a simple average can be reliably
used, without caring of the shape and orientation of the particles.

Furthermore, not all the effort was lost; the special case, when the suspended particles have a huge suscep-
tibility, seems to really happen in the oil fields, as small quantities of iron compounds (metallic debris from
the machinery, accidentally acquired Magnetite, etc.) sneak in the mixture, radically altering its magnetic
response. In electrostatic the situation is different, since materials with high polarizability are the norm, and

all the effort dedicated in the mixing formulas is mandatory, see figure 2.7.

€, +, +,
€

Figure 2.7: Two electric condenser, made with many plates of two different dielectrics. On the left, the horizontal
configuration is equivalent to the model of platelets aligned flat, as in equation (2.19). In the right image, they are
stacked vertical, reproducing the case of equation (2.21). With those simple configurations, the field can be computed
exactly, and the effective dielectric constant should match the calculation made with the ellipsoids. In real condensers,
there is few air, €1, and the main dielectric material, like a plastic, have a huge e2. The left configuration give rise to
a stronger field, and is therefore chosen.[108]

"In the case that a relevant amount of Rare Earth’s metals is found in the drilling mud, it is probably economically convenient
stop the drilling and start selling those metals



Dynamic models

What if the particles in the suspension are free to move and can align with the magnetic field?

3.1 Dipoles alignment vs. Brownian motion

3.1.1 Application of Boltzmann distribution

As first model is the classical theory for a system of dipoles inside an uniform field. The dipoles are considered
free to move, like in a rarefied gas, and are subject to the external field, that push to align them, and the
random Brownian motion, that pulls in the opposite way, randomizing the direction of the dipoles. On
average, who will win, in this battle between order and chaos?

The answer come from Statistical Physics, and is known as the theory of paramagnetism (or also of di-
electric polarization) of gases; it is a neat application of the Boltzmann’s energy distribution law, therefore
illustrated in most books: [2, §28] [8, §3.1], [5, §6.3], [4, §52], and already applied to the drilling mud in the
bachelor thesis by Leiros [22]. The classical model was developed originally by Langevin [42] and Debye [43]

around 1900, and continuously developed since then.

The derivation of this model will be fast, following Béttcher [2]. Take a particle with a vectorial dipole

momentum m, when interacting with a field He, has an energy:
U=—pom- -H, = —pomH, cos 6 (3.1)

Where m, H are the scalar values and 6 the angle between the dipole and the field (in identical setup as in
the figure 2.5). The field has the subscript e since it is not the external imposed field Hy, but the effective
one that takes already into account the paramagnetism of the gas, meaning the influence of all dipoles that

surround the one of study; at the end H, will be evaluated; using directly Hy here could lead to error when

18
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the induced magnetization is strong.
Boltzmann’s energy distribution states that the probability density for a particle to be in a certain state
is:

AP = Ae” ToT dQ (3.2)

Where U is the energy of the state, in Joules [J] , T the temperature of the system in Kelvin [K] , k; the
Boltzmann’s constant, k, ~ 1.30 x 10722 [m?ks~2K~2]. The d( is the element of volume in the phase space
and A is for normalization, such that the combination A df) is non-dimensional.

The equation (3.3) can then be expressed in terms of the dipole energy :

pomHe cos 6

AP = Ae®T dQ = Ae' "7 sind dy dd (3.3)

This is a distribution of probability, and any value of interest can be obtained by integrating its value,
multiplied for the probability weight, over all phase space. The degree of orientation of the particles (and
thus the overall magnetization in the direction of Hy) can be espressed as the average of cosf over the

spherical solid angle of the possible dipole’s orientations:

fo defo siné dy cosfe b

pomHe cos

Jrag [ZTsing dy e For

cosf = / cosf dP = (3.4)
Q

Where the integral at the denominator is just the normalization factor A. Some variables can be grouped

into a non-dimensional constant, that represent the ratio between magnetic and thermal energies:

/L077ll]é
_ 3.5
=T (3.5)
The integral (3.4) was solved long time ago, and gives as result:
— 1
cosf = arctana — — = L(a) (3.6)
a

This is called the Langevin equation, for its first derivation in 1905. Let’s see it looks in figure 3.1:

1For the application of Boltzmann theory to the magnetic energy of a macroscopic particle, one issue must be sorted out:
let imagine this particle as a small magnetized bar, with the 4+ at one tip and the — at the other. When the particle rotates,
the dipole orientation rotates as well: it is coupled with the particle. And to rotate the dipole, the particle must be rotated.
For the Boltzmann’s law to be applied, the dipole orientation must be a separate degree of freedom, and a coupling with the
physical rotation of the particles is likely to make the derivation very complex. Is therefore assumed here that the two rotations
are decoupled. An argument in favour of this choice (other than the easier calculation) is that the particle of interest is big,
thus its Brownian vibration are very small and fast compared to the almost macroscopic motion of orientation along the field.
As proof, a needle of a compass will clearly orient to North, while at the same time performing tiny Brownian vibrations. This
argument can be quantified, taking the rotational energy from the Equipartition Theorem 1/2kgT [13] and thus the mean
mprd
15kgT
four seconds, while for 2 pm the period is down to one hundredth of second, that should still be well above the mean collision
time.

period of revolution of a (spherical) particle with density p is: 7 ~ 4 For a particle 20 pm large, this period is about
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05F =

Figure 3.1: The well behaved plot of the Langevin formula as function of a. For a small is linear (paramagnetic
region), while for a large the system reach saturation. With reference to this plot, a is defined small when it’s < 1,
and large for a > 5. [104]

3.1.2 The magnetization from the dipoles

As defined before, the parameter a represent the ratio between magnetic and thermal energy. When a is
big, the magnetic forces dominate, all particles align and the cosf = 1. On the opposite, when a is small
(f. eks. the magnetic field is very weak), the particles do what they want, and their alignment disappears.
Is very interesting to take the first order of L(a) near zero, to obtain a linear relation, corresponding to the

susceptibility of the ensemble. The result is the Curie law for magnetism, found ten years before Langevin’s:

1 _ ,uOmHe

C(a) = 3¢ KT (3.7)

To translate those non-dimensional results into something real, must be introduced the average volumetric
magnetization of the ensemble, obtained by summing the contribution of all dipoles, divided by the volume
V:
1
M=o zﬁ: m; (3.8)

Is then convenient to rewrite the particle’s magnetic momentum in term of its volume v = 273 (spherical
3

particles), and average volumetric magnetization, called remanence m = vMy, m = vM; and assume
that all the particle have the same size and thus the same absolute moment m 2 (but can be in different
directions!). Also, set § the volumetric fraction of the particles compared to the total volume; then the
average magnetization can be finally expressed:

ﬂrsqufHe)

4
M = 6M /mdP:cSMHeL 3 3.9
7, f ( KT (3.9)

This last expression has all is needed, relating the average magnetization explicitly to all microscopical
properties. It remain to be sorted out the resulting field, defined as H. = Hy — M. This is a bit tricky for

the whole formula, therefore is carried on only the case of rarefied gas, when M < Hy, leading to an error of

the order of M/Hy.
%’/TTS,U,OMfH()>

H, ~ Hy — 6M L(
0 f K,T

(3.10)

2 A more realistic distribution of different sizes of the particles may be computable also, but for sure more complex to handle.
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Figure 3.2: Experimental measures of the magnetization for a suspension of macroscopic dipoles. The Langevin
function fits the data neatly, but is scaled with an ad-hoc factor. From Johnson and Murphy [62], year 1948. [112]

And this formula can be used to evaluate the effective field of a mixture that has been contaminated by a
small amount of magnetized particles. The susceptibility cannot be defined, like from (2.1), since the relation
is not linear (note the Hy inside the Langevin function). It can anyway be linearized to the Curie’s law (3.7),

in the case of a weak field, high temperature and small particles:

47TN0T35M7%
H ~H(1- -~ 7 11
e 0( 9 KbT) (3.11)

That is linear in the applied field, and can be used as well. The susceptibility can thus be defined, and will

be xr, with L as Langevin:
A ,uor35M?

=——" 3.12
XL 9 KT ( )
A further interesting condition is that of the saturation, when all dipoles are tightly aligned. The magneti-

zation is no more dependent on the imposed field:
H.~H, - 0M; (3.13)

3.1.3 Quantification

It must be evaluated which of the cases delineated in the previous section is likely to happen in the condi-
tions found in the drilling mud. To do that, is necessary to quantify the parameters used; it is carried here
a rough estimate, to understand the relative orders of magnitude. Accurate evaluations are postponed until

the needed experimental data on the actual drilling mud components will be available.

As illustrated in the appendix B, the conditions of the drilling mud are: a fixed magnetic field, the Earth’s
one, of a strength pgHy of about 40 pT; a normal temperature of 300 K.
The magnetization, or better the remanence R = oMy of those particles is highly variable, depending

on detailed chemical composition, magnetization history and several other parameters. An upper bound is
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the remanence if the strongest permanent magnets manufactured, that is around 1.3 T, while a lower bound
is more shaded. As representative value is chosen of 0.1 T, B. Dedicated measurements of the particle mag-

netization will be really welcome..

The particle size varies greatly, from molecular scale until grains of some millimeters; is then practical
to evaluate the parameter a as function of the size. With the values indicated, the numerical relation for a

results:
%777“3 oMy H,

a(r, My, Hy,T) = KT

=73.2x 10" (3.14)

Referring to figure 3.1, the linearized or Curie law (3.11) is a good approximation when the parameter a < 1,
that happens when r < 0.3 [um] , while the ensemble gets saturated for about r > 0.6 [um] . Due to the
power 73, scaling down the remanence of the particle’s material by a factor of 1000 (f.eks a weakly magnetized
piece of steel) the r limits gets increased just by a factor of ten®. With a representative concentration of the

contaminants of 1%, corresponding to the maximum concentration of Magnetite tested by Ding et al. [26],

in the low-a range, the susceptibility (3.12) assume the value:

1M
Xo(r, Mg, Ho,T) = 6= =L a =17 1.1 x 10'® (3.15)
3 Hy
The big number at the end shouldn’t scare, as the r is small: for » = 0.3 [am] , xz ~ 1073. In case the
particles are large the saturation magnetization has the simple value:
R, =~ § muoM; = 1000[pT] (3.16)

That is huge, much bigger than the earth’s field that is supposed to drive it. The error comes from the
approximation of weak magnetization done in equation (3.10). Reviewing the calculations from that point
should lead to a maximum magnetization equal to the imposed field, thus cancelling it, similarly to what
happens for electric conductors in electrostatic. The medium will then behave as having infinite susceptibility,
until the external field reach the ensemble’s saturation limit*.

The result is not compatible with the measures of [26]; at similar conclusion and mismatch arrives the
paleomagnetism theory and experiments, [65, 7, 66, 74]. As consequence, the theory must be modified, and
input data (specially the remanence of the particles) must be verified. Using a low value for the remanence
of the material helps: if it is as low as 1073 [T] , the saturation magnetization is 10 [pT] , that is nicer; but

is not allowed to freely tune this parameter of the model, as it should be an experimental input.

On the other way, magnetic devices found in living organisms, as in figure 3.3, seem to confirm the theory,

3This scaling applies to the extension of the linear range, not to the amount of magnetization

4This situation of cancellation of the magnetic field is found also, for example, with on-purpose magnetic shielding systems,
like the "Magnetic Faraday cages” to handle sensitive equipment. A deeper study on this subject will be very interesting, but
for the sake of focus and compactness has to be skipped, this time.
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at least locally; and experiments from paleomagnetism suggests that the dependency is good, but a strong
scaling is needed, as shown in figure 3.2. The issue will be left open, hoping that it could constitute fertile

ground for another future thesis. Some ideas that could lead to a solution are listed in the section 3.3.

Also the result of the linearized equation (3.11), with its susceptibility (3.15), is prone to the same error,
and after having assessed the the obtained magnetization M must be checked to be much smaller than the

driving field, and all the corrections included to the total alignment .

As was shown, the dipoles in suspension can have powerful magnetic effects; the use of the linear model
3.11 must be carefully limited to opportune conditions, and critical parameters like the size of the particles
and the remanence of the material must be carefully assessed, as can dramatically change the behaviour of
the system. Having checked those precautionary conditions, the formulas obtained are simple and explicit,

and can be used.

-

Figure 3.3: TEM image of a magnetosome, a row of magnetite crystals that some bacteria use as magnetic compass
to orient themselves with the Earth’s field. Pigeons, salmons and probably also humans have similar devices installed.
Note the size, the smallest at which the magnetic orientation can be discerned from Brownian white noise, as from
equation (3.14), with magnetization of small magnetite crystals as high as 1 [T] . Image from the Butler’s book on
Paleomagnetism, [7], who get it from C. McCabe. [99]

A last check for this model: assume the dipoles are (classical) iron atoms, with a (classical)® magnetic
dipole of a magnitude of the Bohr’s magneton, p;, ~ 9.3 x 1072* [JT~!] . Dissolving iron atoms in water at
a concentration by weight of 2.7 %, like in the experiment of Ding et al. [26], give rise to a numeric density
of n =~ 3.6 x 10%* atoms per unit volume. The small Bohr magneton fit in the category of a < 1, then the
susceptibility results:

H
X1 =1 “]:bTO ~2.3x10°° (3.17)

That is small, but in the order of magnitude of the susceptibility of normal paramagnetic materials; this

small value will reduce the Earth’s field by an amount

AHy = x; Hy ~ 9 x 107°[nT]

5As usual, no quantistic spin or orbit; furthermore, the magnetic moment of single atoms is crucially dependent by the
chemical surrounding; and also, an atom is small, meaning its inertial rotational motion cannot be decoupled to the dipole
alignment, unless is a real isolated atom; and so on. A derivation with quantistic magnetic moment will lead to the Brillouin
function, qualitatively similar to the Langevin one. See [5, §7.8].
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That is, so small to be undetectable and negligible; this estimate is confirmed by the experimental measure-

ment in [26].

3.2 Alignment of paramagnetic ellipsoids vs. Brownian motion

The model presented in the previous section, the Langevin model for the orientation of a gas of fixed dipoles,
can be adapted to be used for a suspension of paramagnetic particles. When a paramagnetic particle is
subject to an external uniform magnetic field it will be subject to a torque that tends to align the it along
the field, unless this particle is perfectly spherical. Approximating a non-spherical particles with an ellipsoid
allows to calculate this torque; in the appendix C are sorted out all the details for the ellipsoid into an
uniform field.

Similarly to the case of dipoles, the alignment of paramagnetic particles could greatly influence the mean
magnetization of the system. The development of an orientation model for paramagnetic particles was the
main goal of this thesis work, since it was identified as a key process that can influence the magnetization
of the drilling mud [25], with the particles represented by iron compounds, with very high susceptibility. A
first approach to build a thermodynamic model has been presented in the bachelor thesis by Leiros [22], like

for the Langevin model, and here is expanded.

Most of the physical basis are already set up, in the previous sections and in the appendix C. Instead of
the dipole energy (3.1), the energy for the interaction between the ellipsoid and the external field must be
used, as from equation (C.15):

U, =k cos? @ (3.18)

Note the cos? f here instead of just cos 6 from the dipole (3.1). In the factor k are condensed all the features

of the ellipsoid, (C.16).

The energy so defined can be put into the Boltzmann distribution formula, as was done for the dipole®.
There are a number of delicate issues about the Brownian motion of an ellipsoid, for which there is no space
here; the error caused by ignoring all those consideration should be manageable; see for example [44, 55, 59]
the probability density, as function of the angle 6 between the field Hy and the ellipsoid axis a (refer always
to the figure 2.5 reads”:

dP=A eikfc{ojbs;e sinf dy do (3.19)

Now, what is looked for is the effective permittivity of the system (the "gas of ellipsoids”), given the distri-

6The model for paramagnetic particles was set up before realizing that Langevin did already the same for fixed dipoles; it is
now positioned after because, well, Langevin did its model in 1905, and the paramagnetic ellipsoid is more tricky than a fixed
dipole.

"In the equations following, k is the ellipsoid coefficient and Kj indicate the Boltzmann constant; sorry for the confusing
notation.
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bution; comes in aid the mixing formula (2.13) from the previous chapter, reproduced here, where only the

component along the field is of interest, as the other should be zero for symmetry arguments®:

/2
Xpar = 27 / df sin @ ,p(0) (x4 cos® 6 + xp sin® ) (3.20)
6

=0

The probability density (3.19) can be dropped into the integral (3.20), and taking care also of the normal-

ization constant A, the whole construction will look like (3.4):

COS2
™46 [*7 sin @ dyp (xq cos® 8 + xpsin @) - e_kaTg
0 -0 (3.21)
Xpar = cos2 .
Jy do fozw sinf diy e o

This horrible expression is not so bad as it looks, specially if the variables at the exponential can be grouped,
like was done for the Langevin derivation (3.5), into a non-dimensional constant that represent the ratio

between the paramagnetic inclination energy and the thermal one:

k
= — 3.22
And a substitution of the variable of integration, x = cosf dz = —sinf df, will do the rest, leaving two

Gaussian integrals, that are widely accepted as normal functions and can be sorted out, giving as result®:

(Xa —Xb) € Xa—Xb
ar — - 3.23
Xp Ve erfi(y/c) 2¢ HR (3:23)

This equation express the effective susceptibility of a suspension of ellipsoids, while is taken into account
their desire to move!'®. The erfi is the imaginary error function. This expression still looks a bit scary, but
is really well behaved in reality. It is convenient to rewrite it in term of a function A(c) that groups all the

weird dependencies:

Xpar = (Xa — Xb) Ac) + Xxb (3.24)

As short consistency check, let reduce the ellipsoids to spheres, for which x, — x5, = 0; the susceptibility takes

the simple form:
3dx

Xpar = Xb = m

That was the simple mixing formula (2.5), not dependent on the external field, confirming that there is no

way to orient an isotropic sphere. .

8]n effect, the formula (2.13) was introduced and specifically trimmed mostly to be used here, with the Boltzmann distribution.

9This result was originally obtained by using the powerful method of the partition function [22], [5, §7]; the direct derivation
presented here is a little harder, but linear and doesn’t involve much introduction of statistical physics concepts.

10The term susceptibility is slightly abused, as Xpqr depends on the applied field Hy through the ¢ constant



3. MAGNETIC ALIGNMENT 26

3.2.1 Quantification

The function A(c) have a very nice plot, illustrated in the figure 3.4: Referring to this figure'!, a set of

210 5 0 5 10 ¢

Figure 3.4: The function A(c). No divergences nor renormalization issues, just a long and smooth s. [103]

considerations can be drawn. At first, let remind that ¢ > 0 is the case of a paramagnetic particle, x < 0
that is attracted by the field, while ¢ < 0 is the diamagnetic case, xy < 0, that is of scarce interest.
When ¢ = 0 the function has value A(0) = 1/3, meaning there is no magnetic field, reconducting to the

susceptibility of randomly oriented ellipsoids, equation (2.14):

1 2

= ( ) L +xp = + (3.25)
Xpar = (Xa Xb 3 Xb = 3Xa 3Xb .

Furthermore, for ¢ small, the susceptibility can be said to be approximately constant with value from (3.25),
that is quite simple; for more accuracy, a first derivative could be added, but it is not mandatory.
For ¢ large, meaning when the magnetic field is strong, A(c) — 1, and the condition where all the particles

are oriented is reached, as equation (2.8):

Xpar = (Xa = Xb) - 1+ Xp = Xa (3.26)

The alignment behaviour of the paramagnetic ellipsoids is then simple, predictable and not weird. Is inter-
esting to understand when the conditions of ¢ small or big happens. Let’s set, with reference to the plot of
A(c) that 0 < ¢ <1 is the ’small’ range and when ¢ > 5 is considered large.
Is then needed to get ¢ explicitly: from the definition of ¢ in (3.22) and in (C.16) for the k factor:
1 2 No—N,
=V +1 Hs—— Ya—%
g 2V D (1+-Nax) (1+N0x)

_ _ 2
‘T K, T K, T (3.27)

And taking the limit case of a long and thin ellipsoid, the needle, with the N; coefficients from table C.1:

2 r* HE x(x +1)
= yo 2 xx+1

= 3.28
Ho 3 KT x+2 ( )

11The analysis of the function is omitted, as quite long and tricky. The unsurprising results are condensed in the plot.
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Extracting the radius of the particle r2:

3.29
21 po HE x(x +1) (3.29)

_(ichT X +2 )1/3

With the a value for the susceptibility of the particle y = 10, like steel filings in appendix B the value of r
results:

2r <10[mm| = c¢< 1 2r > 20[mm| = ¢>1 (3.30)

Thus, paramagnetic particles up to the size of ten [mm] will not orient significantly, and with double size
are almost perfectly aligned. This size is much more than what was expected; particles of ten [mm] are
likely to be eliminated by the mud system, and chunks of steel of such size will not remain unobserved, or
aren’t likely to stay suspended in the fluid.

Taking a larger x will help a bit to reduce the size of the particles to see the effect, bu not too much since
r ~ x~ /3. With the great value of x = 10°, the minimum size to see the orienting is 0.4 [mm] , now almost
in the range of a suspended solid. Similarly to the case of suspended dipoles, the knowledge of the magnetic

properties of the contaminants is mandatory to apply the model.

A difference between the two models must be observed: in the dipole model the state of random orienta-
tions correspond to zero magnetization; for the suspension of paramagnets, the things are going differently:
at random orientation the susceptibility is already considerable, and is only increased of something with the
alignment. For the case of needles, the maximum susceptibility (3.26) is about three times the minimum one
(3.25), in the limit case of large x. This observation will turn useful to interpret the experimental result of

the next section.

3.3 The dynamic shielding

“With four parameters I can fit an elephant, and with five I can make him wiggle his trunk.”

— Probably John von Neumann

In this last section is addressed a puzzling experimental result, that hardly fits into rational models.
Here method of careful derivation from first principle is abandoned, in favour of creative and qualitative
fitting of the experimental evidence. No accurate or predictive calculations are sought: the territory is vastly
unexplored, and just a rough map will be sketched.

After two chapters of detailed coefficients, integrals and ellipsoids, it is time now to have some fun and

just play with physics instead of working on it.

12For the following calculation, the radius is calculated from the volume considering the particle as spherical. But it was a
needle the equation before! After the Spherical Cow, here it is the spherical needle. Anyway, is just to estimate the size. A
needle of same volume will be a bit longer, say an order of magnitude, but no more.
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All the models developed up to now were static; the particles are allowed to move, but the fluid, in the
large scale, is still, and the magnetic field is fixed. In real drilling practice the situation is quite different:
the mud is pumped and mixed at high speed, and just before taking the magnetic measures, the circulation
is usually stopped, and the mud become still. That condition was reproduced in the experiment reported by
[26, 25]. A bucket of mud was mixed, a magnetometer inserted, and the mud left at rest. The readings of

the magnetometers, as function of time, are illustrated in the figure 3.5. As shown from the figure 3.5, the
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Figure 3.5: The experimental evidence: time variation of the magnetic field inside a bucket of drilling mud, after it
was mixed at ¢ = 0, from [26]. Different lines are different experiments, varying the concentration of the contaminant,
magnetite. [101]

measured field varies with time, consistently in several experiments, and the time dependency is not trivial.

How to explain this behaviour? The answer is qualitative and graphic, depicted in the figure 3.6: The idea
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Figure 3.6: Two uni-directional processes A and B, combined, can model the magnetization C = A x B. The
measured field in 3.5 is obtained by flipping C. [102]

of figure 3.6 is to split the process into two: the process A, represented by a progressive and increasing

magnetization of the mud; the process B, that operate a progressive and slower damping on the process A.
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3.3.1 The retarded magnetization

The best candidate to represent a progressive magnetization is the alignment of the suspended particles. The
mixing is assumed to destroy the orientation of the particles. When the mixing is stopped, the alignment
starts, but is not immediate: the viscosity if the fluid slows the motion, together with the Brownian distur-

bance.

The viscous term can be sorted out in good detail, with some assumptions: the fluid is to be Newtonian,
the mass forces are set negligible to the viscous ones, and the particle is, again, ellipsoidal. The motion of
an ellipsoid in a fluid can be solved exactly [11], with the same methods of appendix C!

The result for a pure rotation motion in a fluid should look like that: a torque, linear with the rotational
speed of the particle, and directed against it; plus a weird numerical coefficient in front, to remind that the

ellipsoid is not trivial.

The magnetic torque can be obtained by differentiating the energy used for the dipole (3.1), or from the
paramagnetic ellipsoid model(3.18). The first give a sin 6, ad the second a funny sin 20. The magnetic force

acts against the viscous one, thus generating a first order equation:
0 = ¢ sin(0) (3.31)

This first is for the dipole; in the parameter g there are all the coefficients of the case, that are not computed

here. For the paramagnetic ellipsoid, the dynamics is governed by:
6 = p sin(26) (3.32)

Those equations could be solved!® and a nice solution is expected, with the particles aligning with the field
and 6 approaching zero as time passes.

The resultant magnetization dynamics can then be evaluated, by setting as start condition a random
distribution; the instantaneous average magnetization is obtained by the equation (2.13) for the paramagnet

and a version of (3.4) for the dipole. Will the functions look qualitatively like the A in figure 3.67

There is a difference between the paramagnetic and the dipole case, as already mentioned: A random
distribution of dipoles has zero magnetization; while the random distribution of paramagnetic ellipsoids
has a finite and significant susceptibility. That susceptibility give immediate rise to magnetization; thus, a
suspension of paramagnetic particles will show immediate damping of the field, and a time strengthening of
the damping limited to maximum three times of the initial one, that is approximately incompatible with the

experimental results.

13The supervisor say that they are almost trivial.
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The dipole model can start from zero, and passes the test.

A proper treatment of the Brownian dynamics of the alignment is expected to be more complex than the
viscous force [15]; let’s assume that the essential contribution of all the Brownian details is just to make a
bit more complex the coefficient obtained from the viscous model. With that last simple step, the model for
the retarded magnetization A could be said complete.

It was easy! Well, no details were sorted out, and no quantitative prediction is available; all still rely just

on arguments, and will need a lot of work to become really useful. But that’s all, for now.

3.3.2 The damping

The modelling of the process A, the retarded magnetization, was just a draft. The modelling of the process
B, a slow but definitive damping of the magnetization, will be just a list of ideas. Note that a model for the
damping of suspended dipoles is also needed for solving the problem left open with equation (3.16).

A process is needed that slowly damps the magnetization carried by the dipoles, up to almost cancelling
it. No one of the models already discussed in the previous sections can provide such a damping. Something

different is needed, and there are several ideas on how to do that:

Remove
If the particles are removed from the mud, they won’t affect the magnetization anymore. The first process
is sagging, or falling of the particles at the bottom of the bucket, leaving the mud free. It is very attractive,
since the simple Stoke’s law [11] is available to get the falling speed of particles and thus the. But the
experimenters don’t agree: there was no sagging. The mud is thick and holds all the particles during the
experiment.

Another way to eliminate solids is to dissolve them; iron and magnetite are unstable in water, and after
a while they will disappear. But again, the reality say no: the experiment was repeated remixing the same
mud, and all worked as before, so the particles are still there. How else could they disappear? Are made of

Iron, so nuclear decay is out of discussion.

Block
Another idea comes from the thickness itself of the mud. When flows, the mud has low viscosity, but when
is left still, the thickeners and gelling agents slowly build a solid network, creating a brown pudding. The
magnetic particles can remains trapped in the network, n more able to follow their magnetic desire, or even
forced to take unnatural positions by the tightening gel. This theory is promising and not confuted jet; the
magnitude of the forces could be derived from the macroscopic gel strength, and some data taken from the

paleomagnetism [74].
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Shield
A grain of magnetite, seen from near, possess a very strong magnetic field; such field can alter the linear
response of the neighbourhood, that shields the magnetic field of the particle; this secondary shielding must
be slower than the grain orientation; is quite strange since almost all non-linearities involve a decreasing of
the susceptibilities increasing the field, while here is needed the opposite.

A possibility could come from the vast and fertile land of surface chemistry: the layer that wraps the
magnetic particles could slowly became superparamagnetic (or superconductive, should be good as well) for

some obscure reason, in a slow and delicate manner, thus shielding each particle field.

Chain
As happen in ferrofluids, the small magnets that roam in the fluid can meet and attach each other; since the
local magnetic forces are much stronger than the feeble Earth’s field, they will not follow a plan, and will
assemble in disordered clusters of rings that annihilate each other’s field; the bond is not so strong and can

be disrupted by mixing.

And could be added more mechanisms; many of the ideas may seem unrealistic, but must be reminded
that an official model hasn’t been settled yet; the physics of small things is so rich and surprising, that no

roads should be left unexplored for the fear of a mistake. At worst, something unexpected could be discovered.



Summary and Recommendations for

Further Work

4.1 Summary

The main topics addressed in the thesis are shortly repeated here, in comparison with the Objectives that
were set in the section 1.2. The previous models for the drilling mud have been reviewed, in particular: the
Wiedemann law approach, for the susceptibility of a mixture, is expanded to a general mixing model, and
are assessed the ranges of applicability.

The models of orientation of the suspended particles were developed in detail, compared to the relevant

literature, and their main predictions confronted with the available data.

An extensive research in the literature was carried, identifying a great number of fields of science that
deals with magnetized ellipsoid and effective susceptibility; and including also the electrostatic twin problem,
the amount of interesting work done is amazing. A detailed literature survey is not reported for reasons of
space; main useful contributions gained are the Mixing formulas of chap. 2, a good assessment of Langevin
theory in the first part of chap. 3, data from the experiments in paleomagnetism.

The core physics of the drilling mud linked to the illustrated models has been thoroughly exposed, deriving
the relations from general priciples. However, the results obtained indicate that there are some complex key
processes that are still unidentified. The experimental observation in the section 3.3 had only a drafted an

partial explanation, and the current models are insufficient to interpret the process.
Several practical formulas are presented, and their applicability is discussed. The calculations are started

from their natural origin, and carried with as many detailed steps as the space allows; but several derivations

have been skipped, when repeated, too trivial or too complex. Specific reference is given to didactic manuals
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Figure 4.1: A scheme of the elements needed to model the magnetic properties of the drilling mud. Broken lines
inserted where the connection is identified but not fully exploited. [106]

where needed.

The figure 4.1 is a synthetic representation of the work done.

4.2 Results for the impatients

For those who don’t want to read the whole thesis, the essential results are listed here:

o When two substances are mixed, if their susceptibilities x1, x2 are close, is possible to use the Wiede-

mannn’s law, the volume weighted average (2.22):

xiVit+xaV

A A A

® When a small volume fraction ¢ of a magnetic contaminant with high susceptibility x is added to the

mud, is better to use the Maxwell-Garnett formula, (2.5):

3dx

XT3y —9)

e If a small fraction § of fixed dipoles of remanence R is added, the magnetization is governed by the
Langevin function (3.6):

M =§RL(a)

o If the contamination strongly magnetized material, like an industrial magnet grinded, is added, the

mud should be capable of shielding completely the Earth’s field (?7).
o But unidentified processes normally hamper that effect.

e If a small fraction of large paramagnetic particles are added, the susceptibility could be expressed as
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(3.24)
Xpar = (Xa — Xb) Ac) + xb

4.3 Recommendations for Further Work

The magnetic properties of the drilling mud are still far from clear. Useful progresses will come by:
o Experimental assessing of the properties of the contaminants;

e Theoretical research on the chemical-physical interactions of the contaminants, with their interaction

with the rest of the mud;
o Extension of the basic models for distributions of sizes and shapes.

o Integration of the paramagnetic and fixed-dipole models into a single, flexible model for ferromagnetic

materials.

Q



Appendix A

The Drilling Mud

In this appendix are shortly described the Drilling Mud and the magnetic contaminants that it could acquire.

A science on its own

The drilling mud is the liquid that is pumped in the well during drilling; its importance in the technology
of drilling and in the expense budget is so relevant that has create a whole field of science of its own, see
for example the book [14]. This specially tailored and expensive fluid performs several duties, the most

important of which are:
e Lubricate the drilling bit;
o Transport to the surface the cuttings;
o Compensate the geological pressure in the well;

And many other duties, like avoiding corrosion, allow easy separation of the cuttings at the surface, etc.
The liquid that constitute the bulk of the mud is called the base, and could be either water, oil, or syn-

thetic fluids, and even a mixture of those.

To properly transport upward the cuttings, the mud must possess a jelly consistence, and the proper
rheology [6] is obtained with additives like the clay Bentonite and polymeric gelling agents. The complex
composition and the markedly non-newtonian consistence of this fluid could play a significant role in the

movement of the magnetic particles described in the chapter 3.
To compensate the geological pressure, often the fluid is needed to be heavier than the water, and weight-

ing additives are used, like the mineral Barite. And then, another thousand of chemicals or empirically-based

additives to achieve all the most intricate properties needed.
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The mud is usually processed at the rig with a dedicated system and then reused. The main components

of the mud system are:
o The shale shaker, that filters the coarse solids coming out of the well;
o The mud pit, where the fluid is stored and decantate;
® The mud pump, that sucks the fluid from the pit and send it down in the well.

Often there are many other components in the mud system; one of them, of great interest for the magnetic
problems, is the ditch magnet: a grid of powerful magnet set against the stream of mud, in order to attract

and remove from the mud the coarsest magnetic particles.

Magnetic contaminants

A freshly prepared mud is usually non-magnetic, with a very small susceptibility. As first exception to this
rule, if as weighting agents are used the uncommon Ilmenite from Sokndal [17], or the Hematite mineral,
that have both strong magnetic properties, the resulting mud will be magnetic.

The second exception is the widespread addition of Bentonite, that has weak paramagnetic properties

due to a variable Iron content. Bentonite can give a significant contribution to the mud’s susceptibility [30].

Leaving apart those manageable exceptions, in normal conditions the magnetic contribution comes from

uncontrolled contamination, thanks to a great variety of potential sources:

® Steel swarfs comes regularly from the wear of the equipment, like the pumps, the drill string, the

movimentation equipment;

® The rock formation being drilled can contain natural Magnetite or Hematite, that is acquired by the

mud;
e The ingredients are often transported or stocked improperly, acquiring iron residues;
e Many ingredients employed have a proprietary formulation, and could contain iron.

The ditch magnet mentioned earlier are usually engineered to remove only the largest particles, and will
leave all the fine ones in the mud. The special thickness of the mud allows relatively large particles to stay
in suspension, and understanding the physics of this suspension of minute magnetic particles is the purpose
of this thesis. The general term 'magnetic particles’ is used, and its examples most often found in the mud

are the small steel swarfs, Magnetite or Hematite crystals and Bentonite flakes.



Appendix B

Experimental values

In this appendix are summarized the representative numerical values found in the literature, that are used
to quantify the models developed for the drilling mud. The amounts are to be considered only indicative,
as the key magnetic properties of susceptibility and remanence have a wide range of variation for ferrous
materials, that possess highly non-linear response, and not many specific experimental data are available. A

simple numerical value is chosen within the range, to be used in the calculations.

For the Earth’s magnetic field, the average value of 40 [T] is used [95], and the temperature is set to a

normal ambient one of of 300 K!.

The concentration of the magnetic contaminants is set to 1% by volume, about the maximum that was

tested [26, 28], while in real situation the concentration is commonly much lower [18].

The size of the suspended magnetic particles is not defined, and could range from molecular scale to some

millimeters. In the evaluations, the size is usually left as the main independent variable.

Paramagnetic materials

Material Susceptibility range SI | Chosen value SI | Source
Water 9x107° 0 [82]
Steel 10% - 10° 102 [26],[82]
Magnetite 1071 - 103 1 [26]
Bentonite 107¢-10-4 10~4 [84]

1Drilling mud could be very hot down in the well, but for simplicity the temperature is set to a normal ambient one of 23°C,

as could be experienced in Norway during some warm summers.
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Permanent magnets

Material Remanence range [T] | Chosen value [T] | Source
Artificial magnet 1071 -1.35 1071 [94]
Steel 0-1 10-3 [94]
Magnetite, chunks 0-1 107! ND
Single-domain Magnetite 05-1 1 [7]
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Appendix C

The Paramagnetic Ellipsoid
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Figure C.1: Face Transformations, by Albrecht Diirer 1528. Geometric deformations are a powerful tool, widely
used in art, topology, natural evolution and electromagnetism.[96]

In this appendix is reported the solution of the classical problem of a paramagnetic ellipsoid immersed
on a medium of different susceptibility, when is applied an external static and uniform magnetic field. The
rotational momentum that align the ellipsoid along the field is then derived.

The ellipsoid in uniform field is of historical and practical importance since it is one of the few analyti-
cally soluble problems of magnetostatic, due to its similarity with a sphere, see Figure C.1. Its results can
be extended, with good approximation, to a wide array of shapes. It is useful to reproduce the solution here

in order to show the key features and define clearly the notation.

Our magnetostatic problem is mathematically identical to the electrostatic one, and consists on solving
the Laplace equation for an ellipsoid. The analytical challenge was first solved probably by Mathieu [39]
in 1868, who was interested on the vibrations of an elliptical drum. He introduced the elliptical coordi-
nates, that allow a natural implementation of the boundary conditions of our ellipsoid. The best "modern”
presentation is found in the classical book by Stratton [1], who starts by solving a conducting ellipsoid in

electrostatic field, then apply the proper corrections for a dielectric and finally for our paramagnet in static
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magnetic field. I will follow Stratton, except from some conventions that are cleaner in the Landau 8 [3].
A complete solution of this classical problem is usually lacking in the recent electromagnetism textbooks,
probably because the Laplace equation has been effectively implemented in finite-element solver or because

the passion for analytical details has been falling since some decades.

Anyway, detailed calculations for our application have been also carried on already during past Thesis
works here at UiS [23, 27] and the results can be found repeated also in journal publications [48, 51, 60].
So, what is the result? If we apply an uniform external field, inside the ellipsoid the field will be also
uniform, but not in the same direction of the applied one! The change in direction is dependent on the
relative susceptibilities and on the shape and orientation of the ellipsoid, making energetically convenient
to stay aligned with the field. Furthermore, this solution allows an easy integration of the magnetization
momentum, thanks to the fact that it is uniform inside the ellipsoid.

This clean solution has been widely used; its most notable application is to measure with great accuracy
the susceptibility of materials, that have to be shaped into an ellipsoid and placed inside a reasonably uniform

magnetic field.

An outline of the calculation is as follows:

e [1] Say that the static magnetic field can be described in term of a scalar potential that obey Laplace

equation;
o [2] Write the Laplace equation in a way that allows the application of ellipsoidal boundary conditions;
e [3] Find generic solutions;
e [4] Adapt the solution for a paramagnet with external field;

e [5] Evaluate the quantities of interest, namely energy and torque.

C.1 Rewrite Laplace equation

“Mathematical Analysis is the true rational basis of the whole system of our positive knowledge.”

— Auguste Comte, 1853

The solution for paramagnetic ellipsoid is given by Stratton [1] in the §4.19, but most of the calculations
are anticipated by the electrostatic case. The magnetostatic problem can be represented by the scalar po-
tential ¢x, [1, §4.16] that plays the same role as the electrostatic potential: it must be a solution of Laplace’s

equation, and on how to fond this solution is dedicated what follows.
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First, let’s define what the ellipsoid is: it is a sphere that has been deformed. It doesn’t mean that any
pebble or potato can be consider as an ellipsoid, since the deformation type is strictly defined; but in this

thesis is essential that any pebble, potato or sand grain can be well approximated by an ellipsoid.

Figure C.2: A potato, an ellipsoid and a sketch of the elliptical coordinates in 2D. 3D ellipsoidal coordinates are
obtained adding a further hyperboloid. Note the striking similarity between the ellipsoid and a generic potato. [109]

In cartesian coodinates (z, y, z) the ellipsoid surface is defined by the equation

$2 y2 Z2

Where (a, b, ¢) are the semiaxes of the ellipsoid. Now, see [1, §1.18.8] or [3, §4], we can define the famous
ellipsoidal coordinates introduced by Mathieu (and even sometimes called Mathieu coordinates). The ellipsoid

equation can be slightly modified

$2 y2 22

=1
a2+s+b2+s+02+s

Interpreting s as the unknown, this equation is a cubic and the Algebra’s main theorem grants three
solutions, that are traditionally called (£, 7, ¢). These roots are the requested Mathieu coordinates of the
point (z, y, z); those coordinates can be visualized noting that the surface with & constant is an ellipsoid,
while those obtained by setting n or ¢ constant are hyperboloids. In Figure C.2 are sketched those coordinates
in 2D: the ellipses are curves with £ constant, while the hyperbolas are those with 7 constant. For later use,

here are the Cartesian coordinates expressed in (&, 7, ¢):

8
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To be useful in electromagnetism, we need to know the Laplacian in those new coordinates; by defining



APPENDIX C. THE ELLIPSOID 42

a convenient coefficient

R, =V(@+u) @ +u) (2 +u) (u=¢ n, )

And with a fair amount of algebra, the Laplacian can be written in a way that should be acceptable for

the youths of 2000:

4
E=m(C=8Mn—0)

(0= ORe g (ReGe) + (¢~ O (Ree) + (€ - WA (Re D)) (C2)

Vip =

The general solutions for V2¢ = 0 in those coordinates are called ellipsoidal harmonics. Our setup is however

quite simple and all will be needed is the separation of the coordinate variables.

Now, we are using those uncomfortable coordinates because a great gain is expected, and here it is:
the coordinate & was said to have ellipsoids as iso-surfaces; it is what we need to implement the ellipsoidal
boundary conditions. Furthermore, the Laplacian obtained has the three variables nicely separated, allowing

to treat them independently.

C.2 The solution in a parallel field

An uniform and parallel field, say in direction z and strength Hy, can be seen as the gradient of the scalar

potential ¢y = —Hpx. In our curvaceous coordinates, by use of C.1 the potential reads:

(E+a*)(n+a*) (¢ + a2))%

oo = —Hox = _HOBZQ( (b2 _ a2)(62 _ 0,2)

It is a solution of Laplace equation, and the three coordinates are conveniently separated; this separation can

be highlighted
do = C1F1(§) F2(n) F5(¢)

Is now time to insert our ellipsoid, and is reasonable to hope that it will bring an ellipsoidal perturbation

to the previous potential. Betting on that, [1, §3.25] a will-be solution can be written as

1 = CoG1 (&) Fa(n) F3(C)

In this will-be solution F(n) and F3({) are known, from the parallel field potential. Remains to get the new
G1(€), that has to be dropped into the Laplace equation; and thanks to the fact that C.2 is quite nice, the

result sorts out also reasonably clean:

Rfd%(Rgdd—C?) - (bQICQ + %) —0 (C.3)

This second-order differential equation, with only one variable, can finally be solved, at least as integral.
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Exploiting the fact that a solution ¢q is already known, will get:

G1(6) = Fu(6) / F%Rg

So our perturbation due to the ellipsoid can be written in term of the parallel field potential:

oo dgl

F2 ¢ R (4

C
$1(&n,Q) :¢oé

This result is what was needed: a solution of Laplace equation that can accept ellipsoidal boundary
conditions. It contain a nasty integral, that it will be sorted out only at the end. This solution (combined
with the trivial one of the parallel field) contains all what is needed to describe an ellipsoid, but still a bit

too generic: it must be properly tuned to represent our paramagnetic ellipsoid.

C.3 Paramagnets

At first, is useful to make a consideration of convenience: for the current purposes only the field inside the
ellipsoid is relevant for the study !, so is possible to disregard the clumsy computation of the field outside
and concentrate only on the easy inside.

In the (&, 1, ¢) coordinates, £ > 0 means outside and £ < 0 means inside the ellipsoid; now, the function
G1(€) just founded with hard work is not defined for ¢ = —a?, thus inside the ellipsoid it can’t be used and

the potential must assume only the simple form
_ Cs
¢~ = C3F1(§)F2(n)F3(C) = ¢, %0 = Cax Hoz

That is, a parallel field of different strength. Now, is time to set the permeability of the ellipsoid at u; and
at po for the surrounding medium ?; and with some hidden calculations is possible to get the constant of
proportionality, while coming back to Cartesian coordinates:

Ho.%'

i C.5
e N (€2

While the annoying elliptic integral inherited from C.4 has been hidden in the geometric constant N, [3,
§4:

N B U/OO dfl B Lbc/oo dS
‘ e=0 FT (&) Re 2 Jo (s+a2)i(s+b2)2(s+c2)z2
The incredibly simple equation C.5 is all that is needed, and its linearity and cleanliness explain why the

ellipsoidal model is so widely used, although was pretty hard to solve.

But is not over! The analysis has been carried only for a field parallel to the x axis, that happened to

Lunless particle-particle interaction should be taken into account, with an accuracy greater than a dipole approximation
2Permeabilities that are supposed constant and isotropic
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Table C.1: Representative values of the V;

Ellipsoid shape | a b ¢ | N, Ny N, Image
Needle 1 0 0 0 05 05 0

Long potato 2 1 11018 041 041

Flat potato 1 2 2]052 024 024

Sphere 1 1 1]033 033 033 O
O
_—

Disk 0 1 1 1 0 0

be parallel also to the a axis of the ellipsoid. Luckily, electromagnetism is linear and so, for a parallel field
in a generic direction Hy = (Hog, Hoy, Ho.), with scalar potential ¢(x,y, z) = —Hozx — Hoyy — Ho.z, the

potential inside the Cartesian-oriented ellipsoid is just the sum of the three components:

_ Hy,x _ HOyy . Hy.z
1+ %(Ml —p2) 1+ %(/«01 —p2) 1+ %(Ml — p2)

qu(x,y,z) = (06)

C.3.1 The integral

The general solution of the integral for N, is not analytically well manageable; it is however reasonable to
simplify the ellipsoid to a spheroid, that is an ellipsoid with two axes equal (or can be seen as a sphere that
has been pulled or squeezed only in one direction). This simplification is believed to preserve the key features
of the physics to be modelled. Why do that? Because it happens that with b = ¢ the integral become much
more solvable, and in the following, the orientation of the ellipsoid with respect to the external field can be
expressed with just one angle, instead of the two needed for the generic ellipsoid. With some help from the

algebraic software Mathematica, the integral is solved, here for the case when ab:

N U/“ ¢ abe /°° ds

‘ ¢—o F7 (&) Re 2 Jo (s+a2)i(s+b2)2(s+c2)2
ab® [ ds
2 Jo (s+a2)3(s+0?)

b? b%a cosh™ (a/b)

=t e (a>b) (C.7)

This result doesn’t look so bad; it is possible to rewrite it in terms of aspect ratio or eccentricity of the
ellipsoid. Is enough here to observe that N, is a purely geometric factor, depending only on the aspect-ratio;
should be noted also that and the sum of the three is unity: N, + Ny + N, = 1, and in the case of the
spheroid, only one value is needed, since N = N, thus Na =1— N, — N, = 1 — 2N,,. It is useful to tabulate

its values for some representative shapes; see [53, 54] for more values and a proper derivation.
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C.4 Practical Results

It is now the point to harvest the fruits of the mathematical challenge; at first is convenient to deploy the
rotational symmetry of the spheroid just introduced so to simplify the geometric setup: a single angle 6 can

be used to express the orientation of the ellipsoid with respect to the field, figure C.3.

a a
b
Figure C.3: Profile of the spheroid and its orientation with respect to the external field. Here the hidden semiaxis
¢ is equal to the b. [111]

As the figure implicitly suggests, in this properly simplified (but general) setup, the ellipsoid defines again
the cartesian axes, while the external field is tilted at an angle 6, Hy = (cos § Hy, sin 8 Hy, 0).

C.4.1 Field

Adapting equation (C.6) to this setup, the potential inside the ellipsoid reads:

_ cosOHpx sin 0 Hyy
(b <x7y7z> = - N, 0 - N, 0 (C8)
T+ Se(pa —p2) 1+ 52 (pa — p2)
And by taking the gradient is possible to get the corresponding field

cosf

H =Hy————— (C.9)
1+ ]:Z;’ (1 — p2)
sin 0

Yy 0 N
1+ J2(p1 — p2)

H =0

As was anticipated, the field inside is no more parallel to the imposed one, unless N, = N, (a sphere,
and rotational invariance of the sphere guarantees that the field must be parallel to the external one) or
when p; = po, meaning the ellipsoid has same susceptibility of the medium, and nothing should happen. A

convenient way to represent this result is to introduce the demagnetizing factors L;; defined by the equation:

1
H =Hy—Lii1—Pn, (C.10)
M2
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And setting the magnetization vector P as

1

%Pl — (,Ufl — /~L0)HO — XP (C].].)

Leading to the demagnetizing components to be simply the beloved elliptic integral, multiplied by a ratio of

the susceptibilities:

Ly = NGM — Naw (C.12)
H1 — Ho X1

Loy = Nbﬂl — M2 NaXl — X2
M1 — Mo X1

Lag = Ncul — M2 _ NaX1 — X2
1 — Mo X1

The indexes used anticipate that they are the components of the demagnetizing tensor L;;(diagonal,
thanks to the alignment of the ellipsoid with the axes)?, that relate the external field to the magnetization

(the i outside deviates from the official definition, so to get the L completely a-dimensional):

1
H™ :H0+L;P:H0+M (013)
0

The magnetization represent the local magnetic field that the material set up in response of the magnetic
field, and the demagnetizing tensor represent how much this deviate from the plain paramagnet outside of

the ellipsoid.

C.4.2 Energy

The field is now determined; the next step is to calculate the energy. The definition of magnetostatic energy

is not straightforward; taking a leap of faith, say that the energy is an integral over the volume [33], [1]:

1

UT:_i/MlH'HOd/U

Where H is the external magnetic field, and Hy the modified field; p1, 42 are the permeabilities of the
ellipsoid and of the medium. The field as from equation (C.9) is constant inside the ellipsoid, thus the

integral can be easily sorted out as the volume V = %mec of the ellipsoid:

3There are good reason to believe, but I didn’t manage to prove, that any kind of potato will give rise to a diagonalizable
tensor. If that is true, the ellipsoid is an excellent model, since its three independent components (3 the N;, -1 the condition
Ng + N + Ne = 1, and +1 again from the scaling) can serve as basis. But maybe the diagonalizability doesn’t hold for weird
shapes, like an helix that doesn’t respect chiral symmetry. The relevance of that issue for the oil industry is dubious, > but
further work will be deserved to it.
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1 1
Urzfﬁ_/(/@*m)H-Hod”:§V(M2*#1)H'H0
v
A7 ( 9 cos? 6 sin? 6 )
= ——p1{ L1 a
2 L S (i — ) 14 52 (i1 — p2)
(p1—p2)
v B2 (N, — Ny) 1
:Ey,lHOQ(COSZe N e 1+ M +1 Ny )
(1 25— i) (L4 52 G — pi2)) - 1o+ 52 (in = pa)

Now, since we are interested in the dependence of the energy on the angle, in the last expression the

constant term could be dropped, leaving with

U, = KMHS cos? 0 ~ Na = Ny ~ (C.14)
2 H2 (L4 3z (= p2)) (14 52 (1 — p2))

This expression is (almost) the final result of the ellipsoid calculation. In it, appears the volume V of the
particle; the square HZ of the external field; a combination of the susceptibilities; a number representing the
shape of the ellipsoid; and finally, most important, the cos? § component, that represent the variation of the
energy with the ellipsoid alignment. In honour of this primary importance, and to improve readability, let’s

conceal all the other dependencies into a clean k factor:
U, =k cos® (C.15)

Compare this result with the energy of a dipole, that goes like awcosf. The sign of k decide if the ellipsoid
prefer to align the axis a along or perpendicular to the field: for a long potato with high permeability
{p1 > pa, a > b} = k < 0 and will align along the field; for a flat potato of the same material, {y; > ps2, a <
b} = k > 0 will set the (short) a axis perpendicular to the field. For a material with lower permeability, the
opposite holds.

For most practical purposes the permeability of the medium could be considered the same as for vacuum,
o, while the suspended ellipsoid has a strong susceptibility x = (u1 — po)/po- This is not stricly an
approximation, and he full general case can always be revived. With this simplification, the k factor that

will be used is:

N, — N,
(1 + Nax) (1 + Nbx)

1
k= 5Viox(x + 1) Hj (C.16)

A further approximation, useful to verify qualitatively the behaviour of our ellipsoid, is to take the limit

shape of a needle, with values from table C.1 and consider |x| < 1:

1
k~ —Zvuong (C.17)
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while for a disk it is:

1
k ~ §VMOXH§

To conclude let’s see the torque exerted by the field onto the ellipsoid, along the z axis:

T, = —%k cos? @ = 2k cos O sin @ = ksin (26)
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(C.18)

(C.19)
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