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ABSTRACT

Full Name : [Ali Abdulwahab Oshaish]
Thesis Title : [Quantification of Rock Wettability Using Dielectric Measurements]
Major Field : [Petroleum Engineering]

Date of Degree : [December 2023]

Wettability is a crucial parameter which governs several petrophysical attributes of oil and gas bearing
rocks. However, the traditional methods to measure the wettability are restricted to lab techniques which
makes that measurement expensive and time-consuming. Therefore, the trend now is to utilize the down-
hole logging tools to acquire this measurement while drilling without the need to extract any core samples.
The NMR and dielectric logging are frequency-based measurements which are sensitive to wettability
conditions. The distinctively high value of water’s dielectric constant compared to oil and rocks helps in
the direct petrophysical characterization of rocks. The scope of this research is to investigate closely the
response of the dielectric measurements to the wettability changes in sandstone and carbonate rocks and
to develop an empirical correlation to evaluate the wettability index using dielectric. A pair of standard
sandstone and limestone samples (master and sister) were used in the study. A delicate procedure was
followed to alter the wettability of the sister sample without compromising the pore structure. The USBM
and NMR wettability indexes will be used for benchmarking the developed dielectric wettability index.
The dielectric response showed a good correlation with the wettability condition of the samples. Uniquely
in our study, the dielectric measurements were compared for the same samples before and after wettability
alteration at S, = 1. The imaginary permittivity and conductivity results at 10 MHz showed an linear
relationship with the difference in the USBM wettability index with a coefficient of determination (R?)
of 0.9619. Furthermore, the dielectric measurements for the master samples were compared against the
measurements for the treated sample at different water saturation endpoints, S, = 1, S,ir1, Sor, and
Swirr2- A linear relationship was observed between the wettability index of each sample and the drop in
its imaginary permittivity and conductivity at 10 MHz as its saturation moved from §,, = 1t0 S, ;-1 With

an (R?) of 0.87 for the imaginary and 0.92 for the conductivity. Based on the later linear relationship
XI



between the imaginary permittivity and by incorporating other parameters that are sensitive to dielectric
measurements and wettability conditions, the dielectric wettability index correlation was developed. The
developed correlation was able to predict the USBM wettability index of 6 samples with R? of 0.97 and
RMSE of 0.076. Overall, the study provides a thorough investigation of the dielectric response to the
wettability conditions at different saturations which was then utilized to develop an empirical correlation
to calculate wettability index using dielectric. This research paves the road for extending the dielectric
measurements to other petrophysical applications and utilizing them to build other empirical models that

describe the fluid-rock and fluid-fluid interactions.

Xl



Al ) Ladle

Olsde Gl gl e o 1 Jalsl) ad)

A S A Jlad) Ll aladinly ) gduall Gl LAY el Gulll) ALl o) gie
Jod) dwaia ;pamisl)

2023 s tdgalal) da ol G )

Ll Gokll 8 @l pay Sl Ll e & giaal ) Aaall A0k 55 ) Clead) o il (8 2SaT degae dpals o JU) ALG
o sh sl Jaal) il gl alasind g 31 olad¥) Gl (UAl DUy gl B8 5 (5 yaiass 5 Al 5 Baina JLI) A48 (bl SR 5 adill delia  Aaddiiusd])
il Lo o jgSH Joall (el g puahalinad) il o) hanal) I clise ol 1Al ) Aalall (50 iall ol Gl 18 e Jgaall
oailiadll palall Cipn gl 3 slall g Jadill 5 ) gaoall A1 5lal) ol 30 8 cplall ae Ly S AL Cag plal Auien Lelany Las 22510 Jle aaiad
Al clul@ll e QL ALE 8 cl ) il 8 sl cl a3 cllal pall e el @llia o e a1 e siiall A 5 sl
S Ge Gl g Caagd) s (Bllas Al Sl A el bl alasiuly JL ALE )85 apil) deanadie 5 pdle Adlee 2a 58 Y il Sl
bl alaainly LIV ALE 550 apil Ay jad Alalas o shai s 4 ) s 4be )l ) sioall (8 QLI AL 8 sl A jlal) lLuldl) Al 3
LI ALE ) 385 o) ) gLl o5 Al jall (A (388 5 ) ol aalls (ol aall Glie (e 75 ) aladial a3 4l 5eSI Al lal)
S LE a5 4S5 e sasial) LY sl ol CiiSa i) LI ALE e ladiud & alial) JSaer Gulsall (950 28851 Ll
QLE paad ey J8 Slial) Gl J3lall Gl 45 )l8e Coal cliind )3 (8 5 jdie JS0 L ekt o5 A Aldlaall diladl ((pudalinall o4 1
10 2 680 Jam sl 5 4l se S Jolall il (alad) S all 2aall L) 6 ) il < pelal slally JalS gl a2 xie L)
10,96 s Jalaay 48 5aY) sanial) LY 1L cpanil) oS A8y yhoy el JLI GLE d5e (3 G e Apuliie i A 3 paline
Al bl wads Algs Balds & Aallaall Aipally daalal) lulally Jpus Hl) il 3 56U J5lal) ciluld 45 )lie cad el e 53
Qo sill 5 A5 5eS0 J3lad) iy aladl S pall 2aall Ll ¢ el & alaas¥l g dne JS3 JW A6 i Gp Gplad A Culia gl
¢ 5al1 0.87 o8 1aa3 el e 1 A5 Jal) ye L) jadill dad ) %100 (e Sl qnil) Jiiy Laxie 55 jalase 10 2ie b oS
elall L 5eSI J adl e aladiinly 55 5aY) dgladll A83all 2 e 2y | Al jeS)) Jaa i) ail .92 5 4l 5e S Jjladl caliy sl sl
Ol i ey il el Al g JLIALE 8 5e el A jall Aabaall oy o5 (5 jaaall 5 (oadandl olpall ai i aladinly g < 3l
laia¥ Slels s duljall a5 cale IS5 .0.0760 o8 (s ke Uad 5 0.97 6,38 daai Jalaay e und ) 5aY) sasiall LY 5l
e lal Ay pad A8le yy ghal aay Lo Lglatiind o3l g Aalide e ad i die AdlAN JLI A6 VAT 3L 5eSh Jlall ciluld
3kt ol Laladian 5 (5 Y Al 3 5 i) clipdatl) ) O lad) Ciluld g il o pall Conll 138 ey 3 5eSI 5l alasinly JL) 206

sl @l clabue S Al Adbiaal 5 gud) G5 sdaall 5 Jil saadl s e il Gl (5 Al Ay yad

X1



CHAPTER 1
INTRODUCTION

1.1. General Overview about Rocks Wettability

Rocks wettability can be defined as the preference of a solid grains to attract one fluid, known as the
wetting phase, rather than another (Cassie and Baxter, 1944; Tanaka, 2001; Kubiak et al., 2011; Ghalami
et al., 2019). The wetting phase will tend to spread on the grains’ surface in the porous medium and fill
the tiny pores including the pore throats (Vizika and Lombard,1996; Sharma and Filoco, 2000; Kumar
and Prabhu, 2007; Huang and Gates, 2020). This wetting mechanism forces the non-wetting phase to
accumulate in the middle of larger pores as inclusions (Al-Mahrooqi et al., 2003; Jiang et al., 2013; Abbasi
et al., 2021). Wettability defines the fluid-rock interaction in the porous medium and shapes the fluids
distribution profile in the reservoir (Morrow, 1990; Robin et al., 1995; Abdallah et al., 2007; Al-Garadi et
al., 2022; Yang et al., 2021; Selem et al., 2021). It plays a significant role in optimizing oil recovery
(Morrow, 1990; Agbalaka et al., 2008). For hydrocarbon bearing rocks, the wettability controls the capil-
lary forces and the relative movement of each fluid comparing to the other in the porous medium. There-
fore, the wetting preference of the formation to oil or water influences many reservoir performance pa-
rameters, particularly its response to water flooding and enhance oil recovery (EOR) techniques (Zhao et
al., 2010; Wang et al., 2011; Manshad et al., 2017; Liu and Wang, 2020). Thus, not considering the wet-
tability or wrongly interpreting it, while designing the EOR process, could lead to irreversible damage to
the formation which may severely impact the recovery (Abdallah et al., 2007; Humphry et al., 2014; Deng
et al., 2020; Bai et al., 2021). Figure 1 shows how the oil gets trapped in the pores of both water wet and

oil wet rock systems during water flooding processes.



(a) (b)
Figure 1 Oil entrapment in both; water wet (a) and oil wet (b) rock systems during water

flooding operation. (after Salehi, 2009).

Usually, the entrapment of the oil in the porous medium, which is a common issue for maximizing recov-
ery, happens through two different mechanisms; the adsorption to rock surface and snap-off mechanisms.
In strongly water wet systems, the non-wetting oil tends to be trapped as isolated inclusions in the pores
using the snap-off mechanism. As a thick layer of water is built on the walls of the pore throats while
flowing, the oil droplets will snap and get trapped inside the pore bodies (Kazemi et al., 2022 and Singh
etal., 2017). On the other hand, in oil-wet rock systems, the rock grain has larger affinity to oil molecules
and hence oil gets adsorbed on the grains surfaces. Figure 2 illustrates both trapping mechanisms for oil
phases in water-wet and oil-wet rock systems. It can be comprehended from oil entrapment mechanisms
that more residual oil and less recovery are associated with the two extreme wettability conditions,
strongly water-wet and strongly oil-wet, whereas oil can be easily extracted at the mixed or intermediate
wettability conditions. Therefore, reducing the intensity of oil and water witnesses towards mixed wetta-
bility conditions, which is the widely implemented practice in chemical enhanced oil recovery, helps sig-
nificantly in releasing the trapped oil and maximizing the recovery, as reported by several oilfield records
(Morrow, 1990 and Agbalaka et al., 2008).
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Figure 2 Oil entrapment using: (a) snap-off mechanism in water-wet systems (after Kazemi et
al., 2022). (b) Adsorption on the rock grains in oil-wet rock systems (Black color represents the oil
and green color represents the water). (Freedman et al., 2003).

1.2. The Impact of Wettability on the Petrophysical Characteristics of Porous Rocks

In this section, the fundamental concepts of electrical double layer and fluids distribution in the porous
medium are to be discussed, which are the main concepts used to drive wettability index model using the
dielectric measurements. Wettability is the responsible factor for controlling the relative flow of different
fluids and shaping their distribution in the porous medium which impacts the recovery efficiency of res-
ervoir rocks (Al-Garadi et al., 2022; Mirzaei-Paiaman, 2021; Mirzaei-Paiaman et al., 2022). The entire
wettability spectrum of oil and gas reservoirs ranges from strongly water-wet to strongly oil-wet reser-
voirs. The rock structure consists mainly of pore spaces and solid grains. Pore sizes range from tiny pores
(microscopic) to large ones (macroscopic). Anselmetti et al. (1998) set the boundary line between macro-
porosity and micro-porosity as a 2-D surface area of 500 um?, which is approximately projected to a pore
length of approximately 20 um (Baechle et al., 2004). Moreover, the pore structure consists of relatively
larger pore bodies and tighter pore throats which connect pores together. On the other hand, fluid distri-
bution in the pore spaces is not always homogeneous, especially when more than one fluid co-exists with
different degrees of wettability. As illustrated in Figure 1, the wetting phase usually covers the surface of
large grains and fills the tiny pores and pores’ throats while the non-wetting phase fills the large bodies
(Toumelin et al., 2008; Abdallah et al., 2007).



Wettability is the main factor that controls the fluid distribution in the pore spaces through its strong

impact on the following parameters:

(@) The fluid distribution in the micro and macro pore spaces.

(b) The saturation amount of the irreducible water.

(c) The performance of any immiscible displacement in the porous medium

(d) The saturation of the residual oil.

(e) Shapes the capillary pressure, relative permeability, and electrical properties curves of the porous

medium.

1.2.1. Electrical Double Layer (EDL)

The electrochemical interactions between the grain and clay surfaces and ionic-active wetting phase form
what is called the Stern and Gouy-Chapman layer, Electric Double Layers (EDL) (Garcia and Heidari,
2018). The Stern layer is the electrically static layer which contains the charges that are adsorbed by the
surface of the grains while the other one has loose ions that are free to move. Consequently, a diffusive
layer is formed in the area between the stern layer and the bulk fluid. Figure 3 illustrates the structure of
the EDL and describes the charge distribution around the negatively charged grain particles. However, the
EDL is developed only when there is an ionic activity between grains and an electrolytic wetting phase.
Therefore, EDL usually disappears in polar oil-wetting conditions (Garcia and Heidari, 2018). This char-
acteristic greatly helps in distinguishing water-wet media from oil-wet ones. Furthermore, when EDL
exists, the electrical activity in the diffusive layer can be measured by what is called zeta potential (Fatehah
etal., 2014).
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Figure3 A schematic describes the profile of the electrolyte fluid-solid interface (After
Fatehah et al., 2014).

Most reservoir rocks can be classified as partially or mixed-wet rocks due to the different drainage and
imbibition cycles that the reservoir was exposed to. This nature of wettability can be assumed by either
the presence of a combination of water and hydrocarbon-wet grains or the grain partially water wet and
partially oil-wet (Abdallah et al., 2007). When the oil escapes from the source rock to water-wet-saturated
pores during what is called the drainage process, it ends up residing in the larger pores while keeping the
smallest pores saturated with water (Montaron, 2007). Furthermore, the dominant wettability of the matrix
grains could be altered by the adsorption of organic polar materials on grain surfaces. This adsorption
could yield to the presence of some oil-wet surfaces in a water-wet rock which makes it a fractionally
water-oil wet rock. The fraction of the porous medium corresponding to water-wet can be defined as the
fractional water wettability index, X,, (Montaron, 2007 and 2009; Garcia et al., 2018). A water-wet for-
mation has a fractional water wettability index equal to one. An oil-wet formation, on the other hand, has
a fractional wettability index, X,,, equal to zero. Therefore, an Amott index of -1 and +1 correspond to
X,, of zero and one, respectively. However, the relationship between the Amott-Harvey index and X,,
might not be linear and needs further investigation. X,, has been used in a couple of studies which will

be discussed later.



1.2.2. Fluid-Fluid Interactions

Away from grain surfaces and pore throats, bulk fluid resides in the pore body. The non-wetting phase
usually forms continuous or discontinuous inclusions within the wetting phase. The amount and size of
inclusions depend on wetting and non-wetting phase saturations (Garcia and Heidari, 2018). If two or
more immiscible fluids with different electrical properties exist in the pore spaces, an electrical double
layer also develops at the fluid-fluid interface, creating a boundary between the two phases with a spatial
distribution of electrical charges (Volkov et al., 1996). However, in the presence of only one phase, this
layer disappears, and the inclusion will represent only one fluid. The fluid-fluid interactions have a
significant impact on the dielectric measurements especially at the low to medium frequency ranges (Bona
et al., 2002). These interactions masks the dielectric response under the lowest frequency range utilized

in our study.

1.3. Wettability Measurement
Although obtaining an absolute wettability measurement is significantly challenging, there are several
methods utilized to measure the wettability. Contact angle is one of these methods which requires a very
fine surface for the sample to be measured. It can be defined as the angle that resulted from the balance of
all surface tension forces between the fluid phases and the solid surface, as illustrated Figure 4 (Singh et
al., 2016; Siddiqui et al., 2018; Sadeghinezhad et al., 2020). The magnitude of the contact angle is con-
trolled by multiple forces, called the interfacial tensions. These forces are illustrated in Figure 4. There
are two opposite tension forces applied by the solid surface at the interface between liquid and its vapor.
One of these forces attracts the liquid phase and is called solid-liquid surface tension, y;, while the other
force attracts the vapor and it is called solid-vapor surface tension, y,,. Because of both forces, a contact

angle and a resultant interfacial tension between the fluid and its vapor are formed.



Vapor

Figure 4 Contact angle and interfacial tension forces which control the wettability conditions.
¥ 1S solid-liquid surface tension while yg,, is solid-vapor surface tension. y is the interfacial ten-
sion resulted from both surface tensions. The angle, O between y and solid surface is the contact

angle. (After Huhtamaki et al., 2018).

Practically, measuring the contact angle for core samples is associated with large uncertainties due to
surface roughness and contamination (Iglauer et al., 2014 and Al-Yaseri et al. 2022). Furthermore, contact
angle cannot represent the wettability status concerning the oil and gas production because it focuses more
on the surface interactions between grain surface and fluids and ignore the other factors impacting the
flow such as the presence of multi-fluid with complex distribution, pores size distribution and the pores
structure complexity (Teklu et al., 2015; Mohammed and Babadagli, 2015; Al-Yaseri et al., 2016; Siddiqui
et al., 2018; Ferrari et al., 2021; Arif et al., 2021). In general, the competition between different fluids

during the flow is governed by the capillary pressure, P, can be defined by:

2y cosf@

P.=P,,—P,= )

T

e P, and P, are the pressure of the non-wetting phase and the wetting phase, respectively.

e 1y isthe interfacial tension between the wetting phase, non-wetting phase, and the grain surface.

e 0 is the contact angle in radian.

e 1 isthe pore or pore throat size.
As equation (1) shows, the capillary pressure does not depend solely on the contact angle. It’s highly
affected by pores and pore throat sizes. This is why more representative measurement methods have been
developed to quantify the wettability through what is called “wettability indices” which can comprehend
all the parameters involved in the capillary pressure equation (Huang et al., 1997; Mohammed and Ba-
badagli, 2015; Rahbar et al., 2018). In the industry, there are two widely used methods to measure the
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capillary-based wettability index in the laboratory such as Amott-Harvey (Amott, 1959; Alveskog et al.,
1998; Leodn-Pabon et al., 2014) and United States Bureau of Mines (USBM) (Donaldson, 1969; Esfandyari
etal., 2021; Mirzaei-Paiaman, 2021). In addition, a combination of those methods can be utilized (Okasha
et al., 2007; Donaldson and Alam, 2008; Al-Ofi et al., 2017). However, these methods are time-consum-
ing, not feasible by downhole measurements, and are associated with some uncertainties caused by the
unintentional fluid loss while handling the samples and wettability alteration due to the transportation of
core samples from their origin to the laboratory (Mohammed and Babadagli, 2015; Al-Hilali et al., 2016;
Tandon et al., 2017). Moreover, these techniques are inapplicable to gas-brine-rock systems and fail to
construct a solid basis to obtain an absolute wettability measurement and describes the distribution of the
pore fluids, but instead, they provide relative values based on some reference wettability status (Al-Garadi
etal., 2022). Therefore, there has been a demand arisen to explore the response of different physics-related
measurements to wettability (Ahmadi et al., 2019; Sharifigaliuk et al., 2021).

Several petrophysical measurements can be utilized to calculate the wettability index (Odusinaetal., 2011;
Tiab and Donaldson, 2015; Alhammadi et al., 2017; Javaheri et al., 2017). For example, NMR T2 relaxa-
tion has a strong sensitivity to wettability (Looyestijn and Hofman, 2006; Johannesen et al., 2007; Odusina
etal.,, 2011; Al-Muthana et al., 2012; Baban et al., 2021; Al-Garadi et al., 2022). This technique has been
utilized to find a wettability index by Al-Mahrooqi et al. (2006) and K. Al-Garadi et al. (2022). In our
study, we have used the USBM and K. Al-Garadi et al. (2022) wettability indices to benchmark our die-
lectric wettability index correlation.

Like NMR measurements, the dielectric response is sensitive to the rock constituents, pore geometry, and
the fluid distribution in the pore spaces (Bona et al., 1998 and 2002; Abdelaal et al., 2013; Al-Ofi et al.,
2018; Garcia et al., 2021). The solid-fluid and fluid-fluid interactions characterized by the wettability,
significantly affect the dielectric polarizations under a wide range of varying frequencies (Garrouch and
Sharma, 1994; Nguyen et al., 1999; Garcia and Heidari, 2018). The different polarizations due to these
interactions lead to varying permittivity and conductivity values concerning the applied frequency. One
more fact that supports the potential of dielectric to measure the wettability index is the vast contrast in
the electrical and properties between oil and water. Therefore, the purpose of this study is to formulate a

relationship that can find the wettability index from dielectric measurement.



CHAPTER 2
DIELECTRIC THEORY

2.1. Conceptual Background
Chelidze and Gueguen, 1999 explained the theory behind the dielectric polarization in porous media con-
cisely. Dielectric response is a special electrical characteristic which a material can exhibit when varying-
frequency electrical field is applied. Applying multifrequency electrical field to an object can result in
both reversible and irreversible displacement of electrical charges. The first response is usually measured
by specific conductivity, o, while the second response is measured by what is called permittivity, or die-
lectric constant, € (Chelidze and Gueguen, 1999). A material is classified as “dielectric” if it has the ability
to store energy when an external electric field is applied. In other words, the dielectric response of a
material depends on its electrical capacitance. Whenever the system contains lose ions, it exhibits some
type of charges polarization when it gets exposed to electrical field, E. Negative and positive charges will

move and accumulate separately based on the direction of the applied field.

The polarization can be described by vector, P, which represents the induced electric dipole moment per
unit volume. For DC voltages, the overall electrical displacement vector, D, consists of the displacement
generated by the electric field and the secondary displacement induced by the polarization, if any polari-
zation occurs. Therefore, D, can be expressed as:

D, = ¢E (2)

Where, € is the dielectric permittivity of the material in Farad per meter (F /m) and the unit of P and D,
is (Coloumb /m or C/m). The units of o and E are (Siemens/m or S/m) and (Volt/m or V /m) respec-
tively. Similarly, the overall current generated, I, in the system by an alternating voltage applied can be
divided into conduction current, I, and displacement current, I4. However, while measuring the dielectric,
the voltage is sent in an alternating pattern generating alternating currents, AC. Therefore, the actual the
value of the voltage at time, t, is expressed as V = E(w, t) = V,e Y where, w is the angular frequency
in radian/s and V, is the peak voltage at time zero. Also, the conductivity and permittivity values under
AC voltage will become complex number. To express the overall current:
L =1.+]4 3)

While,



I = oF and Iy = 4" 5" = £"iwE (4)

Hence,
I = (0 + &4"iw)E = ¢”E (5)
Where,

€4" 1S the complex dielectric permittivity resulted from the dielectric polarization with excluding the con-
ductivity part and has 2 parts, real and imaginary. It can be written as £4* = €' — igq , wWhere, €’ is the
real permittivity value and g4 is the magnitude of the imaginary part and is defined as the energy dissi-
pation (loss) due to polarization which occurs during situations such as the rotation of dipole molecules
of an electrolyte. On the other hand, o™ is the complex conductivity and can be written as 6* = o + £4"iw.

Equation (5) can be written as either the following:

I = iwe"E orl; = ¢”E (6)
Where,
* x4 O ar % AT [ Y )
g =g t -=¢ 1(£d +m) g —ie @)
0" =0+¢'iw =iw e =0 +ic" =iw (' —ig") (8)

In equation 7, It worth to note that the magnitude of the imaginary part of the complex permittivity, which

represents the loss of the dielectric signal in the material, consists of the loss due to dielectric polarization,

g4 , and the loss due to the ionic conduction or conductivity, % The loss term is primarily dominated by
the presence of electrolytic solution within the material. We can express that by the following:

g =¢gq +§ ©
Another important dielectric parameter is the ratio of the imaginary part of €* to the real part (or the real
part of ¢* to the imaginary part) which is named by loss tangent,

tang == =2 (10)

£ 0.II

2.2. Dielectric Polarizations:

The dielectric measurement is normally displayed as a plot of €", € or tan 8 versus the frequency, f,

which can be obtained from the angular frequency by f = ;"—n The ionically lose material exhibits different
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types of polarization which contribute to the overall permittivity. Several dielectric polarizations can be
witnessed at the microscopic level such as ionic, dipolar, atomic, and electronic. Figure 5 illustrates the
dielectric behaviors corresponding to different polarization mechanisms and their appearance frequency.
Each mechanism masks a certain bandwidth of frequency. For instance, dipolar orientation and ionic con-
duction are activated strongly at microwave frequencies. As an example, water molecules form permanent
dipoles which rotate to follow an alternating electric field. On the other hand, atomic and electronic mech-
anisms produce low permittivity values and dominate the region of high frequency. Similar to NMR, each
dielectric mechanism has its own cutoff frequency which is illustrated by peaks in the imaginary permit-
tivity curve (see figure 5). These cutoffs are unique for each material. For example, water has a strong
dipolar polarization which normally occurs at low frequencies, but its dipolar cutoff appears at frequency
of around 22 GHz. On the other hand, Teflon has no dipolar mechanisms, and its permittivity is almost
constant at low frequencies. As frequency increases, the contribution of slow mechanisms such as ionic
and dipolar drop out leaving the stage for faster ones (atomic and electronic) to prevail in the real permit-

tivity curve.

R4
E Dipolar
(Rotational)

)

Atomic

Electronic

Mw IR Y uv

Figure 5 The general forms of dielectric polarizations (after Agilent Technologies).

2.2.1. Dipolar (Orientation) Polarization:
When atoms with different electronegativity combines to form a molecule, especially for molecules with
covalent bonds, the atom with larger electronegative gains a greater fraction of the shared electrons and

acquire partial negative charge while the other atom acquires partial positive charge. For example, HCI
11



forms a dipole with chloride has the partial negative sign and hydrogen gets the positive one (see figure
6).

red represents
high electron density

blue represents
low electron density

e
H—CI1

Figure 6  The electron density model of the HCI dipole (After Brown and Poon, 2014)

This rearrangement of electrons results in a charge distribution imbalance creating a permanent dipole
moment which is randomly oriented in the absence of the electrical field (Agilent, 2006). Once the elec-
trical field is applied, these dipoles will rotate and aligns in the direction of the electrical field. This is
called dipolar or orientation polarization. Some dielectric losses due to friction are associated with the
rotation which contribute to the imaginary part of the permittivity and loss tangent. The dipolar polariza-
tion causes variation (dispersion) in the €"and €' curves at some the relaxation frequency which occur in
the microwave frequency range. From the reciprocal of that frequency, an important dielectric property
for loose materials is obtained which called Relaxation Time, t. Fluids are the most common material

which experience dipolar polarization.

2.2.2. Atomic and Electronic Polarization:
Atomic polarization is exhibited by different ions when the applied electrical field segregate the positive
and negative ions a part. On the other hand, electronic polarization occurs when the electrical field stretch
the negative electrons surrounding the atom apart from their positive nuclei. This type of polarization is
dominant for dry solids at the microwave frequency level. However, some type of resonance starts at much
higher frequency which mostly falls away from the frequency range of investigation. Under such fre-
guency range, the atomic and electronic polarization produce relatively low values of € and they are

mostly lossless (no contribution to €" and tan §).
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2.3. Relaxation Time, t:
Relaxation time can be defined as time required for the dipoles to become aligned in the direction of the
electrical field (or the time required for the aligned dipoles to return to back 1/e of its random equilibrium
value). When the electrical field is turned on, the condensed solid and fluid starts to rotate and collide with
each other to align in the direction of the electrical field within a period equals to the relaxation time. On
the other hand, once the field is switched off, the molecules go back to their random distribution such that
1/e of their random equilibrium value is achieved within a similar period. This relaxation time corresponds
to a critical frequency, f., which is obtained from dielectric plots. The relationship between the critical

frequency and relaxation time can be expressed as the following:

= 1 1
_wC_Zn:fc

(11)

At frequencies below the relaxation frequency, the alternating electrical field is not fast enough to orient
all the dipoles and keep them in pace with the applied electrical field. On the other hand, larger frequencies
are too fast such that the orientation cannot align in the direction of the electrical field. As the frequency
increases below the relaxation frequency, the loss component, €", is directly proportional to the frequency
(see figure 6). However, as the frequency increases, the storage component, €', begins to decrease due to

the phase lag between the electrical field and the dipole alignment.

2.4. Debye Relationship
The different types of dielectric polarization are mostly represented by an exponential decay relationship
with governing parameters, t, and maximum energy loss observed at f. (Chelidze and Gueguen 1999;
Debye 1929; Frolich 1990). This relationship is named Debye relaxation, and it is applicable for material
which exhibit single constant frequency for relaxation. The complex permittivity can be expressed under
this relationship as:

x _ ol rall (ss_soo)_-g
e =¢ —ie _£°°+—(1+imt) i (12)

Where,
g, Is the static DC value of dielectric permittivity where the frequency equals to zero.

€, IS the permittivity value at very high frequency.

Forw=0, €0)=¢ and Forw = o, g(o) =g,
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Figure 7 illustrate the trend of €' and €" following this relationship. As it can be seen, € shows constant
value below and above f. while € shows very low values below and above f. peaking at f.. The curves
were generated for water @ 30 °C with £, = 6.77 X 10712 F/m, €, = 4.34 X 10712 F/m and © =
7.2x 107 s,
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Figure 7 The Debye relationship describing the dielectric polarization of water at different
temperature (Andryieuski et al., 2015). Continuous line represents €’ while the dotted line corre-

sponds to €".

2.5. Cole-Cole Empirical Expression:
The Cole & Cole (1941) empirical formula is more comprehensive than Debye relationship and has the
advantage to describe the polarizations of materials exhibiting multiple relaxation times. This empirical

expression describes the complex permittivity as the following:

o

g =g —i- (13)
Where,
€.c 1S the Cole-Cole permittivity and can be written as:

Eee = Eo + —E) (14)

1+(iwT)1—*
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Where,

o« is the Cole-Cole distribution function exponent.

The Cole-Cole diagram is constructed by plotting € vs €. A material with single relaxation frequency

will occur as a semicircle which has its center lying on the horizontal axis where €’ = 0 and the peak
€s— €0

2
Figure 8 displays the application of Cole-Cole diagram for the same material and with the same variables

appearing at 1/t. The peak corresponds to a value of

which represents the radius of the semicircle.

presented in figure 7.
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Figure 8 The Cole-Cole representation for the dielectric polarization (after Yurasov et al.,
2020).

2.6. The Dielectric of Sedimentary Rocks:
The advantage of utilizing the dielectric measurement for the oil and gas reservoir rocks is the distinct
variation between the permittivity and the conductivity values for the dry matrix and oil on one side and
the dipolar water on the other side. Table 1 illustrates the static permittivity and conductivity values for

rock matrix and the potential saturating fluid.
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Table 1 Electrical properties of the materials (25°C) (Bona, 1998).

) Static dielectric permittiv- 100 Hz conductivity
Material ) ) )
ity (Dimensionless) (S/m)
Dry matrix 3-7 < 5% 1075
Deionized water 78.8 1.57 x 1073
Brine with 75.8 g/l NaCl 67.0 9.5
Soltrol* 2.015

The dielectric permittivity of sedimentary rocks is a function of the composition, volume fraction, and
spatial distribution of grains and fluids (Garcia et al., 2018). The dielectric approach can be implemented
for fluid/rock or gas/fluid/rock systems; however, more consideration would be required for the case of
gas/fluid/rock to ensure representative and repeatable measurements. In the oil and gas industry, the die-
lectric measurements of water and oil-saturated rocks are expressed by “generalized complex permittiv-
ity”, €(w) (Bona et al., 1998):

g(w) = gy(w) —i (:d‘

€

(15)

w

where, i = v—1 is the imaginary unit, £, = 8.854 X 10‘1Z$ is the vacuum permittivity, €,(w) is

the permittivity contribution of all the occurring polarization effects, a4, is the DC water conductivity and

€(w) is the generalized complex permittivity that is measured in the laboratory. As it can be seen from

14, €(w) is a sum of two terms:

a. &,(w): Describes the interaction of matter with an external electric field. It is the permittivity that
resulted from different types of polarization: electronic, atomic, dipole, and interfacial (or Max-
well-Wagner) polarizations. For water and oil-saturated rocks, the contributions of the first three
mechanisms are always activated in the frequency range of investigation (100 Hz to 40 MHz)
providing a constant contribution to €, (w). However, the Maxwell-Wagner (MW) polarization is
the dominant contributor to the dispersion of the dielectric measurement in med to high frequencies
and it is a frequency-dependent polarization (Bona et al., 1998). Therefore, the dispersion and

variation of €,(w) with respect to frequency in the range of 100 Hz-40 MHz depends essentially

! Soltrol is an iso-paraffinic oil which has an ideal dielectric behavior, maintaining a static dielectric constant throughout the
frequency range investigated and with negligible losses. (Bona et al., 1998).
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on the MW polarization. €, (w) also consists of a real part and an imaginary part and can be written

as:

£,(@) = €, (@) — ig"y (o) (16)

b. The real part of e £,(w) is a measure of how much energy from the electric field is stored in the

matter while the imaginary part is a measure of how dissipative or lossy the matter is in response

to the electric field.

c. i< : js the completely imaginary part that counts for the contribution of the free ions of the

€ W
conductive pore-filling fluid, water. This effect is controlled by the DC conductivity, 4.. DC
conductivity is a comprehensively used parameter in the oil and gas industry. It can be defined as
the real part of the complex conductivity, o(w), at a very low frequency. For example, it has been

utilized to express Archie's Law in terms of conductivity. (Bona et al., 1998 and 2002).

The type of polarization induced in the saturated porous medium by the multi-frequency electrical field
varies widely, depending on the frequency applied. It can be divided into low and high-frequency polari-
zations. At low frequencies, dielectric dispersion results from the ionic polarization at the fluid-fluid and
fluid-solid interface. In the medium to high-frequency range, dipolar, atomic, and electronic activities
contribute to the dielectric measurements, see Figure 9. In this figure, yellow lines present components
of the imaginary part of the dielectric constant; polarization loss and conductivity loss. The red line is the
combined effect of both components on imaginary permittivity. The blue line represents the behavior of

the real part of the complex permittivity because of different polarizations.
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(after Josh (2014) who modified

Multi-frequency dielectric measurements affected by different types of polarizations

it from Guéguen and Palciauskas, 1994.

However, the available frequency bandwidth for our dielectric instrument ranges from 10 MHz to 3 GHz.

In this range, expected polarization also can be classified into lower frequency and high-frequency polar-

izations. Low-frequency polarization is the one

into two categories, double layer a-Polarization

affected strongly by wettability and can also be classified
and Maxwell-Wagner B-Polarization (See Figure 10).
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Figure 10  The polarization mechanisms
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responsible for dielectric dispersion in a porous me-

dium (after Garcia and Heidari, 2018).
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2.6.1. Low-Frequency Polarizations
The effects of wettability on dielectric properties of a rock can be classified into two categories: connec-
tivity effects (at low frequencies, below 1 kHz) which occur close to the double layer area, and shape
effects that occur due to the presence of fluid inclusions and fluid-fluid interactions (at intermediate to
high frequencies, above 10 kHz) (Garcia and Heidari, 2018).

a. Double Layer a- Polarization
This type of polarization occurs at low frequencies, below 1 kHz. It’s the polarization that occurs
because of the mineral-electrolyte interface on the grain surface. This polarization is described the best
by the ionic polarization. This happens when the grain surface is electrically charged and attracts some
ions from the electrolyte fluid. The thermal motion of the ions in that area prevents the complete
cancelation of electrical charges which consequently causes a high dielectric permittivity reading at
such low frequencies (Garcia and Heidari, 2018). Due to these ions’ thermal motion, this type of po-
larization is called charge transport or ionic polarization. However, in the absence of a conductive
wetting phase on the grain surface, the response of the dielectric at this frequency will be relatively
low.

b. Maxwell-Wagner B-Polarization
At frequencies higher than the a-polarization frequencies, the Maxwell-Wagner g-Polarization is ini-
tiated when two fluids having a contrast in their conductivities are present in the pore spaces. It is a
result of the charge accumulation at two conductive fluids separated by nonconductive region. In other
words, it appears in the interface between two fluids with different relaxation times for the charge
carrier in each fluid. This polarization is effective to identify non-wetting phase inclusions within the

wetting fluid.
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Figure 11  The Maxwell-Wagner (MW) polarization in a water-wet system which consists of

brine, oil, and grains at irreducible water saturation (after Garcia and Heidari, 2018).

2.6.2. High-Frequency Polarizations (Dipole y-polarization)
This type of polarization is called Dipole y-polarization and occurs at frequencies greater than (108 Hz).
It is activated when the frequency becomes high in a level that does not allow the previously mentioned
relaxations to occur and only the relaxation resulting from the aligning of the polar water molecules,
whether they are bound or free, will be dominant (Garcia and Heidari, 2018). Thus, at such a high fre-
quency, the reflected dielectric signal will be sensitive to the presence of water molecules only despite
their salinity or mobility. This frequency range is utilized in the dielectric logging tool which obtains direct
water saturations. Also, the influence of the saturation effect on the dielectric wettability measurement

can be analyzed.

The polarizations mentioned earlier have a different contribution to the calculated permittivity and con-
ductivity. The Maxwell-Wagner polarization can be expressed in the simplest form by the following (Bona
et al., 1998):

Ag
1+iwt

gp(w) =g, + a7

Where, &, is an unrelaxed dielectric constant which can be taken as the asymptotic real permittivity value

at very high frequency, Ae is the relaxation amplitude (&5 — €,,) mentioned in eq. 12 and 14. Relaxation

time, T, amplitude Ag, and &, are dependent on the electrical properties of the grains and fluid and on the
distribution of the fluid in the porous medium. % can be called &y . Sillars (1937) tried to develop

expressions to find parameters mentioned in equations (18, 19, and 20). A 2-phase system was used to
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calculate those parameters. The resistive phase is the rock and oil saturating the pores while the conductive
part is assumed to be only the disperse of water. Assuming the water to take the shape of a spherical

inclusion, the parameters were expressed in the following equations:

Em(B-1)+&y

T = gy e (18)
_ smz‘l’ Sw gBZ

Ae = em(B-1)+ey (19)
_ (Ew—€m) @ SwgB

€0 = € [1 + e Diew (20)

Where, &, is the permittivity of the insulating phase (matrix and oil), &, is the permittivity of the water,
o 4. 1S the DC conductivity of the water, B is the shape parameter for water inclusions (for spherical

inclusion, B = 3, and for the elongated wetting phase spreading 8 > 3), g is orientation factor.

However, many measurements on sandstone samples did not agree with equation 17. They involved a new
interaction that increased the dielectric response at mainly very low frequencies (less than 1 kHz). This
happens when there is some type of charges transport activity at the interface between the grain's surface
and the wetting conductive fluid which increase the response by the amount of €p; (w). This effect can be

seen in the case of water-wet rocks or rocks with high clay content (Bona et al., 1998):

(i m)N—l

€0

Where, A is the effective cross-sectional area of the sampleand 0 < N < 1.

gp(w) = A

(21)

Theoretically, the reading of the dielectric constant should equal the sum of the contribution of all types
of polarizations that occurs at a certain frequency. Bona et al. (1998) showed that at frequencies ranges
from 100 Hz to 10 GHz, the dielectric response can be described well by the mixed contributions of an
unrelaxed dielectric constant &,,, Maxwell-Wagner polarization contribution, & (@) , and the EDL

charge transport polarization, &p; (w):

£g(w) = £, + gp(w) + eyw(w) (22)

In conclusion, wettability plays a significant role in shaping dielectric dispersion, especially at low fre-

guencies. At low water saturation, oil-wet samples show significantly low dielectric constant values at
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low-MHz frequency bandwidth (Al-Ofi et al., 2017). Thus, dielectric technique is considered a highly
promising wettability indicator, and this study will focus on finding a methodology to obtain an accurate

wettability index.

2.7. Dielectric Acquisition
The dielectric properties of the core samples were surveyed using a network analyzer which measures the
reflection from and/or transmission through a material. With the knowledge of the dimensions, the instru-
ment will process the signal and generate different forms of dielectric measurements. The device can
sweep high frequency stimulus-response survey from 3 kHz to 110 GHz. However, the measurement fre-
quency range depends on the type of detector that will be used. The network analyzer consists of a signal
source, receiver, and display (see figure 12). The source emits a signal at a single frequency to the sample
under investigation. Simultaneously, the receiver is tuned to that frequency to detect the reflected signals
from the material under test (MUT). The main outputs of the measurement are the magnitude of the re-
flected signal and the phase shift at that frequency. Then, the source will shift to the next frequency and
follow the same process till the frequency bandwidth is totally covered. Finally, the reflection magnitude
and phase shift will be plotted as a function of the frequency on the display. The device is usually cali-
brated on 3 points, two end points (short and open) and one point in between of known load. Different
measuring instruments can be adapted for the measurement including coaxial probe, transmission line,
free space, resonant cavity, and parallel plate. Each setup has its own characteristics, advantages, and

measurement restrictions (see figure 13).
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Figure 12  The process flow of the dielectric measurement obtained by the network analyzer (af-
ter Agilent Technologies)
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s
Accurate
Parallel plate Best for low frequencies; thin, flat sheets

Figure 13  Comparison between the different dielectric detecting fixtures utilized by the network
analyzer (after Agilent Technologies).

In our experiment, an open-ended coaxial probe was used as a detecting fixture. This technique covers a
wide range of frequencies (1 MHz to 3 GHz) and applies the best to liquids and semi-solids. Also, it is a

non-destructive, simple, and convenient measurement. However, it has its limitation in the permittivity
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accuracy and tan & resolution. The coaxial probe requires semi-finite thickness (> 1 cm), non-magnetic
MUT, isotropic and homogeneous object, flat incident surface and no air gap between the fixture and the
MUT. This probe is a cut off section of transmission line and surveys the MUT by immersing it into the
sample, if it is a liquid, or touching it to the flat face, if it’s a powder or a solid material. The electrical

fields at the probe-end “fringe” into the material and get disturbed as they meet the MUT (see figure 14).

& n

Semisolids (powder)

Reflection -

| (S11)

s
Liquids

Figure 14  The dielectric measurement technique used by the coaxial probe (after Agilent Tech-

nologies).
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CHAPTER 3
LITERATURE REVIEW

There have been several studies in literature which tried to relate the dielectric response to wettability
(Oshaish et al., 2023". Different values of dielectric permittivity of water-wet and oil-wet sandstones have
been observed by Poley et al. in 1978 (Nguyen et al, 1999). It was concluded that there is a consistent
dielectric behavioral change as the wettability of the rock sample changes from water-wet to oil-wet. Gar-
rouch and Sharma, 1994 conducted experimental measurements of dielectric properties on rock samples
in a frequency range of 10Hz-10MHz which yield to the conclusion that wettability has an influence on
the dielectric permittivity of fully brine-saturated rocks. Moreover, Knight and Abad (1995) concluded
that hydrophobic sandstones possess a lower dielectric permittivity than the hydrophilic ones by measur-

ing the dielectric constant with water saturations ranging from 0 to 100%.

In 1998 and 2001, Bona et al., investigated the impact of wettability on the dielectric measurements over
a frequency ranging between 100 Hz and 50 MHz on standard Berea sandstone and sintered glass filters
samples in 1998 and included reservoir rock samples in 2001. In 1998, the samples were either water-wet
or oil-wet and the measurements were taken with 100% saturation of either brine or deionized water. They
studied the effect of wettability and water conductivity on the real part and imaginary part of permittivity
measurements. In addition, they analyzed the dispersivity by analyzing the loss tangent and obtaining
some form of derivative within the frequency range. The outcome of the study was a qualitative interpre-
tation of the relationship between the dielectric and wettability. As illustrated in figure 12, the first study
revealed that water-wet samples exhibit higher real and imaginary permittivity especially at low frequency
(lower than 10 MHz). However, real permittivity becomes less sensitive to wettability at frequencies
greater than 10 MHz. Furthermore, the loss tangent indicates an excellent correlation with wettability.
Two clear characteristics of loss tangent behavior in response to wettability and water conductivity which
can be observed in Figure 13:
I. The magnitude of tan § is significantly higher for water-wet samples compared to oil-wet ones
saturated with the same type of the fluid.
ii. As w increases above zero, the tan § decreases before it rises again to form another peak in the
range of MW polarization frequency. However, some samples showed only the low-frequency
peak because the right-hand MW peak appears at higher frequency values than the plot range.
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These samples are the ones saturated with conductive brine which causes faster relaxation that

requires higher frequency to attain the MW polarization.
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Figure 15 Real (¢) and imaginary (&'") permittivity curves for water-wet and oil-wet glass filter

samples saturated with brine and DI water.
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Figure 16  Dielectric loss tangent behavior for water-wet and oil-wet glass filter samples

LEGENDS: Open squares & circles: (OW / Deionized Water). Up & Down Open Triangles: (OW / Brine).
Up & Down Solid Triangles (WW / Deionized Water). Solid squares & circles: (WW / Brine)

In 2002, the same scholars investigated more representative water-wet and oil-wet samples. Oil wet sam-
ples were extracted from the reservoir and salinized with a method published by Takach et al., 1989, which

includes an adsorption process of dimethyl silane on the rock surface at 290 °C. Same qualitative analysis
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and dispersion behaviors were investigated in this study, as illustrated in figure 14, but with an extra effort
to quantify the major dielectric properties responsible to describe this behavior. Primarily, these properties
were T, Ag, 64, and tan § and were calculated using equations (18, 19, and 20). In addition, other auxiliary
parameters were also calculated which includes loss tangent peak Aan(s), and maximum frequency, finqx,

where this peak occurs at. The summary of calculated parameters is presented in Table 2.
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Figure 17  Dielectric permittivity and loss tangent behavior for water-wet and oil-wet samples at
different saturations of water and oil (Bona et al., 2002). The second peak highlighted indicates the
presence of wettability-altered pores (O-W) and the original WW ones. (A) and (B) represent the
real and imaginary permittivity for 4 reservoir rock samples (Open circles: OW sample K-3. Open
Square: OW sample K-98. Up solid Trtiangle: WW sample K13. Down Solid Triangle: WW sample K99).
(C) and (D) represent the loss tangent for 2 glass filter and 2 reservoir sandstone samples (Open
circles: OW samples glass4C (top) and K-3 (bottom). Solid Triangles: WW samples glass4H (top) and
K13 (bottom)).
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Table 2 Summary displays the rock properties and calculated wettability-sensitive parameters. Samples K3,

B7, and R7 have two relaxation peaks. Each of them has two separate lines (After Bona et al., 2002).

ID | Wettability | Lithology | Porosity Sy I, I, Ae £ T in us Oyc Atan(s) finax
1 ow Carbonate | 16.3 60.4 N/A N/A 80 50.8 1.80E-03 | 7.30E-02 | N/A N/A

2 W-W Carbonate | 13.4 68.2 N/A N/A 198 24.5 3.90E-03 | 3.30E-02 | 1.85 8.50

3 ow Carbonate | 18.3 20.6 N/A N/A 173 12.5 2.75E+00 | 7.80E-05 | 0.80 0.53

4 W-W Carbonate | 17 36.1 N/A N/A 315 142 1.23E-01 | 4.80E-03 | 1.26 8.20

5 ow Carbonate | 23.9 22.3 N/A N/A 186 12.4 4.65E+00 | 1.90E-04 | 0.84 2.10

6 W-W Carbonate | 26.3 46.5 N/A N/A 208 15.9 2.10E-02 | 1.80E-02 | 1.60 27.00
7 ow Glass 37.9 2.6 0 0.85 0.5 3.2 8.10E-05 | 1.10E-07 | 0.04 1900.00
8 ow Glass 36.5 3 N/A N/A 0.5 35 1.00E-04 | 2.30E-07 | 0.04 1800.00
9 W-W Glass 31 6.4 0.88 0 49.6 7.1 3.10E+00 | 8.10E-06 | 0.55 0.22
10 | W-W Glass 326 8.3 N/A N/A 50.2 7.5 4.30E+00 | 7.90E-06 | 0.62 0.08
11 | OW Glass 30.3 75 0.6 3.7 1.35E-03 | 6.00E-08 | 0.04 150.00
12 | OW Glass 29.6 7.8 0 0.48 0.6 3.8 1.40E-03 | 1.70E-08 | 0.04 145.00
13 | W-W Glass 44.2 8.6 53.7 9.6 1.30E+00 | 5.10E-05 | 0.59 0.22
14 W-W Glass 40.1 6 0.91 0 70.7 6.9 2.10E+00 | 1.70E-05 | 0.66 0.37
15 ow Berea SS 19.1 44.6 0 0.39 17.7 21 7.20E-02 | 1.10E-07 | 0.40 10.70
16 ow Berea SS 194 36.1 N/A N/A 21.8 2.7 8.70E-01 | 1.00E-07 | 0.35 1.75
17 W-W Berea SS 21.7 18.4 N/A N/A 111 8 3.00E-01 | 3.80E-03 | N/A N/A
18 | W-W BereaSS | 214 219 0.39 0 106 3.7 2.80E-02 | 2.50E-03 | N/A N/A
19 ow Sandstone | 12.2 18.6 N/A N/A 248 9.4 4.78E+00 | 4.90E-05 | 0.85 0.34
20 W-W Sandstone | 12.8 13.7 N/A N/A 110 10.5 1.31E-01 | 1.00E-03 | 1.21 4.50
21 ow Sandstone | 23.2 17.8 N/A N/A 250 8.2 9.13 3.10E-05 | 0.8 0.14
22 ow Sandstone 33 0.19 280
23 | OW Sandstone | 22.2 16.9 N/A N/A 223 5.6 6.89 9.50E-05 | N/A N/A
24 W-W Sandstone | 22.7 8.2 N/A N/A 107 11.8 0.13 2.00E-03 | 1.46 3

25 W-W Sandstone | 21.8 9 N/A N/A 130 8.16 0.109 5.90E-04 | 1.24 7.7

26 ow Sandstone | 13.5 12 N/A N/A 177 12.9 0.34 1.70E-03 | N/A N/A
27 | OW Sandstone | 22 8.4 N/A N/A 88.4 7.1 0.24 2.20E-04 | 0.68 3.8

28 W-W Sandstone | 22.7 31 N/A N/A 61 135 2.90E-02 | 5.70E-02 | N/A N/A
29 | W-w Sandstone | 23.8 3.7 N/A N/A 72 14.1 2.40E-02 | 1.60E-03 | 0.96 16

30 | OW Sandstone | 13 332 N/A N/A 64.6 6.4 4.83E-02 | 2.90E-05 | 0.67 17

31 | OW Sandstone 2.3 2.50E-04 N/A N/A
32 | W-w Sandstone | 13.8 63.2 N/A N/A 222 4.6 1.47E-02 | 4.00E-03 | 1.3 120
33 W-W Sandstone | 13.3 47.4 N/A N/A 137 155 2.47E-02 | 2.50E-02 | N/A N/A
34 | OW Sandstone | 25 20 N/A N/A 13 23 5.20E-03 | 5.80E-02 | N/A N/A
35 | OW Sandstone | 25 20 N/A N/A 70 6.4 9.30E-03 | 3.40E-02 | N/A N/A
36 W-W Sandstone | 25 20 N/A N/A 159 171 1.50E+00 | 4.00E-01 | N/A N/A
37 W-W Sandstone | 25 20 N/A N/A 110 222 8.05E-01 | 2.40E-01 | N/A N/A
38 | OW Sandstone | 13.8 12.7 N/A N/A 64 8.9 3.80E+00 | 1.30E-05 | 0.54 0.13
39 ow Sandstone 24.4 7.30E-02 0.5 3.4

40 ow Sandstone | 13.8 11 N/A N/A 57.6 44 1.87E-01 | 7.20E-06 | 0.72 6.6
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41

W-W Sandstone | 13.8 30.1 N/A N/A 66.4 9.8 1.40E-02 | 3.96E-04 | 0.98 36

42

W-W Sandstone | 13.8 7 N/A N/A 32 9.2 8.40E-03 | 6.89E-05 | N/A N/A

The conclusion of this study can be summarized in the following points:

a)

b)

d)

The relaxation strength, Ag, for the water-wet sample, where the MW polarization appears, is
higher than the values of the oil-wet ones. However, some salinized samples, such as K3, showed
a higher value compared to the water-wet match, K13. This could be attributed to an ineffective
salinization process that could not turn all the pores to oil-wet condition. This could be a result of
the presence of remnant water-wet micro pores in the system which was confirmed by the presence
of a second relaxation peak at a higher frequency. See Figure 14.

Relaxation time for water-wet samples was significantly higher than the time for oil-wet samples.
These values were sometimes double and sometimes one order of magnitude higher in water-wet
samples comparing to the values for oil-wet ones. Anyhow, this discrepancy was not conclusive
in all the samples. This is, again, can be referred to the remaining water-wet micropores mentioned
in point a.

The DC conductivity, a4, of the samples were calculated by averaging the value of £"(w)&ow at
100 Hz. Generally, this value correlates very well with wettability. The DC conductivity of water-
wet samples is at least ten times the value of the oil-wet matches. Sometimes, this difference in-
creases and reaches to 2 orders of magnitude. For example, o, for oil-wet K3 sample with water
saturation of 17.8% is 3.10 x 1075 (S/m) while it is 2.00 x 10™3 (S/m) for water-wet K13 sample
which has only 8.2% water saturation. This means that, even though the oil-wet sample is saturated
with double the amount of water in the water-wet sample, its g, conductivity value is still 64
times less than the conductivity of the water-wet sample which confirms the strong relationship
between this value and wettability. This could be attributed to the surface ratio effect. For conduc-
tivity, it appears that it does not matter how much water is present, it matters whether it forms a
continuous phase or not.

The last two dielectric parameters presented in the table are Agan(sy and f.ma. . Both parameters are
obtained from loss tangent curves. The loss tangent, tan(é), is a measure of the relative loss ten-
dency in the dielectric signal in the rock, and it is being the ratio of the energy lost to the energy
stored. The right-hand side plots in Figure 14 represent the loss tangent behavior in the frequency
range of (100 Hz to 10 GHz) for two glass samples and two K reservoir samples. In the low-
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frequency range, charge transport (EDL polarization) will be the dominant polarization activated
in the medium which decays after a certain frequency where the MW relaxation will start to take
the lead of the polarization mechanism. This results in a clear peak in the loss tangent curve with
a small amplitude value, Aancs) » at MW frequency value, fiq, . Water-wet samples showed
peaks with higher amplitude at lower frequencies compared to oil-wet samples. This can be re-
ferred to as the strong dielectric properties of water which lead to a stronger polarization and slower
relaxation comparing to non-polar oil. However, the salinized K3 sample showed a second peak
at a later time indicating that there are still some tiny pores that remained water-wet after an inef-
ficient salinization process.

Another study was conducted by Venkataramanan et al. (2014) on three Oolitic limestone core samples
resulted in a similar outcome. However, the dielectric measurements after the wettability alteration were
acquired only at irreducible water saturations (S,,;+). Two samples, B and C, were converted to oil-wet
while sample A was maintained as water-wet. Different cycles of drainage and imbibition were performed
to explore the dielectric response while altering the wettability. Wettability alteration was confirmed by
NMR T-2 measurements. The oil-wet sample experienced a significant reduction in dielectric permittivity
and conductivity values compared to the water-wet sample which both measured at S,,;,-. Figures 15 and

16 illustrate the response during drainage and imbibition cycles.
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Figure 18 Dielectric and NMR T-2 distribution for sample B after primary drainage (no aging)
and forced drainage (after altering the wettability by aging) at S, ;. in the low-frequency range,
the dielectric permittivity and conductivity experience a reduction due to wettability alteration (af-

ter Venkataramanan et al., 2014).
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Figure 19 A comparison between the dielectric response and NMR T2 during the spontaneous
drainage for sample a which was maintained as water-wet (W-W) and samples b and ¢ which were
converted to mixed-wet (M-W). in the low-frequency range, the dielectric permittivity and conduc-
tivity experience a reduction due to wettability alteration (after Venkataramanan et al., 2014).

Furthermore, Newgord et al. (2018) worked on the correlation between the electrical properties of rock
samples and their wettability. They developed a wettability triangle diagram in which the wettability can
be qualitatively determined by plotting the saturation of isolated water versus the water saturation of the
core sample. The developed diagram consists of 3 main regions: water-wet, mixed-wet and hydrocarbon-
wet regions. The saturation values were obtained by applying Archi (1942) principle to the measured
resistivity index. The resistivity values were measured using a multi-frequency impedance analyzer. The
frequency at which the resistivity value was taken for the saturation calculations was chosen such that the
phase shift is at its minimum value. In addition, a plot called “Conceptual qualitative diagram of the re-

sistivity index vs. water saturation for different wettability conditions” was built with 3 separate curves
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which represents the wettability conditions mentioned earlier. By measuring the resistivity index at dif-
ferent saturation and plotting them on the diagram, they will fit to the corresponding curve based on the
wettability condition. The developed diagrams worked well in classifying the core samples with respect
to their wettability condition but without quantifying the wettability index. Moreover, the separation be-
tween the curves, especially at high water saturation values, is very small which makes the judgement on

the wettability condition difficult.

In 2017, Al-Ofi et al. have studied the dielectric response sensitivity to wettability alteration using the
same technique utilized in USBM and Amott-Harvey methods. In that study, a dielectric dispersion was
measured for 1.5 in long samples at different frequencies ranging from 10 MHz to 1 GHz. Core flooding
apparatus was utilized to perform the drainage and imbibition cycles. A wettability-inert oil was used
during the primary drainage to preserve the initial water wettability condition of the core samples. After-
ward, surface-active stearic acid, Soletrol, was added to the oil during later stages of oil flooding (water
drainage) in order to shift the rock wettability into the oil-wetting direction. For checking the model va-
lidity, NMR-T2 and contact angle measurements were taken with dielectric simultaneously. In this study,
a model was developed to link the dielectric permittivity reading to the contribution of the fluid and matrix
permittivity and their volumetric characteristics governed by porosity and saturation. Therefore, this study
can be considered as a combination of both methodologies, experimental and model based. The model
utilized by the study relies on a textural model (known as the SDR-06 model) (Seleznev et al. 2006) which
uses a Maxwell-Garnett approximation to calculate the electrical properties of the compound media (Al-
Ofi et al., 2017). This model applies the Complex Refractive Index Method (CRIM) on elliptical grains.
However, the proposed model expresses the effective dielectric permittivity of the medium as the summa-
tion of the e and input from dispersed particles of oil, brine, and rock with the weight coefficients, which
depend on the volumes of the respective components (Al-Ofi et al., 2017).
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where ¢; is the complex permittivity of the j — th ellipsoidal inclusion phase with the depolarization fac-

tors Nji (i =1, 2, 3) and volumetric fraction f;. Inclusion fractions are assigned as follows: f,, =
(A=), fw =0 Sw,fou = @ (1 = Sy).
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Besides the standard interpretation answers, the developed model was able to relate the dielectric disper-
sion to the geometrical parameters such as tortuosity and fluid distribution which ultimately led to relate
it to wettability. The model used the dielectric measurements to obtain the geometrical characteristics and
then invert them to wettability indicators. The study deduced a similar result to what was discussed pre-
viously. As more acid is injected into the system which makes it more oil-wet, the dielectric depolarization
factor decreases due to the increase of MN-Parameter. MN-Parameter is the apparent cementation factor
or water phase tortuosity while the dielectric depolarization factor is an indicator of the distribution of the
fluid in the porous medium. In water-wet porous systems, the water forms a continuous phase that covers
the grain surface. However, this continuous phase gets disturbed by introducing more acid which turns
the medium into oil-wet and forces the water to form inclusions. Consequently, water tortuosity MN-
Parameter increases, and dielectric depolarization factor declines. At the highest acid concentration, the
water dielectric depolarization factor, DFWA, drops down from 1.40, which was obtained at the initial
drainage stage, to 0.36 which is very close to the dielectric depolarization factor of spherical inclusions.
Therefore, depolarization factors for water, DFWA, and oil, DFOM, are promising indicators of wettabil-

ity states.

A significant change in the behavior of dielectric permittivity and conductivity values was observed while
converting the sample to an oil-wet one (See Figure 17). As the figure illustrates, the conductivity value
decreased as the wettability is converted to oil-wetting by injecting more acidic oil. The same trend applies
to permittivity, especially under low frequencies. In addition, the variation in the permittivity due to the
change in frequency, which is called dispersion, decreases as the sample becomes more oil wet. These
observations can be explained by the formation of a new oil layer covering the grains due to wettability
alteration. In 2018, Al-Ofi et al. extended their work to relate the dielectric response to wettability. They
demonstrated linear relationships between the water tortuosity M-N parameter, platy grain concentration,
depolarization factor and dielectric-obtained saturation exponent on one side and USBM wettability index
on the other side. Those dielectric parameters were obtained for single dolomite core sample using 6 water
saturation values: irreducible water saturation, 0.2, 0.4, 0.6, 0.8 and (1 — Residual oil saturation).
The plots were generated for 3 wettability conditions and showed an excellent coefficient of correlation

values.
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Figure 20  The permittivity and conductivity response during wettability alteration method using
tex-tural model (after Al-Ofi et al., 2017).

Garcia and Heidari (2018) have characterized the multi-frequency dielectric dispersion in mixed wet
rocks. They successfully built an analytical model to simulate the results obtained for 6 sandstone samples
which were used Bona et al., 2002 study. Below 100 kHz, a significant drop in the dielectric constant as
hydrocarbon wettability increases. On the other hand, the model was able to obtain the MW polarization
which occurs at frequencies around 1 MHz due to the presence of a capacitive layer at the water-oil inter-

face. Both responses were obtained successfully by the model and agreed with the lab measurements.
Overall, the proposed model went through the following calculations and assumptions:

a. The mixed wet system consists of water wet regions and oil-wet regions. The EDL polarization is
negligible when the grain surface is oil wet. Then, Maxwell Garnet and Hanai-Bruggeman’s mod-
els were utilized to calculate the effective permittivity by considering the fraction of the grains in
the water wet region and oil-wet region.

b. The observed MW polarization at frequencies ranging from kHz to MHz is associated with the
presence of an interfacial layer between the immiscible oil and water in the pore spaces. The fluid
interface is described by a spherical shell of the wetting phase which covers the non-wetting dis-
persion. The transition area between the oil and water phases can be classified into 3 areas, pure
water, pure hydrocarbon, and a capacitive spherical transition layer (see Figure 16). Then, Max-
well Garnet and Hanai-Bruggeman’s models were utilized to calculate the effective permittivity

by considering the oil and water saturations.
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Figure 21  The model used to describe the hydrocarbon spherical drop which is coated by capac-

itive layer due to the presence of EDL layer at the water-oil interface (Garcia and Heidari, 2018).
c. Finally, effective permittivity was calculated based on the combination of both and b.

For wettability and grain surface effect (EDL Polarization), Maxwell Garnet and Hanai-Bruggeman for-

mulas can be expressed as the following:

Maxwell Garnet Formula:

Sg—é‘sc

Esotid = Es¢ T (1 — Xy)€sc ese XNy (2g—250) (24)
Hanai-Bruggeman Formula:
N
€9~ Esolid __ Esolid |9
sg_sSC - XW[ &sc ] (25)
Where,

Eso1ia 1S the solid grains permittivity.

ggc the relative dielectric permittivity of the grains coated with the electric double layer. It can be calcu-

lated by &g¢ = “;’—SSO + &4, Where oy is the grain surface conductivity and &, is the permittivity of the

mineral constituent of the grains.
X, is the fraction of the grains which is water wet. It ranges from 0 to 1.

N is the depolarization factor (i.e., equal to 1/3 for spherical grains).
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For saturation and fluid effect (MW Polarization), Maxwell Garnet and Hanai-Bruggeman formulas can

be expressed as the following:

Maxwell Garnet Formula:

EHC,C—Ew

Eftuia = Ew + (1 —Sy)&y, N R a— (26)
Hanai-Bruggeman Formula:
EHCC™ Efluid s [ffluid]NHc'C 27)
EHC,C™ Ew i Ew
Where,

£fuiq 1S the fluid phase permittivity and &,, is water permittivity.
eycc 1S the effective dielectric permittivity of the hydrocarbon phase. It can be calculated from the fol-
lowing:

< Z(I—V)SC +(1+2v) EHC
¢ (2+v) ec +(1-v)ey¢

Eycc = , Where, & is the dielectric permittivity of the inner layer, &4 is the die-

lectric permittivity of the bulk hydrocarbon phase and v the volume fraction of the inner layer compared

h

3
to the total inclusion volume. It can be expressed as v = (1 - r—) (See Figure 18). S,, is the water satu-
0

ration and Ny ¢ is the hydrocarbon depolarization factor.

By combining both effects, wettability, and saturation, both formulas can be used to find the permittivity

of the porous medium as the following:

Maxwell Garnet Formula:

€Solid —Efluid
£ftid+ @ Nf(€solid—&fruid)

&R = Efpuia + (1 — @) Erpuiq (28)

Hanai-Bruggeman Formula:
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Esolid— €R  __ [ ER ]Nf (29)
=9

Esolid —Efluid Efluid
Where,

&g is the permittivity of the porous medium and N is the depolarization factor of the whole fluid.

The process flow of the model went as follows:

1- Calculate the effective permittivity of the hydrocarbon inclusions, g4 ¢, the effective permittivity
of the water wet grains, €g¢, and the effective permittivity of the water &, based on water salinity
and temperature.

2- Calculate the effective permittivity of the grains, &4i4, based on the obtained &g. and the given
X,, values.

3- Calculate the effective permittivity of the fluid, &5,,;4, based on the given §,, and the obtained
£ycc and g, values.

4- Calculate effective permittivity of the rock, €5, based on the given porosity and the obtained £44;;4

and &5yy4 Values.

Table 3 lists the basic properties and types of samples analyzed in the study using the procedure explained

before.
Table 3 Basic properties and types of samples analyzed (After Garcia and Heidari, 2018).
Sample # Lithology Wettability o (%) Sw (%)

1 Sandstone Oil-wet 23.2 17.8
2 Sandstone Woater-wet 22.7 91.8
3 Sandstone Oil-wet 22.2 16.9
4 Sandstone Woater-wet 21.8 81.0
5 Sandstone Oil-wet 19.1 44.6
6 Sandstone Water-wet 21.4 21.9

The model outcomes showed an excellent correlation with lab measurement. The permittivity values ob-
tained by the model were compared against the laboratory measurements conducted by the previously

mentioned Bona et al. (1998) and Bona et al. (2001) studies. Figure 19 illustrates the comparison between
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model results and Bona lab measurements. From the figure, we can see an excellent correlation between
the model-obtained results with the measured data for both oil and water-wet samples, especially for K-

Reservoir samples.
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Figure 22 The plots representing the model outputs and comparing them with Bona et al., (2002)

lab measurements (after Garcia and Heidari, 2018).

Another study related to this topic was published by Garcia et al., in 2022. They proposed a numerical
iterative model based on gradient descent to find porosity, water saturation and wettability index from

dielectric measurements (see figure 20). The model was generated by applying a forward model on the
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pre-known mentioned petrophysical properties (from Bona et al., 2002) to find the corresponding dielec-
tric measurements. Then, the obtained dielectric measurements were compared against the correct values
from Bona et al., 2002. If there is no match, a reverse model, based on gradient descent, was applied to
update the estimated petrophysical properties. Afterwards, the forward model was applied again on the
updated estimates in the same way to obtain the dielectric measurements. This cycle was repeated till a
good match between the dielectric measurement generated by the model and the data present in the liter-

ature is obtained and the final estimate of petrophysical properties were reported.

i
. Wettability Water E
| ] Porosity (¢) Index (X,,) Saturation (Sd i

Genetic Algorithm

and Apply Forward Model
Gradient Descent (Estimate Permittivity)
AN

NO Broadband Dielectric
Permittivity
Measurements

YES

Report Final Estimates
(¢, X, and S,)

Figure 23  The process flow map of the model applied by Garcia et al., 2022.

Recently, another work has been published which proposed some modification on the conventional bi-
modal-like model, which was designed to petro-physically interpret the dielectric measurements for the
water wet samples, to qualitatively evaluate the wettability conditions (Hou et al., 2023). Originally, the
bimodal-like model consists of several parameters which are related to water phase tortuosity, water sat-
uration exponent and water salinity. An additional model parameter has been incorporated, called trapped
water fraction, which is sensitive to wettability conditions. The trapped water fraction is designed such
that it approaches zero when the sample is strongly water wet whereas it drops to zero when the sample is
fully oil wet. However, the new fraction can provide qualitative information about wettability, whether it
is more likely to be water wet, oil wet or mixed wet, but it is not capable of determining the wettability

index precisely.

41



Although there has been significant work in the literature to explore the possibility of using dielectric as
a wettability indicator, no quantifiable wettability index was obtained using the dielectric measurements
to evaluate the wettability directly. Instead, different models were developed to estimate the dielectric
permittivity based on different pre-defined petrophysical properties including the wettability. In addition,
these models involved different parametric assumptions that depend on wettability, which is not defined
yet, such as non-wetting phase shape inclusion factor and depolarization factor. Yet, there has not been a
direct method to determine wettability index from dielectric dispersion directly without either making
multiple parametric assumptions or requiring more petrophysical information which are, mostly, unavail-
able, or significantly expensive. In table 4, a summary of the gaps found in the previously discussed
studies are presented which can form a potential area to be fulfilled to achieve our goal of obtaining a

dielectric wettability index.
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Table 4

Summary of the studies investigated and the gaps which can be further investigated.

Authors, Year

Study Outcomes

Gaps could be improved

Qualitative analysis of dielectric measurements, including

- Used Only Berea sandstone and Glass filter samples.

ramanan et al.,
2014

Qualitative analysis of Dielectric and NMR response on 3

oolitic limestone samples while altering wettability.

Bona et al., real and imaginary permittivity, some type of permittivity | - Used only brine and deionized water to saturate the samples.

1998 derivatives, and loss tangent response to wettability. [ - No wettability index correlation obtained.
(Curves behavior) -Only low to med. frequency bandwidth (100 Hz to 50 MHz)
Incorporated dielectric-related parameters, such as relaxa- | _ o wettability index obtained.

Bona et al., tion time, relaxation strength, and DC conductivity, and

2002 studied their behavior in response to different dielectric | - Single dielectric measurement for each sample at partial water satura-
measurements tion.

Venkata- - No wettability index correlation was developed.

- Involved only oolitec limestone.

- Comparison was done at Swirr only.

Al-Ofi et al.,
2017 and 2018

Numerical model to estimate the dielectric measurement
based on fluid content and distribution. The model involves
fluid inclusion shape factors which depend on wettability.
The model was then inverted back to obtain those geomet-
rical factors and have a qualitative conclusion on the wet-
tability condition. In 2018 study, linear correlations be-
tween dielectric parameters and wettability were developed

using 3 points.

- No direct wettability index relationship from dielectric was obtained.

- Based on CRIM model which relies on the volumetric contribution and

applies only to high frequency.

- Single dolomite sample with limited number of saturation values.
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Neogord et al.,
2018

Used Archi, 1942 equation to calculate water saturation us-
ing the resistivity index. Then, obtained triangular dia-
grams to correlate water saturation and critical water satu-

ration to wettability.

- Only qualitative analysis of wettability. No wettability index obtained
- The separation between the curves at high water saturation values, is
very small which makes the judgement on the wettability condition dif-
ficult.

Garcia and Hei-

Analytical model with sensitivity analysis to predict dielec-

tric measurement based on predefined petrophysical prop-

- Based on HB and MG mixing model that are not developed for porous
media.

- Not considering pore structure and tortuosity.

dari, 2018 erties. - No wettability index correlation was developed.

- Involved several parametric assumptions.

- Only Berea Sandstone.
Garcia et al., Forward and reversed numerical model to evaluate S,,, ¢ | - Sophisticated model based on many assumptions and costly inputs.
2022 and X,, - The model depends on iterative evaluation to optimize multiple fitting

parameters. Need to further investigation on larger population of data

Hou et al., 2023

Modified the Bimodal-Like model to incorporate a new
parameter, called effective trapped water fraction (ETWF)
which correlates with wettability. Theoretically, ETWF
should approach zero for water-wet while it should reach

1 for oil-wet condition.

- Qualitative assessment of wettability using ETWF value.
- Only carbonate samples; Edwards Limestone and Baker Dolomite.

- The wettability index of the samples was unknown.

- No wettability index correlation.
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CHAPTER 4
RESEARCH OBJECTIVES AND METHODOLOGY

4.1. Problem statement:
The traditional methods to measure the wettability index in the oil and gas industry are complicated, time
consuming and expensive. Therefore, utilizing the dielectric logging tool to perform this task in real time
will be significantly rewarding in terms of both time and cost. On the other hand, although there have been
several studies to investigate the response of dielectric to wettability changes, there is no wettability index

developed using the dielectric measurements.

4.2. Thesis Objectives
This study aims to closely investigate the dielectric response toward wettability alteration at different
endpoint water saturations (S, = 1, Sy, irr1, Sor» @and Sy,ir2). A detailed experimental work consisting
of wettability alteration and wettability index measurements combined with conventional petrophysical
analysis, NMR and dielectric measurements will be conducted on 3 pairs of core samples which belong
to 3 rock types: Berea and Fontainebleau sandstone and Indiana limestone. The ultimate goal of the study
is to develop an empirical correlation to calculate the wettability index from dielectric measurements
(W giereceric)- One of the core samples among each pair will go directly for wettability index measure-
ment while taking NMR and dielectric measurements whereas the other sample will be subjected to full
wettability alteration process before measuring its wettability index along with NMR and dielectric meas-
urements. The wettability alteration process was designed in a way that prevents compromising the pores’
structure. The dielectric wettability index to be developed will be benchmarked with the industry-known
USBM wettability index (WlIysgy), validated with Al-Garadi et al., (2022) NMR wettability index
(W1 yug)- After concluding the experimental work, the data will be analyzed, and the dielectric wettability

index will be formulated.

4.3. Sample Preparation and Initial Core Analysis
Three pairs of standard sandstone (Berea and Fontainebleau) and carbonate (Indiana) samples were con-
sidered in the study. Separately, a chip and powder for each rock type were prepared for X-Ray Diffraction
(XRD) and Scanning Electron Microscopy (SEM) surveys. The XRD was planned to define the mineral
composition while the SEM was acquired to explore the pores structure of the samples used. The core

samples were cut into 1.5 diameter and 2” length. Then, they were cleaned with methanol in the Soxhlet
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and dried out in the vacuumed oven under 80 degC. After that, the porosity was measured using the inert
Helium gas for all the samples. The mineralogical composition and pore structure were surveyed using X-
Ray Diffraction analysis (XRD) and Scanning Electron Microscope (SEM), respectively. Then, the sam-
ples were saturated fully with 3% KCI while measuring the absolute liquid permeability. Finally, the first
pair of the samples, called (master samples), went to wettability index measurement using USBM and
NMR while the other pair of the samples, called (sister samples), went through the wettability alteration
process before measuring their wettability index in a similar fashion as the master samples after treatment.
Figure 24 shows the flowchart for sample preparation and the initial core analysis.

Preparing the samples. Cut each core into (1.5” Diameter X 2 Long)

l All samples

Clean the samples with Methanol under the Soxhlet. Dry the samples.

4

Take porosity for the cores, SEM for the chips and XRD for the powder.

4

Saturate the core samples with 3% KCI. Take Permeability, NMR and Die-
l Master Sam- Treated Samplesl

Wettability Index Measure- Wettability Alteration.

4

Wettability Index Measure-

Figure 24  Workflow for sample preparation and initial core analysis.

4.4. Wettability Index Measurement
The wettability of the core samples was measured using USBM and Al-Garadi et al., 2021 NMR T-2
wettability indices. The drainage and imbibition cycles were conducted using the Beckman Coulter Op-
tima XPN-90K centrifuge machine at several rotational speeds (in RPM). The cycles were carried out
under elevated RPM speeds in which each speed was operated for 8 hours. However, the last RPM speed
was extended for 60 hours to drive the saturation to the maximum saturation endpoint. The drainage cycles

were executed using a model oil (Dodecane - C12H26) while the imbibition was performed using 3 % KCI
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brine. To make the model oil visible during the centrifuge flooding, a small amount of oil-soluble color
dye, called methylene dye blue, has been added. The dye solubility was tested in brine and oil separately
as well as in a mixture of both. The dye showed solubility only in the oil phase, not the brine. A minimum
dye concentration of 0.08 wt. % resulted in a visible color segregation and complete stability under agita-
tion, hence, it was used as an optimum dye concentration. Figure 25 shows a comparison between the

optimum minimum concentration (0.08%) and a lower concentration (0.05%).

T

Figure 25  The optimization of the methylene dye blue under agitation. The 0.08% in (B) showed

a more stable color than 0.05% in (A).

Initially, the primary drainage cycle was performed on the brine-saturated samples in the presence of the
dyed dodecane till the first irreducible water saturation (S,,;+1)- Then, the samples at (S,, ;1) Were cen-
trifuged in the presence of 3% KCI brine till the residual oil saturation (S,,), in which the process is called
imbibition. Finally, the drainage process was repeated on the samples at S,,., in what is called a secondary
drainage until reaching the second irreducible water saturation (S,,;2). At the end of each cycle, the
NMR and dielectric surveys were taken to cover all the saturation endpoints; S,, = 1, Sy irr1, Sor and

Swirr2- Figure 26 demonstrates the workflow for acquiring the dielectric and NMR measurements.
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Brine-saturated sample Take Dielec- Perform primary drain- Take Dielec-

at (Sw =1) B | tricand NMR |mm) age cycle till (S,,i1)- B)| tric and NMR
Take Dielec- Perform primary drain- Take Dielec- Perform imbibition cy-
tric and NMR = age cycle till (S,,;2)- = tric and NMR L cle till (S,,)

Figure 26 The workflow of wettability index experiment and the related NMR and dielectric

measurements.

4.4.1. USBM Wettability Index
Donaldson et al. (1969) developed the USBM technique to assess the wettability of reservoir rocks. This
method relies on quantifying the area under the capillary pressure curves obtained by multiple cycles of
drainage and imbibition. Initially, the core sample is fully saturated with water. Then, the primary drainage
is carried out, where the dodecane displaced the brine in the fully brine-saturated sample (Sw = 1) till the
first irreducible water saturation (S, ;1) under elevated capillary pressures while recording the volume
of the water collected. This displacement can be performed using either centrifuge with varying RPM or
core flooding with varying capillary disks. After the primary drainage, the oil is displaced by the water
with the same procedure until reaching the residual oil saturation (S,,.) under what is called the imbibition
process or oil drive. Finally, we repeat the same procedure as the primary drainage till we reach the second
irreducible water saturation (S,,2), Which is called the secondary drainage or the brine drive cycle. After
collecting the data of all displacement cycles, we plot the capillary pressure versus the water saturation
for the imbibition and secondary drainage cycles. Figure 27 shows the capillary pressure plot for only the
imbibition and the secondary drainage. Then, the areas under both curves shown in Figure 27 are evalu-
ated. Finally, the USBM wettability index (WIygsgnm), Which ranges from -1 for oil-wet condition to +1

for water-wet condition, can be computed as the following:
Aq
Wlyspy = lOgA_Z (30)

Where,

e A, isthe area below the secondary drainage curve (oil drive).

e A, isthe area below the imbibition curve (brine drive).
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Figure 27  The capillary pressure curves for the secondary drainage (oil drive) and imbibition

(water drive) cycles (After Donaldson et al., 1969).

4.4.2. NMR Wettability Index
As mentioned earlier, K. Al-Garadi et al. (2022) NMR wettability index, W1 yyg, Was used in our study
as a secondary wettability index measurement for benchmarking the dielectric wettability index correla-
tion. This index can be obtained by recording the NMR T> at different water saturation end points, S,y

and S,,-. The expression for K. Al-Garadi et al. (2022) NMR wettability index can be written as follows:

Iyur =1y — 1, (31)

_ T2pw —Tasor 32

Iy = T2Bw ( )

[ = T2Bo ~ T2swirr (33)
0 T2Bo

Where,

e I, and]I, are the NMR water and oil wettability indices, respectively.
e T,p, and T,p, are the bulk water and bulk oil T, values, respectively.

o Tyg,irr and Ty, are the NMR T, values at §,,;,- and S ,,., respectively.
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4.5. Wettability Alteration
For the sake of the maximum preservation of the pore structure while shifting the wettability towards oil
wetness, the sister samples were aged in stearic acid diluted in light crude oil and then cleaned with an
aliphatic solvent, hexane. The treatment fluid was prepared by adding 1% stearic acid to light crude oil
under stirring at 45 degC. Initially, the sister cores were cleaned with methanol under the Soxhlet for 2
days and dried under 80 degC in a vacuumed oven for 3 days. Afterwards, samples were placed in a
saturation cell and vacuumed for over a night. Then, the treatment fluid was introduced using the vacuum
force to the cell. After that, the cell was hooked to the actuated transfer cell filled with the same fluid and
2500 psi of pressure was applied using a hydraulic pump. After pressurizing the saturation cell, the valves
were shut closed, and the cell was left pressurized. After 5 days, the cell was depressurized, and samples
were left to be aged in the treatment fluid for 3 weeks. To remove the oil, samples were retrieved and
placed in the Soxhlet for cleaning with hexane for 5 days. Finally, the samples were dried in the vacuumed
oven under 80 degC for 3 days which brought the samples back to dry condition. Figure 28 shows the

process flow map for the wettability alteration process.

Clean and dry the samples.

J

Vacuum and saturate the samples with 1% stearic acid in light oil. Apply

g

Age samples in the treatment fluid for 3 weeks.

¢

Clean the sample with aliphatic solvent (Hexane) under the Soxhlet for 5

¢

Dry the samples in a vacuumed oven for 3 days.

Figure 28  Process flow map for wettability alteration.

4.6. NMR and Dielectric Measurements
The Geospec NMR spectrometer was used to measure the 1H NMR T2 at different saturation conditions.
The device has parallel plates with permanent magnets installed, which provide a magnetic field strength
(Bgy) of 0.05 T, or 2.2 MHz, as the Larmor frequency. To obtain the transverse relaxation (T,) values, the

radio frequency (RF) is then applied in a series of 90° and 180° pulses using a Carr-Purcell-Meiboom-Gill
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(CPMG) sequence pattern. Figure 29 shows the CPMG sequence, where n denotes the number of echoes

and t, denotes the time delay between pulses.

90° 180° Echo 180°

Figure 29 CPMG pulse sequence (After Elsayed et al., 2022).

On the other hand, a coaxial probe attached to an impedance analyzer made by Keysight, which can pro-
duce an electrical field with a frequency range of 1 MHz to 3 GHz, was used to carry out the dielectric
tests. In the frequency range of 10 MHz to 1 GHz, the measurements were taken for the samples at differ-
ent saturation conditions. The amplitude and phase shift that represent the instrument's raw output are
transformed into real and imaginary permittivity using an open-ended coaxial EM reflection model, as
described in Baker-Jarvis et al. (1994). Next, the following formulas are used to calculate the conductivity,

o, while the loss tangent, tan §, is calculated using equation (10):

oc=2mwfeye" (34)
Where,
- tan 8 is the loss tangent, dimensionless.
- € and €" are the real and imaginary permittivity obtained by inverting the instrument’s raw data,
dimensionless.
- o is the conductivity, S/m.
- fisthe frequency, Hz.
- g is the dielectric constant (permittivity) of the air (8.854 x 10712 F/m).

Figure 30 shows the instruments used for both NMR and dielectric measurements.
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Figure 30 The NMR rock analyzer (A) and the multifrequency dielectric instrument (B) used in
the study.

CHAPTER 5
RESULTS AND DISCUSSION

5.1. Initial Core Analysis
Prior to any wettability treatment, different measurements were acquired for the core samples, chips, and
powders at dry and fully brine-saturation conditions. At dry condition, gas porosity and dielectric were
collected for the cores, XRD was taken for the chips and the chips were scanned with the SEM. At S,, =

1, NMR and dielectric were acquired for core samples as well as their permeabilities were determined.

5.1.1. Dry Core Samples Measurements
Both master and sister samples were taken from the same 12” length core except the Fontainebleau which
is supplied usually in a 3” length cores by different vendors. Therefore, the Berea sandstone and the Indi-
ana limestone showed a close match in terms of porosity in both the master and the sister whereas the
Fontainebleau showed a 1.50 p.u. difference in the porosity between the master and the sister samples.
Table 5 shows the porosity measurements of all samples before the treatment.

Table 5 "He' gas porosity results for the core samples.
Sample Diameter (cm) Length (cm) ‘He’ Gas Porosity (%)
Berea — Master (BS- | 3.823 5.035 19.50
1)
Berea - Sister (BS-2) | 3.824 5.123 19.75
FB — Master (FB-1) | 3.813 5.059 9.50
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FB — Sister (FB-2) 3.836 4774 8.00
Indiana — Master (IL- | 3.763 4.859 17.46
1)

Indiana — Sister (IL-2) | 3.769 4.885 18.86

A small fragment of each rock type has been grinded into powder to define the mineral composition. The
findings of the XRD mineralogy analysis are presented in Figure 31. The FB sample had a composition
of pure quartz, whereas the Berea sample had 90% quartz with minor amounts (5.8%) of the potassium-
rich alkali feldspar known as microcline, 1.1% of potash mica known as muscovite, and 2.8% of some

kaolinite. On the other hand, the Indiana’s XRD results revealed pure calcite composition.

Berea FB Indiana

28 1.1

m Quartz [%] = Microcline [%]

Kaolinite [%] Muscovite 2M1 [%] ® Quartz [%] = Calcite [%]
Figure 31  The XRD results of the samples in the study.

To explore the pores network, the SEM was conducted on a small chip which was prepared for each rock
type. The SEM images showed that the Berea sandstone had almost a single large pore system and big
effective with good connectivity. Another finding is the existence of kaolinite flake-like patches on the
quartz grain surface without compromising the pores; as a result, neither the permeability nor the porosity
was impacted. On the other hand, the Indiana sample showed a dual porosity system which consist of
large and small pores. This was confirmed later with the NMR measurement. The FB sample's images
demonstrated well-sorted pore system with good connectivity, which was supported by the sample's com-
paratively high permeability (74 mD) measured later. The literature has thoroughly examined the connec-
tion between the porosity and the permeability of the pores in the Fontainebleau rocks. It was discovered

that a crossover porosity value of about 9% corresponds to a power law-like increase in the connectivity
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of the Fontainebleau’s pores, which causes their permeability to rise (Oshaish et al., 2023?; Jacquin, 1964
and Bourbie and Zinszner, 1985). Given that the FB has a porosity of 10.12%, good permeability is antic-
ipated. The SEM pictures for the Berea, FB and Indiana samples are shown in Figure 32, respectively.
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Figure 32 The SEM images of the samples presented in rows. Each row corresponds to one sam-

ple with the right image of zoom-in focus. (A) Berea, (B) FB. (C) Indiana.

The dielectric measurements were taken for the master and sister samples before any treatment. As men-
tioned earlier, real permittivity, imaginary permittivity, loss tangent and conductivity are the dielectric
measurements that will be considered in our study. The results showed a real permittivity ranging between
3.2 and 3.7 for the sandstone samples whereas the limestone samples showed a value ranging between 5
and 5.5 which is consistent with the mineral composition of the samples and the recorded values in the
literature. However, the Berea samples showed a clear dispersion (slope change) in all the dielectric meas-
urements and higher conductivity across the frequency range investigated which indicates the presence of
clay minerals. Figure 33 shows the dielectric measurements of the dry samples. BS, FB and IL denote
Berea sandstone, Fontainebleau Sandstone and Indiana limestone, respectively. Also, subscript 1 indicates

the master samples while 2 represents the sister samples which are going to be treated later.
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Figure 33  The dielectric measurements for all the samples before treatment at dry conditions.

5.1.2. Initial Core Analysisat S, = 1
After acquiring the primary core analysis at dry conditions, the samples were vacuumed and saturated
with 3% KCI brine solution. Then, the liquid permeability was measured for the master samples using the
same brine at three different flow rates. The permeability results showed that the Berea sample has the
highest value (101 mD) while the Indiana and the FB samples showed an average permeability of 92 mD
and 74 mD, respectively. Furthermore, the NMR T, was taken for all the samples before engaging them
in any treatment or fluid displacement which makes the baseline for the NMR measurements. In general,

the NMR T, profiles of the sample presented in Figure 34 agree with the information comprehended about
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the pores structure by the SEM images. The Berea samples showed that the majority of the pores follows
single pore size distribution with the presence of minor amounts of smaller pores whereas FB samples
showed more distinctly single pore size network. On the other hand, the Indiana limestone sample showed
clear dual porosity system with smaller pores are dominating the pore size distribution. In addition, the
Indiana samples showed more heterogeneity than the other samples which was reflected by the slight
mismatch of the NMR T, peak of the smaller pores. Moreover, the porosity obtained from the accumula-
tion of the probability values over the range of T, investigated showed a close agreement with the He gas

porosity measured.
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Figure 34 Initial NMR T, measurements at §,, = 1 for the master samples and the sister samples

prior to treatment.

The last measurement conducted on the brine-saturated samples was the dielectric measurements which
are presented in Figure 35. The Berea samples (BS-1 and BS-2) showed some variation in the real and
imaginary permittivity values over the swept low frequency range which also impacted the loss tangent
and the conductivity values. This indicates different tortuosity across the samples’ pores. However, the
real and imaginary values are matching on the high frequency range which indicates similar pore volume
which agrees with the gas porosity measurements (19.50% for BS-1 and 19.03% for BS-2). On the other
hand, the FB samples showed the lowest dielectric measurements without significant variation due to the
low porosity values of the sample and the homogeneous well-sorted pore size distribution which was
observed by the SEM. For the Indiana samples, the real permittivity showed variation across the whole
frequency bandwidth which indicates both different tortuosity and some variation in the pore volume. This
observation was supported by the NMR T, profile which showed some variation in the pore structure of
both samples. Moreover, the BS-2 sample showed higher real permittivity over the high frequency range
and higher conductivity over the whole frequency bandwidth than BS-1 which correlates well with their
porosity values (17.46% for BS-1 and 18.47 for BS-2).
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Figure 35  The initial dielectric measurements of all the samples at §,, = 1.

5.2. Wettability Alteration Results
The wettability alteration was performed on the sister samples BS-2, FB-2 and IL-2 using 1% stearic acid
dissolved in light crude. The objective of this process is to reach the maximum shift of the wettability
from water-wet towards the oil-wet condition without compromising the pore structure. Therefore, we
relied on the small amount of asphaltene in the light crude oil along with the 1% stearic acid to achieve
that objective. Saturates, Aromatics, Resin and Asphaltene analysis (SARA) was performed on the crude
oil in 4 runs for validation. On average, the asphaltene content was 6.41% while the saturates, aromatics
and resin contents were 22.86%, 64.56% and 6.17%, respectively. Figure 36 shows the SARA results of
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the 4 runs while Table 6 summarizes the average content of the 4 components over the 4 runs. Figure 37

shows the samples before and after wettability alterations.

Run 1

Run 2

min

1]

min

& i

Figure 36 The SARA analysis results of the 4 runs for the light crude used in the treatment.

Table 6 Summary of the SARA analysis results of the 4 runs for the light crude used in the

treatment.
Component / Run Run 1 Run 2 Run 3 Run 4 Average
Saturates (%) 22.22 24.00 22.91 22.30 22.86
Aromatics (%) 64.43 66.00 66.01 61.80 64.56
Resins (%) 6.55 4.58 5.78 7.76 6.17
Asphaltene (%) 6.79 5.42 7.76 8.14 6.41
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(A ' Indiana (B) Berea Indiana

Figure 37  The sister samples before (A) and after (B) the wettability alteration.

To investigate the contact angle changes due to the wettability alteration, a small chip of pure quartz and
calcites have been prepared for contact angle measurement. The chips were cut and fine polished for the
test. The contact angle measurements were performed before and after the wettability alteration using a
drop of the 3% KCI brine in ambient conditions. Before the treatment, the quartz showed a contact angle
of 57.40°, on average, while the calcite showed a contact angle of 45.01°, on average. This indicates that
both ships are close to water-wet condition. After treatment, the contact angle has been shifted to 98.04°
and 86.59° for both quartz and calcite chips, respectively. Figure 38 shows the contact angle measure-

ments for both quartz and calcite samples before and after wettability alteration.

|
f||&ii«ii“f.<ﬁf straighten.
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Figure 38  Contact angle measurements for the quartz and calcite chips before and after wetta-
bility alteration. (A) Quartz before treatment, (B) Calcite before treatment, (C) Quartz after treat-

ment, (D) Calcite after treatment.

After performing the wettability alteration on the core sister samples, the contact angle was measured on
the top of the inlet face to compare them with the contact angle measured on the chips. The measure-
ments showed mixed wet contact angle values, close to 90°, which agrees with measurements on the
chips. A contact angle of 85.6° was observed in the Berea, 88.16° for the FB and 79.82° for the Indiana.
Figure 39 illustrates the contact angle measurements performed on the sister samples after wettability

alteration.
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(©)

Figure 39  The contact angle measurements performed on the sister samples after wettability al-
teration; (A) BS-2, (B) FB-2 and (C) IL-2.

After treatment, the porosity was investigated using NMR and ‘He’ gas porosity measurements for all
the treated sample. The samples showed a slight reduction in porosity in response to the wettability al-
teration. Table 7 shows a comparison of the porosity measurement, before vs after treatment, using both

measurement techniques.

Table 7 Porosity comparison for all treated samples before and after wettability alteration.
‘He’ Gas Porosity NMR Porosity
Sample Before After Difference Before After Difference
Treatment Treatment (%) Treatment Treatment (%)
(%) (%) (%) (%)
BS-2 19.75 18.48 6.43% 19.70 18.30 7.11
FB-2 8.00 7.85 1.875% 8.40 7.60 9.52
IL-2 18.86 18.46 2.12% 20.10 19.70 1.99

Furthermore, the pore structure has been investigated in the treated sample using NMR T, measurement.
As mentioned earlier, the NMR T, was collected for all the samples (at S,, = 1) before applying the wet-
tability treatment or introducing any other fluids which was presented in figure 34. After altering the
wettability of the sister samples, they were saturated again with the same brine and investigated under the
NMR T, acquisition. The NMR data showed slight shift in the peaks which indicated a change in the

wettability but without change in the overall profile which reveals that there are no changes in the pore
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size distribution. Dielectric is very sensitive to the changes in the structure of the water inclusion sizes

which can be induced by large asphaltene distribution. However, we followed a careful procedure in al-

tering the wettability without compromising the pore structure which was confirmed by the NMR meas-

urements. Figure 40 shows the comparison of NMR results before and after wettability alteration for the

sister samples (at S,, = 1).
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Figure 40 The comparison of NMR results before and after wettability alteration for the sister

samples (at S, = 1).
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5.3. Wettability Index Calculations
As mentioned previously, the wettability indices used for benchmarking the dielectric wettability index
correlation are the USBM wettability index, Wlysgu, developed by Donaldson et al. (1969) and K. Al-
Garadi et al. (2022) NMR wettability index, Wyyr. The wettability index calculations were performed
on the master samples which represent the wettability index before wettability alteration and the sister

samples after they have been exposed to wettability alteration process, called treated samples.

5.3.1. USBM Wettability Index
To induce the capillary forces which are responsible for fluid displacement, the centrifuge method has
been implemented. The setup of the centrifuge is demonstrated in Figure 41. As mentioned earlier, the
displacement cycles included primary drainage, imbibition and secondary drainage. The RPM can be con-

verted to capillary pressure, P., using Hassler- Brunner (1945) expression:
P.=17.953 x 1078 (Ap) w? (r,2 — 1;%) (35)
Where,

e Ap is the difference between the densities of the displacing and the displaced fluids (in g/cc). The
brine density is 1.0132 g/cc while the density of the dyed dodecane is 0.7345 g/cc.

e w= Zn% is the rotational speed (in rad/s).

e 1, isthe distance from the center of the rotor to the outlet end faces of the sample (in cm).

e 1, is the distance from the center of the rotor to the inlet end faces of the sample (in cm).

centrifuge

core holder calibrated glass vial

s
Ty
AN .
y o sample

Figure 41 A Schematic of the classical centrifuge setup (After Shikhov et al., 2017).
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The wettability index results showed a shift towards the oil wetness direction and ended up in mixed
wettability conditions. The shift has been observed by the centrifuge displacement at low rotational speed
(1000 RPM) and very low capillary pressure. During primary drainage, the master Berea and Indiana
samples expelled only 2% and 16.70% of the brine in the pores, respectively, while the master FB expelled
53.88%. This indicates stronger water wetness in the Berea and Indiana samples compared to the FB. This
has been confirmed by the wettability index results which will be discussed later. However, after wetta-
bility alteration, the amount of displaced brine at the same speed has spiked in the Berea sister sample to
reach 36.18% and relatively increased in the FB to 62.34% and Indiana to 26.84%. On the other hand, the
displaced amount of the dodecane at the same speed during the imbibition cycle showed a reduction in
response to the wettability treatment in all the samples. The master Berea expelled 44.36% of the dodecane
while the sister treated sample expelled 34.02%. For the FB samples, 68.42% of the dodecane was dis-
placed by the brine in the master sample compared to 40.40% in the sister treated sample. And finally, the
Indiana sample showed the strongest response toward the treatment in which 43.47% of the dodecane was
expelled in the master sample compared to 24.84% in the treated sister sample. Figure 42 illustrates these
observations at 1000 RPM.
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Figure 42  Comparison between the displaced amount of the fluids in the samples at 1000 RPM
during (A) Primary Drainage and (B) Imbibition.

After completing all the drainage and imbibition cycles for all the samples, the USBM wettability index
was evaluated. Without wettability alteration, the Berea and Indiana master samples showed stronger wa-

ter wetness than the FB. The wettability index for the Berea and the Indiana master samples was found to
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be 0.73 and 0.63, respectively, which agrees with water-wet nature known for quartz and calcite. However,
although FB is composed of quartz only, the sample showed a USBM wettability index of 0.16 which
falls in the mixed wettability index range. This can be attributed to well sorted grains and uniform and
homogeneous pore size distribution that were seen by the SEM images and depicted from the relatively
high permeability compared to the significantly low porosity. Moreover, the FB sample showed the least
S.wirr1 and S, values (7.63% and 6.63%, respectively) which indicated equally efficient primary drainage
and imbibition displacement cycles reflecting an equal affinity to both oil and water. From this observa-
tion, it can be deduced that the USBM wettability index measurement is different than the contact angle
which measures solely the surface interfacial interaction between the grain surface and fluids. The USBM
wettability index is a dynamic measurement which is affected by the ease of the fluid flow controlled by
several factors other than grains surface interactions including pore size distribution, pores connectivity

and tortuosity.

On the other hand, the USBM wettability index for the treated sister samples showed lower values than
the master untreated samples indicating a shift in the wettability to the oil wetness. All the treated samples
showed a USBM wettability index close to the mixed wettability index, zero. The USBM wettability index
for the treated Berea, FB and Indiana was obtained to be 0.16, -0.17 and 0.14, respectively, which indicates
an effective wettability alteration process. Figure 43 shows the capillary pressure, P, versus the water
saturation curves for different drainage and imbibition cycles. The areas included in the USBM wettability
index calculations are the area below the secondary drainage (4;) and the area above the imbibition cycle
(A,) which have been computed using the trapezoidal method. In table 8, the areas computed, and the

USBM wettability index results are presented.
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Figure 43  The capillary pressure, P, versus the water saturation curves for primary drainage,

imbibition and secondary drainage cycles used in the USBM wettability index calculations for all

master and treated samples.

Table 8 USBM wettability index results for all samples.
Sample Ay A, Wlyspm
BS-1 0.1841 0.0346 0.73
BS-2 0.4262 0.2962 0.16
FB-1 0.1747 0.1204 0.16
FB-2 0.3263 0.4840 -0.17
IL-1 0.4219 0.0983 0.63
IL-2 0.6524 0.4701 0.14

5.3.2. NMR Wettability Index

For comparison purpose, the NMR wettability index was calculated for the master samples and for the
sister samples after wettability treatment using Al-Garadi et al., (2022) correlation. The NMR T, meas-
urement was acquired for the samples at different endpoint saturation conditions, S,, = 1, S, i1, Sor and
Swirr2. In addition, the NMR T, was measured for the bulk brine and the bulk oil (dodecane) which were
found to be 2500 ms and 1000 ms, respectively. As per equations 31-33, The required T, measurements

for the wettability index calculation are the bulk brine T, (Tp,,), the bulk oil T, (T;g,), T, at S,,;rr
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(Taswirr) @nd T, at S, (T25,r)- Overall, the NMR wettability index (W1 y ) results showed good agree-

ment for all samples with the USBM wettability index (WIysgy). The master Berea sample showed

W1 g Value of 0.74 compared to the W1 ggp 0f 0.73 while the treated sample showed a W1 g 0f 0.48
compared to a Wlyggy 0f 0.16. Both USBM and NMR results showed a shift in the wettability towards

oil wetness. For the other sandstone sample, FB, the master showed a W1yyg of 0.15 compared to a

Wlyggy OF 0.16 whereas the sister sample a W1y g of -0.10 compared to a Wiyggy 0f -0.17. On the

other hand, the Indiana master sample showed a W1 g 0f 0.42 compared to a Wiyggy 0f 0.63 while the

treated sample showed a W1 yyg 0f 0.20 compared to a W1 yggy Of 0.14. Figure 44 demonstrate the NMR

T, profiles for the master samples and the sister samples after treatment. Table 9 summarizes the different

parameters used in the NMR wettability index calculations and the W1 y g results.
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Figure 44 The NMR T, curves at different saturation endpoints for the master samples (without

treatment) and the sister samples after treatment.

Table 9

and the W1 g results.

Toswirr: Ty50r 1 1
Sample -ZSWl - 2So w o- WINMR
inms in ms (Ratio) (Ratio)
BS-1 800 150 0.94 0.20 0.74

Summary of the different parameters used in the NMR wettability index calculations
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BS-2 600 290 0.88 0.40 0.48
FB-1 950 1995 0.20 0.05 0.15
FB-2 700 2000 0.20 0.30 -0.10
IL-1 980 1412 0.44 0.02 0.42
IL-2 600 1000 0.60 0.40 0.2

5.4. Dielectric Response to Wettability Alteration
The dielectric measurements were acquired under the previously mentioned endpoint saturations (S,, =
1, Sywirrt, Sor and S,i2) for all the samples (master samples with no treatment and sister samples after
treatment). In addition, one extra dielectric measurement was conducted on the sister samples before treat-
ment at S, = 1 to use it as a base line and confirm wettability alteration on the same sample with same
pore structure. The basic dielectric measurements obtained are the real and imaginary permittivity. Then,
the loss tangent and conductivity were computed using equations (10) and (34), respectively. To investi-
gate the impact of the wettability alteration on the dielectric comprehensively, we will discuss the dielec-
tric results in 2 parts: comparing the dielectric results of the sister samples before and after treatment at
S,, = 1 and comparing the dielectric results of the treated samples against the master samples at different

endpoint water saturations.

5.4.1. Dielectric Comparison of the Treated Samples at S,, = 1 (Before vs After Treatment):
The study of the wettability effect of wettability on the dielectric results at the exact same fully water
saturation conditions (S,, = 1) with almost the same porosity has not been studied before. Most of studies
have investigated the dielectric response on partially saturated samples (Venkataramanan et al., 2014,
Bona et al., 2002 and Al-Ofi et al., 2017 and 2018). The advantage of this analysis is to eliminate the
effect of the water content variation and relate the changes in the dielectric response to wettability altera-
tion only. According to the dielectric polarizations, the real permittivity dispersion is solely sensitive for
the water filled porosity at high frequencies, hence, most of dielectric water saturation models, such as
CRIM (Birchak, 1974), Rayleigh mixing formula (Rayleigh, 1892) and Seleznev et al. (2004) model, use
the permittivity values at 1 GHz in the calculations. On the other hand, at medium and low frequency
ranges, the dielectric dispersion exhibits other different polarizations which are controlled by rather than
water content such as the shape of the water inclusions and the interfacial interactions between the fluids
and between the fluids and the grains surface (Bona et al., 2002 and Garcia and Heidary, 2018). Therefore,

the study of the wettability effect should be restricted to the low and medium frequency ranges.
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The dielectric results showed a significant change in response to the wettability alteration. The imaginary
permittivity and loss tangent decreases after treatment at lower frequencies while the conductivity de-
creases over the whole frequency range. As depicted from previous studies such as Garcia and Heidary
(2018) and Bona et al. (2002), this trend is consistent with the fact that samples are shifted to the oil-wet
status and the shape of the water phase becomes less continuous and more rounded. However, the real
permittivity trend of the sandstone samples (BS-2 and FB-2) showed an opposite trend at lower frequen-
cies. As a result of wettability alteration, the real permittivity for both sample increases at the frequency
ranges, below 200 MHz for BS-2 and below 80 MHz for FB-2. This trend can be attributed to the increase
in the tortuosity of the pore spaces which is confirmed by the reduction in the conductivity (Al-Ofi et al.,
2018). However, the IL-2 sample showed a reduction in the real permittivity across the whole frequency
range after treatment. Furthermore, the real permittivity showed a very minor decrease at high frequency
range indicating a slight reduction in porosity which was confirmed by ‘He’ gas porosity and NMR meas-
urements. Figures 45, 46 and 47 present the comparison between the dielectric measurements of the sister

Berea, FB and Indiana samples, respectively, before and after treatment at S,, = 1.
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Figure 45 Comparing the dielectric results of the sister Berea sample (BS-2) before the treat-

ment against the results after treatment at §,, = 1.
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Figure 47  Comparing the dielectric results of the sister Indiana sample (IL-2) before the treat-

ment against the results after treatment at §,, = 1.

According to some studies, the dielectric relaxation time is another parameter which showed a strong
correlation with wettability conditions. For instance, Bona et al. (1998 and 2002), who used a combination
parallel plate and coaxial probe, deduced that wet samples can experience larger relaxation times than oil
wet ones. The relaxation time can be defined by the time it takes for a molecule to reach 63% of its return
from an organized state to randomized chaos after an applied microwave field is turned off (Neas and
Collins, 1988). There are several methods to calculate the relaxation time such as Debye and Cole-Cole
However, as discussed in section 2.2 (Cao and Gerhardt, 1990). However, evaluating relaxation times
requires acquiring the real and imaginary permittivity at lower frequencies than what the open-ended co-
axial probe is capable of to allow the molecules to achieve to the relaxation required for the measurement.
Although we have utilized the open-ended probe, the real versus the imaginary plot for the treated samples
before and after treatment, which is used by the Cole-Cole relationship to evaluate the relaxation time,
showed consistent trends. Before treatment, plots showed larger imaginary permittivity values with larger
slopes than the curves after the wettability alteration which reveals significant change in relaxation times.
Figure 47 shows the plots of the imaginary permittivity versus the real permittivity for the treated samples

before and after wettability alteration at the same water saturation (S,, = 1).
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Figure 48  The imaginary permittivity vs the real permittivity for the treated samples prior and

post wettability alteration at the same water saturation (S,, = 1).

As can be seen from the previous results, the imaginary permittivity and the other parameter relying on it,
the conductivity, are the best correlating parameters with the wettability alteration. Moreover, as was ex-
plained earlier, the impact of the shape of water inclusions and the interfacial interaction between both oil
and water, which are controlled by the wettability conditions, on the dielectric dispersion can be observed

in the lower frequency ranges. Therefore, we have analyzed the relationship between the reduction in the

77



imaginary permittivity (€ ,yior — € pos) and the conductivity (6" yyior — 6 pose) due to treatment and the
change in the USBM wettability index (AW I;s5),) at the lowest frequency value available, 10 MHz. Table
10 shows the results obtained by the analysis while Figure 49 shows the plots of (AW I;sg) ON ONe side
VErsus (& prior — € post) AN (0 prior — O post) at 10 MHz on the other side. From the plots, a linear
relationship is observed for the difference in both the imaginary permittivity and the conductivity before
and after treatment at 10 MHz with respect to the change in the wettability index with a coefficient of
determination (R?) of 0.9619. Both plots showed the same straight line but with different slopes. The slope
of the conductivity relationship is the same as the slope of the imaginary trendline multiplied by a constant.

According to equation (34), this constant equals to 2 f £, where f is the frequency (10 MHz) and & is

defined in (34).

Table 10

response to wettability index changes.

The analysis results of the reduction in the imaginary permittivity and conductivity in

Reduction )
Imag. Per- | Imag. Per- | . Conduc- Reduction The
L L In Imag. . Conduc- | .
mittivity mittivity . tivity be- o in Conduc- | change in
permittiv- tivity after .
before after treat- ) fore treat- tivity USBM
ity treatment .
Sample treatment ment \ ment i} O prior — | Wettability
" " (¢ prior — " (o post) at " .
(8 prior) at (5 post) at " (G prior) o post) at index
€ post) at 10 MHz
10 MHz | 10 MHz at 10 MHz 10 MHz | (AW lyspu)
10 MHz
Dimensionless Dimensionless Dimensionless in S/m in S/m inS/m Dimensionless
Berea 228.080 76.845 151.235 0.1401 0.0472 0.0929 0.57
FB 78.270 32.734 45,536 0.0481 0.0201 0.0280 0.33
Indiana 209.523 111.968 97.555 0.1287 0.0688 0.0599 0.49
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Figure 49 The plots of (AW Iygpu) VErsus (€ prior — € post) at 10 MHz (A) and (AW I yggy) Ver-
SUS (6 prior — O post) at 10 MHz (B).

5.4.2. Dielectric Measurements for the Master and the Treated Sister Samples at Different Wa-
ter Saturations (S,, = 1, Syirr1) Swirrz @Nd S,,.):

To explore the impact of wettability alteration on the dielectric measurements at different water satura-
tions, the dielectric measurements were acquired on the fully brine-saturated master and treated samples
(at s,, = 1) and after each centrifuge displacement cycle, after primary drainage (at S,, ;+1), after imbi-
bition (at §,,.) and after the secondary drainage (at S,,;;+=2)- The objective of the measurements is to an-
alyze the shift in the dielectric response from one saturation to another at different wettability condi-
tions, water-wet and mixed-wet. First, we will analyze the trend of each dielectric measurement at dif-

ferent saturations.

5.4.2.1. Berea Sandstone Samples:
The dielectric results for the Berea samples are presented in Figure 50. At S,, = 1, both master (BS-1)
and treated (BS-2) samples showed similar overall real permittivity trends with almost the same values at
large frequencies (greater than 200 MHz). The similarity in the samples’ trends indicates similar pore
structure while the equal values of real permittivity for both samples at large frequencies indicate very
close porosity values for both samples which was confirmed by porosity measurements. At S,,;,-1 and
Swirr2, We can see a significant drop in the real permittivity values with minimal dispersion (change in

slope) due to the drastic drop in water saturation. However, the treated master samples showed slightly
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lower values than the master samples which indicates a higher degree of oil wetness in the treated sample.
Furthermore, similar trend of real permittivity at S,,- was observed for both samples with higher values at
large frequency for the treated sample due to the higher water saturation in the treated sample (71.41% in
BS-1 compared to 92.18% in BS-2).

For the imaginary permittivity and loss tangent, we can see higher values for the master sample at §,, = 1
than the treated one at lower frequency which agrees with the analysis discussed in 7.4.1, higher values
for strong water wetness. Moreover, the conductivity showed differences in the values which is almost
consistent over the whole frequency bandwidth. Like real permittivity, significant drop in imaginary per-
mittivity and loss tangent can be seen at S,,;,+1 and S,,;,»2 compared to S,, = 1 at lower frequencies.
However, more drop is observed in the treated sample than the master due to the wettability shift towards
the oil wetness. This drop can also be seen in the conductivity but over the whole frequency range. For
the last saturation condition, S,,., the imaginary permittivity and loss tangent was reading higher than the
S,, = 1. Since the imaginary permittivity is a measure of how dissipative or the lossy the material is and
sometimes is called the loss factor, this trend is expected at S,,.. Under that saturation, the continuity of
water phase is disrupted which makes the phase more dissipative, accelerating the loss of the dielectric
polarization, and amplifies the loss magnitude at certain frequency. This explains that increase in the im-

aginary permittivity at S,,- compared to the values at S,, = 1.

80



Frequency (Hz)

35 180
ABS-1 @ Sw=1 ABS-1@ Sw=1
A
LA ABS-2 @ Sw=1 160 ABS-2 @ Sw=1
30 : - A
= f** ® BS-1 @ Swirrl ] ® BS-1 @ Swirrl
< 140
9 4 BS-2 @ Swirrl S 7S BS-2 @ Swirrl
525 ' b 2 .
5 . A X BS-1 @ Swirr2 T 120 X BS-1 @ Swirr2
S e, A £ *a
g *% A X BS-2 @ Swirr2 a X BS-2 @ Swirr2
= 20 o @ A > 100 & &,
=2 L ¢ 4 A & BS-1 @ Sor £ & BS-1 @ Sor
3
z MSC A = o ®
= *, % A #B5-2 @ Sor £ g0 A #B52 @ Sor
3": 15 ‘.’0.’ AA g A * ’A
£ Yeesse,la $ Loy
S 00.::zﬂg = 60 Ao ‘
T % Slhoagg |- LN
o} §§§§§ ‘w40 Ale 'Y
o @© ATe Vs
A
5 ggggﬁkxxxxxzzxxxxx £ RS 2907
R0 5 R R 20 oo “
44
0 0 %kkxxxxxxxxxxxxxxxxxxx§§§§§!ﬁQ
1.E+07 1.E+08 1.E+09 1.E+07 1.E+08 1.E+09
Frequency (Hz) Frequency (Hz)
8.00 0.35
ABS-1 @ Sw=1 A BS-1 @ Sw=1
7.00 ABS-2 @ Sw=1 030 | ABS2@Sw=1
A ®BS-1 @ Swirrl ©®BS-1 @ Swirrl
g 6.00 A BS-2 @ Swirrl 0.25 BS-2 @ Swirrl A
S X BS-1 @ Swirr2 = X BS-1 @ Swirr2 ahd
3500 | A £ . AT e
o X BS-2 @ Swirr2 g X BS-2 @ Swirr2 A RIS
g A < 0.20 POIPR >0
0400 @ A ®BS-1 @ Sor = ¢ BS-1 @ Sor AAAA.’.:AAA .
(S8 2
< *® A #BS-2 @ Sor 3015 #BS-2 @ Sor s ‘A.O’OA AA o+ oo®
% A .
2300 | e - S add o0® AA:.0’
S A “. AA &) 010 AAAAAAA ”0 “’0
2 A : *
8 2.00 A % ;;A T coso®® . xxt‘
A oot
A $ 222000t
A $ *‘ 005 |seadardd
1.00 220 AdaAapsy *f“ % An
222229
) 22223
oo 8288888882002 5 50 0.00 asRRRRRARRRERRR8RR8eRsset
1.E407 1.E+08 1.E+09 1.E+07 1.E+08 1.E+09

Frequency (Hz)

Figure 50  The dielectric measurements for the master untreated Berea sample (BS-1) and the

sister Berea sample (BS-2) after wettability alteration at different saturations (S,, = 1, Swirr1, Swirr2

and S,,).
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5.4.2.2. Fontainebleau Sandstone Samples:
Overall, both master and treated FB samples (FB-1 and FB-2) showed similar dielectric responses to the
Berea samples, as illustrated in Figure 51. However, the real permittivity of the treated sample was read-
ing higher than the readings of the master sample at frequencies lower than 100 MHz which indicates
more tortuosity in the water phase residing in the treated sample pores due to the wettability alteration,
compared to the master sample. For the frequency range greater than 200 MHz, a flip in the trend is
observed where the master sample showed higher real permittivity than the treated sample which reveals
higher porosity in the master sample (9.50%) compared to the sister sample after the treatment (7.85%).
Moreover, the real permittivity measurement profiles for the master and the treated samples at §,, = 1
and S,, are different due to the wettability alteration. One more observation, the real permittivity of each
sample at S, was reading very close to the values at S,, = 1 which indicate a very low residual oil satu-
ration and a water saturation close to 1 after the imbibition. Furthermore, large differences in the imaginary
permittivity are observed at lower frequency between the master and treated sample at S,, = 1 due to
wettability alteration which reveals similar results to the Berea and the comparison performed in 7.4.1. for
all the sister samples. However, to confirm that the slight variation in the porosity does not influence the
pore structure, which should induce a change in the overall trend of the dielectric profile, and ensure that
any change occurs in the dielectric profile is a result of the wettability alteration process solely, the die-
lectric measurements were compared for the master (FB-1) and the sister sample (FB-2) before treatment
at S, = 1. The comparison showed equivalent dielectric results for both samples as illustrated in Figure
52. Furthermore, among all the core samples, FB exhibited the best displacement performance during the
drainage and imbibition cycles. As a result of this, low values of S, ;-1 (7.63% for FB-1 and 5.34% for
FB-2) and S,,- (8.55% for FB-1 and 2.31% for FB-2). Therefore, FB samples’ dielectric measurements
showed lower values and less dispersion than the other samples at S, ;- While they showed closer values

of dielectric measurement to the measurements at §,, = 1.
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Figure 51  The dielectric measurements for the master untreated Berea sample (FB-1) and the

sister Berea sample (FB-2) after wettability alteration at different saturations (S,, =

SwirrZ and Sor)-
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Figure 52  Comparison of the dielectric measurements for the master FB sample (FB-1) and the
sister sample (FB-2) before treatment.

5.4.2.3. Indiana Limestone Samples:
The dielectric measurements for the master (IL-1) and the treated (IL-2) samples are presented in Figure
53. Overall, the dielectric measurements showed similar profiles as the Berea samples. At S,, = 1, both
IL-1 and IL-2 showed similar real permittivity trend over the whole frequency range. Similar to the other
samples, the imaginary permittivity and the loss tangent showed lower values for IL-2 than IL-1 at lower
frequencies due to the wettability alteration. On the other hand, the conductivity showed the same reduc-

tion in IL-2 compared to IL-1 over the whole frequency range for the same reason. At S, ;7+1, Sor and
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Swirr2, the dielectric results showed the exact same trend discussed for the Berea samples, BS-1 and BS-

2.
50 200
All-1 @ Sw=1 All-1 @ Sw=1
45 : AlL-2 @ Sw=1 180 AlL-2 @ Sw=1
40 tg ®1L-1 @ Swirrl 2 1c0 A ®1L-1 @ Swirrl
2 K
$ ot IL-2 @ Swirrl 5 IL-2 @ Swirrl
35 23 5 S
-?, Q:A X IL-1 @ Swirr2 qC) 140 X IL-1 @ Swirr2
S A €
£30 * * .ﬁA X IL-2 @ Swirr2 3 120 A X IL-2 @ Swirr2
e % ®oda @ IL-1 @ Sor =z A ®IL-1 @ Sor
>25 '3 Ad S 100 | 4
s %, ot *IL2 @ Sor £ A ®IL-2 @ Sor
2 * AA = A
£20 o, %eid € g0 A
£ * 0,A$ o o A,
o} *e ;“‘ ® A
15 * > A
& 2994 ‘“‘un 5 00 ety
151 g% ’00.. ““ £ o & A A
=10 '%555555555 Hrtte ® 40 *% At
. LUl L T E Sessesaia,
: *333iten
0 0 3886%%Xxxxxxxxxxxxxxx&””””
LE+O7 1.E+08 L.E+09 1.E+07 1.E+08 1.E+09
Frequency (Hz) Frequency (Hz)
45 0.35
All-1 @ Sw=1 All-1 @ Sw=1
4.0 AlL-2 @ Sw=1 030 |42 @sw=1
A ®IL-1 @ Swirrl 7 |ei1 @ swirrl R
— 35 —
A - i a IL-2 @ Swirrl
Fi A IL-2 @ Swirrl 8025 @ AAAA
530 | 4 X IL-1 @ Swirr2 g XIL-1 @ Swirr2 At
= ‘A X IL-2 @ Swirr2 c g0 | X2 @swirr2 ) AAA .
25 A . A
£ A A ®IL-1@ Sor £ *IL-1@ Sor AT A
e A A =) FCIV **
€20 ([ A A ¢ IL-2 @ Sor > @ IL-2 @ Sor AA AA ’0 *
2 o2, A4 A, 5 aAAT AT et e
0: A S AA A *
= 15 $o A, A, 3 AAA ISP AR
9 $o, 4a,% S 0.10 AAAA . .
%] & *
2 o A\A, S > *
210 0“ A, A, o AAAAA ’.0 ”0
. 03“A 4 AAA 7S ..0’. o*®
. §§><><§ ”““ " 0.05 3338:’“"
[ 1} =
un s SRENE K ULy
0.0 il T 0.00 xxxxxxxxxxxxxxxxx%?s&“
1.E+07 1.E+08 1.E+09 1.E+07 1.E+08 1.E+09
Frequency (Hz) Frequency (Hz)

Figure 53  The dielectric measurements for the master untreated Berea sample (IL-1) and the

sister Berea sample (IL-2) after wettability alteration at different saturations (S,, = 1, Syirr1,

SwirrZ and Sor)-
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5.5. The Correlation between Dielectric Measurements and Wettability Index
From the previous analysis of the dielectric responses at different saturations for originally water-wet
master samples and mixed wet sister samples, the impact of the wettability alteration can be clearly seen
on the imaginary permittivity and the other measurement relying on it, loss tangent and conductivity, at
the lower frequency range. On the other hand, the real permittivity is affected by the changes in the tortu-
osity of the water phase inside the pores, hence, it cannot conclusively describe the changes in the wetta-
bility condition. This most dominated response on the imaginary permittivity in response to the wettability
treatment is observed at low frequency bandwidth whenever the sample is shifted from S, = 110 S,,;;+1
or Syirr2- The master water wet samples showed a higher reduction in the imaginary permittivity than the
treated samples at frequencies less than 200 MHz. At S,,., when the water saturation is relatively high
(close to §,, = 1), the dielectric dispersion is masked by the water response due to its high sensitivity of
to water phase which does not allow us to see the minor changes in inclusions shapes induced by wetta-
bility changes at relatively large water saturations. This has caused the dielectric measurements at S,,,- to

show similar values to the ones corresponding to §,, = 1.

Therefore, to analyze the correlation between the wettability index and dielectric dispersion, the amount
of reduction in the imaginary permittivity at the minimum frequency available (10 MHz) while moving
from S, = 110 Sy,irr1 OF Syirr2 1S @analyzed for the master sample and compared against the measure-
ments of sister treated samples. The dielectric measurement showed equivalent imaginary permittivity
values at S,;;1 and S,,i-2, hence, any of them can be used for the analysis. Initially, the reduction in the
imaginary permittivity at 10 MHz, Ae’, can be calculated as expressed by equation (36). Then, the results

are plotted against the USBM and NMR wettability indices, Wl ysgy and W1y g, respectively.

Ae' = (gg,1—¢5,,,) (36)
Where,
€ 5,-1 is the imaginary permittivity at S, = 1 and €5, _ is the imaginary permittivity at S, , both at
10 MHz. Table 11 lists the results obtained by equation (36) and Figure 54 shows the plot of Wlyspy
and W1 yyg versus Ag'. Since the WIyggy, is the most used wettability index in the industry, the fit line

was constructed using it.
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Table 11

The results for applying equation (36) to find the relationship between the wettability

index and the difference in the imaginary permittivity at S, =1 and S, -

Figure 54

Imaginary Imaginary | Reduction in
e . USBM Wet- NMR
Permittivity | Permittivity | imaginary
o tability In- Wettability
Sample ats, =1 at Sy irr permittivity
& ) « ) (ae) dex Index
€ Sw=1 € Swirr Ag
(Wlysgm) (Wlyug)
at 10 MHz at 10 MHz at 10 MHz
Dimensionless Dimensionless Dimensionless Dimensionless Dimensionless
BS-1 151.630 7.553 144,077 0.73 0.74
BS-2 76.845 4,031 72.814 0.16 0.48
FB-1 70.708 1.823 68.885 0.16 0.15
FB-2 32.734 2.121 30.613 -0.17 -0.10
IL-1 163.458 4,969 158.489 0.63 0.42
IL-2 111.968 3.294 108.674 0.14 0.2
1
0.8 ¢ UsBM y = 6.4813E-03x - 3.5537E-01
2 NMR R? = 8.6939E-01 e
co6 (| T T e e ®
E --------- Linear (USBM) | A T
g =T
-r'é 0.2 go s
Qe
= 0 e
% o 0 20 ‘.-40" 60 100 120 140 160 180
©
5 -04
=
D .06
-]
0.8

The difference in Imaginary Permittivity between Sw=1 and Swirr

The correlation between the Wysgy and Wiy g Versus the difference in the imagi-

nary permittivity between §,, = 1and S, ;-
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From Figure 54, a linear relationship can be observed between the USBM wettability index and the dif-
ference in the imaginary permittivity at S,, = 1 and S, With a coefficient of determination (R?) of
0.8694. This deduces that a strong relationship does exist between W ysgp and the variation in the imag-
inary permittivity while shifting the sample’s water saturation from S,, = 1 to S,,;,-. This relationship
can be converted into an empirical dielectric wettability index. Based on the correlation obtained from the
plot and by involving the endpoint saturations, S, and S,,., and the dielectric constants for the 3% KCI
brine and the dodecane, 75 and 2 respectively, a simplified empirical correlation has been developed. The

proposed dielectric wettability index can be expressed as the following:

*
Swirr (£

Wlgietectric = 1—s “As -1 ) (37)
or

W

Where,

e S, IS the average irreducible water saturation, (ratio). This can be calculated from S,,;,.-; and

Swirrz as

S — Swirrt +Swirr2
wirr — 2 :

e S, isthe residual oil saturation (ratio).

e &, isthe dielectric constant for the oil phase (dimensionless).

e &, isthe dielectric constant for the water phase, (dimensionless).

e Ag is the difference between the imaginary permittivity at S,, = 1, £ 5, —4, and the imaginary

permittivity at S,,;,, € 5. .., computed by equation (36).

The correlation introduced produced a good estimation of wettability index which results in a Pearson
coefficient of correlation (r) of 0.9867 and coefficient of determination (R?) of 0.9735. Figure 55 shows

the plot of the dielectric wettability index, W1 jje1ectric, VErsus the USBM wettability index, W1yggpy, ON

the one-to-one line.
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Table 12

electric wettability index correlation.

The results of applying equation (37) on the dielectric measurements to obtain the di-

Average Ir- Imaginary | Imaginary | Reduction
) . ) o . o . USBM Wet-
reducible | Residual Oil | Permittivity | Permittivity | in imaginary bility |
taptlity In-
Sample Water Satu- | Saturation, ats,, =1 at Sy, i permittivity g Y
" " . ex
ration, Sor (¢ s,=1) (& spir) (Ag)
(WIUSBM)
Swirr at10 MHz | at10 MHz | at10 MHz
(%) (%) Dimensionless Dimensionless Dimensionless Dimensionless
BS-1 23.06 18.82% 151.630 7.553 144.077 0.73
BS-2 25.74 7.82% 76.845 4,031 72.814 0.16
FB-1 13.94 6.63% 70.708 1.823 68.885 0.16
FB-2 13.42 2.31% 32.734 2.121 30.613 -0.17
IL-1 34.27 14.58% 163.458 4,969 158.489 0.63
IL-2 30.35 11.92% 111.968 3.294 108.674 0.14
1
BS-1
0.8 [
o
- IL-1
D 0.6
S
§ 0.4
.‘Dé IL-2 Yox
= 0.2 B
3 ’: BS2 1R*=0.9736
E o FB-1
>
£1 -0.5 ] 0 0.5 1
e FB-2 "0,
@
=
o -0.4
g
@ 0.6
()]
-0.8
=1 -1
USBM Wettability Index (Dimensionless)
Figure 55 The plot of the dielectric wettability index, W1 j;eieceric: VErsus the USBM wettability

index, Wlyggy, ON the one-to-one line (y = x).
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CHAPTER 6
CONCLUSIONS

In this study, we have investigated the dielectric response toward wettability alteration with detailed ex-

perimental work conducted on 3 rock types, Berea and Fontainebleau sandstone and Indiana limestone.

The objective of this work is to develop an empirical correlation to calculate the wettability index based

on basic dielectric measurements. For wettability index benchmarking, the industry-known USBM wetta-
bility index (W1yggp) validated with Al-Garadi et al., (2022) NMR wettability index (W1 yyg) Was used

to develop the dielectric wettability index (W1 gjc10ctric)- The advantage of this study over the others avail-

able in the literature can be summarized in the following:

1-

3-

Dielectric dispersion is very sensitive to water filled porosity, hence, any discrepancy in the po-
rosity resulting because of the treatment, such as asphaltene precipitation, will contribute to the
overall dielectric measurements. Therefore, a cautious wettability alteration procedure was fol-
lowed to mitigate significant alterations in the pore structure. This was achieved by aging the to-
be-treated sister samples in 1% stearic acid dissolved in light crude with minimum asphaltene
content to avoid asphaltene precipitation on the pore’s walls. After the treatment, the sample was
cleaned using an aliphatic solvent, hexane, under Soxhlet and dried under 80 degC to bring the
sample back to the dry conditions. The porosity was measured before and after the alteration and
showed low differences (6.43% for Berea, 1.88% for FB and 2.12% for Indiana).

Dielectric comparison was carried out on the same sample at §,, = 1 before and after the wetta-
bility alteration which has not been done before. This was affordable due to the careful wettability
treatment and cleaning process explained before which brought the sample back to the completely
dry condition after treatment. Consistent dielectric measurements trend was observed for all three
treated samples.

We have relied on the pure dielectric measurements, real and imaginary permittivity, loss tangent
and conductivity, while avoiding the use of different models available in the literature which was
designed for water wet samples only, involves fitting parameters that induces uncertainties and are
incapable of fully describing the wettability condition or consistently detecting any wettability

changes.

A pair of each rock type was used in the study; the first sample in the pair, called the master sample, was

used to calculate the original wettability index while the other sample, called the sister samples, is used
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for wettability alteration and calculating the wettability index after the treatment. During the wettability
index calculation process, both dielectric and NMR measurements were acquired for the master and sister
samples at the different saturation endpoints, S, = 1, Syirr1, Sor, aNd S, Initially, basic petrophys-
ical analysis was conducted on the dry samples including porosity, permeability, XRD and SEM. Then,
all the pairs were saturated with brine to take their original NMR and dielectric measurements at §,, = 1.
Next, the master samples were sent for USBM and NMR wettability index measurements directly while
the treated samples were sent to cleaning (with methanol), drying and then to the wettability alteration.
After the wettability was altered, the treated samples were sent for cleaning (with hexane) and drying
processes. Then, the treated samples were saturated again with brine and their NMR and dielectric were
acquired and compared against the previous measurements before treatment at §,, = 1. Finally, the treated
samples were sent to USBM and NMR wettability index measurements in the same way as the master
samples while acquiring NMR and dielectric.

The USBM wettability index measurements for the master samples showed that the Berea and Indiana
samples were almost water-wet initially, with W1yggs 0f 0.73 and 0.63, respectively, while the FB sample
showed mixed wet conditions, with W1yggy Of 0.16. However, the treated samples showed a shift in the
wettability towards the oil wetness and became ultimately mixed wet, with W1yggs values of 0.16, -0.17
and 0.14 for Berea, FB and Indiana samples, respectively. For the NMR wettability index, the results
showed an agreement with USBM measurements. Separately, the performance of wettability alteration
was investigated on pure calcite and quartz ships as well as on the top of the inlet face of the sister samples
after treatment using contact angle measurements. Prior to treatment, the contact angle of the chips showed
water-wet contact angles (less than 90°) whereas they showed mixed wettability contact angles (close to
90°) after the treatment. Like the treated chips, the contact angles showed values close to 90° on the inlet

face of the treated samples.

For the dielectric measurements obtained for the treated samples before and after wettability alteration at
S = 1, the results showed a significant drop in the values of imaginary permittivity and loss tangent at
lower frequencies (less than 200 MHz) due to the wettability shift towards oil wetness. On the other hand,
a similar drop was also observed in the conductivity but over the whole frequency range. In contrast, the
real permittivity showed minor and non-conclusive changes toward wettability alteration. Therefore, the
reduction in the imaginary permittivity and the conductivity at frequency of 10 MHz were plotted against
the difference in the wettability index between the master and treated samples, assuming that the
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wettability index of the master sample match with the wettability index of the sister sample prior to treat-
ment. That plot and showed a linear relationship between the drop in the imaginary permittivity and the
drop in the wettability index from water wetness ranges towards oil wetness with good correlation (R? =
0.9619).

For the comparison between the dielectric results at different saturations for both master and treated sam-
ples, the dielectric results showed a proportional correlation between the amount of the drop in the imag-
inary permittivity at frequencies lower than 200 MHz as the sample’s water saturation moves from §,, =
1to S, and the USBM wettability index of the sample. When the sample is water-wet (master), the
difference between the imaginary permittivity at §,, = 1 and S, ;.- is higher than the same difference for
less water-wet samples (treated). This trend coincides with the conclusion deduced earlier for the treated
samples when we compared dielectric measurements at S, = 1 before and after the treatment. At S, the
dielectric measurements were reading very close to the measurements at §,, = 1, hence, these measure-
ments would not prevail any improvement to the correlation between dielectric and the wettability index.
Therefore, we have restricted the development of our correlation to the dielectric measurements at S, =
1and S,,;, Like the analysis conducted for the treated samples previously, the USBM wettability index
was plotted versus the difference between the imaginary permittivity values at §,, = 1 and S,,;,,- under 10
MHz frequency for each sample. Good linear correlation was observed in that plot with R? of 0.8694.
Therefore, we have considered that difference in the imaginary permittivity along with endpoints satura-
tions and the dielectric constants for the fluids used in the study to develop the dielectric wettability index
correlation. The correlation between the USBM wettability index and the dielectric wettability index ob-

tained by the correlation showed an excellent r of 0.9867 and R? of 0.9736.

Overall, this study provides an excellent insight into the response of dielectric measurements to the
changes in the wettability index solely while isolating the other changes in porosity and pore structure
which impacts the dielectric response. Moreover, it suggests a novel technique to alter the wettability
efficiently without compromising the pores’ structure. This study serves the expansion of dielectric dis-
persion applications in the petrophysical analysis and paves the road for more studies related to the impact
of wettability and solid-fluid interactions such, as zeta potential, on the dielectric measurement. This study

can be further improved through the following:
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1. Relaxation time is a very important dielectric measurement which can be used to develop another
dielectric wettability index correlation. However, it requires lower frequency ranges than what is
available via the coaxial probe dielectric fixture.

2. Extreme oil wetness ranges can be included in the study which would improve the robustness of
our wettability index correlation. However, reaching to maximum oil wettability is not feasible
without using heavy crude oil with large asphaltene content which will certainly alter the porosity
and the pores’ structure. Moreover, it will be hard to reach to a water saturation value of S,, = 1
under that technique of wettability modification.

3. Consider more samples with larger diversity of mineralogical composition. This would help in

ensuring the robustness of the correlation performance.
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NOMENCLATURES

: The induced electric dipole moment per unit volume, in (Coulomb/m or C/m).

: The overall electrical displacement vector, in (Coulomb/m or C/m).

: The strength of the static electrical field applied between condenser plates (in Volt/m).

D,

- Dispersivity parameter related to the real part of permittivity curve =

: The overall current generated by the electrical field.

: The conduction current generated by the electrical field.

: The displacement current generated by the electrical field.

: The potential difference between the condenser’s plates, in (\Volts).
: The peak voltage at time zero, in (Volts).

: The angular frequency of the varying field applied, in (radian/s).

: The complex dielectric permittivity resulting from polarization with excluding the conductivity

: The magnitude of the imaginary part of e4* (dissipation (loss) due to polarization).
: The generalized complex dielectric permittivity.

: The dielectric constant of 3% KCI brine.

: The dielectric constant of dodecane.

: The generalized real permittivity value.

: The magnitude of the imaginary part of €.

: The complex conductivity.

: The critical frequency value where relaxation time occurs, in (MHz).

: The static DC value of dielectric permittivity where the frequency is minimum.

: The Cole-Cole permittivity.

loss tangent, or the tangent of the angle of dielectric loss. (Ratio)
: The complex permittivity associated with polarization effects.
: The amplitude of the little hump in tan § corresponding to MW polarization.

d{logio[e’ (W)-¢wo |}
o{logyo[w]}

a{logio[e" (@) |} in
d{logiolw]} ’

Dispersivity parameter related to the imaginary part of permittivity curve =

Farad/(m Hz)).

I,

The oil wettability index. (Ratio).
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I, : The water wettability index. (Ratio)

Nyc ¢ : The hydrocarbon depolarization factor.

Ny : The depolarization factor of the fluid.

N,  :The depolarization factor (i.e., equal to 1/3 for spherical grains).

N} : The depolarization factor of i-th fluid phase and j-th inclusion.

Sw  : The saturation of water in the porous medium (Ratio)

X,,  :The fraction of the grains which is water wet. (Ranges from 0 to 1)

fi : The volumetric inclusion fraction of the j-th inclusion. (f,, = (1 —¢), fw = @ S, fou =
@ (1—=Sy)).

fmax : The frequency value where MW Polarization occurs, in (MHz).

& : The dielectric permittivity of the empty space (vacuum) = 8.854 x 10~12 Farad /m.

€» . Theunrelaxed dielectric constant, at very high frequency, in (Farad/m)

&c : The dielectric permittivity of the inner layer

egcc - The effective dielectric permittivity of the hydrocarbon phase, in (Farad/m)

eyc - The dielectric permittivity of the bulk hydrocarbon phase, in (Farad/m)

eyw (w): The complex permittivity related to Maxwell-Wagner (MW) Polarization.

epr(w) : The complex permittivity related to charge transport (PL).

R : The overall dielectric permittivity of rock sample, in (Farad/m)

&c . Therelative dielectric permittivity of the grains coated with the electric double layer, in (Farad/m).
&4 : The relative permittivity of the dielectric material enclosed between the condenser’s plates. (Ra-
tio)

Eria - The fluid phase permittivity, in (Farad/m).

&g : The dielectric permittivity of the solid grains, in (Farad/m).

&n . Thedielectric permittivity of the insulating phase (matrix and oil), in (Farad/m).

Esoria - The permittivity of the dry grains with certain mineralogy, in (Farad/m)

Estatic . Static dielectric of the sample, in (Farad/m)
&y . Thedielectric permittivity of the dispersive water, in (Farad/m).
Os : The grain surface conductivity, in (Coulomb/m).

04c - The sample’s direct current (DC) conductivity, in (Siemens /m or S/m).

Ae e, — EstaricRelaxation Strength from the curve of permittivity value’s real part, in (Farad/m).

95



h : The thickness of the capacitive Electric-Double layer surrounding the oil drop. (in nm)
e(w) : Generalized complex permittivity, in (Farad/m).

o' (w) : The real part of the conductivity value, in (S/m)

0"(w) : The magnitude of the imaginary part of the conductivity value, in (S/m)

g : Orientation factor

% : The volume fraction of the inner layer compared to the total fluid inclusion volume
h\3 .

(1 - r_o) (Ratio).

B : Shape parameter of water inclusions.

€

" : The imaginary part of the generalized dielectric constant (dielectric loss factor).

g : The real part of the generalized dielectric constant (dielectric constant of the material).
o : Charge density or conductivity, in (S/m).

T : Relaxation time, in (us).

7, : The porosity of rock sample, in (fraction).

Wlyspm: USBM wettability index.
Wyur: NMR wettability index.

Wipieieceric: Dielectric wettability index.
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