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Steady-state two-phase flow experiments are performed on a sand column equipped with two dif-
ferential 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.

� 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 mea-
sure the steady-state relative permeability curves of porous media
(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 exten-
sively 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 experi-
mental 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 non-
wetting 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 devel-
oped 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 por-
ous media cannot be extrapolated explicitly to mixed-wet porous
media. Instead, a systematic analysis of the effects of heteroge-
neous 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 func-
tions of the two fluids depend strongly on a variety of key parame-
ters 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 sophisti-
cated 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 indus-
trial 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-depen-
dent 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 pres-
sure transducers and six ring electrodes to measure the pressure
drop across each phase, and electrical resistance across five succes-
sive 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 resis-
tance 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.
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Fig. 1. Experimental setup of steady-state
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 con-
stant 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 dis-
tribution 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 seg-
ments 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 perfor-
mance liquid chromatography (HPLC) pumps (Fig. 1). The viscos-
ity 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
Weight balance
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At the end of each steady-state step, the effluent was weighted
and the total water saturation of the soil column, hSwi, was esti-
mated. The resistivity index, IR, of a porous medium that is par-
tially-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 hSwi�n 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 col-
umn as well as for the entire column.

Relative permeabilities and numerical fitting

Visualization studies have revealed that the relative permeabil-
ity functions are correlated strongly with the dominant steady-state
two-phase flow regimes that are classified with respect to the dis-
tribution 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 condi-
tions, water and oil flow rates, and some other properties (e.g.
wettability, viscosity ratio) which are commonly kept constant dur-
ing a steady-state experiment. Conventionally, the measured water
and oil relative permeability, which express the hydraulic conduc-
tivity 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 num-
bers defined by

Caw ¼ lwqwðAcowÞ ð3aÞ

Cao ¼ loqoðAcowÞ 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

hkrwi ¼ awCabw
w Cabo

o ð4Þ

hkroi ¼ aoCaew
w Caeo

o ð5Þ

hSwi ¼ asCamw
w Camo

o ð6Þ

The exponents (bw, bo, ew, eo, mw, mo), quantifying the rate-
dependency 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, dimen-
sionality). 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 discon-
nected 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 equa-
tions 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 evi-
dent that the average water saturation over each of the five succes-
sive 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 devel-
oped 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

hSwiij ¼ asð ÞijCamw
w Camo

o 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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Fig. 2. Variation of the axial profile of water saturation with capillary numbers:
(a) Cao = 8 .8 � 10�7, (b) Cao = 1. 76 � 10�7, (c) Cao = 8. 8 � 10�8, (d) Cao = 4.4 � 10�8.

C.D. Tsakiroglou et al. / International Journal of Multiphase Flow 73 (2015) 34–42 37
as ¼
X

ij

nij asð Þij ð8Þ

The calculated column-averaged oil, hkroi, and water, hkrwi, rela-
tive permeability along with the column-averaged water sat-
uration, hSwi, are given as functions of the water and oil capillary
numbers in Table 1.

The water saturation datasets (Fig. 2, Table 1) were simultane-
ously 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 aque-
ous 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 path-
ways 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 mea-
surements 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 rela-
tively 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.

Step hkrwi hkroi hSwi Caw Cao

0 0.0 0.1153 0.0 8.77752E�07
1 0.014559804 0.15827211 0.1836 8.77752E�08 8.77752E�07
1 0.026133285 0.14903862 0.2522 1.7555E�07 8.77752E�07
1 0.056067172 0.11377584 0.3561 4.38876E�07 8.77752E�07
1 0.093955146 0.10941324 0.44 8.77752E�07 8.77752E�07
2 0.142863652 0.03503166 0.5804 8.77752E�07 1.7555E�07
2 0.080650207 0.04061822 0.5075 4.38876E�07 1.7555E�07
2 0.032106138 0.03851323 0.4456 1.7555E�07 1.7555E�07
2 0.017238896 0.04492634 0.3986 8.77752E�08 1.7555E�07
3 0.022425678 0.03098493 0.4502 8.77752E�08 8.77752E�08
3 0.045518486 0.03169117 0.4574 1.7555E�07 8.77752E�08
3 0.102709684 0.02762538 0.533 4.38876E�07 8.77752E�08
3 0.185467685 0.02397212 0.6378 8.77752E�07 8.77752E�08
4 0.206780224 0.01374042 0.6747 8.77752E�07 4.38876E�08
4 0.110982598 0.01558945 0.6353 4.38876E�07 4.38876E�08
4 0.045726374 0.01554617 0.6028 1.7555E�07 4.38876E�08
4 0.021416156 0.01479582 0.6338 8.77752E�08 4.38876E�08

Table 2
Estimation of the parameters of water saturation relationship.

Parameter 3-D soil column 2-D glass-etched
pore network
(j = 1.45)

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

mw 0.1321 ± 0.032 0.1320 ± 0.028 0.144 ± 0.0241
mo �0.2261 ± 0.030 �0.100 ± 0.0215 �0.1126 ± 0.0183
as 0.10 ± 0.068 0.8564 ± 0.23 0.8939 ± 0.0183
(as)12 0.072 ± 0.049
(as)23 0.1069 ± 0.065
(as)34 0.1087 ± 0.073
(as)45 0.1255 ± 0.085
(as)56 0.0866 ± 0.059



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 24.17 ± 23.69 127.14 ± 116.0 241.5 ± 225.1
ew �0.197 ± 0.10 �0.0903 ± 0.094 �0.1667 ± 0.0393
eo 0.6405 ± 0.121 0.639 ± 0.104 0.7202 ± 0.0507

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 29.14 ± 29.81 14.22 ± 24.7 629.01 ± 629.8
bw 0.6458 ± 0.0936 0.583 ± 0.164 0.8845 ± 0.0606
bo �0.1781 ± 0.0519 �0.1872 ± 0.098 �0.255 ± 0.0307

38 C.D. Tsakiroglou et al. / International Journal of Multiphase Flow 73 (2015) 34–42
Due to the boundary effects, the spatial distribution of fluids
over the various soil column segments is reflected in correspond-
ing relative permeability functions expressed by

hkrwiij ¼ awð ÞijCabw
w Cabo

o ð9Þ
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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 conduc-
tivity and inversely proportional to its hydraulic resistance. The soil
column can be regarded as resistors (segments) in series and there-
fore the column-averaged relative permeabilities are given by
relationships of the form

1
hkrwi

¼
X

ij

nij

hkrwiij
1
hkrwi

¼
X

ij

nij

hkrwiij
ð11Þ

which are equivalently written as

1
aw
¼
X

ij

nij

awð Þij
1
ao
¼
X

ij

nij

aoð Þij
ð12Þ

According to Eq. (12), the column-averaged relative permeabili-
ties and coefficients aw, ao are the geometric means of the segment-
averaged relative permeabilities and local coefficients, (aw)ij, (aot)ij.
The water and oil relative permeability datasets were fitted using
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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 viscos-
ity ratio, j, decreases, there is a higher probability for the discon-
nection 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 sub-
stantially the water hydraulic conductivity or equivalently increas-
ing 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 path-
ways 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/wa-

ter 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 varia-
tion of hSwi with Caw is described by the scaling law
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Fig. 4. 2D network-averaged water saturation and water/oil relative permeability as func
f) j = 3.35.
Caw / hSwi1=mw ð13Þ

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

hkrwi / hSwibw=mw ð14Þ

kroh i / Swh 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 / hSwi1=mo ð16Þ

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

hkrwi / hSwibo=mo ð17Þ

hkroi / hSwieo=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 depen-
dence 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 domi-
nated by continuous oil pathway flow (Avraam and Payatakes,
1995) and probably a higher value of exponent mw should be esti-
mated from the corresponding data for reproducing the
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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).

Table 6
Universal scaling exponents.

Exponent 2-D systems 3-D systems

bp 0.139 0.41
mp 1.33 0.88
l 1.3 2.0
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experimentally measured hkrwi(hSwi) and hkroi(hSwi) with Eqs. (14)
and (15) (Fig. 5a).
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)

hSoi / Cao
bp= l�bpþmpþ1ð Þ ð19Þ
hkroi / Cao
l= l�bpþmpþ1ð Þ ð20Þ

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

hSwi / Caw
bp= l�bpþmpþ1ð Þ ð21Þ
hkrwi / Caw
l= l�bpþmpþ1ð Þ ð22Þ

If we make the over-simplifying assumption that the (station-
ary) 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

hSwi / Ca0:04
w for a 2� D system; and

hSwi / Ca0:118
w for a 3� D system ð23Þ
hkroi / Ca0:37
o for a 2� D system; and

hkroi / Ca0:58
o for a 3� D system ð24Þ
hkrwi / Ca0:37
w for a 2� D system; and

hkrwi / Ca0:58
w for a 3� D system ð25Þ

The gradient percolation approach sub-estimates the mw expo-
nent 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).
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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 2-
D 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 expo-
nents 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/wa-
ter) 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 steady-
state two-phase flow experiments to mixed-wet porous media. In
this context, first the two-phase flow regimes must be reconsid-
ered in the light of mixed-wet solid surfaces, and then, examine
extensively the sensitivity of relative permeabilities to capillary
numbers.
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