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Understanding wettability is important in many processes where porous media and fluids are in contact.
The U.S. Bureau of Mines (USBM) is one of the industry standard techniques for measuring wettability.

This index is calculated as USBM = Ig (%) , where A; and A, are the areas under capillary pressure curves

of oil-drive and water-drive processes, respectively. Usually, the USBM is mistakenly assumed to vary
over the range of —1 to 1 and compared with other indices. In this study we indicate that the lower and
upper bounds of this index are not fully known in practice. As a result, comparison between USBM and
other indices may cause erroneous interpretations due to dissimilar ranges of variation. In addition, even
during examining the USBM of a sample it may not be possible to accurately interpret its wettability. We

highlight the bounded form of the USBM index (denoted as USBM* = 2;2;), which varies over the range
of —1 to 1, and suggest that it should replace the traditional form of USBM index. Twenty limestone core-
plugs were collected from Asmari and Fahlian formations in two Iranian fields. These samples were used
for performing primary imbibition relative permeability measurements, as well as primary imbibition
and secondary drainage capillary pressure tests. These experiments are used to show the differences
between USBM and USBM* in comparative studies and compare them against other indices of Amott-

Harvey, Lak and modified Lak.
© 2021 Sinopec Petroleum Exploration and Production Research Institute. Publishing services by Elsevier
B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Wettability is defined as the affinity of a solid surface to be in
contact with one fluid in the presence of other fluids (Donaldson
and Alam, 2008). This property results from intermolecular in-
teractions when a solid surface and fluids are brought together
(Lee, 1993; Jarray et al., 2020). Wettability is recognized as one of
the foremost factors influencing multiphase flow, heat transfer,
solute transport, and electrical current in synthetic and natural
porous media (Armstrong et al., 2021; Ekechukwu et al., 2021).
Since, saturation-dependent properties such as relative perme-
ability and capillary pressure are functions of wetting state, the
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displacement rate of fluids and their residual saturations are
dependent on wettability, as well (McPhee et al., 2015; Farahani
et al., 2019). As a result, the knowledge of wettability is of note-
worthy importance in many processes in geosciences where rocks
and fluids are in contact, such as geological CO, storage in aquifers
and hydrocarbon bearing strata (Chalbaud et al., 2009), primary,
secondary and tertiary oil recovery (Al-Futaisi and Patzek, 2003;
Christensen and Tanino, 2018), displacement of nonaqueous phase
liquid (NAPL) and water during contamination and remediation of
soils and aquifers (Al-Raoush, 2009; Molnar et al., 2020), and pro-
ductivity/injectivity impairment in porous system of hydrocarbon
reservoirs (Mirzaei-Paiaman et al., 2012).

Unlike the smooth and plain surfaces which are normally
associated with homogenous and uniform wetting characteristics,
pore spaces of natural porous media are often represented by
heterogeneous and nonuniform wettabilities (Iglauer et al., 2012).
While some pore surfaces may tend to be water-wet (or hydro-
philic), other surfaces may be of oil-wetness character (or hydro-
phobicity). As a result, several variants of wettability such as water-,

2666-7592/© 2021 Sinopec Petroleum Exploration and Production Research Institute. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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oil-, mixed-, and fractional-wetness may occur in practical situa-
tions (Anderson, 1986; Singh et al., 2016). Such heterogeneous
wetting characteristics are mainly because of broad pore and pore-
throat size distributions, surface roughness, and complex miner-
alogy in geological porous systems (Skauge et al., 2007). Therefore,
in practice, macroscopic wettability of a rock/oil/brine system is the
average of wetting characteristics at micro scale. Contact angle
measurements, as direct wetting indicators, are suitable for smooth
and plain surfaces, whereas reservoir rocks are represented by
networks of rough and irregular pore surfaces (Anderson, 1986).
Due to the inadequacy of traditional contact angle measurements
in such media, alternative indirect methods are sought to infer the
average wettability. Alternative methods are indirect as they are
based on the analysis of wetting responses, instead of wetting itself.
For example, capillary pressure measurements are affected by
wettability, and thus their analysis may give indirect estimates of
wetting (Longeron et al., 1995; Ma et al., 1999).

Quantitative methods that use measurements such as forced
displacement capillary pressure, spontaneous and forced
displacement volumes, rate of spontaneous imbibition, sponta-
neous capillary pressure, and relative permeability, tend to offer
indices to describe the degree of wetness using numbers. These
indices include Amott-Harvey (Boneau and Clampitt, 1977;
Trantham and Clampitt, 1977), U. S. Bureau of Mines (USBM)
(Donaldson et al., 1969; Sharma and Wunderlich, 1987), MPMS
(Mirzaei-Paiaman et al., 2013, 2017), Lak (Mirzaei-Paiaman, 2021),
modified Lak (Mirzaei-Paiaman et al., 2021), relative pseudo work
of imbibition (Ma et al., 1999), LH (Longeron et al., 1995), normal-
ized water fractional flow (Ferreira et al., 2017), and NMR-based
techniques (Fleury and Deflandre, 2003; Al-Mahrooqi et al., 2006;
Chen et al., 2006; Tandon et al., 2020).

Amott-Harvey and USBM are industry standard techniques
(McPhee et al., 2015). In the USBM method, which is the subject of
this article, the areas under forced displacement capillary pressure
curves were used to define an index (Donaldson et al., 1969). The
area under capillary pressure curve of a forced displacement pro-
cess (i.e., a forced primary imbibition, or forced secondary
drainage) is assumed to reflect the work necessary for one fluid to
displace another fluid in that process. As a result, this index com-
pares the relative works done in forced primary imbibition (or
water drive) and forced secondary drainage (or oil drive) processes.
The main drawback of the Amott-Harvey index is that the neutral
wetting state cannot be measured. This is because when the rock is
neutrally wet; neither water nor oil can be freely imbibed into the
core. The USBM, Lak, and modified Lak methods have the advantage
that they take into account the neutral wettability.

The areas under the capillary pressure curves of oil and water
drive processes are denoted as A; and A, to define USBM index as
(Donaldson et al., 1969):

USBM = Ig (’h> Eq. 1
Az

Water-wet porous media are characterized with positive values
of USBM index, because in such systems A; is greater than A,. This
index becomes negative for oil-wet systems where A, is greater
than A;. In the standard USBM method, as developed by Donaldson
et al. (1969), the water drive process starts from irreducible water
saturation and continues until residual oil saturation. Also, the oil
drive process starts from residual oil saturation and ends at a
saturation very close to irreducible water saturation (Fig. 1A). Due
to the absence of spontaneous processes in the standard USBM
configuration, Dullien and Fleury (1994) concluded that the mea-
surements conducted during water- and oil-drive processes are not
true capillary pressures since they have been measured under
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dynamic and non-equilibrium conditions. Sharma and Wunderlich
(1987) proposed a modified USBM setup where forced displace-
ment measurements are performed only after the spontaneous
intakes of fluids stop (Fig. 1B).

Although the USBM index is usually assumed to be varying in
the range of —1 to 1 (Anderson, 1986; Man and Jing, 2002; Skauge
et al., 2003; Ghedan and Canbaz, 2014; Valori and Nicot, 2019), the
mathematical formulation used to calculate this index reveals that
it is theoretically unbounded and can vary from —oo to +oo (see Eq.
(1)). USBM values smaller than —1 or greater than 1 have also
been reported in several case studies by Sharma and Wunderlich
(1987), Longeron et al. (1995), Crocker (1986), Hirasaki et al.
(1990), Dixit et al. (2000), Looyestijn and Hofman (2006), Vevle
(2011), Man and Jing (2002), Abdallah et al. (2007), and Valori
et al. (2017). Thus, in actual cases, this index should not be
regarded as bounded in the range of —1 to 1. The USBM index is
often compared against other indices, without paying attention to
the fact that other indices are bounded in the range of —1 to 1. In
the study, such dissimilar ranges and scales may be considered to
cause unfair comparisons and erroneous interpretations. For
example, while Amott-Harvey of —1 represents the highest level
of oil wetness, USBM of —1 does not mean a similar level of
wetting. In addition, even during examining USBM value of a given
sample it may not be possible to accurately interpret its wetta-
bility because in practice the lower and upper bounds of the index
are not fully known.

To resolve the above issues, a bounded form of USBM (denoted
as USBM*) which varies in the range of —1 to 1, was previously used
in a few publications where NMR-based wettability indices were
checked against it (Looyestijn and Hofman, 2006; Looyestijn, 2008;
Al-Muthana et al., 2012; Valori et al., 2017; Al-Ofi et al., 2018;
Sauerer et al.,, 2019; Al-Garadi et al., 2022). However, the main
message of these studies was not the need for replacing USBM by
USBM*. Thus, USBM* has been overlooked, and petroleum engi-
neers and geoscientists have not paid enough attention to it so far.
This paper calls attention to USBM* and highlights the need to
replace USBM with USBM*. In the bounded form of USBM index, in
addition to the method being comparable to other indices, the
resolution near neutral wettability is improved. Previous analyses
were not with the formality and generality of the examinations
performed in this article. We use a larger collection of twenty
samples with variation in petrophysical properties to show the
differences between USBM and USBM* in comparative studies, and
consider several other indices (i.e., Amott-Harvey, Lak, and modi-
fied Lak) to support the USBM*; while previous studies were
limited to NMR-based wettability indices.

2. Bounded USBM wettability index

A different mathematical equation for the USBM wettability test
can be developed which is bounded (i.e., always falling in the range
of —1 to 1) and still uses the areas under water and oil drive curves
(i.e., A1 and Ay). The bounded USBM (i.e., USBM*) as defined in Eq.
(2) is positive for water-wet systems, where A; > A,, and negative
for oil-wet media, where A; <A,.

A A

USBM™ =
A] + A2

Eq. 2

Combining Egs. (1) and (2), the relationship between USBM and
USBM* results as:

10USBM -1

USBM" = Jousemr 11

Eq. 3
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B: Modified USBM test
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Fig. 1. Schematic representation of the standard (plot A) and modified (plot B) USBM tests (IWS and ROS stand for irreducible water saturation and residual oil saturation,

respectively).
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Fig. 2. Graphical relationship between USBM and USBM*.

Eq. (3) can be used to draw the graphical relationship between
USBM and USBM* as shown in Fig. 2. In this figure, the range of USBM
on the x-axis is put from —3 to 3 mainly because outside this range
the USBM* experiences very small changes such that the curve looks
flat. As USBM values approach -co and co, USBM* becomes —1 and 1,
respectively. As displayed in this figure, in the case of water-wet
systems, the USBM values from 0.6 to « scale down to the USBM*
values varying from 0.6 to 1 (i.e., USBM > USBM*) whereas USBM
values smaller than 0.6 scale slightly up once transformed into the
USBM* domain (i.e., USBM < USBM*). For oil-wet systems, the USBM
values between —0.6 and -co scale up to the USBM* values from —0.6
to —1 (i.e., USBM < USBM*) whereas USBM values greater than —0.6
scale slightly down once transformed into the USBM* domain (i.e.,
USBM > USBM*).

3. Sample preparation
All stages of sample preparation and performing displacement

tests are summarized in Fig. 3. These stages will be described as
follows.

3.1. Cleaning, drying and porosity-permeability measurements

A total of twenty limestone samples of 1.5-inch diameter and 2-
inch length are applied in the study. These samples were collected
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from the Asmari (eight samples, dataset 1) and Fahlian (12 samples,
dataset 2) formations of two Iranian fields. The plugs were cleaned
using Toluene and Methanol to eliminate drilling mud contami-
nants and other impurities (i.e., organic matters, hydrocarbons and
salts) and dried up for 48 h at elevated temperature following RP40
standard (API, 1998). Then, helium porosity and air permeability
measurements were performed (Table 1).

3.2. Rock typing

To identify the single-phase rock types and study the hetero-
geneity, GHE* template was used (Mirzaei-Paiaman et al., 2020).
This template consists of ten predefined rock types each covering a
specific range of FZI* values (Eq. (4)), as displayed in Fig. 4. In this
template, each line which corresponds to a particular FZI* value
represents the lower limit of a predetermined reference rock type
(referring to Mirzaei-Paiaman et al. (2020) for further details). As
one moves bottom up to the top of this template, rock type quality
increases. Regarding our plugs, two rock types of 3 and 4, and four
rock types of 3, 4, 5 and 6 were found for the datasets 1 and 2,
respectively (summarized in Table 1 and shown in Fig. 4). This
implies that dataset 2 is more heterogeneous than dataset 1. It is
worthy to mention that Mirzaei-Paiaman et al. (2015, 2018) pre-
sented FZI* as a modified FZI (Amaefule et al., 1993). Moreover,
Corbett and Potter (2004) developed the original GHE template
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Fig. 3. Stages of sample preparation and performing displacement tests.

Table 1
Properties of the plugs used in the tests.
Dataset Plug no. Porosity (%) Permeability (mD) FZI* (um) GHE* no.
1 1 17.45 1.67 0.10 3
2 19.38 2.98 0.12 4
3 18.98 4.39 0.15 4
4 18.63 1.04 0.07 3
5 16.14 1.99 0.11 3
6 21.57 493 0.15 4
7 15.66 1.92 0.11 3
8 17.84 4.01 0.15 4
2 1 19.18 741 0.20 4
2 19.67 0.82 0.06 3
3 21.14 3.994 0.14 4
4 22.81 186.77 0.90 5
5 16.68 94.06 0.75 5
6 24.25 983.48 2.00 6
7 17.89 9.24 0.23 4
8 11.01 3.54 0.18 4
9 15.19 19.27 035 4
10 14.45 0.64 0.07 3
11 14.61 6.12 0.20 4
12 19.74 6.51 0.18 4
based on FZI values.
* K
FzI* = 0.0314\/; Eq. 4

Where FZI*, absolute permeability (K), and effective porosity (¢) are
in micrometer, mD, and fraction, respectively (Mirzaei-Paiaman
et al.,, 2015, 2018).

3.3. Saturation

The clean and dry samples were placed in a sealed container,
and then evacuated up to a vacuum pressure of 0.001 psi. Next, the
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container was filled with a 190,000 ppm of equivalent NaCl brine
and gradually pressurized up for at least 4 h to a fixed pressure of
2000 psi. Brine-saturated plugs were aged in the solution no less
than ten days to reach ionic equilibrium. Brine salinity and ionic
equilibrium with carbonate surface has strong effect on the sub-
sequent wettability restoration process, where oil-wetness in-
creases with salinity (Shaik et al., 2020). The wettability alteration
of carbonate surfaces from water-wet state to oil-wet state with the
increase in salinity can be explained from the effect of NaCl con-
centration on the surface charge. The increase in the positive sur-
face charge density could promote adsorption of negatively charged
acidity crude oil onto the carbonate surface and render them oil-
wet. The author's experiences show that ten days is good for
ionic balance.

3.4. Establishment of interstitial water saturation

Brine-saturated plugs were transferred to the core holder and a
number of pore volumes of brine were injected. Then, they were
placed in the centrifuge for conducting primary drainage water-oil
capillary pressure measurements at 50 °C where dead crude oil
pushed brine out at a series of centrifugal speeds until interstitial
water saturation.

3.5. Wettability restoration

Carbonate rock is naturally water-wet, but, adsorption of polar
components such as asphaltenes, resins, and carboxylic acids and/
or deposition of the organic material onto the rock surface renders
it mixed-wet or oil-wet (Anderson, 1986; Dubey and Waxman,
1991). After establishment of interstitial water saturation, wetta-
bility of samples was restored by aging in crude oil at reservoir
temperature of 70 °C for two weeks. The optimal aging time for
carbonate samples has been studied by Shaik et al. (2020). The
extent of wettability reversal of an originally water-wet rock by
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Fig. 4. Position of plugs on the GHE* template for single-phase rock typing.

surface active agents depends on mineral composition, pressure,
temperature, brine chemistry and ionic composition (Anderson,
1986). In commercial laboratories, the use of equivalent NaCl
brine is common instead of composite brine. The reason is the
creation of unwanted scales and deposits in the composite brine.
Carbonate samples are positively charged in equivalent NaCl brine
with high Na* concentration. Negatively charged acidic compounds
of crude oil such as naphthenic acids in aging process can diffuse
through the water film and chemisorb onto the rock surface.

3.6. Synthetic oil replacement

The crude oil was flushed out with decahydronaphthalene
(decalin) which itself was displaced by synthetic oil (n-Decane).
Decalin was used as a buffer between the synthetic oil and the
crude oil to avoid impurity precipitation. Synthetic oil and brine
were used during all subsequent experiments. This was performed
to prevent operational difficulties and problems associated with
injection of dead crude into the tight carbonate samples.

4. Laboratory test procedure

Our experiments are divided into two sequential categories: (1)
Unsteady-state water/oil imbibition relative permeability in order
to measure Lak and modified Lak wettability indices; (2) Free
imbibition and forced capillary pressure measurements to calculate
Amott-Harvey, USBM and USBM* indices. These experiments have
been used in our previous study, as well, but for a different purpose
(Mirzaei-Paiaman et al., 2021). Table 2 lists the properties of the
fluids used.

4.1. Relative permeability measurement

e The o0il permeability at interstitial brine saturation was
measured by synthetic oil.

Table 2
Specifications of the fluids used in the tests.

e Primary imbibition unsteady-state water displacing oil mea-
surements were performed.

e The Jones and Roszelle (1978) method was used to calculate
relative permeability.

4.2. Free imbibition and forced capillary pressure measurements

e The brine saturated samples (at residual oil saturation) were
centrifuged at room conditions under synthetic oil to reach
irreducible water saturation.

Plugs were placed in Amott cell for measuring the spontaneous
imbibition volume of brine.

After the spontaneous process, the samples were centrifuged
under brine at several speeds to perform the forced imbibition
capillary pressure measurements.

Spontaneous intake of oil was simulated in Amott cell.
Samples were centrifuged under oil to run the forced secondary
drainage capillary pressure experiments.

Wettability measurement methods

The areas under the measured forced primary imbibition and
forced secondary drainage capillary pressure curves are used to
obtain the USBM (Eq. (1)) and USBM* (Eq. (2)) indices. Moreover,
the water saturation changes corresponding to each of the spon-
taneous and forced displacement processes were used to calculate
the Amott indices to water and oil (Amott, 1959), and consequently
the Amott-Harvey index (Boneau and Clampitt, 1977; Trantham
and Clampitt, 1977) as:

Vosp

Eq. 5
Vosp + Vo b d

w=

Property test Water density (gr./

Oil density (gr./cc) Interfacial tension (dyne/

Water viscosity (cp) Oil viscosity (cp)

cc) cm)
Primary drainage capillary pressure at 50 °C 1.125 0.857 26.79 - 3.29
Imbibition/secondary drainage capillary pressure at 25 °C 1.145 0.731 - 1.36 244
Relative permeability at 25 °C 1.145 0.731 - 1.36 244
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Vi.sp
= WOy Eq. 6
®" Viwsp + Vwrp q
Ian=Iw—1Io Eq.7

Where I,y is Amott-Harvey index, Iy is Amott water wettability
index, Ir is Amott oil wettability index, V, sp is the volume of oil
spontaneously displaced by the intake of water, V,, gp is the volume
of oil displaced by the forced imbibition of water, V,, sp is the vol-
ume of water spontaneously displaced by the intake of oil, and
Vi rp is the volume of water displaced by the forced penetration of
oil.

The imbibition relative permeability data were used to deter-
mine the values of Lak and modified Lak wettability indices. Lak
wettability index (I;) was defined as (Mirzaei-Paiaman, 2021):

CS — RCS
1 —Sor — Swe

03— krW@So, 05— krw@Sm
o3 ) t——o5 )

I = Oé( Eq. 8

Where kyas,, is the water relative permeability at residual oil
saturation (to use Lak index, water relative permeability should be
expressed as the water effective permeability divided by the oil
permeability at irreducible water saturation), CS is the water
saturation at the crossover point of relative permeability curves, Sor
is the residual oil saturation, Sy is the irreducible water saturation,
RCS is a reference crossover saturation (defined in Eq. (9)), and «
and ( are constant coefficients (defined in Eq. (10)). All saturations
are expressed in fraction.

_ 1 Swec—Sor

RCS = 2020t Eq. 9
krwi(DROS <0.3, then o« = 0.5 s ﬁ =0

lf{03 < krw@ROS <0.5, then a = ﬁ =0. Eq. 10

krw@ROS >0.5, thena =0 s ﬂ =0.5

Modified Lak wettability index (Iy;) is expressed as (Mirzaei-
Paiaman et al., 2021):

Ao — Aw
Y =E——y Eq. 11
ML Ao + Aw q
Where A, and Ay are the areas under the oil and water relative
permeability curves, respectively.
The USBM and USBM* tests appear to be superior to the Amott
test, which is insensitive near neutral wettability. It is possible to
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have an Amott-Harvey wettability index of about zero either
because the material imbibes neither water nor oil strongly, or
because it imbibes quite a bit of both to the same degree. However,
the USBM and USBM* tests cannot determine whether a system is
homogeneous in wettability or not, while the Amott test is some-
times sensitive. In some fractional or mixed-wet systems, both
water and oil imbibe spontaneously. The Amott test will have
positive displacement by water and displacement by oil ratios,
indicating that the system is non-homogeneously wetted. Since
wettability is the main function affecting relative permeability, the
relative permeability curves can be a tool to obtain the sample
wettability. On the other hand, because the heterogeneity of the
sample affects the relative permeability curves, the wettability in-
dex obtained by Lak and modified Lak can indicate the mixed or
fractional wettability of the sample. On the other hand, indices
obtained from relative permeability can be more sensitive to
neutral wettability.

6. Results and discussion

The measured forced primary imbibition and forced secondary
drainage capillary pressure data, as well as the water saturation
changes corresponding to each of the spontaneous and forced
displacement processes are shown in Fig. 5. Correspondingly,
imbibition relative permeability data are shown in Fig. 6.

The calculated values of different wettability indices are sum-
marized in Table 3, which is used to prepare cross-plots of USBM
and USBM* versus other indices, i.e., Amott-Harvey (Plots A), Lak
(Plots B), and modified Lak (Plots C), as shown in Figs. 7 and 8 for
datasets 1 and 2, respectively. On each plot included in these two
figures, the dotted line shows the 1:1 line.

Regarding Figs. 7 and 8, for the samples with USBM values
(depicted by green circles) smaller than —0.6, one may mistakenly
conclude poor correlations between USBM and other indices
mainly because these samples are located relatively far from the
identity line. But, the application of USBM* (shown by red circles)
shifts the data considerably up, which in this case is towards the 1:1
line. For the samples with USBM values greater than —0.6 and
smaller than O, the use of USBM* shifts the data slightly down,
which can be towards or away from the line of equality, and it all
depends on the sample itself. For the samples with USBM values
greater than O and smaller than 0.6, the use of USBM* shifts the
data slightly up, which can be towards or away from the identity
line, and it all depends on the sample itself. As a result, since the
theoretical and practical ranges of USBM variation are different
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Fig. 5. The forced primary imbibition and forced secondary drainage capillary pressure data.
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Fig. 6. The primary imbibition water-oil relative permeability data.

Table 3
The calculated values of different wettability indices.

Dataset Plugno. USBM USBM* Amott-Harvey Lak Modified Lak

1 1 -087 -0.76 -046 -0.37 -0.21
2 -023 -026 -040 -0.61 -0.37
3 -082 -074 -0.74 -0.74 -041
4 -042 -045 -0.12 —0.05 0.00
5 -082 -074 -076 -0.51 -0.36
6 -095 -0.80 -057 -0.65 -0.20
7 -052 -054 -0.26 -0.55 -0.27
8 -021 -024 -021 -046 -0.12

2 1 -094 -0.79 -067 -0.69 -0.49
2 -094 -079 -0.51 -029 -0.14
3 -0.73 -0.69 -053 -035 -0.17
4 -081 -0.73 -064 -046 -0.34
5 -045 -048 -043 -040 -0.38
6 -0.71 -067 -0.62 -0.53 -0.40
7 -049 -0.51 -031 -024 -0.10
8 -054 -0.55 043 -029 -0.37
9 -048 -050 046 -032 -0.12
10 -0.18 -021 -0.03 -0.14 -0.02
11 -155 -095 -0.75 -0.53 -0.38
12 0.05 0.06 -0.11 0.02 0.20

from other indices, it cannot be fairly compared with others. Thus,
the cross-plots of USBM and other indices could be misleading and
give inaccurate comparisons. Since the scale of USBM* is from —1 to
1, it can be efficiently compared to the others.

As mentioned earlier (Table 1 and Fig. 4), from single-phase rock
quality point of view, the dataset 2 is more heterogeneous than the
dataset 1. Two rock types of 3 and 4, and four rock types of 3, 4, 5

and 6 are observed for the datasets 1 and 2, respectively. For each
wettability index we calculate the range (defined as the difference
between maximum and minimum values). The calculated data are
summarized in Table 4 for our datasets. As shown, the dataset 2 is
more heterogeneous than the dataset 1 in terms of wettability.
Thus, it seems there should be a correlation between single-phase
rock quality and wettability heterogeneity because in both cases
the second dataset is more heterogenous than the first one.

7. Conclusion

This study calls attention to the ranges of USBM variation and
other wettability indices. The USBM index is often checked against
other indices, ignoring the fact that unlike other indices which are
bounded in the range of —1 to 1, USBM is not varying over this
interval. To show the differences between USBM and its bounded
form (i.e.,, USBM*) in comparative studies, two sets of primary
imbibition and secondary drainage capillary pressure data, as well
as the primary imbibition relative permeability information of
twenty carbonate samples were used. The experimental data were
used to compare USBM and USBM* against Amott-Harvey, Lak, and
modified Lak wettability indices. In the case of using USBM,
different scales may lead to unjust comparisons and flawed in-
terpretations in comparative studies. Moreover, even during
examining USBM of a sample it may not be possible to fairly
interpret its wettability due to the unknown lower and upper
bounds of the index. The traditional USBM equation should be
replaced by USBM* which varies over the range of —1 to 1 in both
theory and practice, similar to other indices.
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Fig. 7. Cross-plots of USBM and USBM* versus other indices for dataset 1.
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Fig. 8. Cross-plots of USBM and USBM* versus other indices for dataset 2.

Table 4
The range (difference between maximum and minimum values) of different
wettability indices.

Dataset USBM* Amott-Harvey Lak Modified Lak
1 0.56 0.64 0.69 0.42
2 1.01 0.72 0.71 0.69
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