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[. INTRODUCTION

To recover oil contained in petroleum reservoirs, waterflooding,

sometimes with "improved" water, is widely used. Understanding
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the phenomena occurring during waterflooding of a porous medium
containing reservoir fluids (brine and crude oil) is thus extremely
important. Research has long since shown that oil recovery during

waterflooding depends on numerous parameters, among which are
pore geometry, fluid distribution, saturation, saturation history,

and oil/water viscosity ratio [1]. This is why it is always strongly
recommended that laboratory experiments of oil displacement by water
be performed using the reservoir rock and reservoir fluids, while
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respecting the initial saturation and the temperature and pressure
conditions of the reservoir.

The wettability of the rock is related to the affinity of its sur-
face for water and/or oil. Surface properties affect oil displacement
by water (quantity displaced and how displacement proceeds) be-
cause they determine fluid distribution in the pores. Consequently,
it is important not only to respect pore geometry by using a sample
of the reservoir rock in question, but also to see that this sample
has surface properties that are representative of those existing in
the reservoir. The quality of production forecasts determined by
numerical simulation models depends to a large extent on the repre-
sentativeness of the measurements made in the laboratory.

The first part of this chapter reviews methods of evaluating
wettability. Then the influence of this parameter on the behavior of
rock/oil/brine systems during oil displacement by water is examined
in greater detail. A review is then made of the problems that arise
in obtaining reservoir-rock samples that are as representative as
possible with regard to their surface properties. This is done
either by preserving the original surface state or by restoration.
The last part of the chapter deals with results concerning the
evaluation of reservoir-rock wettability.

Il. WETTABILITY EVALUATION METHODS
A. Definition

The wettability of a solid surface can be defined in several ways.

It can first be defined quantitatively on the basis of thermodynamic
considerations. In this case, the wettability of a solid by a liquid
is the "variation in free Gibbs energy caused by the contact
between a surface unit of a solid and a liquid, assuming that the
contact with air has not varied" [2]. A comparison of the wettabil-
ity values obtained for different liquids with regard to a given

solid is then a way of predicting whether the displacement of one
liquid by another is possible for the solid considered. This defini-
tion can be used for making a quantitative evaluation of ideal sys-
tems, that is, pure and immiscible liquids and a homogeneous solid.
For actual and often complex systems (solid/fluid 1/fluid 2), another
definition is generally used. It is "the relative preference of that
surface to be covered by one of the fluids under consideration" [3].

B. Evaluation Methods

Numerous methods have been proposed for evaluating the wettability
of a solid surface with regard to a fluid or a fluid system (see re-
views in refs. 4-86).
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1. Methods Based on the Thermodynamic
Definition of Wetting

/The thermodynamic definition of wetting relates to physicochemical

ireaction caused by intermolecular forces of attraction [2]. Wettabil-

ity, designated by Yy, thus represents the energy lost by the sys-

tem during the wetting of a solid by a liquid, with

oG
y = — f—

m mm,H.Hu

in which G is the free Gibbs energy, T the temperature, P the pres-
sure, and s the surface of the solid.

If (8G/ 8s)T,p < 0, the reaction is spontaneous, and wettability
Ym 18 positive.

This quantity can also be written

Ym =~ Ysv T YsL

in which vygy, is the free surface energy of the solid/liquid interface
and ygy is the free surface energy of the solid/vapor interface.

When there is a contact angle 6, we have Young's equation
(Fig. 1):

Ygv T Ygr, T Yy ¢os @

in which ypy is the surface tension of the liguid.
It then suffices to separately evaluate y[,y (by a tensiometer)

and cos 6 (see below) or the product YLV * cos 8 directly to obtain
Ym- Methods have been proposed for the direct measurement of
YLV * cos 8 (strip method [7], capillarimetric method [8], dynamic
Wilhelmy plate wettability technique [9]).

When the contact angle is zero (Fig. 1), the evolution of Ym is
more delicate because the liquid is spread out on the solid, but this
does not mean that the wettability is the same for all the liquids
thus spread out. It can simply be affirmed from the spreading out
that we have the following equation:

Ym © Ysv T YsL 2 YLy

Nonetheless, it is important to know the value of Ym- Indeed,
when two liquids are in contact with a rock, it is the respective
wettability values that cause one liquid to be displaced by the other
one. Different methods have been proposed for evaluating vy in
such cases (for example from adsorption isotherms, Briant and
Cuiec [2]).
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FIG. 1 Examples of behavior of solid/liquid systems. (After Ref.
4. Reproduced by permission of the Norwegian Institute of Tech-
nology, Trondheim, Norway.)

Such treatments for ideal systems (pure liquids, clean and well-
defined solids) cannot usually be translated to actual reservoir sys-
tems because of problems of surface properties, highly complex
geometries, complex fluids, adsorption phenomena, transfer of com-
ponents from one phase to another, etc.

Other methods have therefore been proposed for evaluating the
wettability of natural rocks with respect to a fluid pair. The great
diversity of these methods stems from the fact that the concept of
wettability is not easy to quantify strictly for such systems, and
therefore it is not surprising that no single method has received
unanimous acceptance.

Different effects of wettability on the behavior of the rock/
water/oil system have been studied in several types of experiments. |
As we will see, some methods are limited to a qualitative evaluation. "
\Others result in quantifying wettability by using an index. Some

g.Smgoum require an assumption to be made concerning the homogene-

ous or heterogeneous nature of the wettability. Others do not.
Sometimes the entire surface of a porous medium has the same wet-
tability, which may be more or less preferential to one of the fluids.
More often wettability should be considered as heterogeneous, with
some parts of the surface being preferentially water-wet and others
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FIG. 2 Measurements of contact angle, static and dynamic condi-
tions. (After Ref. 4. Reproduced by permission of the Norwegian
Institute of Technology, Trondheim, Norway.)

preferentially oil-wet. The overall wettability of the sample will
then depend on the type and extent of heterogeneity. We will re-
turn to such assumptions later on. Let us now examine the differ-
ent methods proposed.

2. Method Based on Contact-Angle Measurement

Many laboratories have used this technique [2, 10-19]. It consists
of placing a drop of oil or water on a flat surface of a solid having
the same mineralogical nature as the reservoir considered, and of
submerging this solid in water or oil (Fig. 2). Some devices may
even operate at reservoir temperature and pressure. The angle
can be measured under static or dynamic conditions (water-advanc-
ing contact angle measurements have been reported for a large num-
ber of crude oils [15]).

When the contact angle 8 measured in water is small, the solid
is said to be water-wet. When it is large, the solid is said to be
oil-wet. For angles of about 90°, the solid is said to have neutral
or intermediate wettability. Some authors have chosen exact bound-
aries to separate the three types of wettability. For example,
Treiber et al. [15] have chosen cut-off values of 75° and 105°.
Morrow [18] has adopted 62° and 133° on the basis of spontaneous
imbibition behavior of uniformly wetted systems. Chilingar and Yen
[19] use 80° and 100°. However, this technique for evaluating the
wettability of a reservoir is often criticized on the grounds of select-
ing pure minerals as the solid substrate, polishing the solid (which
creates new surfaces), the problem of heterogeneous rocks from the
mineralogical standpoint, the influence of roughness, and the in-
fluence of pore geometry on the contact angle.
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3. Method Based on Interfacial-Tension and
Displacement-Pressure Measurements

Slobod and Blum [20] consider that wettability can be measured
quantitatively by the contact angle but that this angle is difficult

to measure in a porous medium. Therefore, they define an apparent
contact angle using interfacial-tension and displacement-pressure
measurements. They propose that two displacements be performed,
with the displacement pressure being obtained by a centrifuge.

First they displace the water saturating the sample by oil, and then
the oil saturating the sample by air. In this way, two displacement
Pressures are obtained (pressure at which the displacement of the
wetting phase is initiated). Assuming that the displacement pressure
of any wetting phase corresponds to the invasion of the same pores
and that the oil perfectly wets the rock in the presence of air, then
an equation giving the cosine of the apparent contact angle as a
function of the displacement pressures and the interfacial tensions
measured is obtained.

Compared to the previous method for measuring 6, this method
has the advantage of being applicable to a natural sample. But the
wettability index is obtained solely when the pores with large thresh-
olds are filled, thus corresponding to one point on the capillary-
pressure curve. Moreover, the measurement is made under static
conditions. This method has been criticized (see discussions in refs.
6 and 20) and has not, to our knowledge, been used in other labor-
atories.

4. Method Based on the Shape of Relative-
Permeability Curves

Many laboratories have investigated the influence of wettability on
the shape of relative-permeability curves. Their observations are
summed up in Fig. 3. Raza et al. [21] point out that the ratio of
permeability to water in the presence of residual oil and of perme-
ability to oil in the presence of connate water is approximately 0.3
from strongly water-wet porous media. This ratio is in the vicinity
of 1 for strongly oil-wet porous media. The logarithm of the ky/k,
ratio can also be plotted as a function of water saturation. For
water-wet samples, the slope obtained is very steep. For oil-wet
samples this slope is much smaller. If available, the wm\wo and
kyw/kq ratios can be plotted as a function of oil saturation. For
strongly water-wet samples the slopes of both curves are the same,
as are the saturation ranges. According to Raza et al., what has
been said above is valid when the relative permeabilities are deter-
mined by the steady-state method (Penn State method). In this
case, physicochemical equilibria that may influence the wettability
are attained during measurement.

®
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FIG. 3 Oil-water relative permeability/saturation characteristics.
Note that in this case residual oil saturation is lower for oil-wet case
than for water-wet one. (After Ref. 21.)

The influence of the viscosity ratio of fluids on the shape of kj
curves (Lefebvre du Prey [22]) must also be taken into account
especially if formation fluids are not used (see also refs. 1 and 21).

In the author's experience, the shape of the ki, curves is con-
sistent with what has just been discussed when the rock is strongly
wetted by one fluid or the other. However, it is risky to evaluate
the wettability of a reservoir solely from such data, because many
reservoirs appear to have a heterogeneous wettability. Recent re-
sults (Heaviside et al. [23]) also show that, when the rock has in-
termediate wettability, it is more difficult to deduce the wettability
from the shape of the ky curves.

5. Method Based on the Shape of Recovery Curves

Figure 4 (Raza et al. [21]) shows the shape of recovery curves
as a function of the volume of water injected in the waterflooding
of a natural sample, using low viscosity fluids. For strongly water-
wet samples, almost all if not all of the oil is displaced (curve A)
before breakthrough, and the water/oil ratio (curve A') increases
very quickly after breakthrough. For strongly oil-wet samples the
volume of oil recovered before breakthrough is relatively small in
relation to the total amount recovered (curve B), and the water/oil
ratio (curve B') increases slowly after breakthrough.
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Before interpreting such curves to deduce wettability, the pos-
sible influence of the viscosity ratio of the fluids used and of the
rate of displacement should be known. This method is not reliable
for quantifying the wettability with respect to one or the other of
the fluids or for recognizing cases of intermediate wettability (Heavi-
side et al. [23]). In addition, the influence of wettability is not
always considered to be that shown in Fig. 4. This point will be
discussed in the next part of this chapter.

6. Method Based on Permeability and
Saturation Measurements

According to Frehse [24], this method can be used to determine
whether a reservoir is water-wet, oil-wet, or has neutral wettability.
It is based on saturation frequency distributions of samples as a
function of their permeabilities. The principle of the method is de-
scribed below.

All reservoirs are known to be heterogeneous with regard to
their pore structure. Yet the permeability of a sample depends on
the diameter of its pores. It is all the lower as average pore radii
are smaller. Insofar as the wetting fluid is in contact with the sur-
face of the solid, the saturation of the smallest pores by the wetting
fluid will be relatively greater than in the larger pores.

The method consists in classifying samples from all parts of a
reservoir according to permeability groups and in plotting the fre-
quency of different saturation classes as a function of each saturation
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FIG. 5 Examples for frequency versus S, diagrams. (After Ref.
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class for the two extreme permeability groups. Depending on
whether the solid is oil-wet, has neutral wettability, or is water-wet
diagrams such as the ones in Fig. 5 will be obtained. _
Let kj be the lowest permeability range, kj, the highest per-
meability range, H(S;,) the frequency of saturation clags, S, the oil
saturation, Eg, the mean value of oil saturation in a permeability
group, Ng the number of samples in permeability class e, and n; the
number of samples in saturation class i. Then !

N

e

Mm.ﬁ.
oi i

i=1
Eoolk) =
e
Y
i
i=1
If Ego(ky) < Ego(kp), the reservoir is preferably hydrophilic.
If Ego(ky) > Ego(kp), the reservoir is preferably hydrophobic.
If Ego(ky) = Ego(kp), wettability is neutral.

This method is an original one and uses data that are often
available. However, in extreme permeability ranges, samples must
be available from each part of the reservoir, and the number of
samples must be great enough. It is obvious that the interest of

this method is linked to the reliability that can be attributed to
the k and S values used.
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Frehse considered that permeability depends on pore size. In {
reality, permeability depends on the size of the thresholds separating
the pores. In addition, Frehse assumed implicitly that pore volumes
are linked to the size of the thresholds that limit the pores. How-
ever, this is probably not always the case. Finally, the possibility
of having heterogeneous wettability in the pores is not considered. _

7. Method Based on Spontaneous Imbibition
Experiments

The spontaneous imbibition phenomenon is largely controlled by the
capillary pressure, which is proportional to the interfacial tension
between the two fluids and to the cosine of the contact angle. Con-
sequently, imbibition which may be characterized by its rate (par-
ticularly its initial rate) and by the total amount of fluid displaced,
depends on the wettability.

Gatenby and Marsden [25] performed imbibition experiments in
oil, using water-saturated sintered Pyrex samples, and found that
the rate of imbibition and the total amount imbibed increased when
the solid was more oil-wet. Using various assumptions, they de-
termined a proportionality relationship between the rate of imbibition
and the cosine of the contact angle. However, for the cases normal-
ly investigated, this relationship cannot be used. Other attempts
have been made to work out an equation for the imbibition phenom-
enon, but no formulation is yet able to take into consideration the
influence of all the acting forces present (capillary as well as gravi-
tational, wviscous, and inertial). Nevertheless,a useful evaluation of
wettability can be made from the rate of imbibition or from the total
amount imbibed.

Bobek et al. [26] have used such a method. Using simple equip-
ment similar to the one shown in Fig. 6, they obtained curves giving
the amount of fluid imbibed versus time. They either plunged con-
solidated oil-saturated porous media into water, or water-saturated
porous media into oil. They compared the behavior (i.e., the slope
of the imbibition curve and the total amount imbibed) of a porous !
solid with that of the same solid made entirely water-wet by a suit-
able treatment. This comparison to a reference state can be made
without need to consider the effect of the permeability of the rock
and the viscosities of the fluids. For unconsolidated media, Bobek
et al. used a microscope to observe the movement of fluids in sand ,
either by placing a drop of water on oil-saturated sand or a drop of |
oil on water-saturated sand. This visualization also showed the ﬁ
position of the fluids in the sand.

Denekas et al. [27] used a similar test. From the curve of the
volume of oil or water spontaneously displaced by water or oil versus
time, they deduced the initial rates of imbibition. As a reference,
they used the rate of imbibition of water in a porous medium made
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FIG. 6 Apparatus for imbibition experiments in brine and in oil.
(After Ref. 4. Reproduced by permission of the Norwegian Institute
of Technology, Trondheim, Norway.)

strongly water-wet by a suitable treatment. The ratio of the rate of
imbibition of water with any wettability to the reference rate gives
the relative rate of imbibition. This ratio is used for a preferentially
water-wet solid. If the solid is oil-wet, the rate of imbibition of oil
is measured in relation to the same reference rate as before, but a
negative sign is assigned to the relative rate.

Several other laboratories have used this kind of test (Mungan
[28], Duyvis and Smits [29]). Some have adopted short durations
for imbibition experiments, for example, 24 hours. According to
our experience, such durations are insufficient in some cases, espe-
cially when the samples have low permeability.

The following two methods are based on the assumption of hetero-
geneous or fractional wettability.

8. Method Based on Nuclear Magnetic Relaxation
Measurements

This method was developed by Brown and Fatt [30], who mixed
varying proportions of two sands treated so that one was strongly
water-wet and the other strongly oil-wet. They observed that the
surfaces of porous media contribute greatly to the relaxation rate

of fluids in the pores. For water-saturated sand packs, it has been
noticed that the contribution of the surface to the relaxation rate

of water in the pores is much less pronounced if the sand is made
oil-wet. Different mechanisms can explain this effect. When water
is the wetting fluid, an increase in the viscosity of water in the vic-
inity of the surface is accompanied by an increase in the relaxation
rate. The presence of paramagnetic ions or molecules on the surface
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can have the same influence on the relaxation rate if water wets the
solid. Therefore, if a sample is saturated with water, the relaxation
rate will be all the greater as the water wets the solid more intensively.
Brown and Fatt determined a decreasing linear relationship
between the nuclear magnetic relaxation rate of water saturating a
sample and the percentage of oleophilic sand. Therefore, to deter-
mine the fractional wettability of any natural solid, they propose:

1. To saturate it with water and measure the relaxation rate.

2. To make it entirely water-wet by a suitable treatment, to satur-
ate it with water, and to measure the relaxation rate.

3. To make it entirely oil-wet by a suitable treatment, to saturate
it with water, and to measure the relaxation rate.

4. To place the first measurement on the straight line obtained
with the other two. In this way the percentage of the solid sur-
face wet by oil is determined.

Anderson [6] has rightly pointed out that there is no way of
checking to see that the rock has been made strongly hydrophilic
or strongly oleophilic during the procedure recommended by the
authors.

9. Method Based on Dye Adsorption

This technigue (Holbrook and Bernard [31]) had the advantage of
not requiring any complicated equipment and of not altering the
samples prior to the test.

In a porous medium containing two immiscible liquids, a dye is
dissolved in one of these liquids. Their distribution in the pores
occurs according to the preferential wettability of the surface. If
all solid surface is wet by the fluid not containing the dye, there
will then be a film preventing dye adsorption. If, however, the
solid is wet by the fluid containing the dye, a maximum amount of
this dye will be adsorbed on the solid. Between these two extreme
cases, it can easily be conceived that adsorption may be proportional
to the fraction of the surface covered by the fluid containing the dye.

Holbrook and Bernard tested this method using methylene blue,
a dye that is soluble in water. A porous solid sample containing
natural fluids was stirred in a given amount of methylene blue solu-
tion, and then it was centrifuged. Then the amount of dye adsorbed
was determined. A sample identical to the preceding one was treated
to be entirely water-wet, and the amount of dye adsorbed was mea-
sured. The ratio of these two amounts gives the surface fraction
wet by the water in the natural sample. This evaluation of the wet-
tability was qualitatively in agreement with imbibition rate tests.
"'The presence of minerals with a high adsorption capacity (e.g.,
clays) make it difficult to interpret the results.
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These last two methods do not seem to have been used by other
laboratories.

10. Method Based on Flotation Experiments

Methods based on flotation experiments have also been proposed.
They can be used for unconsolidated rocks but are not very sensitive
and are affected by parameters other than wettability (particle size,
particle density, etc.) (see review in Anderson [6]).

11. Method Based on X-ray Photoelectron
Spectroscopy Analysis

Recently, Huang and Holm [32] proposed using this technique for
the qualitative determination of the wettability of rocks from an
evaluation of the amounts of organic carbon and sulfur present on
the solid surface. A comparison is made of the contents obtained
for a given sample and those of reputedly water-wet and oil-wet
samples. This technique is still recent and has not been used very
often. However, it does require (1) using crushed samples, (2)
cleaning the samples with naphtha and toluene, and (3) drying them
at 200°F (93°C) for 16 h. It is not at all certain that the surface
state of samples in equilibrium with reservoir fluids is not modified
by this preparatory treatment.

12. Method Based on the Use of Well Logs

The electrical resistivity index of an oil-wet rock is known to be
greater than that of a water-wet rock. Some authors have suggested
that this property can be used to evaluate the wettability in situ.
HEm idea of performing in situ measurements is very Mzﬁmdmmﬂm, a
priori, but it has not been convincingly demonstrated in any prac-
tical situation [6, 33-35].

Recently, Desbrandes [36] proposed evaluating in situ rock
wettability from formation pressure data. T

The advantages and disadvantages of the previous methods have
been succinctly reviewed in this paper. Let us finish the review
with the two most widely used quantitative methods.

13. Method Based on the Use of Capillary
Pressure Curve

Taking the results obtained by Gatenby and Marsden [25] as a point
of departure, Donaldson et al. [37] proposed a method that combines
the use of the correlation existing between the degree of wetting and
the areas under the capillary-pressure curves as well as the speed
with which these curves are determined by using centrifuging.
Donaldson [38] has also connected these areas to the variation in
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FIG. 7 Effect of wettability on the area of capillary pressure curves:
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(oil-wet); (c) core pretreated with oil for 329 h at 140°F (neutral).
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FIG. 7 (Continued)

the free energy of the system. The method generally called the
USBM method consists of plotting curves of the type shown in Fig.
7.

The shape of capillary pressure curves depends on the wettabil-
ity of the solid with regard to water and oil and on the pore-size
distribution. In general, for preferentially water-wet solids, Ay >
Ag and log(A1/Ag) > 0. Conversely, if the solids are oil-wet, Ag >
Aq and log(Aj/Ag9) < 0. If the wettability is neutral we have
logAj/Ag = 0. The logarithm of the Aj/Ag ratio has been proposed
to define a wettability scale. As opposed to some tests in which one
point on the curve P = f(S) is used, the interest of this method is
that it uses all the points on the curve, thus integrating the in-
fluence of the pore-radius distribution. If we assume that the in-
fluence of pore geometry is similar for both curves, the ratio of
the areas is then independent of this geometry. The test per-
formed in this way has proved to have good reproducibility. Donald-
son compared this wettability scale to the one adopted by Amott [3]
(see next method), and found interesting point of agreement. A
more recent comparison reported by Crocker and Marchin [39],
showed both tests to give similar results for water-wet systems but
not for intermediate wettability systems.
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14. Method Based on Imbibition and
Displacement Experiments

This method for making a quantitative evaluation of wettability was
first proposed by Amott [3]. The method as originally proposed
consisted of preparing the samples so as to have water and oil in
the pores, with the latter at residual saturation, before making the
following four measurements:

1. Volume vi: Water spontaneously displaced by oil from the sample
over a period of 20 h.

2. Volume vg: Water displaced by oil using centrifugation. A
centrifugal force of about 1800 times gravity was used for 1 h.

3. Volume vg: Oil spontaneously displaced by water from the
sample over a period of 20 h,

4. Volume v4: Oil displaced by water using centrifugation.

This method thus combines two spontaneous imbibition measure-
ments and two forced displacement measurements. Amott defines
the vi/(vq1 + vg) and vg/(vg + v4) ratios as wettability indices.
For preferentially oil-wet samples, the first ratio has a positive value
and the second a value of zero. The greater the first ratio is, the
more the solid is oil-wet, with the maximum value being one. For
water wettability, the role of the two ratios is reversed. When both
ratios are zero, the samples have an intermediate wettability.

Good reproducibility is obtained with this test. In discussing
the method, Amott noted the following peints:

1. The required precautions are taken during the test so as not to
alter the wettability by impurities.

2. It is a displacement-type test which resembles to some extent
the displacement of oil by water in waterflooding.

3. In addition to wettability, permeability and perhaps other proper-
ties affect imbibition and displacement. However, the ratios de-
fined above depend mainly on wettability.

4. It is easy to interpret the results of the test because in most
cases, one of the ratios is zero. When both ratios are positive,
Amott used their difference as the wettability index.

5. The test is fast and easy to perform.

This test or close variants have been adopted by many labora-
tories and in particular by the author at Institut Francais du Pétrole
(IFP).

In the procedure used by Cuiec [40, 41] (Fig. 8), centrifuging
is replaced by flooding at constant rate or pressure. Flow rates
are sufficient to ensure that the quantity LuV (L = sample length,

W = viscosity of the displacing fluid, V = rate of filtration) has a
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o STAGES OF THE TEST:
IMBIBITION IN BRINE
DISPLACEMENT BY BRINE
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FIG. 8 Description of IFP wettability test. (After Ref. 4. Repro-
duced by permission of the Norwegian Institute of Technology,
Trondheim, Norway.)

sufficient value to minimize the end effects [42]. Times allowed for
spontaneous imbibition are adapted to the behavior of individual
systems. Indeed, in some cases, it has been found that the imbibi-
tion phenomenon does not start up immediately and that the rates
can be very slow, particularly when the samples have low permeabil-
ity. Tests are routinely performed at reservoir temperature or close
to this temperature.

Wettability is expressed by a wettability index (WI) defined as
follows:

oil displaced by water by spontaneous imbibition

WI =
oil displaced by water by imbibition and displacement

water displaced by oil by spontaneous imbibition
water displaced by oil by imbibition and displacement

This index can have values ranging from -1 for a strongly
oleophilic rock to +1 for a strongly hydrophilic rock. Cut-off values
of -0.3, =0.1, +0.1, +0.3, have been chosen to separate various
wettability classes.

Results of the test must be interpreted with care and sometimes
require comments. For example, two rocks having the following re-
sults in the wettability test:

SHH = 0.65 - 0.256 = +0.4 sqm =0.4 - 0=+40.4



336 Cuiec

do not have the same wettability properties. In one case we can
speak of heterogeneous wettability with a hydrophilic dominance.
In the other we must consider that the sample as a whole has a
hydrophilic nature. Sometimes we must also consider the possible
role of gravity forces, especially if the permeability is high and/or
interfacial tension is low.

In addition to the WI, the above test can be used to obtain re-
covery curves during imbibition of water and oil versus time, and
relative-permeability end points Kpg at Syp and Kpyw at Sgp.

The USBM and Amott tests are now the most widely used ones by
oil companies and service companies. According to the literature,
they usually seem to be performed under normal pressure and tem-
perature conditions, using refined oil or stock-tank reservoir oil.
When there are reservoir-rock samples for which the wettability is
to be assessed, it is nonetheless preferable to operate at reservoir
temperature and pressure and using reservoir fluids. We will re-
turn to this point below.

I11. INFLUENCE OF WETTABILITY ON OIL
RECOVERY

As has been pointed out, it is sometimes assumed that the wettability
of a reservoir rock is homogeneous (or uniform). This means that
the entire surface has the same affinity for water or oil. Alterna-
tively, it may be heterogeneous, which means that some portions of
the surface have a preferential affinity for water, while others have
a preferential affinity for oil. To describe such systems, the ex-
pression fractional wettability is then used [30].

For heterogeneous wettability, there are two possibilities. In
the first one, the wettable portions of importance to the displace-
ment mechanism by one or the other fluid have a size approximately
equal to pore size, or even to a unit including several pores, but
are not continuous throughout the media. Expressions such as
spotted, dalmatian, or speckled wettability have also been used by
various researchers. They may indicate special types of distribution
of ocil-wet and water-wet surfaces. For the second one when both
surface types are continuous, the expression "mixed wettability" has
been proposed.

When the wettability is uniform, it has been shown [43] that, for
a strongly hydrophilic sand, the initial water wets the solid surface
and saturates the small pores. If the medium is strongly oleophilic,
the oil wets the solid surface, and the initial water is found in the
middle of the large pores. A simplified illustration of this is given
Fig. 9 and 10 [21].

Such a mechanism suggests that a waterflood in a strongly oil-
wet medium will be less effective than in a strongly water-wet medi-
um [17.
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FIG. 9 Schematic diagram of imbibition process, oil displacement by
water, water-wet sand. (After Ref. 21.)

Many projects (see ref. 1) involving actual reservoir rocks and
outcrop rock samples or unconsolidated sand packs show that the
waterflood is more effective when the surface is uniformly water-wet
than when it is uniformly oil-wet. In other words, when the porous
medium is strongly water-wet, a late breakthrough (end of single-
phase oil production and start of two-phase oil + water production)
is obtained, and there is little or no production after breakthrough. -
When the porous medium is strongly oil-wet breakthrough is early,
and a relatively long period of two-phase production is seen. But
whatever the volume of water injected for the oil-wet case, as long
as the conditions are considered to be economically valid, recovery

is greater when the porous medium is strongly water-wet [1, 10, 11,
21, 28, 43-59].

WATER EE3 oIl EZ2 ROCK

FIG. 10 Schematic diagram of drainage process, oil displacement by
water, oil-wet sand. (After Ref. 21.)
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Results shown in Figure 4 illustrate this point, even though ab-
solute recovery values do not reflect the values found in the labora-
tory for natural porous media.

Anderson [1] points out that the psij/pwater Viscosity ratio is
important with respect to when breakthrough occurs and on the
length of the two-phase production period considered to be economic-
ally cost effective, no matter what the wettability may be. He notes
that for the same ugjj/ vwater ratio, a waterflood is always less ef-
fective for an oil-wet or intermediate system than for a strongly
water-wet system. Furthermore, ultimate recovery obtained after a
water drive of long duration depends little on the wettability (still
assumed to be uniform). Some results indicate the ultimate re-
covery is higher when there is only slightly preferential wetting
for either one fluid or the other [1, 11, 60—62]. This is ascribed
to reduction of the interfacial forces that disconnect and trap oil
[1, 57, 62—65].

In comparing the effectiveness of a waterflood in porous media,
either strongly or moderately water-wet (property again assumed
to be uniform), Anderson [1] notes that in both cases there is little
production after breakthrough. On the other hand, with regard to
the recovery obtained, either at breakthrough or after breakthrough,
varied results are found. In some cases, the effectiveness of the
waterflood is greater [43, 50], identical [3], or less [3, 57, 66]
when the rock is strongly water-wet than when it is moderately so.
Anderson attributes these disparities in results to the influence of
parameters such as heterogeneity, pore geometry, rate of injection,
and inlet and outlet end effects.

With heterogeneous wettability caused by a mixture of various
proportions of grains having the same size, some water-wet and the
others oil-wet, recovery of displaced fluid after several pore volumes
have been injected can be seen to decrease with the percentage of
sand strongly wetted by the displacing fluid [1, 67=71]. This be-
havior is reminiscent of what is observed in uniformly wetted media.

On the other hand, when porous media are made up of different
grain sizes, some water-wet and the others oil-wet, the opposite is
found, that is, oil recovery is greater when the medium contains a
greater proportion of water-wet grains [72]. Anderson [1] attrib-
utes this behavior difference to differences in pore geometry and
specific surface area.

Another type of wettability has been suggested by Morrow et al.
[73] and consists of a consolidated sandstone in which a crude oil
deposits an oil-wet film on some parts of the surface. Elementary
water-wet or oil-wet surfaces are probably not continuous and small
in size as compared with pore size or particle size of the previously
mentioned mixtures, but no direct information is available in this
point. Morrow et al. observe that oil recovery by waterflooding is

—~

'ly water-wet rock, the oil invaded the largest pores in the rock. A
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better for speckled wettability, which on the whole has a slight
water wettability, than when the same medium is strongly water-wet.
Speckled wettability media were shown to have many features similar
to those seen for strongly water-wet.

Homogeneous wettability, including both strongly water- and
oil-wet continuous surfaces, was first described in relation to the
study of the East Texas field. According to Salathiel [74] (see also
Alba's discussion [67]), this wettability state is probably due to the
following processes: During migration of oil into the initially strong-

film of organic matter was deposited and became fixed on the surface
of the large pores, making them oil-wet, while the small pores re-
mained water-wet and therefore water-filled. In such a hypothesis,
it is assumed that the products that were deposited cannot migrate

in the water phase and reach the surface of the finest pores.
Salathiel [74] has shown that, in such cases, higher recoveries are
obtainable than when the porous medium is strongly water-wet, with
production increasing with the number of pore volumes of water in-
jected. Residual oil saturation was reduced to about 10% after 5000
pore volumes of water were injected. The mechanism used to ex-
plain this high recovery, linked to the large volume of water injected,
is called film drainage by Salathiel. The existence of oil filaments
linking the oil situated on both sides of the water front had already
been observed during displacements in micromodels [43, 75]. The
results previously obtained by Richardson [76] are in good agreement
with Salathiel's work. Another feature of heterogeneous media is
that they explain the spontaneous displacement sometimes observed
for both fluids [77].

Salathiel succeeded in producing a mixed wettability state in
some cases by using a mixture of East Texas crude oil and heptane
capable of depositing a strongly oil-wet film. It was hypothesized
that production of mixed wettability state depended on the mineralogy
and on pore geometry [74]. Salathiel proposes the mechanism shown
in Fig. 11 to illustrate the role of pore geometry.

Other results can be found in the literature, showing that oil
recovery is sometimes greater when some reservoir rocks are weakly
water-wet than when these rocks are strongly water-wet [57, 73, 78,
79]. Some authors have attributed this result to the existence of
mixed wettability. But without any results concerning the spon-
taneous displacement of water by oil, it is difficult to say much about
the nature of the heterogeneous wettability that is assumed to ex-
plain this behavior.

Morrow [80] has compared the effect of wettability on oil re-
covery reported by various researchers. The comparisons are pre-
sented in relative recovery efficiency Epp, versus pore volumes in-
jected:
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PATHS

FIG. 11 Relationship of pore geometry to oil recovery. (After Ref,
74, copyright 1973, SPE-AIME.)
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where Epg is the recovery at wettability condition 6, and Epgw is
the recovery for the same or similar core sample for strongly water-
wet conditions.

It appears (Fig. 12) that the results obtained by Morrow, Wang,
Rathmell, and Salathiel for natural porous media show that oil re-
covery is greater for an overall slightly water-wet sample than when
the sample is strongly water-wet. This can be interpreted as
follows: a heterogeneous wettability, that overall is slightly more
affinitive to water, whether it is mixed or speckled, is more favor-
able for oil displacement than a uniform wettability condition of simi-
lar affinity.

Other research has revealed the importance of the wettability of
reservoir rock when recovery methods other than conventional water-
flooding are implemented, such as surfactant or polymer flooding
[81], CO9 foam flooding [82], or WAG (water alternating gas) injec-
tion [32]. For a preferentially oil-wet reservoir, it has also been
shown that it may be more advantageous to inject gas than water
[83].

Likewise, numerous finding confirm the major role of wettability
in determining how a waterflood proceeds, but show that it is difficult

./i
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FIG. 12 Effect of wettability on laboratory waterflood relative to re-
covery at strongly water-wet conditions. (After Ref. 80. Repro-
duced by permission of the Norwegian Institute of Technology,
Trondheim, Norway.)

to deduce wettability with certainty from the shapes of recovery
curves alone. The influence of wettability on relative permeability
curves has also been studied by several researchers. An example
is given in Fig. 13, where wettability goes from strong water wet-
ness for core No. 1 to strong oil wetness for core No. 5. Figures
14 [26] and 15 [84] illustrate the mistake that can be made in U.H.mu
dicting production when using laboratory results that were obtained
with samples that were unrepresentative from the standpoint of wet-
tability. This error in recovery oil volume may be as much as .w_uo\e
pore volume. The consequences of such a mistake can be consider-
able when the decision to develop a field is involved.



342 Cuiec

10 I T T T T T

. 1 CORE PERCENT

o9l 2 N°_ SILICONE WETTABILITY

w/ 1 o0 0.649

4 // 2 Q.02 0.176 _

08 9\ \ 3 02  -o22 |
/ / / 4 20 - 1250
il 5 100 - 1333

RELATIVE PERMEABILITY TO OIL
RELATIVE PERMEABILITY TO WATER

WATER SATURATION, percent

FIG. 13 0il and water relative permeabilities of sandstone core for
water-wet to oil-wet conditions. Note that the kp, and kypy are not

completed in the Sy zone. (After Ref. 43, copyright 1971, SPE-
AIME.)

IV. OBTAINING REPRESENTATIVE RESERVOIR
ROCK SAMPLES

The foregoing discussion of the influence of wettability on oil re-
covery demonstrated the importance of the surface properties of rock
samples with respect to results given by various special core analy-
sis experiments. A consequence is that, to obtain reliable results,
reservoir surface properties must be respected. There are two solu-
tions for this, a priori: (1) taking samples without modifying the
surface properties of the rock, and (2) using procedures for restor-
ing the original surface properties. It is well known that there are
numercus possible and sometimes unavoidable causes of difference in
surface properties between the reservoir and the laboratory: (1) the
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FIG. 14 Effect of wettability on predicted field waterflood behavior,
after 1.5 PV water injected, based on core analyses of aged (oil-
wet) and cleaned (water-wet) samples. (After Ref. 26, copyright
1958, SPE-AIME.)
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FIG. 15 Effect of wettability on waterflood performance calculations.
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action of mud during sampling, (2) temperature and pressure drop
when the sample is being brought to the surface, and (3) contamina-
tion, oxidation, and desiccation during handling and storage (Fig.
16).

A. Influence of Drilling Muds

Various studies [3, 26, 77] have shown that some additives for
water-base or oil-base drilling muds can change the wettability of
reservoir rocks, possibly at the same time as other parameters such
as permeability and saturation. Recent results have confirmed this
influence for many drilling fluids now in common use. Thomas et al.
[85] have evaluated the influence of several oil-base drilling fluids,
oil-base coring fluids, and oil-mud additives on the wettability of a
clayey sandstone. They have concluded that this parameter is al-
ways modified and often strongly modified by these products. |
Wendel et al. [86] have observed that an invert oil-emulsion mud,
used in the Hutton field, changed an originally strongly water-wet
rock to strong oil wetness. Moreover, they have shown that clean-
ing such contaminated samples is possible but difficult and that some
damage to the clays can be expected. Sharma and Wunderlich [87]
have observed that seven water-base drilling-fluid components,
considered to be bland, cannot modify the wettability of initially
strongly water wet rocks. On the contrary, all these components
but one, bentonite, decrease the oil-wet nature of originally oil-
wet rocks. Two other components, excluded from bland muds—
amine and lignosulfonate—also modify the wettability of rocks.
Ballard and Dawe [88] have also shown that different low-toxicity
inverted oil-mud formulations were able to make the surface of glass
more oil-wet and to reduce water saturation to below connate water
saturation in glass micromodels.

A recent study was also performed by Cuiec [89] with five oil-
base muds supplied by four major makers and various porous out-
crop media (one sandstone, one clayey sandstone, and one carbonate,
originally strongly water-wet). It has been observed that all such
drilling fluids strongly alter the wettability of the three porous media {
investigated, with a complete reversal of wettability usually being ob-
served. One illustration is given in Fig. 17. Wettability was as-
sessed by the test described in Fig. 8. A check was also made to
see that the diesel oil used to prepare different oil-base drilling
fluids had little or no influence. It was found that the effect of
these muds could be observed, although attenuated, at more than
1.5 em from the contact surface with the drilling fluid. It was also
found that different porous media, after contact with various water-
base drilling fluids, exhibited reduced rates of spontaneous dis-
placement of cil by water. However, the original wettability of the
rock samples could be recovered by cleaning procedures that included

of mud components

Oxidation
Drying

> ——STORAGE£ -
HANDLING- Pollution

Diffusion
Pollution

AND PRESSURE DROP

TEMPERATURE
——DRILLING MUD INVASION

FIG. 16 Causes of wettability modification between the reservoir and the laboratory.
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FIG. 17 Wettability evaluation, originally water-wet, and after con-
tamination with diesel oil and various oil-base muds. (After Ref.
89, copyright 1987, SPE-AIME.)

use of isopropyl alcohol, toluene and methanol. Figure 18 provides
a summary of all the information contained in references 85—87 and
89 concerning the modification of wettability due to drilling fluids.

Such changes in wettability are caused by adsorption of various
components from drilling muds or by the adsorption of surfactants
formed by reaction among some components of both the oil and the
drilling mud. For example, acids from the oil form surfactant
products with a basic drilling mud. More generally, if the pH of
the mud is different from that of the formation brine, changes in
equilibria may occur at the liquid/solid and liquid/liquid interfaces.
However, this change of wettability can be avoided by using fresh
or salt water, without any other additives and with neutral pH, or
nonoxidized crude oil (Keelan [90]). Such core drilling fluids can-
not always be used because of hole conditions. However, even
when opportunities for drilling with such fluids exist, they are often
not used.

B. Influence of Temperature and Pressure Drop

Under normal coring conditions, when samples are brought to the
surface, drops in temperature and in pressure occur. For some
reservoir, paraffin deposition is known to occur with reduction in
temperature. These paraffins become resolubilized again only at a
temperature higher than the reservoir temperature. Three examples
of this behavior are given in Table 1.

Asphaltene precipitation may also occur. The pressure drop,
particularly below the bubble point, is generally considered to be
the determining factor (Briant [91], Bleakley [92]), but temperature
mav also be involved [921.
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FIG. 18 Wettability modification versus type of mud. Summary of

the literature.

As yet there is no means of avoiding a drop in temperature when

samples are taken.

The pressurized core barrel technique can be

used to maintain the pressure in the sample and is recommended for

evaluating in situ saturations.
been brought up to the surface,
after being cooled in ice.

However, after the core barrel has
the sample must be decompressed
There is then a possibility that asphal-

TABLE 1 Examples of Reservoirs Having a Problem with Paraffin
Deposits
Reservoir Paraffin depositing Melting
temperature temperature temperature
(°c) (°c) (°C)
43.3 33 52
45 43 70-80
45 40 50-60
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tenes are deposited when the gas leaves during this decompression.
Therefore, it is not possible to prevent entirely possible modifica-
tions of surface properties during the recovery of core samples.
Little research has been done on this subject, and as of now it is
not easy to predict, a priori, whether a crude oil will or will not
produce deposits with reduction in temperature and pressure. The
greater is the amount of paraffins (especially n-paraffins) of high
molecular weight. the greater is the risk of deposition. If the ex-
amination of a stock-tank oil with a microscope, in polarized light,
indicates the presence of a paraffin suspension, the possibility of
the existence of a paraffin deposit in the rock sample should be con-
sidered likely. A better way to predict such a deposit is to per-
form a differential thermal analysis on the oil at increasing and then
decreasing temperature to obtain the fusion and crystallization tem-
peratures of the paraffins. The variation in viscosity should also
be determined under the same conditions of temperature variation.

C. Influence of Oxidation

If the rock sample is stored in air, there is a risk of heavy-product
deposits resulting from the evaporation of the light fractions, and
of oxidation that creates polar products capable of changing the
properties of solid/liquid and liguid/liquid interfaces.

Bartell and Niederhauser [93] have shown that, after contact with
air for a fairly long time, crude oils have a tendency to form rigid
films at the water/oil interface. A decrease in water/oil interfacial
tension by 20-30% of the initial value was also observed.

Treiber et al. [15] measured the contact angle of a drop of crude
oil on a calcite plate before and after oxidation (produced by air
bubbling). They found (see Fig. 19) that calcite changes from
strongly water-wet with the original oil (8 = 0°) to preferentially
oil-wet after oxidation of the oil (8 = 135°C).

Cuiec [94] has studied the influence of oxidation for several crude
oils. The results have confirmed that the oil/brine interfacial ten-
sion decreases after oxidation of all the crude oils investigated (the
decrease was between 4 and 15 mN/m depending on the oil investi-
gated). The wettability of crude oil/brine/clayey sandstone systems
has also been evaluated for four crude oils before and after oxida-
tion. The wettability test described in Fig. 8 was used. In all
cases the wettability after oxidation was changed toward oil wetness
(Fig. 20).

As a consequence, the oil to be used for some special core analy-
ses should be protected from oxidation and the rock samples should
be protected from exposure to the atmosphere while in storage.
However, it is virtually impossible to prevent exposure to oxygen
completely during the various operations involved in core recovery
storage and testing.
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FIG. 19 Influence of aging on contact angle for uncontaminated and
oxidized crude oils (Lower Holt). (After Ref. 15, copyright 1971,
SPE-AIME.)
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Thus, even when maximum precautions are taken during and
after the sampling, there is no guarantee that the surface properties
will be representative of the ones existing in situ.

D. Procedure for Restoring the Original
Surface State

In many instances, rock samples available for testing are ones that
have been taken and stored without any particular precautions. In
addition, the same sample must sometimes be used for a whole series
of laboratory experiments involving surfactant products that require
the sample to be restored to its original state. When a composite
model of a porous medium has to be built by employing a certain
number of small samples, it is necessary to clean these samples be-
fore assembling them. The wettability of the composite model then
needs to be restored.

For all these reasons we have been led to develop a procedure
so that the original surface state can be restored. In addition, it
allows the degree of representativity of the surface properties of
preserved samples (when available) to be evaluated.

This procedure is described in Fig. 21. It consists in evaluating
the wettability of the samples at reception, after cleaning, and after
restoration, that is, after cleaning, saturation with reservoir fluids,
and aging. From the results, recommendations can be formulated so
as to respect as closely as possible the rock surface properties
parameter.

SAMPLES UPON | WETTABILITY
RECEPTION | EVALUATION
CLEANING
CLEANED | WETTABILITY . mmﬁwﬁwunaom THE
SAMPLES EVALUATION RECOMMENDATIONS

_

SATURATION WITH
RESERVOIR FLUIDS
AND AGING UNDER
RESERVOIR CONDITIONS

RESTORED
SAMPLES

WETTABILITY
1 EVALUATION

FIG. 21 Method for obtaining reservoir rock samples with surface
properties as representative as possible. (After Ref. 4. Repro-
duced by permission of the Norwegian Institute of Technology,
Trondheim, Norway.)
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The use of this procedure requires:

Using a sensitive and reproducible wettability test.

Using effective cleaning methods capable of extracting products ad-
sorbed on the solid surface. Since there is no way of selectively
extracting the products adsorbed during and after sampling
without touching the ones adsorbed in situ, the aim is to extract
all of them and make the rock as water-wet as possible.

Using methods for obtaining oil and water saturations that are as
close as possible to the ones existing in the reservoir.

Not having to use inconveniently long aging times to obtain an
equilibrium between the cleaned rock and the reservoir fluids.

These four requirements are investigated hereafter.

1. Wettability Test Evaluation

Much work [3, 40, 95-97] has shown that the modified Amott test
(see Fig. 8) is a practical approach to evaluation of wettability.

In previous research, the maximum deviation of the WI around the
average value was evaluated for sample batches having identical or
very similar characteristics [40, 96, 97]. The results given in

Table 2 [89] were obtained for sample batches that were homogeneous
from the mineralogical point of view. We can, however, assume that
this maximum deviation increases with the degree of heterogeneity.

For samples at reception or restored, ideally, the four steps re-
quired for the wettability test (see Fig. 8) should be made under
reservoir conditions without need to handle the core at intermediate
stages of the procedure. An apparatus for making measurement in
this way has not yet been described in the literature. It will
necessarily be intricate and complicated to use. We do, however,
find the description of apparatus to make it possible to conduct im-
bibition in the aqueous phase under reservoir conditions [50, 98,
99].

Until now, the test considered was, therefore, usually performed
under laboratory conditions. At IFP, it is now performed, using
stock tank oil, at normal pressure. The temperature is that of the
reservoir considered if this temperature is equal to or less than
80°C, or equal to 80°C if the reservoir temperature is hotter. More-
over, an apparatus enabling four test steps to be performed without
manipulating the sample, under reservoir temperature and pressure
conditions (Tygayx = 180°C, Ppax = 450 bar), has been built and is
now being tested.

Various work has demonstrated that reservoir rock is generally
more water-wet under reservoir conditions [T, P) than it is at
room temperature and pressure [17, 50, 100, 101]. We might,
however, assume that respect for the thermodynamic conditions of
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TABLE 2 Reproducibility of Wettability Test

Maximum
Rock WI deviation
Fontainebleau sandstone 0.68 0.10
(0.05-0.15 um?2)
Fontainebleau sandstone L. 0.0
(>0.3 um2)
Vosges sandstone (shaly) 1.0 0.0
(0.5-1.6 um?2)
Rouffach limestone 0.85 0.12

(5-20 x 1073 um?2)

Source: Ref. 89.

the reservoir, in particular for the temperature, for evaluating the
wettability, becomes even more necessary as we get further from the
two extremes of the wettability scale. In this way it has been ver-
ified [94] that in the case of a Middle East oil-wet carbonate deposit,
and for preserved and restored samples, the wettability index values
(WI) depended little on the temperature (see Table 3). Nonetheless,
the evolution observed for WI complies with what was stated earlier.

The stock tank oil or recombined oil used must be representative
of the reservoir oil, which implies that materials have not been
treated with surfactants (demulsifiers for example) nor sampled soon
after certain well treatments. Finally, as mentioned previously,
they must be protected from oxidation and kept in a closed container
to limit the loss of light ends.

When the test is used to check the efficiency of a cleaning pro-
cedure, a refined oil should be used.

2. Study of Cleaning

Extensive research has been conducted on determination of effective
cleaning methods [95-97, 102, 103]. In an initial study performed
with outcrop sandstones and carbonates, whose surface was well de-
fined, it appeared that

1. The solvents currently used, such as chloroform, toluene, ethanol,
isopropanol, and methanol (or less currently used, such as pyri-
dine), do not alter the surface properties of the various quarry
rocks (one sandstone, one argillaceous sandstone, one carbonate),
which were initially strongly water-wet. Drying at 85°C under
partial vacuum is able to remove these solvents from the surface.
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TABLE 3 Influence of Temperature on WI for Preserved and Re-
stored Samples

Temperature
Sample WI (2C)
Preserved -0.76 90
—-0.65 to —-0.86 65
—-0.84 to —0.99 20
Restored =0.68 to —0.75 90
-0.80 20

2. The "acid" type solvents (acetic acid, benzoic acid, phenol pos-
sibly diluted in benzene or toluene, etc.) have the tendency to
be effective in the case of sandstones, while the solvents with
a basic character (pyridine, dioxane, dimethylformamide, etc.)
were more effective in the case of carbonates. This led to mak-
ing an assumption about acid—base type displacements.

However, this tendency was not verified in an analysis of the
cleaning procedures applied to numerous rocks coming from oil
reservoirs. It was noted for the case of reservoir rocks that ob-
taining the best cleaning method resulted from the "trial and error"
technique. Similar conclusions were reached by Wendel et al. [86].
Finally, the procedures that gave satisfaction consisted of a series
of floods by solvents, or blends of solvents, performed at proper
temperature, for example, reservoir temperature [97]. A back pres-
sure must be applied at the outlet face of the samples according to
the boiling temperature of the solvent used.

At the beginning of the cleaning it is recommended that a solvent
be used that first avoids any deposit of asphaltenes during the sol-
vent/oil contact and second dissolves any deposits of heavy products
and/or desorbs any molecules linked to the solid surface, without
serious effect on the water film that might be protecting certain
parts of the surface. The destruction of such a film might give ad-
sorbable molecules access to the surface. This function is usually
performed by an aromatic solvent such as toluene, which has been
previously saturated with brine at the temperature selected for the
displacement. This solvent can be followed by a succession of non-
polar solvents (cyclohexane, heptane), or "acidics" (chloroform,
ethanol, methanol), or "basics" (dioxane, dimethylformamide, pyri-
dine), or solvent blends such as methanol + acetone + toluene or
toluene + methanol. It should be noted that the latter two blends
have often turned out to be effective (see also reference 104).
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Certain argillaceous reservoirs pose problems during cleaning,
depending upon the nature and quantity of the clays present. In
such cases, we should be particularly careful not to allow a degrada-

tion of the clays or an irreversible fixing of a solvent on the surface.

However, very few results are available in the literature concerning
this problem. We should also note that in the case where deposits
of paraffins are to be feared (high content of mainly normal paraf-
fins), it is recommended that first circulation of the solvent be made
at a temperature slightly higher than that of the reservoir (cf. Sec.
IV.B).

Whenever, high reservoir brine salinity makes salt deposition

likely, the core can be flooded with a brine that is less rich in salts.

Alternatively, an alcohol such as methanol can be used. However,
in cases where the rock is very argillaceous, it is recommended that
use of methanol be avoided and that a longer alecohol be used (ethan-
ol, propanol [105]).

After cleaning, the samples are dried at a maximum temperature
of 85°C, under vacuum, with a residual water vapor pressure to
preserve the clays. In certain cases the drying can be eliminated,
the last solvent being miscibly replaced by the brine.

With regard to the effectiveness of the cleaning, in a certain
number of cases we observed, in spite of the use of many solvents
or solvent blends in series, that it was not possible to make the
reservoir rock strongly water-wet after cleaning. A number of dif-
ferent analyses have established that sometimes the rock contained
a certain quantity of organic matter that is essentially inextractable
[41, 86].

The non-water-wettability observed after cleaning sometimes
stems from the "hydrophobic" nature of part of the sites of the rock
surface (e.g., coal, graphite, sulfur, sulfides [101] certain silicates
like chlorite [101, 106], siderite [107]). In such situations, there
is no point in trying to achieve complete water wetness. Also,
when the organic matter is very strongly linked to the rock surface,
it may be better to avoid using overly effective solvents. This is
because the organic products linked to the rock may not come from
the crude oil but rather from the material present at the rock sur-
face prior to migration of oil in the reservoir [86, 108]. It would
be better not to extract them because they will not be reintroduced
during the restored-state procedure.

Consequently, once it is judged difficult to make a reservoir
rock sample water-wet by cleaning, we need to examine the rock
in detail to determine the cause of the difficulty.

3. Inmitial Saturations

With regard to the establishment of initial saturations after cleaning,
drying and saturation with brine, it is recommended that one allow
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for equilibrium between the rock and the reservoir brine by circula-
tion of the brine, and choose a method that can establish an Sgi as
close to the initial S,; as possible. The best method is the capillary
desorption method (porous plate method), but it requires consider-
able time.

Other possible methods are centrifuging in reservoir oil (stock
tank oil), flooding with reservoir oil, flooding with a viscous re-
fined oil followed by reservoir oil, and controlled evaporation of the
water by circulation of hot gas (the initial brine composition must
be chosen based upon expected evaporation) and displacement of
gas by reservoir oil.

All flooding can be performed alternately in one direction and
then in the other direction so as to obtain a regular saturation pro-
file.

The method should be chosen depending on the actual Spi, the
time available, the sample size, etc.

4. Aging of the Rock/Fluid Systems

Finally, after establishing the initial reservoir oil and brine satura-
tions, the rock/oil/brine system has to be aged at reservoir tem-
perature and under pressure during the time necessary to establish
adsorption equilibria.

If a recombined reservoir oil has been introduced in the sample,
the pressure must be the reservoir pressure. If stock tank oil
has been introduced, the pressure can be lower than the reservoir
pressure.

A study of the influence of the aging time on the wettability of
numerous reservoir rocks, previously cleaned, and then saturated
with reservoir fluids, is described in reference 103. It has been
demonstrated (Fig. 22) that an asymptotic value is generally quickly
obtained for the wettability index. Other work [74, 100, 109, 110]
demonstrates that periods of a few days have often been adopted
for the aging. But one study (Ehrlich [111]) demonstrates that,
in one case, a period longer than 500 hours is necessary. Given
this possibility, during a new reservoir case study, the ideal situa-
tion is to analyze the influence of the aging time on the system
wettability index before deciding on the time to be adopted to re-
store the original surface state. If such a study cannot be per- .
formed, it is recommended that an aging time be chosen of about one
week, which, according to our results, is very likely to be suffici-
ent.

We have verified [94] that the restoration procedure, repeated
on the same samples, ended up with the same wettability state based
on the WI index. Five nonpreserved samples from a Middle East car-
bonate deposit were cleaned and then "restored", employing different
aging periods. Then three of these samples (a, b, and c in Fig. 23)
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were once again cleaned (and rendered definitely water-wet) before
being subjected to a new restoration. Figure 23 shows that for each
of these three samples, the WI index values are close to those ob-
tained after the first restoration.

The phenomena involved in equilibration of the cleaned rock/
brine/crude oil system are therefore satisfactorily reproduced. Such
a restoration procedure is often used to obtain samples considered as
representative from the surface property point of view [28, 86, 100,
109, 112, 113].

This procedure has been used by the author for a large number
of reservoirs, whatever the state of the provided rock samples.

V. EVALUATION OF OIL RESERVOIR WETTABILITY
A. Bibliographic Review

Until fairly recently, the "wettability" parameter elicited little interest
among petroleum engineers. Some textbooks even considered that all
reservoirs were water-wet, But gradually, during production, prob-
lems sometimes arose for certain reservoirs, and laboratory research
often demonstrated the existence of non-water-wet reservoirs.

Cuiec [41] gave a nonexhaustive list of reservoirs whose non-
water-wettability had been proven by various spot analyses. The
Chinese Chuanzhong (limestone) and Renquiu (dolomite) fields can be
added to this (Wei et al. [114]). The literature also includes sev-
eral studies on the evaluation of the wettability of more or less large
groups of reservoirs. For example, Treiber et al. [15] evaluated
the wettability of 55 reservoirs, including 51 situated in North
America. This evaluation was made by measuring contact angles
at reservoir temperatures, with pre-equilibrated fluids and using a
simulation solid. Choosing 75° and 105° as cut-off values for the
water-advancing contact angle, they obtained the results shown in
Table 4. Out of 30 sandstone reservoirs, 15 have been found to
be oil-wet, 2 to have intermediate wettability, and 13 to be water-
wet. Out of 25 carbonate reservoirs, 21 have been found to be oil-
wet, 2 to have intermediate wettability, and 2 to be water-wet.
Treiber et al. also evaluated the wettability of 22 of these 55 reser-
voirs from the shape of the water/oil and gas/oil relative permeabil-
ity curves. Good agreement was reported for 18 out of 22 cases with
the results deduced from contact-angle measurement.

The impact of the breakdown shown in Table 4 is moderated by
the fact that many reservoirs classified as oil-wet are actually only
slightly so (on the basis of the 6 value), and the authors point out
that in cases where the wettability is not clearly affirmed for either
one of the fluids, the original properties can easily be altered.

The authors also indicate that the "reservoirs listed should not be
considered as a random sampling of petroleum reservoirs in general.
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TABLE 4 Contact-Angle-Derived Wettability Information on 55
Reservoirs

Wettability class Water-wet Intermediate Oil-wet

Defining contact 0—-75° 75-105° 105-180°
angle range
(water advancing)
contact angle)

No. of silicate 13 (43%) 2 (7%) 15 (80%)
reservoirs

No. of carbonate 2 (8%) 2 (8%) 21 (84%)
reservoirs

Total reservoirs 15 (27%) 4 (7%) 36 (66%)

Source: Ref. 18.

The sampling is significantly biased: (1) all samples are from Amoco
operations areas; (2) almost all of the samples are from reservoirs
considered for some type of flooding operation; (3) an unknown num-
ber of the reservoirs studied were considered to have demonstrated
unusual behavior."

The breakdown given in Table 4 is obviously linked to the choice
of cut-off values for the water-advancing contact angle. Using re-
sults for spontaneous imbibition in uniformly wetted porous media,
Morrow [18] reinterpreted the preceding results by adopting another
classification.

The systems were considered to be:

Water-wet if water-advancing contact angle 8, is less than 62°
Oil-wet if water-receding contact angle 6 is more than 133°
Intermediate if 64 more than 62° and 6g less than 133°

Morrow found a very different breakdown (Table 5), with large-
scale transfer from the oil wettability class toward the intermediate |
wettability class. By using the same cut-off values, but assuming _
the existence of a hysteresis of 10° (8R = 8a — 10°), the number |
of intermediate wettability cases becomes even larger. Eleven addi-
tional reservoirs go from the oil wettability class to the intermediate
category. This shows the difficulties of the interpretation of mea-
surements. Furthermore, their degree of representativity may be ~
affected by the fact of using a previously polished mineral simula- |
tion solid or various simplifications such as taking a pure quartz to
simulate an argillaceous sandstone. Nonetheless, the work by Treiber {
et al. is the first to.show that a large percentage of reservoirs must
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TABLE 5 Morrow's Interpretation of Treiber's Results

Wettability class Water-wet Intermediate Oil-wet

Defining contact Bp < 62° 84 > 62° R > 133°
angle range from . _
classification used R = 138° Cwvith: O = dxy)
by Morrow

No. of sandstone 12 (40%) 10 (33%) 8 (27%)
reservoirs

No. of carbonate 2 (8%) 16 (64%) 7 (28%)
reservoirs

Total 14 (26%) 26 (47%) 15 (27%)

Defining contact As above As above 6r > 133°

angle range BR = 04 — 10°

Total 14 (26%) 37 (67%) 4 (%)

Defining contact As above As above R > 133°
angle range BR = 64 — 20°
Total 14 (26%) 40 (73%) 1 (2%)

Source: Ref. 18.

have a wettability other than strongly water-wet, particularly in the
case of carbonate rocks.

In another project, Chilingar and Yen [19] evaluated the wettab-
ility of 161 carbonate samples coming from reservoirs situated in
Iran (90), North or Central America (38), the North Sea (19), India
(5), and China (4). The evaluation was based on contact-angle mea-
surements, although without specifying all the experimental condi-
tions for making the measurements: whether the fluids were pre-
equilibrated, what angle was measured (static, advancing angle,
ete.), or what solid was used and how this solid was prepared. In
any case, they found the breakdown given in Table 6, that is, 8%
water-wet cases, 12% intermediate wettability cases, and 80% more or
less affirmed oil-wet cases. We do not know how many reservoirs
are involved, but we do know that the breakdown is greatly in-
fluenced by the fact that 90 samples came from the Asmari formation
in Iran, which already had the reputation of being oleophilic
(Cuiec [41]).
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TABLE 6 Results Obtained by Chilingar and Yen

Strongly
Wettability class Water-wet Intermediate Oil-wet oil-wet
Defining contact 0—-80 80-100 100—-160 160-180
angle range
Number of samples 8 12 65 15
(%) (total: 161
samples)

Source: Ref. 19.

B. Results of IFP's Investigations

To date, 33 reservoirs have been evaluated using the test based on
spontaneous and forced displacement experiments as described in
Fig. 8. Twelve sandstone and 21 carbonate reservoirs located in
various areas in the world have been investigated [4, 5, 41, 94]
(see Table 7). It should be noted that a large proportion of them
were subjected to special core analysis because of their unusual
behavior. Certain reservoirs have been subjected to several wet-
tability evaluations, for example, when several productive levels
show certain differences in the mineralogy, the petrography, or the
behavior. For this reason, 43 studies were performed in all.

As to the "quality" of the samples received, Table 8 shows that
preserved samples (which means contained in a leak-tight packing,
avoiding any contact with the atmosphere) were provided in only 17
cases out of 43, but this does not mean that in every case we know
the composition of the core drilling fluid, the sampling date, etc.

In most cases, the wettability has been evaluated at reception,
after cleaning, and after restoration. In the other cases, this was
done in one or two of the previous three states. In every case, a
batch of several samples was used (at least two and usually three
to four). An average wettability index has been deduced for each
set of samples at each step investigated.

In Table 9-11, all the results obtained are given for the sand-
stone, chalky, and nonchalky carbonate reservoirs. An examina-
tion of these tables elicits the following remarks:

At reception, the wettability of the sandstone reservoirs is dis-
tributed over the whole wettability scale, while the nonchalky
carbonate reservoirs are most often oil-wet and the chalky
reservoirs from neutral to water-wet.

After cleaning, the samples most often have been made water-wet
(strongly or weakly). However, a certain number of rocks, in
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TABLE 8 Nature of the Reservoirs Investigated and Quality of the Samples Received

Quality of the samples received

Number Number
of of Previously used
Type reservoirs studies Preserved Not preserved and cleaned
Sandstone 12 17 9 7 1
Carbonate 21 26 8 15 3
Total 33 43 17 22 4

TABLE 9 Average Wettability of Sets of Samples from Sandstone Reservoirs
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TABLE 10 Average Wettability of Sets of Samples from Carbonate Reservoirs (Chalky Not
Included)

Oil-wet Water-wet
Wettability index -1 -0.3 -0.1 0 +0.1 +0.3 +1
Upon reception : 2 e o o e
eNot preserved .:
oPreserved
i ) ee ® oo oo (1)
After cleaning s ¢ -
e : ™
After restoration ® eoose e o ® ® e o L
[ L] ®

TABLE 11 Average Wettability of Sets of Samples from Chalky Reservoirs
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particular carbonate rocks, keep a neutral wettability (cf. Sec.
IV.A.4);

After restoration, we obtain a breakdown which is more oriented
to water-wettability.

If we consider the wettability after restoration as being the most
representative of the wettability in situ, which is fully justified due
to the uncertain state of the samples at reception (see Table 8), we
obtain the breakdown given in Table 12 for each type of reservoir
and for all the reservoirs together.

We see that most of the sandstone reservoirs investigated are
preferentially water-wet (8 out of 11). On the other hand, for non-
chalky carbonate reservoirs, most are oil-wet (9 strongly and 3
weakly, out of 16). All the chalky reservoirs except one are water-
wet. Among all the reservoirs 15 have negative average WI and 20
have a positive WI. If we separate the WI scale into three equal
parts, the breakdown is 25.7% oil-wet, 31.4% intermediate, and 42.9%
water-wet.

Neither this investigation nor the preceding ones [15, 18, 19]
had the pretention of giving any idea of the breakdown of oil reser-
voirs as a whole by wettability class.

Therefore, care must be taken not to use these results for such
purposes. They show, however, that the existence of non-water-wet
reservoirs cannot be denied. Likewise, these various evaluations
show that wettability problems are more often encountered in carcon-
ate formations than in sandstones.

Figures 24 and 25 show the average wettability index obtained
for sandstone and carbonate (including chalky) reservoirs, respec-
tively. These figures concern the cases of reservoirs where (1)
samples were received "preserved" and (2) the wettability was evalu-
ated at reception, after cleaning and after restoration.

If we consider the sandstone reservoirs (Fig. 24), we note that
in two cases out of three the wettability after restoration is fairly
close to the wettability at reception in the preserved state. In the
third case, the oil wettability is less affirmed after restoration than
at reception. This difference might be related to the influence of
the drilling fluid, but this was not formally established.

In the case of carbonate reservoirs (Fig. 25), we can consider
that often the wettability after restoration is close, even very close,
to that evaluated at reception (in the preserved state), considering
the semiquantitative character of the WI index. The cause of the
slight difference observed in some cases has not been investigated.

Finally, it appears that the wettability after restoration is often
very close to that of the samples that are preserved at reception,
which indicates that given maximum care, in a great number of
cases, the "preserved" samples are representative. As a precaution,
we need to know how to choose the mud, limit the contact with the
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Case of 35 Sets of Samples from 33 Reservoirs

TABLE 12 Average Wettability after Restoration:

Wettability class and defining WI range

Slightly
water-wet

Slightly
oil-wet

=0.3 to —-0.1

Water-wet

+0.1 to +0.3 +0.3 to +1

Neutral
-0.1 to +0.1

Oil-wet

-1 to -0.3

Total

11
16

8 (72.7%)
1 (6.2%)

1 (9.1%)
2 (12.5%)

2 (18.2%)
3 (18.8%)

0

Sandstone reservoirs

1 (6.2%)

9 (56.3%)

Carbonate reservoirs

(nonchalky)

6 (75%)
7 (29.2%)

1 (12.5%)
2 (8.3%)

0

1 (12.5%)
4 (16.7%)

Chalky reservoirs

24

2 (8.3%)

9 (37.5%)

All carbonate

reservoirs

35

15

T'otal (sandstone

+ carbonate)

100

42,9

31.4

25.7
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FIG. 24 Comparison of wettability of preserved, cleaned, and
restored samples from sandstone reservoirs.

air, use a packing that does not reach with the brine or the oil,
avoid substantial temperature changes, use the samples as quickly
as possible, take samples in the central part of large diameter core
pieces, etc.

If the preserved samples received are strongly water-wet, we
can consider that they have a good chance of being representative.
In all the other cases, the question of representativeness must be
posed (Table 13).

In certain cases, the reason for the non-water- wettability of a
reservoir rock in situ can be explained satisfactorily, based on
analyses performed on the crude oil and on the rock [106, 108].
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RESTORED +— t L & & -0 Wi
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FIG. 25 Comparison of wettability of preserved, cleaned, and
restored samples from carbonate reservoirs.
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Many hypotheses have been made in this field and different results,
sometimes contradictory ones, have been obtained (see review in
refs. 4, 41, and 101). But because of the complexity of the systems
analyzed, much remains to be done to understand the origin of the
nonwater wetness observed for a large number of reservoirs.
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