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a b s t r a c t
Steady-state two-phase ﬂow experiments are performed on a sand column equipped with two differential pressure transducers and six ring electrodes to measure the pressure drop across each phase,
and electrical resistance across ﬁve successive column segments, respectively. The electrical resistivity
index measured across various segments of the soil column is converted to water saturation by using
the Archie equation. The results are analyzed by considering the water saturation and oil/water relative
permeability as power functions of water and oil capillary numbers which are employed as independent
variables. Results from earlier visualization studies on a glass-etched pore network are also analyzed by a
similar manner to quantify the dependence of oil and water relative permeability on capillary numbers,
and correlate the estimated parameters of power functions with the viscosity ratio. The new explicit
relationships of relative permeabilities and water saturation with oil and water capillary numbers set
the bases for a new conceptualization of the two-phase ﬂow at reservoir-scale where the mobility of
the ﬂuids is decoupled from saturation and become non-linear functions of the local ﬂow rates. The
variation of the relative permeability exponents with the pore system dimensionality agrees qualitatively
with the scaling behavior predicted by the gradient percolation approach.
Ó 2015 Elsevier Ltd. All rights reserved.

Introduction
Two-phase ﬂow of immiscible ﬂuids in porous media has
attracted the attention of many research groups during the last
30 years (Payatakes, 1982; Lenormand et al., 1983; Dias and
Payatakes, 1986a,b; Lenormand et al., 1988; Blunt and King,
1991; Vizika et al., 1994; Avraam and Payatakes, 1995a,b; Aker
et al., 1998; Xu et al., 1998; Knudsen and Hansen, 2002;
Tsakiroglou et al., 2003; Valvatne and Blunt, 2004; Li et al.,
2005; Theodoropoulou et al., 2005; Joekar-Niasar et al., 2008;
Aggelopoulos and Tsakiroglou, 2008; Tallakstad et al., 2009a;
Raoof and Hassanizadeh, 2012). There is a broad variety of relevant
application areas such as the enhanced oil recovery (Lackner and
Torsaeter, 2006), the CO2 storage in deep saline aquifers and
depleted oil reservoirs (Berg and Ott, 2012), the soil contamination
and reconstitution (Gao et al., 2013), the performance of proton
exchange membranes in fuel cells (Wang et al., 2010).
Sophisticated experimental setups have been developed to measure the steady-state relative permeability curves of porous media
⇑ Corresponding author. Tel.: +30 2610965212; fax: +30 2610965223.
E-mail address: ctsakir@iceht.forth.gr (C.D. Tsakiroglou).
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(Bentsen and Manai, 1991; Ayub and Bentsen, 2001), and analyze
the interfacial viscous coupling effects (Ayub and Bentsen, 2004).
The steady-state two-phase ﬂow is established by injecting two
ﬂuids through a porous medium at ﬁxed ﬂow rates, and has extensively be analyzed, primarily by computer simulations at pore- and
network-scale (Constantinides and Payatakes, 1996; Valavanides
et al., 1998; Hashemi et al., 1999; Ramstad and Hansen, 2006;
Huang and Lu, 2009; Ramstad et al., 2012; Sinha and Hansen,
2012; Yiotis et al,. 2013), and secondarily by systematic experimental approaches in model porous media (Avraam et al., 1994;
Avraam and Payatakes, 1995a, 1999; Tsakiroglou et al., 2007;
Gutierez et al., 2008; Tallakstad et al., 2009a, 2009b; Erpelding
et al., 2013). One of the main conclusions is that the wetting ﬂuid
(water) retains its connectivity along its ﬂow path while the nonwetting ﬂuid (oil) may move either as a connected pathway or as
a population of disconnected ganglia which undergo dynamic
breakup and coalescence (Avraam and Payatakes, 1995a;
Constantinides and Payatakes, 1996; Valavanides et al., 1998;
Tallakstad et al., 2009a, 2009b; Yiotis et al., 2013).
Numerous 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
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(Bradford et al., 1997; Tsakiroglou and Fleury, 1999; Jackson et al.,
2003; Gladkikh and Bryant, 2006; Kuttanikkad et al., 2011;
Tsakiroglou, 2014). Under mixed-wet conditions, that characterize
the majority of natural porous media (e.g. rocks, soils), both ﬂuids
may contact the solid surfaces, the steady-state two-phase ﬂow
regimes are expected to become more complicated and the
steady-state oil and water relative permeability are expected to
change drastically (Landry et al., 2014). Therefore, any results
obtained with experiments conducted on homogeneous-wet porous media cannot be extrapolated explicitly to mixed-wet porous
media. Instead, a systematic analysis of the effects of heterogeneous wettability on the steady-state two-phase ﬂow regimes
and its implications to relative permeability functions is required.
Both the two-phase ﬂow regimes and relative permeability functions of the two ﬂuids depend strongly on a variety of key parameters such as the capillary number, ﬂow rate ratio, viscosity ratio,
wettability, and Bond number (Avraam and Payatakes, 1995a,
1999; Gutierez et al., 2008; Tallakstad et al., 2009b). In order to
interpret quantitatively such a behavior, pore-network simulators
(Constantinides and Payatakes, 1996; Ramstad and Hansen, 2006;
Sinha and Hansen, 2012), Lattice-Boltzman approaches (Huang
and Lu, 2009; Ramstad et al., 2012; Yiotis et al., 2013), and sophisticated mesoscopic approaches (Valavanides and Payatakes, 2001)
have been developed. Nevertheless, albeit the aforementioned
attempts revealed the multi-correlated character of the process,
when simulating the two-phase ﬂow at ﬁeld-scale, mainly on industrial scale applications, the relative permeability of wetting and
non-wetting ﬂuids are still regarded as power functions of the local
saturation and their implicit dependence on other parameters, such
as the local ﬂow rates is ignored.
The scope of the present work is to re-examine the rate-dependent oil/water relative permeabilities for steady-state co-current
two-phase ﬂow in porous media, and produce explicit correlations
of ﬂuid relative permeability and saturation with the oil and water
capillary numbers. Steady-state two-phase ﬂow experiments are
performed on a sand column equipped with two differential pressure transducers and six ring electrodes to measure the pressure
drop across each phase, and electrical resistance across ﬁve successive column segments, respectively. The oil to water viscosity ratio
is kept equal to one in order to focus exclusively on the effect of
capillary numbers on relative permeabilities. The electrical resistance is converted to water saturation based on a calibrated
Archie-type equation. The results are analyzed by considering the
water saturation and oil/water relative permeability as power
functions of water and oil capillary numbers. Results from earlier
experimental studies on 2-D porous media (Avraam and
Payatakes, 1995a) are also analyzed in a similar manner so that
the sensitivity of the relative permeabilities to capillary numbers
is quantiﬁed for 2-D porous media.

Methods and materials
Experimental procedure
Steady-state experiments of the simultaneous ﬂow of oil and
water were performed on a long horizontal PVC column
(D = 5 cm, L = 30 cm) packed with a well-sorted sand (k = 25 D,
u = 0.42) and equipped with ring electrodes and a multi-point
conductivity meter used to monitor the electrical conductance
along the column (Fig. 1, Aggelopoulos and Tsakiroglou, 2008).
All measuring devices were connected to a data acquisition card
equipped in the host computer. The apparatus was placed inside
a thermostatic incubator so that the temperature was kept constant and equal to 25 °C to avoid any disturbances of electrical
conductance. Two metallic plates placed in the inlet and outlet
of the column acted as end current electrodes whereas six (6)
intermediate rings placed at equal distances along the column
were used as voltage electrodes. To improve the electrical contact
of the soil with the end electrodes, ensure the uniform distribution of the ﬂow across the column inlet/outlet, and avoid
the entrainment of soil grains, two stainless steel screens were
inserted between the end electrodes and the soil. The multi-point
conductivity meter allowed the simultaneous measurement of the
electrical resistance across various segments of the column with
respect to a reference electrode. More details concerning the
determination of the electrical resistance over the successive segments of the column from measurements of the corresponding
voltages are reported elsewhere (Aggelopoulos and Tsakiroglou,
2008). The pressure drop across each phase was measured with
the aid of pressure transducers connected to the inlet tubes
(Fig. 1). First, the sand column was evacuated and ﬁlled with
brine (aqueous solution of NaCl at concentration CNaCl = 20 g/L).
Then, oil (mixture composed of 61% n-C10 and 39% n-C12) was
injected at a high ﬂow rate (qo = 5 ml/min) until attaining an
irreducible wetting phase saturation. Afterwards, oil and brine
(viscosity ratio, j = lo/lw = 1.0), were co-injected at ﬂow rates
5 ml/min and 0.5 ml/min, respectively, by using two high performance liquid chromatography (HPLC) pumps (Fig. 1). The viscosity ratio was kept equal to one to exclude its effect on relative
permeabilities and saturation and isolate it from that of the
capillary numbers. Steady-state conditions were established
when the time-averaged oil and water injection pressures along
with the time-averaged electrical conductance were stabilized.
Then, the oil ﬂow rate was kept constant and the water ﬂow rate
varied stepwise from 0.5 to 5.0 ml/min in successive bumps. At
each step, the column-averaged steady-state relative permeability
of oil hkroi and water hkrwi phase were calculated by using the
Darcy law and the measured time-averaged pressure drop across
the oil and water phases, respectively

Pressure transducers
HPLC pumps
Host computer

Soil column

35

Weight balance

Conductivity meter
Fig. 1. Experimental setup of steady-state two-phase ﬂow tests in soil columns.
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qw khkrw i DPw
¼
A
lw L

ð1aÞ

qo khkro i DPo
¼
A
lo L

ð1bÞ

At the end of each steady-state step, the efﬂuent was weighted
and the total water saturation of the soil column, hSwi, was estimated. The resistivity index, IR, of a porous medium that is partially-saturated with an electrolyte solution is deﬁned as the
ratio of its electrical resistance to the electrical resistance that
would be measured if the pore volume was fully-saturated by an
electrolyte solution of equal concentration. The measured
IR  hSwi data were ﬁtted to an Archie power law of the form

IR ¼ hSw in

ð2Þ

so that the saturation exponent, n, was estimated. It was observed
that the IR values measured with the resistivity meter and the hSwi
values calculated from efﬂuent weights could be ﬁtted with a unique
n value, so that any eventual changes of n with the ﬂow rates were
overlooked. The saturation exponent estimated from resistivity data
across the entire sand column along with the values of resistivity
index measured across each segment of the soil column, (IR)ij, were
replaced in Eq. (2) to calculate the steady-state water saturation
averaged over each segment of the column, hSwiij. The water ﬂow
rate was kept constant and the oil ﬂow rate decreased to
qo = 1.0 ml/min. When steady-state conditions were established,
the ﬂow rate of oil was stabilized and the water ﬂow rate started
to decrease stepwise from 5.0 to 0.5 ml/min so that the steady-state
oil and water relative permeability were determined at each step.
The entire procedure was also repeated for oil ﬂow rates qo = 0.5
and 0.25 ml/min. In total, the oil and water relative permeability
were determined for 16 steady-state steps each corresponding to a
different pair of oil and water ﬂow rates. Average values of water
saturation were calculated for each intermediate segment of the column as well as for the entire column.
Relative permeabilities and numerical ﬁtting
Visualization studies have revealed that the relative permeability functions are correlated strongly with the dominant steady-state
two-phase ﬂow regimes that are classiﬁed with respect to the distribution and mobility of non-wetting oleic phase (Avraam and
Payatakes, 1995a, 1995b, 1999): (1) in the Connected Pathway
Flow (CPF), the oil retains its hydraulic continuity across the porous
medium, whereas the oil relative permeability is relatively high and
does not change signiﬁcantly with the ﬂow rate of the wetting ﬂuid;
(2) in the Ganglion Dynamics (GD), the oil is disconnected into large
ganglia (LGD), small ganglia (SGD), and drops of size less than that of
a single pore (drop trafﬁc ﬂow, DTF), whereas the oil relative
permeability is relatively low and is affected evidently by the water
ﬂow rates. The water saturation averaged over an area of the porous
medium is decided by the pore space morphology, boundary conditions, water and oil ﬂow rates, and some other properties (e.g.
wettability, viscosity ratio) which are commonly kept constant during a steady-state experiment. Conventionally, the measured water
and oil relative permeability, which express the hydraulic conductivity of each phase, are non-unique functions of saturation. For
instance, identical water saturation accomplished by two different
pairs of water and oil ﬂow rates may correspond to two different
values of water and oil relative permeability. Nevertheless, the
water and oil relative permeability are commonly ﬁtted with
Corey type power functions of water saturation with parameters
that change with ﬂuid ﬂow rates (Tsakiroglou et al., 2007).
To avoid the aforementioned inconsistency, a new formulation
is introduced here, where both water saturation and relative

permeability are regarded as dependent variables. For each step,
the water saturation, hSwi, and steady-state oil, hkroi, and water,
hkrwi, relative permeability, all measured as average values over
the entire soil column, can be regarded as functions of two
independent variables: the water, Caw, and oil, Cao, capillary numbers deﬁned by

Caw ¼ lw qw ðAcow Þ

ð3aÞ

Cao ¼ lo qo ðAcow Þ

ð3bÞ

where li = viscosity of phase i (i = w,o), qi = ﬂow rate of phase i
(i = w,o), cow = interfacial tension, A = cross-sectional area of porous
medium. The dependence of hkrwi, hkroi, hSwi on Caw, Cao, is
described by power laws of the form

hkrw i ¼ aw Cabww Caboo

ð4Þ

hkro i ¼ ao Caeww Caeoo

ð5Þ

mo
w
hSw i ¼ as Cam
w Cao

ð6Þ

The exponents (bw, bo, ew, eo, mw, mo), quantifying the ratedependency of hkrwi, hkroi, hSwi, are independent of the dominant ﬂow
regime, and are governed by a variety of ‘‘system parameters’’ (e.g.
viscosity ratio, porous medium properties, wettability, dimensionality). Among other parameters (e.g. pore space morphology,
permeability, etc.), the pre-exponential factors aw, ao, as depend on
boundary conditions and may vary locally. At relatively very low
Caw values and signiﬁcant Cao values, the water saturation is low
and the steady-state ﬂow regime is dominated by CPF (Avraam and
Payatakes, 1995). At progressively higher Caw values, the oil is disconnected into ganglia that move and undergo coalescence, break-up,
ﬁssion, and entrapment. Under such conditions, no uninterrupting
oil column connecting the inlet with the outlet of the porous medium
can be sustained, and the steady-state ﬂow regime is expected to be
dominated by GD (Avraam and Payatakes, 1995a).
The data obtained from the experimental procedure described
earlier were ﬁtted using Eqs. (4)–(6) to estimate all unknown
parameters with the aid of Athena Visual Studio (Stewart and
Caracotsios, 2008). For the sake of completeness, the same equations were used to ﬁt earlier datasets of steady-state two-phase
ﬂow experiments performed on a 2-D glass-etched pore network
for two values of the capillary number, j = lolw = 1.45, 3.35
(Avraam and Payatakes, 1995a).
Results and discussion
From the ﬁtting of IR  hSwi datasets to Archie equation, Eq. (2),
the saturation exponent n = 1.06 ± 0.0041 was obtained and used to
convert the electrical resistivity to water saturation (Fig. 2). It is evident that the average water saturation over each of the ﬁve successive segments of the soil column, hSwiij (ij = 12, 23, 34, 45, 56) varies
sensibly (Fig. 2) and this might be attributed to the non-fully developed 1-D ﬂow taking place near the column ends, in combination
with capillary end effects (Aggelopoulos and Tsakiroglou, 2008).
When both ﬂuids are injected simultaneously, the irreducible water
entrapped in the porous medium at the end of the displacement
reconnects with the bulk phase and the water saturation increases
rapidly in the ﬁrst segments of the column (Fig. 2a). We can assume
that the water saturation of each segment follows a power law with
identical exponents, namely
mo
w
hSw iij ¼ ðas Þij Cam
w Cao

ð7Þ

where the coefﬁcients (as)ij are primarily governed by boundary
conditions. The column-averaged coefﬁcient, as, is expected to be
equal to the arithmetic mean of the local coefﬁcients, (as)ij, namely
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The calculated column-averaged oil, hkroi, and water, hkrwi, relative permeability along with the column-averaged water saturation, hSwi, are given as functions of the water and oil capillary
numbers in Table 1.
The water saturation datasets (Fig. 2, Table 1) were simultaneously ﬁtted to Eqs. (6) and (7) to estimate the parameters mw, mo,
(as)ij ij = 12, 23, 34, 45, 56 and calculate as using Eq. (8). In addition,
the datasets of the 2-D experiments (Avraam and Payatakes, 1995)
were ﬁtted to Eq. (6) to estimate the parameters mw, mo, as. The
corresponding results are presented in Table 2. The wetting aqueous phase is continuous throughout a 2-D or 3-D porous medium
and a similar behavior of water saturation as a function of the
water capillary number is expected for 3-D and 2-D porous media
(Table 2). On the other hand, in a 3-D pore system, connected pathways of the two ﬂuids may co-exist over a broader range of Caw
values leading to a stronger sensitivity of hSwi to Cao and a lower
value of exponent mo (Table 2). In the 2-D pore network, the measurements are taken within a central area located far from the inlet
and outlet ports where the ﬂow is fully developed (Avraam and
Payatakes, 1995a) and the boundary effects are eliminated so that
the estimated parameter as is close to unity. In contrast, in the 3-D
soil column, the boundary effects are evident particularly with
reference to the end soil segments (Fig. 2), the water saturation
is not uniform, and the estimated parameters as and (as)ij are relatively low (Table 2).

Table 1
Measured relative permeabilities and water saturation averaged over the soil column
as functions of the water and oil capillary numbers.
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Table 2
Estimation of the parameters of water saturation relationship.

0.5
0.4
-8

Cao=4.0x10

0.3
0.2

Caw=8.0x10

-8

Caw=1.6x10

-7

Caw=4.0x10

-7

Caw=8.0x10

-7

0.1
0.0

0.2

0.4

0.6

0.8

1.0

(î m)ij
Fig. 2. Variation of the axial proﬁle of water saturation with capillary numbers:
(a) Cao = 8 .8  107, (b) Cao = 1. 76  107, (c) Cao = 8. 8  108, (d) Cao = 4.4  108.

Parameter

3-D soil column

2-D glass-etched
pore network
(j = 1.45)

2-D glass-etched
pore network
(j = 3.35)

mw
mo
as
(as)12
(as)23
(as)34
(as)45
(as)56

0.1321 ± 0.032
0.2261 ± 0.030
0.10 ± 0.068
0.072 ± 0.049
0.1069 ± 0.065
0.1087 ± 0.073
0.1255 ± 0.085
0.0866 ± 0.059

0.1320 ± 0.028
0.100 ± 0.0215
0.8564 ± 0.23

0.144 ± 0.0241
0.1126 ± 0.0183
0.8939 ± 0.0183
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hkro iij ¼ ðao Þij Caeww Caeoo

Table 3
Estimation of the parameters of oil relative permeability relationship.
Parameter

2-D glass-etched
pore network
(j = 1.45)

2-D glass-etched
pore network
(j = 3.35)

3-D soil column

ao
ew
eo

24.17 ± 23.69
0.197 ± 0.10
0.6405 ± 0.121

127.14 ± 116.0
0.0903 ± 0.094
0.639 ± 0.104

241.5 ± 225.1
0.1667 ± 0.0393
0.7202 ± 0.0507

where the values of the local coefﬁcients, (aw)ij, (ao)ij, may change
over the various segments, but the exponents bw, bo, ew, eo, mw,
mo remain unaltered regardless of the dominant ﬂow regime (as
previously stated, they depend on system parameters). The relative
permeability of each phase is proportional to its hydraulic conductivity and inversely proportional to its hydraulic resistance. The soil
column can be regarded as resistors (segments) in series and therefore the column-averaged relative permeabilities are given by
relationships of the form

Table 4
Estimation of the parameters of water relative permeability relationship.
Parameter

2-D glass-etched
pore network
(j = 1.45)

2-D glass-etched
pore network
(j = 3.35)

3-D soil column

aw
bw
bo

29.14 ± 29.81
0.6458 ± 0.0936
0.1781 ± 0.0519

14.22 ± 24.7
0.583 ± 0.164
0.1872 ± 0.098

629.01 ± 629.8
0.8845 ± 0.0606
0.255 ± 0.0307

X nij
1
¼
hkrw i
hkrw iij
ij

10

ð9Þ

0

10

X nij
1
¼
aw
ðaw Þij
ij

0

10

ð12Þ

0

10

0

-1

krw

Sw
krw
<Sw>

10

Sw

1 X nij
¼
ao
ðao Þij
ij

(b)

<krw> , <kro>

<Sw>

10

ð11Þ

According to Eq. (12), the column-averaged relative permeabilities and coefﬁcients aw, ao are the geometric means of the segmentaveraged relative permeabilities and local coefﬁcients, (aw)ij, (aot)ij.
The water and oil relative permeability datasets were ﬁtted using

(a)

-1

X nij
1
¼
hkrw i
hkrw iij
ij

which are equivalently written as

Due to the boundary effects, the spatial distribution of ﬂuids
over the various soil column segments is reﬂected in corresponding relative permeability functions expressed by

hkrw iij ¼ ðaw Þij Cabww Caboo

ð10Þ
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Fig. 3. Soil column-averaged water saturation and water/oil relative permeability as functions of Caw at various values of Cao.
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Caw / hSw i1=mw

Eqs. (4) and (5) and the results are compared with corresponding
ones of 2-D porous media in Tables 3 and 4, respectively.
In the 3-D soil column, the capillary end effect induces stronger
dependence of the measured relative permeability functions on
boundary conditions and results in aw, ao values that are higher
than those of the 2-D pore network (Tables 3 and 4). As the viscosity ratio, j, decreases, there is a higher probability for the disconnection of connected oil pathways by injected water, leading to a
respectable reduction of hkroi at increasing Caw values. This is
reﬂected in a higher ew value (Table 3).
The water relative permeability is more sensitive to Caw and
less sensitive to Cao (Figs. 3 and 4). As Caw increases, water starts
occupying a gradually increasing number of non-interrupting and
sample-spanning clusters of the pore space thus enhancing substantially the water hydraulic conductivity or equivalently increasing the value of hkrwi (Fig. 3). The viscous coupling between oil and
water is reﬂected in the weak but negative effect of Caw on hkroi
(Fig. 3). In general, the ﬂow regime is a mixture of connected pathways ﬂows (CPF) and ganglion dynamics (GD), and the decrease of
hkroi at increasing Caw values is due to the decrease of the oil ﬂow
fraction through CPF and the subsequent increase of the oil transfer
by GD.
Likewise, the oil relative permeability is more sensitive to Cao
and less sensitive to Caw (Figs. 3 and 4). As Cao increases, a higher
number of network spanning clusters are occupied by connected
oil pathways leading to a substantial increase of hkroi (Fig. 4). On
the other hand, hkrwi becomes more sensitive to Cao and bo is
higher in the 3-D system (Table 4) because of the co-existence
of water and oil sample-spanning clusters over a broader Caw
range.
The above-described sensitivity of water saturation and oil/water relative permeability to water and oil capillary number can
explain completely the experimentally measured relative
permeability curves (Fig. 5). In the 3-D soil column tests the variation of hSwi with Caw is described by the scaling law

10 0

10

0

Therefore, the variation of hkrwi and hkroi with Sw will follow the
scaling laws

hkrw i / hSw ibw =mw

ð14Þ

hkro i / hSw iew =mw

ð15Þ

In the experiments performed in the 2-D pore network at two
values of the viscosity ratio, the variation of hSwi with Cao is
described by the scaling law

Cao / hSw i1=mo

hkrw i / hSw ibo =mo

ð17Þ

hkro i / hSw ieo =mo

ð18Þ

Based on the aforementioned scaling relationships, it turns out
that the different slopes observed in hkrwi(hSwi) and hkroi(hSwi)
functions between the 3-D soil column (Fig. 5a) and the 2-D pore
network (Fig. 5b and c) are consistent with the power-law dependence of relative permeabilities on Cao and Caw, respectively
(Table 5). The aforementioned exponents were overestimated only
for the 3-D sandpack and over the highest oil capillary number
(Fig. 5a). This overestimation might be attributed to the inability
of a power model, Eq. (6), with unique exponents mo, mw, and
coefﬁcient, as, to reproduce the, hSwi(Caw) relation over high Cao
values (Fig. 3a). At high Cao values, the ﬂow regime is clearly dominated by continuous oil pathway ﬂow (Avraam and Payatakes,
1995) and probably a higher value of exponent mw should be estimated from the corresponding data for reproducing the
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Therefore, the variation of hkrwi and hkroi with Sw will follow the
scaling laws
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Fig. 4. 2D network-averaged water saturation and water/oil relative permeability as functions of Cao at various values of Caw for oil to water viscosity ratio (a–c) j = 1.45, (d–
f) j = 3.35.
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In general, the growth of the transient two-phase displacement
front in homogeneous and water-wet porous media is governed by
the interactions of viscous and capillary forces. By using scaling
arguments of the gradient percolation theory at the limit of high
viscosity ratio, the following approximate power laws were
obtained for drainage processes (Tsakiroglou et al., 2003)

hSo i / Cao bp =ðlbp þmp þ1Þ

ð19Þ

hkro i / Cao l=ðlbp þmp þ1Þ

ð20Þ

where hSoi is the total oil saturation, and l, bp, mp are the universal scaling exponents for the pore system conductivity, accessibility and correlation length, respectively (Sahimi, 1995; Table 6). By
regarding the ﬂow-rate dependent imbibition as a gradient percolation process, we expect to obtain analogous power laws for
the wetting phase, namely

hSw i / Caw bp =ðlbp þmp þ1Þ

ð21Þ

hkrw i / Caw l=ðlbp þmp þ1Þ

ð22Þ

If we make the over-simplifying assumption that the (stationary) steady-state two-phase ﬂow regime is generated by the
superposition of the transient displacement fronts of drainage
and imbibition processes, then according to Eqs. (20)–(22) and
Table 6, the following power laws are obtained
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Fig. 5. Relative permeability curves for (a) 3-D soil column and j = 1.0, (b) 2-D pore
network and j = 1.45, (c) 2-D pore network and j = 3.35.

Table 5
Power laws correlating relative permeability with water saturation (the power laws
of shaded boxes are predictions that are not shown in Fig. 5).

The gradient percolation approach sub-estimates the mw exponent for 2-D systems (Eq. (23), Table 2). For topological reasons,
in a 2-D system, the GD is expected to become the dominant ﬂow
regime over a broader range of Caw and hSwi values compared to
the 3-D system. On the other hand, the gradient percolation
approach is unable to account the effect of GD on water saturation,
and predict the correct value of exponent mw. Moreover, the higher
eo and bw values for 3-D systems (Tables 3 and 4) are qualitatively
consistent with the corresponding scaling exponents predicted
by the gradient percolation approach, Eqs. (24) and (25). The
‘‘bi-continuity’’ of the 3-D systems allows the coexistence of
sample-spanning percolation clusters for both ﬂuids so that the
contribution fraction of the conductivity of these clusters to the
effective permeability of ﬂuids is expected to be higher. However,
the eo and bw values estimated by the steady-state experiments
(Tables 3 and 4) are higher than those predicted by percolation
approach, Eqs. (24) and (25), due to the signiﬁcant contribution of
the hydraulic conductivity of moving oil ganglia to the effective
permeabilities (Valavanides and Payatakes, 2001, 2002).

Table 6
Universal scaling exponents.

experimentally measured hkrwi(hSwi) and hkroi(hSwi) with Eqs. (14)
and (15) (Fig. 5a).

Exponent

2-D systems

3-D systems

bp

0.139
1.33
1.3

0.41
0.88
2.0

mp
l
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Conclusions
A suitable and cost-effective method of measuring the water
saturation in porous media relies on the inversion of electrical
resistivity data by using an Archie type power law. Attention must
be paid on the accurate estimation of saturation exponent which,
in general, may change substantially with various parameters
(e.g. wettability, pore space morphology, ﬂuid system properties,
etc.). For a given porous medium and an oil/water system, the
steady-state relative permeability may change profoundly with
the water and oil capillary numbers. Two-phase ﬂow tests in a 2D glass-etched pore network, and a 3-D sandpack show that the
water saturation along with the water and oil relative permeability
may be regarded as power functions of the oil and water capillary
numbers. In that context, the scaling relationships connecting each
relative permeability with saturation are obtained. The exponents
appearing in the power law functions vary with the dimensionality
and viscosity ratio, while the pre-exponential factors depend
strongly on the boundary conditions. The variation of the exponents with pore system dimensionality is in qualitative agreement
with the scaling behavior predicted by the gradient percolation
approach. It is worth mentioning that percolation theory is unable
to account for the effect of the moving ganglia populations on the
relative permeability functions, unlike pore network simulators do.
Additional research is needed toward elucidating the sensitivity
of the relative permeability of wetting and non-wetting ﬂuid to
capillary number(s) over low (gas/water) and high (viscous oil/water) values of the viscosity ratio where the viscous forces of the one
ﬂuid almost vanish. Having succeeded in mapping the behavior of
relative permeabilities over the parameter space, we will be able to
make a decision for the dependence of local (core-scale) relative
permeability of each ﬂuid on the local ﬂow rates and choose the
most suitable constitutive equations when simulating transient
problems of two-phase ﬂow at a macroscopic scale in a reservoir.
Moreover, there is a need for extrapolating the results of steadystate two-phase ﬂow experiments to mixed-wet porous media. In
this context, ﬁrst the two-phase ﬂow regimes must be reconsidered in the light of mixed-wet solid surfaces, and then, examine
extensively the sensitivity of relative permeabilities to capillary
numbers.
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