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ABSTRACT

A model porous medium of controlled fractional wettability is fabricated by mixing
intermediate-wet glass microspheres with oil-wet PTFE microspheres, and packing them
between two transparent glass plates. Visualization experiments of the displacement of an
oleic by an aqueous phase are performed on the model porous medium at very low flow
rates for the system: silicon oil / distilled water colored with methylene blue. The
displacement is dominated by capillary forces, and the transient growth pattern is the
result of various classes of flow events that are strongly correlated with the observed
fluctuations of the pressure drop. The measured pressure drop of each displacement is
analyzed with wavelets and is transformed to a capillary pressure spectrum which enables
us to identify the position, amplitude, and width of the most important fluctuations. The
falls of the capillary pressure may be correlated with a local wettability factor, presuming
that they refer to identical flow events of the displacement. The average pre-breakthrough
capillary pressure is a linearly increasing function of the fraction of the oil-wet solid
particles. The non-random distribution of heterogeneous wettability is the driving force
for the discontinuous production of oil pockets after the water breakthrough, whereas the
post-breakthrough sharp fluctuations of the pressure drop indicate variation of the
average capillary resistance arising from fluid redistribution between areas of different
wettability.

INTRODUCTION

The wettability of porous media with respect to a fluid system plays an important role in
a variety of multiphase flow processes of industrial and environmental interest (enhanced
oil recovery, soil contamination and remediation, drying, wetting, etc.) [10,12,14]. The
wettability expresses the affinity of a surface for water or oil, and is governed by the
interaction of short range surface forces [6]. The spatial variation of the surface forces

" Corresponding author, e-mail: ctsakir@iceht.forth.gr, Tel.: 2610 965212, Fax: 2610 965223




SCA2005-52 2/14

over the porous formation may lead to conditions of heterogeneous (fractional, mixed)
wettability [1].

In reservoir engineering, the wettability of porous rocks is commonly quantified by the
Amott, Amott-Harvey and USBM macroscopic indices [1,11]. However, these indices are
complex functions of the pore size distribution, pore space connectivity and wettability
[4], and are unable to inform us explicitly about the spatial distribution and relative
percentage of the oil-wet and water-wet pore surface in a fractional-wet porous medium.
A great variety of models and theoretical simulators have been developed to interpret the
dependence of the two- and three-phase flow coefficients of porous media on the
fractional/mixed wettability [3,4,7,8,12].

Advanced techniques, such as the analysis of NMR relaxation times can give only
qualitative information concerning the creation of conditions of mixed wettability in a
porous medium [5,9]. The displacement front could also be used to quantify the effect of
wettability on the displacement process [2]. The transient response of the pressure drop
across a pore network is a “fingerprint” of the dominated flow pattern [13]. Successive
fluctuations of the capillary pressure are associated with the variability of pore sizes and
may be employed to get information concerning the pore space geometry from data of
rate-controlled porosimetry [15].

The final objective of the present work is to suggest a procedure for analyzing the results
of unsteady displacement experiments performed on porous samples and extracting
quantitative information concerning the distribution of fractional wettability over the
solid surface of a porous medium. Visualization immiscible displacement experiments
are performed at very low values of the capillary number on a two-layer model porous
medium consisting of pores of identical size and controlled fractional wettability. The
spatial variation of wettability is correlated with the transient displacement pattern, and
the fluctuations of the pressure drop which are analyzed with the aid of wavelets.

METHODSAND MATERIALS

The model porous medium consists of glass and PTFE micro-spheres of identical
diameter (=0.15 cm) packed between a silicon rubber and two cover glass plates (Fig.1).
Five holes drilled on the two ends of the upper plate serve as inlet and outlet ports. The
fluids used in displacement experiments were silicon oil and deionized water colored
with methylene blue (Table 1). The fractional wettability of the porous medium was
adjusted by mixing intermediate-wet (iw) glass spheres with strongly oil-wet (ow) PTFE
spheres at varying fractions, f,, ranging from 0 tol.

In a typical experiment, initially, the pore space is filled completely with the oil
(defender), which is then displaced by water (invader) injected at constant influx rate
through a syringe pump. With the aid of a differential pressure transducer operating over
a very low pressure range (0-850 Pa), the pressure drop across the porous medium is
measured every 20 s and transmitted to a data acquisition card installed in the host
computer. At equal time intervals, snap-shots of the displacement are captured with a
CCD camera, transmitted to an image grabber and recorded on the hard disk of the PC.
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The porous medium can be regarded as a two-layer (3-dimensional) throat-and-chamber
network composed of two interconnected triangular lattices. In each layer, throats are
formed between two spherical particles and one cover plate, pore chambers are formed
among any three particles touching each other and one of the cover plates, whereas the
narrowest cross-sectional area of chambers coincides with the vertical throats
interconnecting the two layers (Fig.2). It is worth noting that the pore surface is
fractional-wet not only at the network scale but also at the scale of individual pores.
Depending on the wetting state of the surrounding solid surface, the throats and chambers
can be classified in various classes (Fig. 2).

The absolute permeability of the porous medium was measured and found k =1500D . All
experiments were performed under a very low value of the capillary number
(Ca = uou/yon =1.26 10®) so that the viscous pressure drop across the entire porous

medium was two orders of magnitude smaller than the average capillary pressure
required for a meniscus to penetrate in a throat.

Wavelet Analysis

For most signals the low frequency component is of great importance and is commonly
employed in the analysis of physical / chemical processes. However, information
concerning the individual features of a signal is also embedded into the high frequency
component. Wavelet analysis refers to approximations and details. The approximations
are high scale —low frequency constituents of a signal, and the details are low scale — high
frequency constituents. In all cases, the details describe fast (sharp) changes of the signal.
The signal (S) passes through a low pass filter and a high pass filter (Fig 3). The low pass
filter gives the approximations (A) which are described by the relation

y(n)=1/2x(n)+1/2x(n—1) (1)
and the high pass filter gives the details (D) which are described by the relation
y(n)=1/2x(n)—1/2x(n-1) (2)

Wavelet analysis enables us to de-noise the signal by using an automatic or a manual
threshold. An example of 1% level decomposition of a signal constructed with Rbio
wavelets in the environment of MATLAB is shown in Fig.4.

RESULTSAND DISCUSSION
I nter mediate-wet porous medium

The transient response of the capillary pressure measured during an oil/water
displacement in a homogeneous intermediate-wet porous medium (f,=0) is shown in
Fig.5. The details of the 1* level decomposition obtained with wavelet analysis are shown
in Fig. 6. This diagram can be regarded as the capillary pressure spectrum of the
displacement. The time required for water breakthrough to take place was 48000 sec
whereas the mean pre-breakthrough capillary pressure was 87 Pa.

In Fig. 7, the area between the 500™ and 1500™ measurement of Fig.6 was magnified.
Each peak in Fig.7 corresponds to an abrupt or gradual decrease of the capillary pressure,
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associated with a sequence of flow events, occurring in some region of the porous
medium and identified from successive snapshots (Fig.8). Several of the most important
flow events, identified from the snapshots of the displacement, along with the
corresponding response of the capillary pressure are illustrated in Figs.8-10.

The foregoing analysis was repeated for various peaks of the capillary pressure spectrum
(Fig.7). In intermediate-wet porous media, respectable fluctuations of the capillary
pressure may arise from three classes of flow events:

1) Growth of a capillary finger

2) Coalescence of two moving interfaces

3) Penetration of the invading fluid into a cluster of pores
Each class of flow events can easily be identified given that the corresponding decrease
of the capillary pressure and the relevant time interval (Figs.8-10) have been determined.
Specifically, it has been observed that APc;>>AP¢, and At;>>At,, whereas At,<< At;
even if APc3=APc,. Therefore the amplitude of the capillary pressure fluctuation along
with the time interval within which this fluctuation takes place, provide all information
required for the identification of the various flow events.

Fractional-wet porous medium

The transient response of the capillary pressure measured during the water/oil
displacement in a fractional-wet porous medium (£,=0.59) where the ow and iw particles
are mixed randomly, is shown in Fig.11. A magnified area of the capillary pressure
spectrum (N=900-1900) resulting from the wavelet analysis is shown in Fig.12. Each
peak of Fig. 12 corresponds to a fluctuation of the capillary pressure, which, in turn, is
associated with a sequence of flow events illustrated in the snapshots of the displacement
(Fig. 12b,c,d ). Each area of the porous medium that is invaded by the wetting fluid is
characterized by a wettability factor F resulting from four component percentages:

fiw—iw—iw : the percentage of iw-iw-iw pore chambers with respect to the total number of

invaded chambers.
fiw—iw—ow : the percentage of iw-iw-ow pore chambers with respect to the total number of

invaded chambers.
fiw—ow—ow : the percentage of iw-ow-ow pore chambers with respect to the total number

of invaded chambers.
fow_ow_ow: the percentage of ow-ow-ow pore chambers with respect to the total number

of invaded chambers.
The local wettability factor F is defined by
1 2

F= fiW—iW—iW _E fiw—iw—ow _E fiw—ow—ow - fow—ow—ow (3)

and can be regarded as an algebraic measure of the contribution fraction of the iw pores
to the total number of invaded pores. For each class of flow events, identified from
successive snap-shots of the displacement (Fig.13), this parameter is correlated with the
magnitude of the decrease of the capillary pressure.
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Evidently, an increase of the wettability factor F (or equivalently, an increase of the
fraction of the intermediate-wet solid surface that is invaded by the wetting fluid) results
in a higher decrease of the capillary pressure (Fig.13). This conclusion can be generalized
only for flow events of the same category (e.g. capillary fingering, coalescence of moving
interfaces, etc). Finally, it was found that the average pre-breakthrough capillary pressure
increases linearly with the fraction of oil-wet particles (Figure 14).

Non-random fractional wettability

A mixed-wet porous medium was constructed by placing in series three layers of sphere
packings of different wettability (Fig.15). The first layer was composed of intermediate-
wet glass spheres, the second layer was composed of oil-wet PTFE spheres, and the third
layer was a mixture of PTFE and glass spheres (Fig. 15). The corresponding transient
response of the capillary pressure is shown in Fig.16. Depending on the area where
menisci advancement occurs, five regions can be distinguished in the capillary pressure
signal (Fig.16):

1. In the 1* region, the water penetrates into the intermediate-wet area of the porous
medium.

2. In the 2™ region, the water penetrates into the intermediate-wet area of the porous
medium although it has already reached the boundary between the intermediate-wet
and oil-wet areas.

3. In the 3" region, the water penetrates into the oil-wet area of the porous medium and
forms a network spanning cluster of wetting fluid in this area.

4. In the 4™ region, the water penetrates into the fractional-wet area of the porous
medium

5. In the 5" region breakthrough of water has occurred.

The 1* region of Fig.16 shows the fluctuations of the capillary pressure as the water

penetrates in the intermediate-wet area of the model (Fig.17a). In this region, the

maximum capillary pressure measured was 120 Pa. As soon as water reaches the
entrance of the oil-wet area, a higher capillary pressure is required for menisci to move
inside it with result that the menisci prefer to keep moving within the intermediate-wet
area (Fig.17b). In the ond region the maximum capillary pressure measured was 140 Pa.
When the capillary pressure exceeds the critical value required for menisci to penetrate in
the throats of the oil-wet area, capillary fingers start growing in this area, while at the
same time some oil is still displaced by water in the intermediate-wet area (Fig.17c). In
the 3" region, the maximum pressure drop measured was 150 Pa. As soon as the water
expells from the outlet of the oil-wet area, the capillary pressure is reduced (4™ region),
but it is still high enough to allow the motion of menisci in the fractional-wet area

(Fig.17d).

Afte the oil breakthrough, the total pressure drop across the porous medium may be

approximated by the following equation

u AX AX AX
AP, = ""’u""[ Ly 22 3J+<Pcf>

k krwl krw2 krw3

(4)
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where Ky1,Knwo,Knys are average water relative permeabilities over the three layers of
thickness AX;,AX,,AX; respectively, and (P ) is a frontal capillary pressure averaged

over the entire pore network. As the displacement is quasi-static and is governed by
capillary forces, the viscous term of the right-hand of Eq.(4) is much less than (P ). In

this manner, the measured post-breakthrough AR, (t) becomes negligible whenever a
continuous pathway of water spans the porous medium ({(Ps)=0) and increases

respectably whenever the continuity of water is interrupted and a finite capillary
resistance arise (Fig.16, 5t region). The final result is very sharp fluctuations of the
pressure drop (Fig.16). Initially, the water forms a continuous pathway in the 3"
fractional-wet layer, (Py ) decreases and AP, (t) is reduced abruptly (Fig.17e, I). As the

inlet pressure has decreased, oil from the intermediate-wet layer may be displaced by
injected water and imbibe the oil-wet area by occupying regions of high curvature (e.g.
pore cusps and pendular rings). Under such conditions, the hydraulic continuity of the
wetting fluid (water) may be lost because of local capillary instability, and this happens at
the boundary of the oil-wet and fractional-wet layers (Fig.17¢, II). In order to keep the
water influx rate constant, the inlet pressure, and hence the measured AP, (t) increases

sharply. The oil is displaced by water from the high curvature regions of the oil-wet layer
to the neighboring fractional wet layer and expels along with water from the outlet, the
water regains its hydraulic continuity, and subsequently AR, (t) decreases dramatically

(Fig.17e, III).

The non-random distribution of the heterogeneous wettability over the porous medium is
the driving force for the fluctuations of the pressure drop (Fig.18a) and the subsequent
discontinuous production of oil pockets after the water breakthrough (Fig.18b). The
outlets of the porous medium were connected to a system of capillary tubes and
capacitometers that enabled us to monitor precisely the water and oil volumes
outflowing. Although the wettability of the pore system, on average, remains identical, in
this experiment, neither the continuity of water was interrupted, nor breakthrough of
water occurred in the outlet connected to the pressure transducer. In this manner, after the
water breakthrough, the (Py ) is finite and hence the measured fluctuations of AP,(t)

exhibit shorter and wider fluctuations, compared to those observed earlier (Fig.16). This
non-uniqueness of the pressure drop response is associated with the great number of
outlets. Because of the relatively small size of the porous medium, the fluctuations of the
signal have the tendency to vanish as the number of outlets is reduced.

CONCLUSIONS

The fluctuations of the transient pressure drop that is measured during capillary-driven
displacement experiments in transparent and fractional-wet model porous media is
analyzed with wavelets in order to construct a spectrum of the capillary pressure
fluctuations. These fluctuations are correlated with the various classes of flow events that
are video-recorded with the aid of an image capturing system. The final goal is the
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development of a method that will use the capillary pressure spectrum as a fingerprint of
the fractional wettability of the porous medium. The most important conclusions are
outlined below.

e Wavelet analysis produces a capillary pressure spectrum that enables us to
quantify easily the position, maximum decrease and width of the capillary
pressure fluctuations.

e The measured fluctuations of the capillary pressure can be correlated with a local
wettability factor, only if they refer to the same class of flow events.

e The average pre-breakthrough capillary pressure is a linearly increasing function
of the fraction of oil-wet particles.

e In cases of layered and non-randomly distributed fractional wettability, the post-
breakthrough fluctuations of the capillary pressure are associated with the fluid
transfer between areas of different wettability and the discontinuous recovery of
oil pockets.
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Table 1. Physicochemical properties of fluids

Upper glass plate Silicon oil density, p, (Kg/m) 970
Microspheres Silicon oil viscosit (Pa's) 0.033
E= — Y> Ho

Silicon rubber Deionized water density, p,, (Kg/m’) 995

Deionized water viscosity, i, (Pas) 10°

Figure 1. The model porous medium [nterfacial tension, ¥, (N/m) 32.710°
o/w contact angle on glass, G, (°) 60
o/w contact angle on PTFE, 6, (°) 178

A 4

IL Filters IL
Low-pass High-pas{
Figure 2. Various classes of pore chambers Figure3. I* level wavelet

decomposition of a signal



SCA2005-52 9/14

Pc [Pa]

Signal (3] . :
De-Moized Sigral
181K
150 1a0
1413 e
141
120
e Gl A 10 =] Qa0 oo 1100
o ) Residuale =5 - e Lpproximation Coefficients
b amaton Coe fficie rds 260
x !
a 220 a
el 200 L
200
130
1a0 B0 900 1000 1100
Dietails Coe fizie s Die-noise d Details Coefficients
3
|:| 1
3 N
-0
g00 @00 1000 110 200 00 1000 1100
Figure 4. 1% level decomposition and de-noising of a signal with wavelets.
00
10
120 4 0 ’ |
= T T
140 nl'} J!". = -10
o L SO “Fﬁ &, -z
oy mEE e T & 8 Ay -3l
] q : 'r‘\-= d
= ' - L L ﬂ-ﬁ'. A -40
my't I o
T ot B & 28
0 ] 4 -Gl
o r . : : -0
o o0 o 000 20000 500 100015002 000 25003 00035004000
Time (5ec) Hurnber of measurernent (tirne [=] 536 208)

Figure 5. Original signal of the
transient response of the capillary
pressure for £,=0.0



SCA2005-52

DP. [Pa]

~

.18 10
2

500 700 900 1100 1300 1500

Number of measurement, N (time/20s)

Figure 7. Magnification of an area of
Fig.6

10/14

1n
110

1 a
an

a0

Pc [Pa]

T

Gl

S04 506 S0 510 512 514 516 51B

Number of measurement, N (time/20s)
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the maximum decrease of the pressure drop APc=-19.2
Pa occurs at a time interval At=80.4s. It corresponds to
peak 1 (Fig.7) with DPc = -7.12Pa. (b-d) Sequence of
corresponding flow events: penetration of water in a
cluster of pores and subsequent coalescence of interfaces.
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peak 2 (Fig.7) with DP¢ = -19.7 Pa. (b-d) Sequence of corresponding flow events:

growth of capillary fingers.
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Figure 16. The five regions of the pressure drop signal
b

Figure 17. (a) Water penetration in the intermediate-wet area of the porous medium (1* region of Fig 16).

(b) Water penetration in the intermediate-wet area while it has already reached the oil wet area of the porous
medium (2™ region of Fig.16).

(c) Water penetration in the oil wet area of the porous medium (3" region of Fig.16).

(d) Water penetration in the mixed wet area of the porous medium (4" region of Fig.16).

(e) Snap shots of the displacement after breakthrough (points I, II and III of the 5" region of Fig 16).
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Figure 18. Post-breakthrough (a) oil produced as a function of time, (b) measured response of the

pressure drop





