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ABSTRACT

This paper describes a new technique to
simultaneously measure the capillary pressure curves
and wettability indices for an oil - brine - rock
system. By improving the porous plate method, the
full cycle of four capillary pressure curves, i.e.
spontaneous and forced drainage and imbibition, is
measured in days instead of months. This is
achieved by the use of thin oil- and water-wet
micropore membranes and short samples with large
diameter.

Measurements have been done on sandstone and
carbonate cores with wettabilities ranging from
strongly water-wet to oil-wet. A reduction in
experimental time by a factor of 10 or more is gained
by the new method for a full cycle of the four
capillary pressure curves.

In addition, a new measure of wettability is
suggested as an improvement of the USBM test,
incorporating all four areas between the capillary
pressure curves and the saturation axis. The new
wettability index may be conceived as an extension
of the Amott test, with the four saturation intervals
weighted by the corresponding areas under the

capillary pressure curve and may better discriminate
between mixed-wet and spotted-wet samples.

INTEREADIICTION
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Knowledge of the water-oil capillary pressure vs.
saturation relationship is necessary for many
reservoir engineering tasks like: (1) assess connate
water saturation to calculate oil-in-place; (2)
determine the height of the transition zone; and (3)
model oil displacement either by free water
imbibition and/or water injection.

During the last ten years, much work has been done
to improve the laboratory procedures for
measurement of water-oil relative permeabilities.
Less effort has been made to improve the
determination of capillary properties, probably
because it is difficult to measure capillary pressure at
representative reservoir conditions.

This paper presents improvements in measuring
complete capiliary pressure curves for different
wettabilities. The diaphragm method is very accurate
and reliable and so far the only method that may give
the full loop of capillary pressure curves, forced and
spontaneous drainage and imbibition, but has been
extremely time consuming. For gas-oil systems,
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Jennings and Morse! and Christoffersen et al.2 used
micropore membranes to reduce experimental time
for drainage capillary pressure curves. Recent
work3-5 has shown a significant reduction in
experimental time if thin micropore membranes are
used instead of porous disks for drainage capillary
pressure measurements. Now, this method is
extended to the full cycle of capillary pressure
curves.

A new corcholder cell, together with two thin
membranes and specific procedures, has been
developed and tested on sandstone and carbonate
cores. Full cycles of capillary pressure curves were
obtained, and in addition, the concept of wettability
has been quantified by a new index that takes into
account the areas between the the capillary pressure
curves and the saturation axis.

EXPERIMENTAL
Equipment

The main problems have been (1) to seal the
membrane to keep fluid from passing around its
outer perimeter; and (2) to protect the membrane
from being penetrated by the rough surface of the
core sample.

A simpler coreholder has been constructed with
better arrangement of the membranes. It consists of
three parts; two endpieces that can be dismounted
separately and a cylinder which contains the coated
core. The coating is a low melting point alloy (Tf =
124°C). The core and the coreholder are being
soldered together into one piece. The endpieces have
two connecting tubes, so a circulation of fluid is
possible (without fluid entering the core). This is to
ensure complete saturation of the endpiece and
membrane arrangement after the core is mounted.
The diameter of the core is 5 cm and the thickness 2
cm.

Axial pressure is applied by tightening six screws

around each endpiece going into the cylinder wall. A

radial confining pressure is applied to the core by the
solidified metal.

Fig. 1 shows the coreholder and endpiece. Previous
tests demonstrated that the endpiece with an O-ring

and a metal support screen made a good seal and
support of the membrane when the coated core was
pressed against the endpiece. Fig. 1 also shows the
arrangement of the micropore membrane.

Data for the membranes used in the experiments are
listed in Table 1.

Arrangement

The cycles of capillary pressure curves were obtained
by using thin water-wet and oil-wet membranes.
Fluids were brine, refined oil and crude oil. The
membranes could be replaced separately during the

experiment.

The displaced fluid was produced at atmospheric
pressure and the amount recorded by an optical
device connected to a micropump which again was
connected to a plotter. The differential pressure was
applied either by a pressure cell containing oil and
nitrogen or by an oil column (for the pressures below
200 mbar) with good accuracy for the differential
pressure at low values. When measuring
spontaneous imbibition of water, the oil pressure is
decreased, and a burette is placed at the outlet end to
measure the amount of water imbibed. For the forced
imbibition curve, the brine pressure is applied in the
same manner as for oil pressure during drainage; first
by the water column head, and then by a pressure
cell containing water and nitrogen.

Experiments

Outcrop core samples

Two types of cores have been used, Vosges
sandstone and Estaillade carbonate. They are both
naturally water-wet when cleaned and dried. One
core of each material was aged in crude oil and
another was measured at native water-wet
conditions. Capillary pressure cycles consisting of
four curves, subsequent to the primary drainage, was
measured on four different cores. An Amott-IFPé

tant ad
test was performed on similar core plugs, both for

untreated and aged cores, to check the effectiveness
of the aging procedure, Table 4, right column.

Drainage curves for water-wet cores was measured
by the membrane technique, the standard porous



plate technique and by mercury injection for
comparison.

Reservoir core sample

Our technique was also tested with a reservoir core
sample from an oil-bearing sandstone formation. The
core sample was selected from a series of plugs taken
horizontally in full-size samples. Then it was
subjected to an intensive cleaning procedure to make
it as water-wet as possible.

Fluids used were brine, refined oil and crude oil.
Lagrave crude oil was chosen since it has a high
content of polar components and thereby the ability
to make the rock surfaces more oil-wet. Core and

fluid data are listed in Tables 2 and 3.

Procedure

Water-wet cores

The core was initially saturated with brine and a
water-wet membrane was placed in the coreholder.
Primary drainage with Soltrol 130 down to
irreducible water saturation gave the starting point of
the capillary pressure cycle. First, spontaneous
imbibition of water was performed step by step
down to zero capillary pressure, and an oil-wet
membrane was mounted. Forced imbibition of water
was then followed by spontaneous imbibition of oil
and then secondary drainage to complete the cycle.

This procedure was used for tests 1,3, and 5,
Table 2.

Intermediate-wet cores and aging procedure

Primary drainage from 100% water saturation was
performed with crude oil. The core was aged at
residual water saturation at a temperature of 60°C for
4 weeks. Then two different procedures were
followed to replace the crude oil by refined oil: (1)
first a gentle cleaning of the core was performed by
circulation of cyclohexane and isopropyl alcohol and
then the core was resaturated with brine and the
capillary pressure cycle measured according to the
same procedure as for water-wet cores; or (2) the
crude oil was displaced by refined oil directly, and
the spontaneous imbibition curve was measured after
replacing the water-wet membrane and reapplying the

capillary pressure used to reach Swi. At zero
capillary pressure, the oil-wet membrane is mounted
and forced imbibition, spontaneous drainage and
secondary drainage curves are measured. Procedure
1 was used for the aged carbonate core, and
procedure 2 was used for the aged sandstone,
Table 2.

It is possible to mount both of the membranes from
the beginning of the experiment, but the method
above was preferred since the oil-wet membrane is
not necessary when measuring drainage and
spontaneous imbibition curves of water and may
only increase the experimental time.

WETTABILITY

Wettability is one of the most important factors
controlling multiphase flow in reservoir rock. It
influences fluid location, flow, distribution and
trapping. The wettability affects almost all types of
core analysis: Capillary pressure, relative
permeability, electrical properties, irreducible
saturation, and many EOR-processes.

The two most used methods for quantification of
wettability are the USBM and the Amott? method.

Wettability has been classified as homogeneous
when the rock surface has uniform molecular affinity
to both water and oil, and heterogeneous when
distinct surface regions have different affinity to
water or oil. Homogenous wettability is again split in
strongly water-wet, strongly oil-wet, and
intermediate-wet classes. Heterogeneous wettability
may be devided into mixed-wet, when the rock has
continuous water-wet and oil-wet regions, and
spotted- (fractional-) wet, when one phase is
continuous and the other discontinuous.

Recent work has shown that the wettability is
heterogeneous on a pore scale for reservoir rocks?.
Radke et al.!0 have studied wettability on the pore
scale and explain how mixed wettability may develop
in terms of thin films.

For classification and comparison between different
reservoir materials, quantification of wettability is
necessary. Especially there is a need for better
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quantification and understanding of the
heterogeneous wettability conditions.

Attempt to assign a new wettability
index; the HL-Index

Data from the spontaneous imbibition and drainage
processes are not included in the calculation of the
USBM index. It seems intuitively reasonable that
these processes also would characterize the
wettability of the system and should be included in
an overall wettability index for the sample.
Consequently, a new wettability index is suggested,
the Hammervold- Longeron index I'yr (Egs. 1-3).
The new index may be able to distinguish between
mixed- and spotted-wet samples, since a spotted-wet
sample would spontaneously imbibe more of the

continuous wetting phase than the discontinuous

s ttad) nh A i A m

(spotted) phase, and a mixed-wet sample would
. .

spontaneously imbibe both fluids. In conh‘...ast an

in any direction.

Tyi=1y - I, ¢))
where

Iy =B1/(B1+ A2), 2
and

I, =B2/(B2+ A1), 3

where B is the area under the spontaneous
imbibition curve, A, is the area under the forced
imbibition curve, B, the area under the spontaneous
drainage curve, and A; the area under the secondary
drainage curve, Fig. 2. The absolute values of the
areas are used.

RESULTS

Drainage capillary pressure curves were measured by
different methods to verify the new membrane
measurement technique. A whole capillary pressure
loop for five different cores (using membrane
technique) were measured with corresponding HL-
index measurements to study the applicability of the
index.

Figs. 3 and 4 show a comparison between drainage
capillary pressure curves obtained by the membrane
technique and by mercury injection for water-wet
carbonate and sandstone cores scaled by ocos6.
There is a good agreement between the two
measurement techniques, as expected. Mercury
injection is believed to be a representative method for
measurement of the first part of the drainage curve
for water-wet samples1!.

Fig. 4 also shows a comparison between drainage
capillary pressure curves obtained by the membrane
technique and by the traditional porous plate method
using a sintered alumina plate.

Four complete capillary pressure loops (after primary
drainage) with spontaneous imbibition, forced
imbibition, spontaneous drainage (imbibition of oil)

aod connndacs dunianca o h haan m

ana Seconaary araiiiage Curves nave oeen measured
ey tha earamh V

0oy ui¢ meoimorand technique on two Vosges

sandstone cores, Figs. 5 and 6, and two Estaillade
carbonate cores, Figs. 7 and 8; for each rock type on
both a water-wet core and one aged in crude oil. (The
drainage curve for experiment No.2, Fig.6, is not
reported).

The loop of capillary pressure measured on the
sandstone reservoir core is reported in Fig. 9. The
shape of the curves and the saturation intervals
confirm the water wettability of the core after
extensive cleaning.

The HL-index was calculated for the five cores. The
areas was calculated by a computer program using
the measured data points. Also the Amott- and the
USBM-index can be calculated from the data,

although the method originally described for these
tests is not used. The Amott-index is defined by; Io-

w = Io-Iy, where Iy, = a/(a+b), and I, = c/(c+d). a
is the saturation change during a spontaneous
imbibition in water, b is the saturation change during
a forced imbibition (decreasing oil saturation), c is
the saturation change during a spontaneous
imbibition in oil, and d is the saturation change
during a secondary drainage (decreasing water
saturation). The standard USBM-index is calculated
using capillary pressure curves from measurements
by centrifuge. The wettability index is defined by

5461USBM = log(A1/A2), where A1 is the area between



For the calculation of the Amott index, the saturation
intervals are taken from the membrane
measurements. For the calculation of the USBM-
index, the areas under the secondary drainage and
forced imbibition curves from the membrane
measurement (denoted by A; and A, in Fig. 2) are
used. The wettability indices are listed in Table 4.

DISCUSSION
Aging procedure

The aged carbonate core, Fig. 8, was cleaned gently
and resaturated (procedure 1) before the capillary
pressure curves were measured. Compared with the
aged carbonate core.from the Amott-IFP test, Table
4, which was not cleaned after aging (procedure 2),
we see a difference in wettability index (comparing
all three indices) towards a more oil-wet core when
following procedure 2.

The aged sandstone, Fig.6, and the core used in the
Amott-IFP test both followed aging procedure 2. The
difference between the three indices for experiment 2
may be due to membrane damage since the secondary
drainage curve had to be stopped at 100 mbar. Area
A; is therefore cropped and the HL-index too high.

The sandstone core, from the Amott-IFP test, is still
water-wet after aging, in agreement with the HL-
index, while the other two indices indicate a neutral
core. According to most tests, the carbonate core is
casier to make oil-wet than the sandstone core, but
the gentle cleaning procedure evidently affects
wettability in a less oil-wet direction. The scale for
the Amott indices and the HL-index is the same; from
-1 to +1. For the USBM index the scale is from -co
to +oo, in practice from -2 to +2, and can therefore
not be compared directly with the other indices.

The HL-index

In a paper by Gatenby and Marsden!3 from 1957, a
whole loop of P, curves were measured on five cores
treated with two different concentrations of silicone
(Dri-film); 2% and 0.02%, giving ten P, loops all

together. The HL-index has been calculated based on
the figures in the paper using the weight of the areas
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cut in paper and measured on a micro balance. For
the cores treated with a concentration of 2% silicone,
the HL-index was around -0.3, except for core 22.
For cores treated with a concentration of 0.02%
silicone, the HL-index was around 0.0, except for
core 22, see Fig.10. The Amott index have also been
calculated based on the figures in the paper. Fig. 11
shows a comparison between the HL-index and the
Amott index where data from both the paper by
Gatenby and Marsden and from Table 2 are used.
The results in Figs. 10 and 11 support the
applicability of the HL-index for both outcrop and
reservoir core samples.

Calhoun!?2 states that the entire capillary pressure
sequence should be used as a measure of wettability,
by comparing the capillary pressure curves. Gatenby
and Marsdenl3 suggested the possibility of
correlating wettability with the area of the hysteresis
loop or other areas between the capillary pressure
curve and the saturation axis. Morrow!4 states that
wettability of a porous medium relates to the surface
energetics of displacement, but is not a well-defined
term, and Brown and Neustadter!S suggest that the
definition of the term wettability requires reference to
the total system of solid plus fluids considered
together with the kinetics of the displacement.

We suggest that the term wettability should express
the overall tendency of a fluid spontaneously to
imbibe as compared with its susceptibility to forced
imbibition, when the whole saturation range is
covered. More precisely, how much energy is
released during spontaneous imbibition as compared
with what is stored during forced imbibition. By this
definition, the wettability is not a function of
saturation, but an overall tendency of a reservoir rock
to prefer one fluid over another.

For a reversible process, the area under the capillary

pressure curve, i.e.
JP c dSW1

is equal to the amount of free energy the core-fluid
system may exchange with its surroundings!4. The
integral is negative when the system energy is
increased and positive when energy is transferred to
the surroundings.
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Starting at irreducible water saturation, in Fig. 2, for
a water-wet core, spontaneous imbibition down to
zero capillary pressure results in release of stored
energy equal to Bj.

Next, forcing water into the core, the area Aj
(considered a positive quantity) is equal to the energy
stored into the system, for a reversible process. The
sum By + A2 is the total energy transfer over the
saturation range and will be used as a normalizing
quantity.

Area B1 represents the "suction energy" or potential
energy stored because water is the wetting fluid. The
energy of the rock-fluid system is lowered by this
amount when water imbibes. Likewise, the area B9
represents the energy released by spontaneous
imbibition of oil.

If no Haynes jumps take place, hysteresis is absent4
and the complete cycle of drainage and imbibition is
reversible. (This would for instance be the case for
pore channels that are conical in shape, without any
restricting pore throats.) Then Ay =By, A2=B3,1,
=A1/(A1+ Ap), I;= A9/(A1 + Ag), and the new
wettability index for the reversible case is Iy = (A1 -
A2)/(A1 + Ap), i.e. the normalized difference
between energies released by spontaneous imbibition
of water and oil, respectively.

In an actual core, the pore channels form bodies and
throats and the capillary pressure curve will exhibit a
hysteresis loop. As for ferromagnets!6 the area of the
loop is equal to the energy lost, ultimately as heat,
per cycle, caused by irreversibie Haynes jumps. In
this case A1 # B1 and A2 # B and the new index is
defined by Egs. 1-3. By this choice, the definition is
an extension of the Amott index, with the saturation
intervals replaced by the corresponding integrals or
energies.

In a recent paper by Toledo, Scriven and Davies!7 it
is shown by Monte Carlo simulations of volume-
controlled mercury porosimetry of biconal pore
segments that the area of the hysteresis loop depends
on the aspect ratio, the ratio between the size of a
pore body and a throat. A large contrast between
body and throat results in more pronounced Haynes
jumps and energy losses. Therefore, if the HL-index
is measured, it should be possible also to interpret

the shape and area of the hysteresis loop to find
descriptive parameters of the pore network.

So far we have not checked the reproducibility of the
hysteresis loop, but we note from the work by
Radke,Kovscek, and Wong!0 that the wettability
may change depending on the maximum (and
minimum) capillary pressure for a loop. Therefore,
to reproduce the wettability index /g1 and the
hysteresis loop, the minimum and maximum
capillary pressure probably need to be kept fixed at
relevant limits for field operations.

CONCLUSIONS

1. The micropore membrane technique for capillary
pressure measurements is demonstrated to be an
accurate and reliable method. Mercury injection
(scaled) and traditional porous plate drainage curves
show a very good agreement with the membrane
data.

2. The reduction in experimental time for this new
technique with micropore membranes and reduced
length of the core, is significant (30 times faster than
standard porous plate) for drainage.

3. A full cycle of capillary pressure curves (four
curves subsequent to primary drainage) has been
obtained for water-wet and intermediate-wet cores
within 20-30 days instead of months.. The shape of
the capillary pressure curves for different core
samples reflects the wettability of the core.

4. A new wettability index is suggested that takes
into account the areas of the four capillary pressure
curves defining the hysteresis loop. The index may
better quantify the wettability of a sample and
discriminate between intermediate-wet, mixed-wet,
and spotted-wet conditions.

NOMENCLATURE

a saturation interval

A1:  areaunder the secondary drainage curve

A2:  areaunder the forced imbibition curve

b: saturation interval

B1:  areaunder the spontaneous imbibition curve
By:  areaunder the spontancous drainage curve
cd:  saturation intervals
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I wettability index

I Amott: Amott-index

IysBM: USBM-index

IgL: HL-index

k: permeability

P: pressure

PV: pore volume

S: saturation

T melting temperature for metal alloy
P density

¢: porosity

o interfacial tension

6 contact angle

Ty viscosity

Subscript

c capillary

g gas

i irreducible

o: oil

r residual

w: water
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Fig. 9: P loop (test No.5), sandstone reservoir core, water-wet Igg; = 0.85.
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Table 1: Membrane data

Membrane type/material Thickness (cm) | kw (mD) | Poresize (um) PV (cm?)

PTFE GoreTex (oil-wet) 0.008 0.22 0.02 0.1

Sartorius, cellulose triacetate (water-wet) } 0.012 0.032 10 000 NMwWCOt

VVLP Millipore (water-wet) 0.015 0.9 0.1 0.29

+: NMwCO (Daltons) = nominal molecular weight cut-off is given instead of poresize.
Table 2: Core data

Test No. 1 2 3 4 5
core material ss* S c** c sghk*
¢ (%) 212 220 28.0 27.5 19.9
kg (mD) 242 251 106 113 702
Ky (mD) 136 139 54 57 595
PV (cm3) 8.10 8.58 10.90 10.80 7.8
Treatment native aged native aged cleaned

Table 3: Fluid data

*. s = sandstone, **: ¢ = carbonate, ***¥ss: sandstone reservoir core

Fluid Type p, g/cc (20°C) § ., cp (20°C)

Brine 10 g/l NaCl 1.005 1.0

Qil Soltrol 130 0.756 2.0

Crude oil | Lagrave 0.804 1.7

Table 4: Wettability indices
Core Amott, Modified HL-Index, Amott-
USBM IFP*

Vosges ss .50-0.00 = 0.50 1.47 | 0.85-0.00 = 0.85 0.78 |
Vosges ss aged | 0.12-0.05 = 0.07 0.03 0.77-0.06 = 0.71 0.50
Carbonate 0.91-0.01 =0.90 1.95 0.99-0.02 =0.97 0.97
Carbonate aged | 0.02-0.01 = 0.01 0.33 0.01-0.02 =-0.01 -0.44
Reservoir core | 0.71-0.00 = 0.71 0.78 0.85-0.00 = 0.85 -

* tests performed on companion plugs
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