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Well-defined laboratory experiments have been carried out to investigate hysteretic dynamic effect in capillary pressure–satura-
tion relationships for two-phase flow in homogeneous and heterogeneous (layered) porous media. Conceptually, the depend-
ence of the capillary pressure curves on the rate of change of saturation (dSw/dt) is defined as the dynamic effect in
capillary pressure relationship, which is indicated by a dynamic coefficient, s (Pa s) and it determines the rate at which
two-phase flow equilibrium is reached, i.e., dSw/dt 5 0 where Sw and t are the water saturation and time, respectively.
The dependences of s on various fluid and porous materials properties have been studied in the context of drainage;
but, there is limited study for imbibition and the hysteresis of s2Sw relationships. As such, the emphasis in this article
is on reporting s2Sw curves for imbibition while also demonstrating the hysteresis in the s2Sw relationships by com-
paring s2Sw curves for drainage (previously reported) and imbibition (this study) in carefully designed laboratory
experiments. Homogeneous sand samples composed of either fine (small particle size and lower permeability) or coarse
(larger particle size and higher permeability) sand have been used for these experiments. Furthermore, a layered do-
main made of a find sand layer sandwiched between two coarse sand layers is used as a model of heterogeneous do-
main. The results of the study confirm that the s2Sw relationships are hysteretic in nature and, as such, the speed to
flow equilibrium should vary depending on whether drainage or imbibition takes place. At a particular water saturation,
the magnitudes of the dynamic coefficient (s) are found to be generally higher for imbibition, which imply that the speed
to flow equilibrium at the same saturation will be slower for imbibition. VC 2013 The Authors. AIChE Journal, published

by Wiley on behalf of the AIChE. This is an open access article under the terms of the Creative Commons Attribution

License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited.
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Introduction

Mathematical description of two-phase flow (immiscible flu-
ids) in porous media requires appropriate governing equations
for the conservation of fluids mass and momentum as well as
other constitutive equations, e.g., capillary pressure (Pc)–satura-
tion (Sw) relationship.1–3 Traditionally, an extended version of
Darcy’s law is used as the governing equation of motion for
the fluid phases. The conservation of fluid mass is given by an
equation for the conservation of phase saturation, i.e., the ratio
of the volume of a fluid phase in a given domain to the pore
volume in the domain. The relationship between Pc and Sw is

described by various empirical models such as the Brooks–
Corey4 and van Genuchten5 formulations. For these relation-
ships, capillary pressure is generally calculated by an empirical
relationship obtained under equilibrium condition between the
individual fluid phase pressures as follows1,6,7

Pnw 2Pw5Pc (1)

where Pnw and Pw are the average pressures of the nonwetting
and wetting phases, respectively. In Eq. 1, Pc is defined to be a
function of Sw in the porous medium. Experimentally, the Pc–
Sw curves can be obtained by taking a porous medium initially
saturated with a wetting fluid (e.g., water) and then letting it to
gradually drain off by increasing the capillary pressure and dis-
placing the wetting fluid (e.g., water) by a nonwetting fluid
(e.g., oil). The resulting curve representing the corresponding
values of wetting phase saturation and capillary pressure at
equilibrium condition (i.e., dSw/dt 5 0) is known as the primary
drainage (PD) Pc–Sw curve. In most cases, higher capillary
pressure does not lead to any further displacement of the
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wetting phase due to phase separation and/or strong wetting
phase attachment to the grain particles. The saturation at which
this condition occurs is known as the irreducible wetting phase
saturation, Swir.

6,8 Once the stage of irreducible wetting phase
saturation is reached, the saturation of the wetting phase in the
sample may be increased by displacing the nonwetting phase
by decreasing capillary pressure. A plot of these experimental
results provides a main imbibition (MI) Pc–Sw curve. The
drainage and imbibition Pc–Sw curves generally do not coincide
because the pore spaces of the porous medium imbibe and
drain differently.1,6–9 Further, an imbibition experiment does
not lead to full wetting phase saturation (Sw 5 1) at zero capil-
lary pressure because some of the nonwetting phase will be
entrapped as isolated bubbles in the pores and thereby not dis-
placed. This saturation value is referred to as residual nonwet-
ting phase saturation (Swr). The PD and MI curves start from
full saturation with wetting fluid and from irreducible wetting
phase saturation, respectively. The difference in the Pc–Sw

curves is referred to as hysteresis. The hysteresis is a result of
a number interdependent pore scale mechanisms during drain-
age and imbibition (e.g., dynamic contact angle) and has been
the subject of many studies in the literature.9–12 Further, the
hysteresis is not just a matter of the PD and MI curves as the
Pc–Sw relationships may follow infinite number of scanning
curves depending on when the drainage or imbibition process
is reversed. However, these two curves can be considered as
the limiting curves, and as such, they are useful in determining
the extent of hysteresis Pc–Sw relationships. The present study
will limit itself to these curves and will not consider primary,
secondary, or any other scanning Pc–Sw curves.

The hysteresis in equilibrium and dynamic Pc–Sw relation-
ships and, in particular, the ways to measure/quantify the
hysteresis are matters of great research interests in the litera-
ture.13–23 There have been many discussions on the validity
of Darcy’s law and Eq. 1 for two-phase flow processes in
the last two decades.7,20,24 It has been argued that at shorter
time duration when the two-phase flow may not necessarily
be at equilibrium, the traditional approaches as described
above cannot be applied. In fact, the early experiments of
Topp et al.14, Smiles et al.15, Vachaud et al.16 and Stauffer17

have indicated that Pc–Sw curves at equilibrium and dynamic
conditions are different. Further, it has been shown that at
short time durations the Pc–Sw relationships depend on the
rate of change of fluid saturation (dSw/dt). The dependence
of the Pc–Sw curves on the rate of change of saturation (dSw/
dt) is known as the dynamic effect in capillary pressure rela-
tionship.7,25 The dynamic effect has been discussed signifi-
cantly in the last two decades and it has been shown to be
of importance, as discussed below.

Hassanizadeh and Gray24 presented the following relation-
ship, which included the dynamic effect indicated by a
dynamic coefficient in the conventional Pc–Sw relationship

Pc;dyn 2Pc;stat 52s @Sw=@tð Þ (2)

where, Pc;dyn is the dynamic capillary pressure defined as
Pc;dyn 5Pnw 2Pw and Pc;stat is the capillary pressure at equi-
librium conditions (dSw/dt 5 0). The coefficient s is called
the dynamic coefficient which is a measure of the rate of
change in saturation and hence the speed to equilibrium con-
dition. In the last decade, a number of studies have discussed
the significance of dynamic capillary pressure and s in dif-
ferent circumstances.7,19–21,23,25–43 For example, hysteretic

dynamic effect in the capillary pressure relationship was dis-
cussed in a theoretical study by Beliaev and Hassanizadeh19.
Hassanizadeh et al.20 interpreted the imbibition experiments
(displacement of oil by water) of Kalaydjian44 and reported
that the average value of the dynamic coefficient in Kalayd-
jian’s experiments was 2 3 106 kg/m.s. Hassanizadeh
et al.21 carried out a laboratory study to determine s values
for PD, main drainage (MD), and MI for tetrachloroethylene
(PCE) and water flow in a homogeneous porous medium
(permeability 510211 m2; porosity 5 0.35–0.4). In this study,
s values were reported to be in the range 5 3 10426 3 104

Pa s for PD, 1.3 3 10521.9 3 105 Pa s for MD, and 3.1 3

10527.7 3 105 Pa s for MI, which imply that the dynamic
coefficient was found to be higher for imbibition than that
for drainage by Hassanizadeh et al.21 Another study which is
relevant to the current article was conducted by Sakaki
et al.23 Sakaki et al. conducted PD, MD, and MI experiments
and measured s values for these three cases for a single po-
rous domain of saturated hydraulic conductivity 0.016 cm/s.
They calculated a characteristic redistribution time (sB) of
fluids defined originally by Barenblatt et al.45–47 Sakaki
et al.23 carried out a comparison of sB for PD and MI which
showed differences in sB for the two cases suggesting hyste-
retic sB and hence, hysteretic s. We are not aware of any
other paper, which has conducted experiments for measuring
dynamic coefficient for imbibition and/or hysteretic behavior
of the dynamic coefficient. There is, however, some studies
which attempted to simulate dynamic imbibition of porous
medium using hypothetical values of s. For example, Man-
they et al.48 used two sets of hypothetical s values of 0, 105,
107 Pa s, and 0, 107 Pa s to simulate imbibition in homoge-
neous porous domains with permeabilities of 9.4 3 10210

m2 and 1 3 10212 m2, respectively.
In order to have a better understanding of the hysteretic

behavior of s–Sw relationships, it seems we need more experi-
ments, which can investigate the extent of this hysteresis.
Given that both s and dSw/dt change with Sw and time, a
direct comparison of sB for PD and MI as done by Sakaki
et al.23 may not reflect the true extent of hysteretic behavior
of s. A number of recent studies32,41,42 on experimental deter-
mination of s values for drainage have indicated that s
depends on the medium properties (e.g., particle size, perme-
ability, and heterogeneity) and size of the domain. However,
it is not clear how do s for imbibition and the hysteretic
behavior of s depend on the medium properties (e.g., particle
size, permeability, heterogeneity). Note that the experiments
of Hassanizadeh et al.21 and Sakaki et al.23 were done for ho-
mogeneous domain of a single permeability. Further, the
results of Sakaki et al.23 were based on the measurements at
the middle height of a 10 cm column and it is not clear to us
how do these local measurements may determine the effective
s–Sw relationships at the scale of the experimental domain
(core scale). This issue may become particularly important if
the domain is heterogeneous in nature. Another important
issue that should be revisited in the context of both drainage
and imbibition is the trend/shape of s–Sw curves. Many stud-
ies which reported s values for drainage suggest that s
increases as Sw decreases.7,20,23,26,27,41,42 However, some
recent studies on the measurements of s for drainage have
found different trends where s values decrease, fluctuate, or
remain almost constant as Sw decreases, see, e.g., Camps-
Roach et al.32 and Bottero et al.49

This article aims to address the above points by using
carefully controlled laboratory experiments of two-phase
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flow in homogeneous and layered porous media. In this
work, dynamic and quasi-static capillary pressure–saturation
(Pc–Sw) relationships were used to obtain the dynamic coeffi-
cient (s) as a function of water saturation (Sw) for PD and
MI. Homogeneous porous samples composed of either fine-
grained (low permeability) or coarse-grained (high perme-
ability) sand have been used for the experiments. Further-
more, the same coarse and fine sand particles were used to
create a heterogeneous (layered) domain composed of a fine
sand layer sandwiched between two coarse sand layers. The
coarse and fine sand layers in the heterogeneous domain are
created so that the material properties (particle-size distribu-
tion, porosity, and intrinsic permeability) are the same as in
the homogeneous coarse and fine sand domains. The s–Sw

curves are then compared for PD and MI to determine the
hysteresis in the homogeneous and heterogeneous sand sam-
ples. We determine s–Sw relationships at three different
heights within both the homogeneous and heterogeneous
domains and, use the local s–Sw data to calculate the
effective s–Sw curve for these domains. Please note that
the homogeneous and heterogeneous domains used for the
purpose of this article are the same as presented earlier
by Das and Mirzaei41,42 who reported s–Sw curves for
drainage for homogeneous and layered domains. Also, as
discussed by Das and Mirzaei41,42, the layered domain in
our work should be treated as a “weakly layered” domain
as the contrast in permeability between the layers is not
significant.

For the purpose of this article, additional experiments
have been conducted to obtain s–Sw curves for imbibition
for the same domains as used by Das and Mirzaei.41,42 The
s–Sw curves for imbibition are then compared with the
curves for drainage reported earlier by Das and Mirzaei41,42

to determine the significance of hysteresis in s–Sw curves. In
effect, the results presented in this article not only provide
continuity of the results presented by us earlier but also

allow easy comparison of s–Sw curves for drainage and
imbibition for the same conditions.

Please also note that we are aware that the dynamic capillary
pressure effect is often interpreted according to a characteristic
redistribution time (sB) using a model by Barenblatt et al.45–47

However, this article is concerned with the dynamic effect as
presented by the dynamic capillary pressure relationship (Eq.
2) proposed by Hassanizadeh and Gray24 and the behavior of
the dynamic coefficient (s). As such, we do not discuss the
work related to the Barenblatt model in this article.

Materials and Methods

Detailed descriptions of the materials and methods for
drainage experiments were described by Das and Mirzaei.41,42

The experiments that were designed to obtain an understand-
ing of the hysteresis in s–Sw relationships simply included
additional experiments for dynamic and quasi-static imbibition
of two-phase flow. In consistent with our previous experi-
ments41,42, we performed the flow experiments (Figure 1) in a
cylindrical cell packed with the chosen porous sample. In
each cycle of experiment, silicone oil was injected in the sam-
ple through a hydrophobic filter and water drained out of the
cell though a hydrophilic filter. Three mini-time domain re-
flectometer (TDR) probes were installed at three different
heights in the sample to determine water content during the
experiments. Pressure transducers equipped with either hydro-
philic or hydrophobic filter mounted on the wall of the cell at
the same height of mini-TDR probes were used to selectively
monitor water and oil pressure, respectively. As the descrip-
tions of the methods and materials have been given earlier by
Das and Mirzaei41,42, we provide only brief discussions on
materials and methods in this article for its completeness.

Porous media and fluid properties

The laboratory experiments were performed using
Leighton Buzzard DA 14/25 sand as coarse-grained and

Figure 1. A sketch of the experimental set up which was used to measure dynamic coefficients (adapted from Das
and Mirzaei41,42).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Leighton Buzzard DA 30 as fine-grained sand (WBB Miner-
als, Cheshire, UK). They provide good uniformity of par-
ticles (uniformity coefficient (d60/d10) of 1.21 and 1.32 for
fine- and coarse-grained particles), high sphericity, high
chemical purity, and very low organic matter content. The
nonwetting phase liquid selected for this study was silicone
oil (viscosity: 200 cSt) with a negligible solubility in water,
a low volatility at room temperature, and a low health haz-
ard. The aqueous phase in our experiments was distilled
water. Relevant properties of the porous samples and fluids
are listed in Table 1.

Sample preparation

The flow experiments were carried out in a cylindrical cell
of 10 cm internal diameter (ID) and 12 cm height filled with a
porous sample (homogeneous or heterogeneous) made by sand
particles. The sample was first purged of air by stirring sand in
distilled water reservoir until no air bubble came out of mix-
ture. Subsequently, the mixture was put in a vacuum unit to
release any trapped air bubble for 24 h. The cell was carefully
mounted on a plate equipped with an O-ring to prevent any air
inflow and a de-aired and fully water saturated hydrophilic fil-
ter to facilitate water drainage and prevent oil flow at outflow.
Subsequently, the column was filled with distilled water. Wet
and de-aired sand poured into water whilst column was on top
of a mechanical shaker to provide even and dense fully water
saturated packing. Visual observation confirmed no gas bub-
bles in the sand pack following this procedure.

While preparing the homogeneous porous samples, either
coarse-grained or fine-grained sand was deposited in the cell.
To prepare the heterogeneous (layered) domain, a predefined
mass of de-aired and wet coarse sand was put in the cell to
cover 3 mm above the radius of influence of lowest mini-
TDR probe. The radius of influence is the distance measured
from outer probe rods, within which TDR reflection is not
interfered with the reflection of other TDR probes and/or
reflection of probe is not affected by the texture of sand out
of radius of influence.41 It is defined by the manufacturer to
be 3 mm for the type of the mini-TDR probes used. Subse-
quently, a known quantity of fine sand is added to the cell to
make a fine sand layer of 39 mm thickness to cover the mid-
dle mini-TDR probe. After this, another layer of coarse sand
is deposited on the top of the find sand.

An X-ray test to measure packing density along the cell
was also conducted before any two-phase flow experiment to
ensure homogeneity in packing within either the whole do-
main or a layer in a heterogeneous domain.

For homogeneous domain, the porosity of the sand pack was
calculated from the total mass of each sand pack. For

heterogonous domain, the porosities of individual coarse or fine
sand layers are not measured separately and are defined to be the
same as the corresponding homogeneous domains of coarse or
fine sand domains. This is because the mass/volume ratios of the
homogeneous coarse and fine sand samples were the same way
as those of individual coarse and fine sand layers, respectively.

Before conducting two-phase flow experiment, single
phase flow using water and closely following constant head
permeability test was performed to measure intrinsic perme-
ability of the sand pack. To perform this experiment, a
hydrophilic filter was placed on top of the sand column and
the inflow reservoir was filled with distilled water.

Quasi-static and dynamic two-phase flow experiments

In the designed cell (Figure 1), three mini-TDR probes are
installed at three different heights in the domain to measure
water content during the experiment. Pressure transducers
equipped with either hydrophilic or hydrophobic filters are
mounted on the wall of the cell at the same height as mini-
TDR probes which are used to monitor water and oil pressure,
respectively. 41,42 Locally measured water saturation and,
water and oil pressures are used to calculate local saturation
and capillary pressure, respectively, which are then used to
construct either dynamic or quasi-static Pc–Sw curves. These
curves are subsequently used to calculate dynamic coefficient.

The quasi-static two-phase flow experiments during drain-
age were conducted as follows. The outflow valve of the cell
was opened to provide very low flow rate during experiment
and it was leveled with the top of the sand to overcome
hydrostatic head pressure gradient to minimize gravity
effect41. The initial pressure of silicone oil was zero within
sand column. Then, the pressure of silicone oil on top
boundary was gradually increased by increasing air pressure
at the top of an oil reservoir, which was the Mariotte bottle.
This resulted in infiltration of silicone oil through hydropho-
bic filter at the top of cell. Injected oil also displaced water
out of sand. The experiment was carried out until steady-
state flow condition was reached; that was, a constant rate
water flows from the outflow valve. Water saturation was
calculated considering initial water content and outflow
water volume and compared with the mini-TDR readings.
Silicone oil and water reservoir and pressure transducers
pressure facilitated Pc measurement for comparison. Calcu-
lated Sw and Pc from the reservoirs and recorded sensors
provide one point of the equilibrium Pc–Sw curve. The
experiment was continued until a new steady-state was
reached for higher fluids pressures. A second point for Pc–Sw

curve was thus obtained. This procedure was repeated until
displacing oil front reached bottom hydrophilic filter; that

Table 1. Fluids and Porous Media Properties which are Relevant in this Study

Property Coarse Sand Fine Sand Water Silicone oil

Permeability, K (m2) 8.7310210 3.1310210 – –
Porosity, h (-) 0.35 0.32 – –
Entry pressure, Pd (Nm22) 510 675 – –
Pore size distribution index, k (-) 2.07 2.55 – –
Residual water saturation, Srw (-) 0.258 0.271 – –
Density, q (kg m23) – – 1000 968
Viscosity, l (kg m21 s21) – – 131023 19331023

Surface tension, r (N m21) – – 0.072a 0.035b

The medium properties are determined experimentally and the fluid properties are either standard values or taken from literature.41,42,50–52

aWater–air system.
bSilicone oil–water system.
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was, measured water content at lower TDR probe reached ir-
reducible water content. At this point, the sample was assumed
to have reached its irreducible wetting phase saturation (Swir).

The procedures adopted to determine the dynamic Pc–Sw

curves for drainage are as follows. Silicone oil pressure at the
top of domain was increased to a high pressure at once and
maintained constant by constant air pressure on Mariotte bottle
provided through a manual pressure regulator. Table 2 shows
the applied boundary condition for different dynamic flow
experiments. The drainage displacement was continued until
the saturation at the lower mini-TDR probe reached its Siw.
Mini-TDR measured water content and pressure transducer
recorded oil and water pressure provide data to calculate three
local dynamic Pc–Sw curves for each boundary pressure.
Dynamic experiment was repeated for four different pressures.

Following the drainage experiment, imbibition experiments
are performed in the same domain, which is at its irreducible
water saturation. For this, the direction of fluid displacement
is reversed. Water is injected from bottom of the domain
through the hydrophilic filter and oil is ejected through the
hydrophobic filter at the top of the cell. Imbibition experiment
ends when water front reached hydrophobic filter at the top

boundary. In this condition, the domain has reached its resid-
ual saturation (Swr). The same approach was adopted for
obtaining both the quasi-static and dynamic Pc–Sw curves.

Calculation of dynamic coefficient

Equation 2 shows that if Pc,dyn2Pc,equ and dSw/dt are
known at a Sw value, s can be determined. From the experi-
mental data for Pc,dyn, Pc,equ, Sw, and dSw/dt at different Sw,
the local s–Sw relationships are determined at different
heights in the porous sample using Eq. 2. Furthermore, the
average s and Sw values are calculated for the whole domain
by using the following equations 41,42

hSwi5
Pi5n

i51 Swjtnð ÞVi
ViPi5n

i51 Vi

(3)

hsijhSi5
Pi5n

i51 s3Swjtnð ÞVi
ViPi5n

i51 Swjtnð ÞVi
Vi

jhSi (4)

where hSwi is the volume weighted water saturation, which
is also defined as the average/effective water saturation for
the whole domain. hsijSis the saturation weighted dynamic

Figure 2. (a–c) Sw2t curves in homogeneous coarse sand domain.

Figures 2a and 2c use the time elapsed from the start of the experiment while Figure 2b uses the time from the moment the first

change of saturation occurs. Figures 2a, b show the drainage and imbibition Sw2t curves for injection pressure of 8 kPa. Figure

2c displays the Sw2t curves for imbibition displacement in coarse-grained sand for different boundary conditions of 8, 9, 10, and

11 kPa. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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coefficient (s), which is the average/effective s and presented
as a function of average/effective saturation. sð ÞVi

is the
dynamic coefficient and Swjtnð ÞVi

is the measured saturation at
measurement volume Vi at corresponding measurement
height i, and i51, 2, 3, …, n is the number of measurements
heights in which the s–Swcurves are calculated, i.e., the num-
ber of s–Swcurves, in which n 5 3.

Results and Discussion

Transient saturation (Sw–t) profiles

In this section, we present the Sw–t curves obtained in this
study. Although the trend of these curves are well under-
stood, it is important to discuss them in the present context
as they help to understand when the flow system reaches
equilibrium (@Sw/@t 5 0). These curves are also needed to
calculate @Sw/@t and the dynamic coefficient using Eq. 1.
Figure 2 shows some typical Sw–t curves at three measure-
ment heights during PD and MI in coarse sand domain. The

drainage Sw–t curves in the domain have been discussed by
Das and Mirzaei41 and as such, these curves are only
included in this article to demonstrate the differences
between the Sw–t curves for drainage and imbibition. As
expected, the water saturation in the domain decreases dur-
ing the drainage and increases during the imbibition cycle.
Figures 2a, c use the time elapsed from the start of the
experiment while Figure 2b uses the time from the moment
the first change of saturation is recorded. Figure 2a demon-
strates that the water saturation in the domain (i.e., top, mid-
dle, and bottom of the domain) at the end of an imbibition
cycle for a pressure of 8 kPa is almost the same everywhere.
However, the superimposed Sw–t curves in Figure 2b for the
same boundary condition show that although the saturation
is almost the same throughout the domain, saturation profiles
at different measurement heights may vary. Consequently,
contrary to the drainage displacement, the Sw–t curves do
not completely overlap during imbibition. Figure 2c displays
the Sw–t curves for imbibition displacement in the same

Figure 3. (a–b) Sw2t curves in homogeneous fine sand domain.

Figures 3a, c use the time elapsed from the start of the experiment while Figure 3b uses the time from the moment the first change

of saturation occurs. Figures 3a, b show the drainage and imbibition Sw2t curves for injection pressure of 8 kPa. Figure 3c dis-

plays the Sw2t curves for imbibition displacement in fine-grained sand for different boundary conditions of 8, 9, 10, and 11 kPa.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

3964 DOI 10.1002/aic Published on behalf of the AIChE October 2013 Vol. 59, No. 10 AIChE Journal



domain for different boundary conditions of 8, 9, 10, and 11
kPa.

Similar to Figure 2a, Figure 3a shows typical drainage and
imbibition Sw–t curves in fine sand domain for 8 kPa bound-
ary pressure. At first glance, the Sw–t curves at different
measurement heights seem to follow a consistent trend.
However, superimposed Sw–t curves in Figure 3b show that
although the curves follow a consistent trend and end up at
almost similar saturation value, toward the end of an experi-
ment, the shape of the Sw–t curve at the upper measurement
point varies from the other curves slightly. A close compari-
son between Figures 2b and 3b shows that contrary to the
overall behavior of all Sw–t curves in coarse sand domain,
the curves in fine sand domain overlie for a large range of
saturation. The Sw–t curves at different measurement heights
in fine sand for 9, 10, and 11 kPa boundary pressure also
follow similar trends. Again, for a large range of saturation,
the curves overlap. Figure 3c shows the Sw–t curves at three
different measurement heights for various boundary

conditions. The figure clearly shows that saturation distribu-
tion along the homogeneous fine sand domain in imbibition
is fairly uniform, which is consistent with the observations
made for homogeneous coarse sand. The fact that the Sw–t
curves for both drainage and imbibition at different heights
within the coarse or fine sand domains in this work are not
significantly different is not completely surprising given that
the domain size is small and the distances between two mea-
surement points are small.

As in the homogeneous domains, imbibition experiments
were carried out in the layered domain (Figure 4) for oil
pressures of 8, 9, 10, and 11 kPa. Figure 4a displays the
drainage and imbibition transient saturation profiles in the
domain for 8 kPa boundary pressure in real time scale. How-
ever, the superimposed curves in Figure 4b make the com-
parison of Sw–t curves easier. The figure shows that the
shapes of Sw–t curves at different measurement heights are
similar at first, which follow a consistent increasing trend.
As the experiments progress and water saturations increase,

Figure 4. Sw2t curves in heterogeneous domain consisting of a fine sand layer sandwiched between two coarse
sand layers.

Figures 4a, c use the time elapsed from the start of the experiment while Figure 4b uses the time from the moment the first change

of saturation occurs. Figures 4a, b show the drainage and imbibition Sw2t curves for injection pressure of 8 kPa. Figure 4c dis-

plays the Sw2t curves for imbibition displacement in the heterogeneous domain for different boundary conditions of 8, 9, 10, and

11 kPa. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the Sw–t curves at different measurement heights show
slightly different behavior. This is obviously due to the var-
iations in the properties of the sands in different layers,
which affect the fluid flow behavior. The same trends in Sw–
t curves for 9, 10, and 11 kPa boundary pressure are found.
Sw–t curves for imbibition for all pressures are shown in
Figure 4c.

Dependence of the rate change of saturation (dSw/dt)
on time (t)

The time derivative of saturation (dSw/dt) is the gradient
at a point on a Sw–t curve. As explained before,41,42 one
needs the values of dSw/dt at different saturation and time to
determine dynamic coefficient values. The importance of the
dSw/dt2t curves and their implications are also discussed
earlier20,41,42 and are not discussed in detail in this article. In
general, the rate of change of saturation (dSw/dt) changes
with saturation and time and this determines when a two-
phase flow equilibrium is reached (dSw/dt 5 0). This section
reiterates this point and reports some typical dSw/dt2t curves
for MI and compare them with the curves for PD with a
view to demonstrate the hysteresis in these curves which

would be related to the hysteresis in the s–Sw relationship
(discussed later). The values of dSw/dt are approximated as
shown below

dSw

dt
jtn

� �
Vi

5
Swjtn11

2Swjtn21

tn112tn21

� �
Vi

(5)

where Swjtn21
, Swjtn , and Swjtn11

are the average wetting phase
saturations at tn 2 1, tn, and tn11 calculated using Eq. 3 in dif-
ferent heights. It should be noted that the dSw/dt values are
also related to the mobility ratios, which depend on the rela-
tive permeabilities of the fluid phases and the fluid viscosity
ratios.25 In other words, if the mobility ratios change then
dSw/dt and, hence, the dynamic coefficient may also change.
In the present article, no attempt is made to address this
point as it requires experiments with different fluid pairs.

Figures 5a, b show some typical imbibition and drainage
dSw/dt2t curves in the coarse sand domain for 8 kPa bound-
ary pressure. As expected, the drainage dSw/dt have negative
values,41 while the values of dSw/dt during imbibition are
positive. This is logical as Sw decreases with time in drain-
age and increases during imbibition. As the flow reaches
equilibrium, dSw/dt values for both drainage and imbibition

Figure 5. ›Sw/›t 2 t curves in coarse sand.

(a) PD and MI ›Sw/›t 2 t curves in real time scale for 8 kPa boundary pressure, (b) superimposed ›S/›t 2 t curves for 8 kPa

boundary pressure for direct and easy comparison of various curves, (c) magnified superimposed ›S/›t 2 t curves for 8, 9, 10, 11

kPa boundary pressure. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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reach almost zero. These points are further illustrated in Figure
5b, which shows the superimposed imbibition and drainage
dSw/dt2t curves. The magnitudes of dSw/dt vary for drainage
and imbibition (Figure 5b) at different heights within the do-
main (Figure 5c). The differences in the dSw/dt values at the
same time and saturation give rise to different dynamic effects,
which is discussed later. Figure 5c shows the dSw/dt2t curves
for different pressures of 8, 9, 10, and 11 kPa. Within the pres-
sure range tried in this work, dSw/dt values do not seem to be
significantly different. The observations related to the dSw/dt2t
curves for coarse sand domain seem to be valid for fine sand
(Figure 6) and the layered domain too (Figure 7).

Dynamic and quasi static capillary pressure (Pc)–
saturation (Sw) curves

Figures 8a, b present the hysteresis in the dynamic drain-
age and imbibition Pc–Sw curves at 8 and 11 kPa pressures.
Similar patterns are also observed for oil pressures of 9 and
10 kPa. Figure 8c shows the hysteresis in quasi-static Pc–Sw

curves for drainage and imbibition. Figures 8a, b show the
curves at the upper, middle, and lower measurement heights
of coarse sand domain. As demonstrated in the figures, the
drainage Pc–Sw curves lie above the imbibition Pc–Sw

curves, demonstrating hysteresis in the drainage and imbibi-
tion curves. In general, the hysteresis in the Pc–Sw curves
can arise from the fact that capillary pressure depends on the
adhesive forces between the fluids and the minerals which
make up the pore walls, the pressure difference between oil
and water phase on the pore spaces and, hence the curvature
of meniscus between oil and water in the pore space, etc.
Although the porous medium and fluids are the same in
drainage and imbibition, it is difficult to pinpoint exactly
which of these factors is the least or most significant in caus-
ing the hysteresis in this study. However, it is clear that the
difference of water and oil pressure and, consequently the
saturation distribution in filling the pore spaces during drain-
age and imbibition result in different capillary pressure
behavior resulting in different Pc–Sw curves during drainage

Figure 6. ›Sw/›t 2 t curves in fine sand.

(a) PD and MI ›Sw/›t 2 t curves in real time scale for 8 kPa boundary pressure, (b) superimposed ›Sw/›t 2 t curves for 8 kPa

boundary pressure for direct and easy comparison of various curves. Similar curves are obtained for other pressures. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. ›Sw/›t 2 t curves in heterogeneous sand.

(a) PD and MI ›Sw/›t 2 t curves in real time scale for 8 kPa boundary pressure, (b) superimposed ›Sw/›t 2 t curves for 8 kPa

boundary pressure for direct and easy comparison of various curves. Similar curves are obtained for other pressures. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

AIChE Journal October 2013 Vol. 59, No. 10 Published on behalf of the AIChE DOI 10.1002/aic 3967



and imbibition. Similar interpretation is made from Figure
8c, which demonstrates that the quasi static Pc–Sw curves are
also hysteretic in nature.

The imbibition experiments following the drainage experi-
ments in coarse sand domain has been conducted for fine
sand (Figure 9), which also show hysteresis in Pc–Sw curves.
Figure 10 shows some typical graphs to compare the
dynamic and quasi static drainage and imbibition Pc–Sw

curves at the three measurement heights in layered media.
As in the case for coarse sand domain, hysteresis in imbibi-
tion and drainage Pc–Sw curves in heterogeneous domain is
present in these figures.

The hystereses in Pc–Sw curves in Figures 8–10 mean that
the average saturation in the domain is not the same for
drainage and imbibition at the same capillary pressure, which
is due to different pore filling and emptying rates. There
have been a number of pore-scale studies in the literature,
which may explain the hysteresis in terms of various pore
scale physics.9–12 However, in the context of this study, we
measure averaged Pc–Sw curves at the core scale which are
then used to determine the hysteretic dynamic coefficient
(s)–saturation (Sw) relationships. Difference in average Sw

along with different dSw/dt at the same Pc or/and time level
give rise to hysteretic dynamic effect in capillary pressure
relationships as discuss in the next section.

Hysteretic dynamic coefficient (s)–saturation (Sw)
relationship

In order to understand the hysteretic behavior of the
dynamic coefficient, the s–Sw data for homogeneous and lay-
ered domains for PD and MI are presented in Figures 11 and
12. We also present a table (Table 2) which summarizes the
important data ranges and statistics of our experimental
results for the dynamic coefficient (s). The table would be
invaluable in following the discussions in this section.

Figure 11a displays the drainage and imbibition s–Sw

curves at three different heights in the coarse sand domain.

The effective s–Sw curves are also presented in the figure,

which are determined using Eqs. 3 and 4 as mentioned ear-

lier. The hystereses in the local and the effective s–Sw curves

are found, which imply that the energy required to achieve

flow equilibrium (dSw/dt 5 0) at the same water saturation is

different for drainage and imbibition. As discussed earlier,

the dSw/dt values vary slightly for drainage and imbibition

(Figures 5–7) at the same saturation and time which cause

the hysteresis in the s–Sw curves. Analyzing the pore scale

processes is beyond the scope of this article. However, it can

be safely stated that these differences in dSw/dt values and,

hence, the s–Sw curves, are due to the difference in the pore-

scale flow processes during drainage and imbibition, e.g.,

Figure 8. PD and MI Pc2S curves showing hysteresis in coarse sand.

(a) hysteresis in dynamic drainage and imbibition Pc2S curves for 8 kPa pressure; (b) hysteresis in dynamic drainage and imbibi-

tion Pc2S curves for 11 kPa pressure; (c) hysteresis in quasi-static drainage and imbibition Pc2S curves. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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difference in pore filling and emptying rates, and mecha-
nisms (e.g., percolation-type piston drive in drainage, snap-
off, and cluster growth in imbibition), wettability, etc. What
we observe in the s–Sw curves is the lumped affect of all
possible pore scale processes. In consistent with the conclu-
sion of Hassanizadeh et al.21, the imbibition s values in Fig-
ure 11a are found to be bigger than the drainage s values at
the same Sw, meaning that the speed to flow equilibrium dur-
ing imbibition is slower than the drainage at that Sw. The
imbibition s–Sw curves for coarse sand show that the
dynamic coefficient varies nonlinearly with the water satura-
tion similar to the drainage s–Sw curves.41,42 But, as the
water saturation increases from irreducible water saturation,
the imbibition s–Sw curves break away from that for drain-
age and they remain almost constant. Similar trends are
observed for fine sand domain.

Table 2 shows that our imbibition s values for both
coarse- and fine-grained sands are consistent with the results
of Hassanizadeh et al.21 who reported s values in the range
3.1 3 10527.7 3 105 Pa s for MI. In the imbibition experi-
ments of Sakaki et al.,23 the dynamic coefficient at the mid-
dle of their domain was found to be relatively constant in
the Sw range of 0.3–0.8 with the s values ranging between
1.0 3 106 and 6.0 3 106 Pa s. Our local and effective s

values for imbibition are smaller than those obtained by
Sakaki et al. However, the slopes of our imbibition s–Sw

curves for both coarse and fine sands are small in the range
0.5< Sw< 0.8 which imply that we also observe almost hori-
zontal s–Sw curves in consistent with the results of Sakaki
et al.23 This practically means that the energy required for
the two-phase flow system to reach equilibrium is almost the
same in the middle saturation points during imbibition.

In Figure 11b, we demonstrate the local and effective
imbibition s–Sw curves for the coarse and fine sand domains.
In effect, the figure shows if the effective s–Sw curves for
homogeneous porous media at the core scale are any differ-
ent from the local s–Sw relationships while also demonstrat-
ing any effect of the particle size and permeability on the
imbibition s–Sw curves. The results show that there are not
significant differences among the local and effective s values
at different saturations for most practical purposes. This ob-
servation is somewhat expected as the domain size is not
very big (12 cm long) and it is homogeneous in its proper-
ties (e.g., particle size and shape). Further, the sample vol-
umes over which each set of pressure transducers and TDRs
measure the s–Sw curves are small which are also equal.
Similar qualitative conclusion has been made by others32,41

for drainage in homogeneous domains who have found that

Figure 9. (a–c) PD and MI Pc2Sw curves showing hysteresis in fine sand.

(a) hysteresis in dynamic drainage and imbibition Pc2Sw curves for 8 kPa pressure; (b) hysteresis in dynamic drainage and imbi-

bition Pc2Sw curves for 11 kPa pressure; (c) hysteresis in quasi-static drainage and imbibition Pc2Sw curves. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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there are no significant differences among s–Sw curves at
different levels of a core scale domain. Whether or not one
obtains significantly different s values at different points in a
larger homogeneous domain or for different boundary condi-
tions is not certain and it should be explored separately. Bot-
tero et al.49 have calculated effective s for PD in a bigger
homogeneous domain of 21 cm; however, it is not clear to
us if s values at different points within the domain are dif-
ferent and, if so how significantly.

Figure 11b suggests that our s values obtained for imbibi-
tion are higher in fine sand than the values at the corre-
sponding heights in coarse sand at a given saturation. As
such, the average s values in Table 2 are also higher for fine
sand than those for coarse sand. These values are smaller
than those of Kalaydjian44 but similar in magnitude to those
obtained by Hassanizadeh et al.21 and Sakaki et al.23

To make a further analysis of the drainage and imbibition
s–Sw curves in fine- and coarse-grained porous domains,
plots of the effective and local s–Sw relationships measured
at different domain heights are shown in Figures 11c, d. Fig-
ure 11c shows the drainage and imbibition s–Sw curves at

the middle measurement heights of both coarse and fine
sands. On other hand, Figure 11d shows the effective drain-
age and imbibition s–Sw relationship in the two sand
domains. The figure shows that both the drainage and imbi-
bition s–Sw curves follow nonlinear functional dependence
and there is clear hysteresis where the imbibition s values
are generally larger as compared to the s values for drainage
at the same saturation. It suggests that for the imposed
boundary conditions, the two-flow system would require
more energy to reach equilibrium during imbibition, as such,
one should expect hysteresis in the s–Sw curves.

As discussed earlier, the s values depend on a number of
other factors, e.g., permeability of the domain, fluid proper-
ties, domain size, temperature, etc. Therefore, the results of
this study cannot be compared directly with values from
other study, which may use different fluid, porous medium,
or domain size. Nevertheless, comparisons of our results
with those obtained by others reveal interesting facts. Hassa-
nizadeh et al.21 used a domain of permeability 10211 m2

while our fine-grained domain has a permeability of 3.1 3

10210 m2. Hassanizadeh et al.21 used a fluid pair of PCE and

Figure 10. PD and MI Pc2Sw curves showing hysteresis in heterogeneous sand.

(a) hysteresis in dynamic drainage and imbibition Pc2S curves for 8 kPa pressure; (b) hysteresis in dynamic drainage and imbi-

bition Pc2S curves for 11 kPa pressure; (c) hysteresis in quasi-static drainage and imbibition Pc–Sw curves. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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water while we used silicone oil and water as fluids with
properties as shown in Table 1. Although there are signifi-
cant differences in media and fluids properties, it seems that
our results are similar to those of Hassanizadeh et al.21 For
example, both studies obtain an imbibition s value of
approximately 3 3 105 Pa s at 70% water saturation for the
cases mentioned above. This implies that the speed to flow
equilibrium during imbibition in these two systems at the
conditions above would be almost the same despite differ-
ence in the properties of the flow system.

The observation in Figure 11 that the s values during
imbibition are higher for fine-grained sand (i.e., the domain
with smaller particles and less permeability) than coarse-
grained sand is consistent with previous studies which meas-
ured s for drainage.7,32,41 The uniformity coefficients, which
indicate the uniformity of the particle shape, were 1.6 and
2.3 for the particles that Camps-Roach et al.32 have used.
The particles that we have used have uniformity coefficients
of 1.21 and 1.32 for fine and coarse particles, respectively,
and these have better uniformity in shape than the particles

of Camps-Roach et al.32 as indicated by smaller uniformity
coefficient values, which are closer to unity. The average
diameters of the particles that Camps-Roach et al.32 have
used were 0.42 mm and 0.18 mm. The particles that we
have used are bigger in size as compared to the particles that
Camps-Roach et al. have used given that our particles have
average diameters of 0.946 mm and 0.482 mm. Clearly,
Camps-Roach et al.32, Das and Mirzaei41,42, and the current
article imply that at a particular saturation the s value is
expected to be higher for fine sand domain (i.e., domain
with smaller particles and less permeability) for both drain-
age and imbibition for a range of particles shape and sizes.

Although most results in this article are consistent with
other results in the literature, the shapes of the s–Sw curves
for drainage and imbibition (and hence their interpretation)
are not necessarily consistent with all studies.

Sakaki et al.23 report that the s values from their MI
experiments are slightly smaller than those in the PD. This is
opposite to the observation of this article (Figure 11) as well
as of Hassanizadeh et al.23

Figure 11. Hysteresis in PD and MI s2Sw curves in coarse and fine sand domains.

(a) PD and MI s2Sw curves in coarse sand, (b) MI s2Sw curves in fine and coarse sand domains, (c) PD and MI s2Sw data at

the middle measurement height of fine and coarse sand domains and (d) PD and MI effective s2Sw curves in fine and coarse

sand domains. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The results for both PD and MI in our study suggest that
the s values are inversely proportional to the water satura-
tions. Although the values of the dynamic coefficient may
vary in different studies and similar trends in s–Sw curves are
found by most7,25–27,34,41,42, some papers have been published
recently where different trends of s–Sw curves have been
observed.23,32 During drainage, Camps-Roach et al.32 find that
the s values decrease as water saturation decreases. Sakaki
et al.23 report that their s values increase as water saturation
decreases during drainage. However, the imbibition s values
of Sakaki et al. fluctuate, decrease, and then increase with
decrease in water saturation. Bottero et al.49 reported s values
for PD for a saturation range of 0.55–0.85 and found that s
was almost constant in that saturation range. It is not exactly
clear to us at this moment why there are distinctly different
trends of s–Sw curves. We are likely to revisit this question in
another paper in the future. At this moment, it is suffice to
say that the s–Sw curves of this article are consistent with the
majority of results found in the literature.

Figure 12a displays the imbibition and drainage s–Sw

curves at different measurement heights in the heterogeneous

(layered) domain. As shown in the figure, imbibition s–Sw

curves lie higher than the drainage s–Sw curves for the do-
main, which is consistent with the results obtained for homo-
geneous domain (Figure 11). Contrary to the drainage s
values, which increase as saturation decreases, the imbibition
s values decrease sharply initially as saturation increases
from irreducible water saturation but as the imbibition pro-
ceeds and saturations increase further, the dynamic coeffi-
cients decline slowly and they become almost constant. In
Figure 12a, the effective s–Sw curves for both drainage and
imbibition are also shown. For both drainage and imbibition,
the effective curves fall between the curves for coarse sand
(upper and lower measurement point) and fine sand (middle
measurement point) for the heterogeneous domain used in
this work. The results suggest that the effective s–Sw curves
are dominated by the s values of the coarse sand as it occu-
pies the maximum volume of the domain. The results also
show that the curves are hysteretic in nature (similar to the
local the s–Sw curves).

In Figures 12b–d, we attempt to compare the s values dur-
ing imbibition at different measurement levels of the

Figure 12. Hysteresis in PD and MI s2Sw curves in heterogeneous domain.

(a) PD and MI s2Sw curves in heterogeneous domain, (b) MI s2Sw curves in the upper measurement points (coarse sand) in het-

erogeneous and homogeneous coarse sand domains, (c) MI s2Sw curves in the middle measurement points (fine sand) in hetero-

geneous and homogeneous fine sand domains (d) MI s2Sw curves in the lower measurement points (coarse sand) in

heterogeneous and homogeneous coarse sand domains. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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homogeneous and layered domains. As the properties of the
coarse and fine sand in these experiments as well as the sam-
ple size, boundary condition, and fluid properties are the
same, this comparison may reveal interesting information. In
Figures 12b, d, we present the imbibition s–Sw curves at the
upper and lower measurement heights of the homogenous
coarse sand and layered domain, which are occupied by
coarse sand. As demonstrated in these figures, although the
imbibition s–Sw curves for the same sand type but different
samples show similar trends, the imbibition s–Sw curve of
coarse sand in heterogeneous domain lie slightly higher than
the imbibition s–Sw curve of coarse sand in homogeneous
domain. This means that the fluid displacement in the upper
and lower layers (coarse sand) in heterogeneous domain
needs more energy to reach equilibrium, which is logical
considering the presence of fine sand layer at the middle of
the heterogeneous domain. On the contrary, the imbibition
s–Sw curves at the middle measurement point of the homo-
geneous fine sand and heterogeneous domain show slightly
different behavior (Figure 12c). When saturation is low at
the beginning of the experiment, imbibition s values in the
fine sand layer at the middle of heterogeneous domain seem
to be higher. However, as saturation increases, the two
curves almost overlie and at some saturation values imbibi-
tion s for fine sand layer in heterogeneous domain is less
than the imbibition s data at corresponding height in the ho-
mogeneous fine sand domain. Again, this is due to higher
permeability of upper and lower coarse sand layers in the
heterogeneous domain, which makes faster displacement
than that in homogeneous fine sand domain filled with lower
permeability sand. In general, however, we believe, there is
not a significant difference between the s values at the dif-
ferent heights in the homogeneous and heterogeneous do-
main in this study due to small size of the domain and weak
permeability contrast between coarse and fine sand layers.

Conclusions

Most previous studies that attempted to relate the dynamic
effects in capillary pressure relationships to process parame-
ters (e.g., grain size, permeability, temperature, domain size,
saturation, fluid properties, and boundary conditions) find
that s values depend on these parameters. As such it is
expected that the s–Sw curves for both drainage and imbibi-
tion cycles, and hence the hysteresis in the s–Sw curves, will
be affected by these parameters. However, it seemed there
were not enough experiments to provide a detailed under-
standing of these effects. This article has attempted to
address this point by carrying out a number of laboratory
experiments. Dynamic and quasi-static capillary pressure–
saturation (Pc–Sw) curves for PD and MI were determined in
this work which were then used to obtain the dynamic coef-
ficient (s) as function of water saturation (Sw). Both homoge-
neous and heterogeneous (layered) domains were used in
this work. The results in this article clearly show that the
energy required for, or the speed to, flow equilibrium at the
same water saturation varies depending on whether a drain-
age or imbibition takes place, which confirms that the
dynamic effect in capillary pressure–saturation relationships
for two-phase flow is hysteretic in nature. We believe further
work is needed to relate the properties of the fluids and other
important factors (e.g., boundary condition and domain size)
to the hysteresis in the s–Sw relationship. This is beyond the
scope of this article. Nevertheless, it is envisaged that the

purpose of this article, i.e., to investigate further the hystere-
sis in s–Sw relationships in homogeneous and heterogeneous
domains through laboratory experiments, has been achieved.

Acknowledgments

This study has been carried out in the framework of the
EPSRC (UK) Project GR/S94315/01, “micro-heterogeneity
and temperature effects on dynamic capillary pressure–satu-
ration relationships for two-phase flow in porous media”.
The EPSRC funding for this project is gratefully acknowl-
edged. Emeritus Professor G. Sills (the University of Oxford,
UK) is acknowledged for her help in completing the experi-
ments in this work.

Literature Cited

1. Bear J, Verruijt A. Modeling Groundwater Flow and Pollution. Dor-
drecht, the Netherlands: D. Reidel, 1987.

2. Tsakiroglou CD, Theodoropoulou MA, Karoutsos V. Nonequilibrium
capillary pressure and relative permeability curves of porous media.
AIChE J. 2003;49(10):2472–2486.

3. Das DB, Hassanizadeh SM. Upscaling multiphase flow in porous
media: from pore to core and beyond. Dordrecht, the Netherlands:
Springer, 2005:1–260.

4. Brooks RH, Corey AT. Hydraulic Properties of Porous Media. Hy-
drology Papers. Fort Collins, CO: Colorado State University, 1964.

5. van Genuchten, M.Th. A closed-form equation for predicting the hy-
draulic conductivity of unsaturated soils. Soil Sci Soc Am J.
1980;44;892–898.

6. Bear J. Dynamics of Fluids in Porous Media. New York: Dover Pub-
lications, 1972.

7. Mirzaei M, Das DB. Dynamic effects in capillary pressure-satura-
tions relationships for two-phase flow in 3D porous media: implica-
tions of micro-heterogeneities. Chem Eng Sci. 2007;62:1927–1947.

8. Corey A. Mechanics of Immiscible Fluids in Porous Media. High-
lands Ranch, CO: Water Resources Publications, 1994.

9. Liu Y, Nolte DD, Pyrak-Nolte LJ. Hysteresis and interfacial energies
in smooth-walled microfluidic channels. Water Resour Res.
2011;47:W01504.

10. Tsakiroglou CD, Payatakes AC. Mercury intrusion and retraction in
model porous media, Adv Colloid Interface Sci. 1998;75:215–253.

11. Tsakiroglou CD, Avraam DG. Fabrication of a new class of porous
media models for visualization studies of multiphase flow process. J
Mater Sci. 2002;37:353–363.

12. Liu Y, Nolte DD, Pyrak-Nolte LJ. Pinned films and capillary hyster-
esis in microfluidic channels. Lab Chip. 2012;12:2858–2864.

13. Davidson JM, Nielsen DR, Biggar JW. The dependence of soil water
uptake and release upon the applied pressure increment. Soil Sci Soc
Am Proc. 1966;30:298–303.

14. Topp GC, Klute A, Peters DB. Comparison of water content-pres-
sure head obtained by equilibrium, steady-state, and unsteadystate
methods. Soil Sci Am Proc. 1967;31:312–314.

15. Smiles DE, Vachaud G, Vauclin M. A test of the uniqueness of the soil
moisture characteristic during transient, non-hysteretic flow in a rigid
soil. Soil Sci Am Proc. 1971;35:535–539.

16. Vachaud G, Vauclin M, Wakil M. A study of the uniqueness of the soil
moisture characteristic during desorption by vertical drainage. Soil Sci
Am Proc. 1972;36:531–532.

17. Stauffer F. Time dependence of the relations between capillary pres-
sure, water content and conductivity during drainage of porous
media, in On Scale Effects in Porous Media, Proceedings of the
IAHR conference on scale effects in porous media, Thessaloniki,
Greece, 1978.

18. Parker JC, Lenhard RJ. A model for hysteretic constitutive relations
governing multiphase flow: 1. Saturation–pressure relations. Water
Resour Res. 1987;23:2187–2196.

19. Beliaev AY, Hasanizadeh SM. A theoretical model of hysteresis and
dynamic effects in the capillary relation for two-phase flow in po-
rous media, Transp Porous Media. 2001;43:487–510.

20. Hassanizadeh SM, Celia MA, Dahle HK. Dynamic effect in the cap-
illary pressure–saturation relationship and its impacts on unsaturated
flow. Vadose Zone J. 2002;1:38–57.

21. Hassanizadeh, SM, Oung O, Manthey S. Laboratory experiments and
simulations on the significance of non-equilibrium effect in the

AIChE Journal October 2013 Vol. 59, No. 10 Published on behalf of the AIChE DOI 10.1002/aic 3973



capillary pressure–saturation relationship. Unsaturated Soils: Exp
Stud, Springer Proc Phys. 2005;93(1):3–14.

22. Papafotiou A, Sheta H, Helmig R. Numerical modeling of two-phase
hysteresis combined with an interface condition for heterogeneous
porous media. Comput Geosci. 2010;14:273–287.

23. Sakaki T, O’Carroll DM, Illangasekare TH. Direct quantification of
dynamic effects in capillary pressure for drainage-wetting cycles.
Vadose Zone J. 2010;9(2):424–437.

24. Hassanizadeh SM, Gray WG. Thermodynamic basis of capillary pres-
sure in porous media. Water Resour Res. 1993;29(10):3389–3405.

25. Das DB, Gauldie R, Mirzaei M. Dynamic effects for two-phase flow in
porous media: fluid property effects. AIChE J. 2007;53(10):2505–2520.

26. Dahle HK, Celia MA, Hassanizadeh SM. Bundle-of-tubes model for
calculating dynamic effects in the capillary-pressure–saturation rela-
tionship. Transp Porous Media. 2005;58:5–22.

27. Manthey S, Hassanizadeh SM, Helmig R Macro-scale dynamic
effects in homogeneous and heterogeneous porous media, Transp
Porous Media. 2005;58(1–2):121–145.

28. O’Carroll DM, Phelan TJ, Abriola LM. Exploring dynamic effects in
capillary pressure in multistep outflow experiments. Water Resour
Res. 2005;41:W11419.

29. Helmig R, Weiss A, Wohlmuth BI. Dynamic capillary effects in het-
erogeneous porous media. Comput Geosci. 2007;11:261–274.

30. Peszynska M, Yi SY. Numerical methods for unsaturated flow with
dynamic capillary pressure in heterogeneous porous media. Int J
Numer Anal Model. 2008;5(Special Issue):126–149.

31. Juanes R. Nonequilibrium effects in models of three-phase flow in
porous media. Adv Water Resour. 2009;31:661–673.

32. Camps-Roach G, O’Carroll DM, Newson TA, Sakaki T, Illangase-
kare TH, Experimental investigation of dynamic effects in capillary
pressure: grain size dependency and upscaling. Water Resour Res.
2010;46:W08544.

33. Joekar-Niasar V, Hassanizadeh SM, Dahle HK. Non-equilibrium
effects in capillarity and interfacial area in two-phase flow: dynamic
pore-network modelling, J Fluid Mech. 2010;655:38–71.

34. Fucik R, Mikyska J, Sakaki T, Benes M, Illangasekare TH. Signifi-
cance of dynamic effect in capillarity during drainage experiments in
layered porous media. Vadose Zone J. 2010;638(3):697–708.

35. Gray WG, Miller CT. TCAT analysis of capillary pressure in non-
equilibrium, two-fluid phase, porous medium systems. Adv Water
Resour. 2011;34(6):770–778.

36. Joekar-Nisar V, Hassanizadeh SM. Effect of fluids properties on
non-equilibrium capillarity effects: dynamic pore-network modelling.
Int J Multiphase Flow. 2011;37:198–214.

37. Mumford KG, O’Carroll KM. Dynamic effects in capillary pressure:
exploring wettability and dynamic contact angle effects using bun-
dle-of-tubes simulations. Vadose Zone J. 2011;10:1162–1172.

38. Diamantopoulos E, Iden SC, Durner W. Inverse modeling of
dynamic nonequilibrium in water flow with an effective approach.
Water Resour Res. 2012:48:W03503.

39. Civan F. Temperature dependency of dynamic coefficient for none-
quilibrium capillary pressure–saturation relationship. AIChE J.
2012;58(7):2282–2285.

40. Hanspal N, Das DB. Dynamic effects on capillary pressure–satura-
tion relationships for two-phase porous flow: implications of temper-
ature. AIChE J. 2012;58(6):1951–1965.

41. Das DB, Mirzaei M. Dynamic effects in capillary pressure relation-
ships for two-phase flow in porous media: experiments and numeri-
cal analyses. AIChE J. 2012;58(12):3891–3903.

42. Das DB, Mirzaei M. Experimental measurement of dynamic effect
in capillary pressure relationship for two-phase flow in weakly lay-
ered porous media. AIChE J. 2012b;59:1723–1734.

43. Hanspal N, Allison B, Deka L, Das DB. Artificial neural network
(ANN) modeling of dynamic effects on two-phase flow in homoge-
nous porous media. J Hydroinform. 2013;15(2):540–554.

44. Kalaydjian FJM. Dynamic capillary pressure curve for water/oil dis-
placement in porous media: theory vs. experiment. In: Proceedings
of the 67th Annual Technical Conference and Exhibition, October
4–7, Washington, DC. Richardson, TX: Society of Petroleum Engi-
neers, 1992. p. 491–506.

45. Barenblatt G. Filtration of two nonmixing fluids in a homogeneous
porous medium, Soviet Academy Izvestia. Mech. Gas Fluids.
1971;5:857–864.

46. Barenblatt GI, Gilman AA, A mathematical model of non-equilib-
rium countercurrent capillary imbibition. Eng Phys J.
1987;52(3):46–61.

47. Barenblatt GI, Patzek TW, Silin DB. The mathematical model of
nonequilibrium effects in water–oil displacements, Soc Petrol Eng J.
2003;8(4):409–416.

48. Manthey S, Hassanizadeh SM, Helmig R, Hilfer R. Dimensional
analysis of two-phase flow including a rate-dependent capillary
pressure–saturation relationship. Adv Water Resour. 2008;31:1137–
1150.

49. Bottero S, Hassanizadeh SM, Kleingeld PJ, Heimovaara TJ. Non-
equilibrium capillarity effects in two-phase flow through porous
media at different scales. Water Resour Res. 2011;47:W10505,
doi:10.1029/2011WR010887.

50. Adamson AW, Gast AP. Physical Chemistry of Surfaces, 6th ed.
New York: Wiley-Interscience, 1997, 784 pp.

51. Das DB, Hassanizadeh SM, Rotter BE, Ataie-Ashtiani B. A numeri-
cal study of micro-heterogeneity effects on upscaled properties of
two-phase flow in porous media, Transp Porous Media.
2004;56:329–350.

52. Das DB, Mirzaei M, Widdows N. Non-uniqueness in capillary
pressure—saturation—relative permeability relationships for two-
phase flow in porous media: implications of intensity and random
distribution of micro-heterogeneity. Chem Eng Sci. 2006;61:6786–
6803.

Manuscript received Oct. 23, 2012, and revision received Mar. 1, 2013.

3974 DOI 10.1002/aic Published on behalf of the AIChE October 2013 Vol. 59, No. 10 AIChE Journal


	l
	l
	l
	l

