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[1] A series of primary drainage experiments was carried out in order to investigate
nonequilibrium capillarity effects in two-phase flow through porous media. Experiments
were performed with tetrachloroethylene (PCE) and water as immiscible fluids in a sand
column 21 cm long. Four drainage experiments were performed by applying large pressures
on the nonwetting phase at the inlet boundary: 20, 30, 35, 38 kPa. Our results showed that
the nonequilibrium local fluids pressure difference-saturation curves are above the capillary
pressure saturation curve. Moreover, the nonequilibrium pressure difference showed a
nonmonotonic behavior with an overshoot that was more pronounced at higher injection
pressures. The dynamic capillarity coefficient � was calculated from measured local
pressures and saturations (the scale of sensor devices, 0.7 cm). Its value was found to vary
between 1.3 � 105 to 2 � 105 Pa s. Within the saturation range of 0.50 > Sw > 0.85, no
clear dependency of the dynamic coefficient on the wetting saturation was observed. Also,
no dependency of the dynamic capillarity coefficient on the applied boundary pressure was
found. Averaged values of ½� � at the length scales of 11 and 18 cm were also estimated from
averaged pressures and saturations. The upscaled dynamic coefficient was found to vary
between 0.5 � 106 and 1.2 � 106 Pa s at the average window size of 11 cm. This is one
order of magnitude larger than the local-scale coefficient. Larger values were found for the
length scale of 18 cm: 1.5 � 106 and 2.5 � 106 Pa s. This suggests that the value of
dynamic coefficient increases with the scale of observation.
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1. Introduction
[2] Two-phase flow processes are usually modeled by

the mass balance equation and Darcy’s equation for each
phase. When combined, they result in the following equa-
tion [Bear, 1972; Helmig, 1997]:

�
@S�
@t
¼ r � kr�ðS�Þ

��
k � ðrP� � ��gÞ

� �
; � ¼ w; n ð1Þ

where � denotes porosity, S is the saturation, kr is the rela-
tive permeability, k is the intrinsic permeability, � denotes
the dynamic viscosity, g is the gravity acceleration, � indi-
cates the density, and rP is the pressure gradient. The sub-
scripts w and n denote wetting and nonwetting phases,
respectively. All quantities appearing in these two equa-
tions are macroscale quantities. Assuming that porosity,
relative permeability, and fluids properties are known, and
considering that Sw þ Sn ¼ 1, the unknowns in this set of
equations are: Pn, Pw, and Sw. Obviously, we are short of

one equation. Commonly this deficit is eliminated by an
equation which states that the pressure difference between
the two phases is a function of wetting phase saturation:

Pn � Pw ¼ f ðSwÞ: ð2Þ

This is also known as ‘‘the capillary-pressure saturation rela-
tionship’’ because in the literature, the fluids pressure differ-
ence is commonly assumed to be the macroscale ‘‘capillary
pressure’’ Pc. Thus, one commonly writes:

Pn � Pw ¼ PcðSwÞ: ð3Þ

This expression is a source of some of the misunderstand-
ings associated with two-phase flow theory. In fact, the
macroscale pressure difference Pn – Pw is not the same as
capillary pressure Pc. This holds even at the pore scale
where the capillary pressure originally is defined. The capil-
lary pressure is an intrinsic property of the porous medium
and the two fluids. For a meniscus, it is defined, independently
of the fluid pressures, by the Young-Laplace equation:

pc ¼ �
1
r1
þ 1

r2

� �
¼ 2�

Rm
; ð4Þ

where � represents the fluid–fluid interfacial tension, r1 and
r2 denote the principal radii of curvature of the meniscus,
and Rm is the mean radius of curvature. Thus, through r1 and
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r2 the capillary pressure depends on the pore dimension and
through the interfacial tension it depends on the interfacial
properties of the fluids and the porous solid. Equation (4) is
assumed to be valid whether the interface is moving or not.
The relationship between pn – pw and pc in a pore, however,
depends on flow conditions. This relationship can be derived
from the force balance in the direction normal to the inter-
face. In this respect, Hassanizadeh and Gray [1993] derived
the following force balance equation in the direction N nor-
mal to an interface:

pn � pw ¼
2�
Rm
þ N � ð�n � �wÞ � N� ðr� � �wnÞ � N; ð5Þ

where pn and pw are microscale pressures of the two fluids
on two sides of the meniscus, �n and �w are their corre-
sponding viscous stress tensors, and �wn is the interfacial
viscous stress tensor. It is evident that in such a case pn – pw

is not equal to pc ¼
2�
Rm

. Even if interfacial viscous forces

(last term in equation (5)) are negligible or not present at
all, pn – pw may still be different form pc because of dissipa-
tive forces within the fluids surrounding the meniscus. The
significance of the effect of these forces has been shown,
for instance, by Sheng and Zhou [1992], who have studied
the motion of a meniscus in a tube during piston displace-
ment of a wetting phase by a nonwetting phase or vice
versa. They found:

pn � pw ¼ pc 6 B
�q
r

� �A
; ð6Þ

where pn and pw are pressures on the two sides of the inter-
face, � is viscosity, q is fluid velocity through the tube, and
B and A are coefficients that control the velocity-dependent
‘‘capillary pressure.’’ Thus, the relationship pn – pw ¼ pc is
valid at the meniscus under static conditions only. Under
dynamic conditions, pn – pw depends on the flow velocity.

[3] Even if the pore scale nonequilibrium term in equa-
tion (6) is negligible, so that we have pn – pw ¼ pc at all
menisci within a representative elementary volume (REV)
under flow conditions, it does not mean that the same can be
said at macroscale. Obviously, since fluid pressures are spa-
tially variable within each flowing phase, macroscale (or av-
erage) pressure values will be different from pressure values
at the interface. This has been shown by Dahle et al. [2005]
through a calculation of average pressures in a bundle of
tubes model. In fact, on the basis of thermodynamic consid-
erations, Hassanizadeh and Gray [1990] and Kalaydjian
[1992] derived an equation which relates the difference in
the macroscale fluids pressure, Pn – Pw, to the macroscale
capillary pressure Pc and the rate change of saturation. A
linear approximation is given as

Pn � Pw ¼ PcðSwÞ � �ðSwÞ
@Sw

@t
; ð7Þ

where � is a dynamic capillarity coefficient, also called a
damping coefficient. In this formulation, Pc is an intrinsic
property of the porous medium-fluids system, whereas fluids
pressure difference Pn – Pw is dependent on flow dynamics
(and thus initial and boundary conditions). In the literature,

the terms ‘‘static capillary pressure’’ (referring to Pc) and
‘‘dynamic capillary pressure’’ (referring to, Pn – Pw), have
been used. This is potentially confusing terminology; in
fact, there is only one capillary pressure, as explained
above. So, we propose to refer to Pn – Pw as nonequilibrium
fluids pressure difference or simply as pressure difference.
Pc(Sw) denotes the capillary pressure which is measured
experimentally as a function of saturation in equilibrium
experiments. Obviously, the pressure difference between the
wetting and nonwetting phase is equal to capillary pressure
only under equilibrium conditions. In fact, equation (7) sug-
gests that when the equilibrium is disturbed, the saturation
will change to re-establish the equilibrium condition, and
the coefficient � controls this process.

[4] Most nonequilibrium experiments reported in the
literature deal with unsaturated flow [Topp et al., 1967;
Smiles et al., 1971; Vachaud et al., 1972; Stauffer, 1978;
Wildenschild et al., 2001; Chen, 2006; Sakaki et al.,
2010; Camps-Roach et al., 2010]. A comprehensive review
of nonequilibrium laboratory experiments was given by
Hassanizadeh et al. [2002]. A review of computational
models is found in the work of Joekar-Niasar and Hassani-
zadeh [2011]. Only a few nonequilibrium experiments have
involved two phases, such as oil and water [Kalaydjian,
1992; Hassanizadeh et al., 2004; O’Carroll et al., 2005].
In this work, we performed a series of nonequilibrium
drainage experiments, in order to investigate the nonequili-
brium capillarity effect in two-phase flow involving water
and PCE. Nonequilibrium primary drainage experiments
were carried out in a homogeneous sand column with a
range of (large) injection pressure values. Experimental
results are presented and compared with equilibrium exper-
imental data. First, local-scale values of the damping coef-
ficient were calculated on the basis of locally measured
values of pressures and saturations. Next, column-scale val-
ues of � were calculated on the basis of average pressures
and saturation values. The results are compared to deter-
mine scale dependence of the dynamic coefficient.

2. Materials and Methods
2.1. Experimental Set-up

[5] Tetrachloroethylene (PCE) and de-mineralized, de-
aired water were used as the nonwetting and wetting
phases, respectively. Physical properties of the two fluids
are presented in Table 1. In order to visualize the displace-
ment of one phase by the other, PCE was colored with
Sudan-Red dye (with a concentration of 1.3 mg L�1).

[6] A schematic representation of the experimental setup
is shown in Figure 1. Details of the experimental setup and
procedure can be found in the work of Bottero [2009] and
Bottero et al. [2011]. It consists of a column 21 cm high
with an inner diameter of 9.83 cm, connected to inflow and
outflow burettes, each 120 cm high and 4.95 cm in inner
diameter. We used plexiglas for both the column and

Table 1. Fluid Properties

Properties Water PCE Unit

Density 1000 1623 (kg m�3)
Viscosity 1 � 10�3 0.9 � 10�3 (Pa s)

W10505 BOTTERO ET AL.: NONEQUILIBRIUM CAPILLARITY EFFECTS W10505

2 of 11



burettes. Viton o-rings were used at joints to avoid any
leakage. Two stainless-steel porous plates (mean pore size,
40 lm; thickness, 3 mm), one at the base and one at the top
of the column, kept the sand in place. A distribution plate
was placed under the bottom porous plate to guarantee uni-
form inflow of the invading fluid. This was ensured by
engraving in the plate circumferential and radial channels
(0.5–1.0 cm wide and 0.3–0.6 cm deep).

[7] In order to keep a desired constant nonwetting phase
pressure at the bottom of the column, a control-pressure
system was designed. It consisted of a pressure transducer
installed just below the distribution plate and a pressure
regulator (Proportion-Air, BB1, electro-pneumatic pressure
control valve) placed at the top of the inflow burette. The
pressure transducer monitored the pressure of the inflowing
fluid at the bottom of the column while the pressure regula-
tor regulated the pressure of the gas phase inside the inflow
burette. An algorithm was written to control both pressure
regulator and pressure transducer. In this way, any pressure
change at the bottom of the column was rapidly and auto-
matically compensated by pressure change in the gas phase,
restoring the bottom pressure to a preset value. The outflow
on top of the column was kept at constant atmospheric pres-
sure. This was achieved through a small opening (0.5 cm
diameter) that was connected to a balloon filled with Argon
gas. This prevented evaporation of water or volatilization
of PCE.

[8] The water and PCE pressures at various elevations in
the column were measured by means of selective pore pres-
sure transducers. Standard pressure transducers (Kulite
XTM190) were modified and were made either hydropho-
bic or hydrophilic by means of hydrophobic and hydro-
philic filters (Porex PE Sintered; pore size, 150 lm,
thickness, 5 mm) and membranes (Durapore PVDF/HVHP
and Durapore PVDF/HVLP; mean pore size, 0.45 lm,
thickness, 125 lm). A sensor case was designed to hold the
membrane, filter, and pressure transducer. During the

experiment, the membrane was in direct contact with the
sand while the filter served to support the membrane. An
important requirement for the proper functioning of the
selective pressure sensor was to avoid the presence of air.
This was ensured by putting filters, membranes, and sensor
cases in the corresponding fluids, i.e., water for the wetting
phase and silicon oil for the nonwetting phase, and de-
airing by applying a vacuum for 12 h. The assembling of
various parts of a selective pressure transducer was done
inside the corresponding fluids avoiding any contact of fil-
ters and membranes with air. A full description of the trans-
ducers and their preparation can be found in the work of
Oung and Bezuijen [2003] and Bottero [2009].

[9] Three pairs of selective pore pressure transducers
were installed at three different elevations z1 ¼ 7 cm,
z2 ¼ 12.5 cm, and z3 ¼ 18 cm (see Figure 1). Each pair
consisted of a wetting phase and a nonwetting phase
transducer inserted at the opposite sides of the column.
The face opening of the transducer in contact with soil
had a diameter of 7 mm. Moreover, it was flush with the
inner wall of the plexiglas column, so that the transducers
did not protrude into the soil. The transducers at elevation
zi were designated by Pwi and Pni for the wetting and
nonwetting phases, respectively. All pressure sensors
were connected to a 24-channel data logger (Hewlett
Packard 3497A).

[10] The local water saturation was measured inside the
sand column using three time domain reflectometry (TDR)
probes, placed at the same three elevations as the pore pres-
sure transducers. Each TDR probe had two prongs, posi-
tioned in a horizontal plane with 1 cm spacing. Thus, the
measurement window of a TDR had almost the same size
as a pressure transducer. TDRs were connected by 1-m long
coaxial cables of 50 � to a time domain reflectometry
measuring device, TDR100 (Campbell Scientific Inc.), via
coaxial multiplexer units SDMX50 (Campbell Scientific
Inc). An algorithm was written in MATLAB (http://

Figure 1. Experimental setup (not to scale).
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www.mathworks.com) to control the multiplexer and to ac-
quire the saturation as a function of time.

[11] Preliminary tests were performed to verify the time
response of nonwetting and wetting pressure transducers.
The pressure device was installed inside a test column filled
with water. The pressure in the inlet burette was increased
by the pressure regulator and only when a preset pressure
was reached at the bottom of the column, the valve
was opened allowing fluid flow upward. The transducers
responded to the pressure change within a time span of 0.3 s.
The response of the time domain reflectometry was tested
by submerging and then removing the TDR prongs in water.
These sensors responded to the water content change in less
than 0.5 s.

[12] The average (column-scale) fluid saturation over the
whole sand column was determined from the change of vol-
umes of fluids in inflow and outflow burettes. This volume
change was measured through changes in fluid pressures in
the burettes. For this purpose, four differential pressure trans-
ducers (PDCR-4160) were used (see Figure 1), two placed in
the inflow burette (dP1 and dP2) and two in the outflow
burette (dP3 and dP4). The differential pressures measured the
change of pressure head of the two immiscible fluids. As there
was no evaporation of water and/or volatilization of PCE, the
volume change of a fluid in the two burettes could only be
due to the change of its volume inside the sand column.

[13] Contrary to many two-phase flow column experi-
ments, no hydrophilic and/or hydrophobic membranes were
used at the column inlet/outlet in our setup. Such mem-
branes can affect the distribution of fluids in the sand col-
umn. Therefore, during drainage experiments, when the
PCE breakthrough occurred, a large volume of the wetting
phase was still present in the column. To reduce the volume
of the wetting phase in the sand column, the outflow of
both PCE and water was continued until steady state flow
of the nonwetting phase was reached. At steady state, there
was no flow of water, but, continuous flow of PCE at a con-
stant rate. Thus, a large volume of PCE had to flow through
the column. In order to reduce the volume of PCE that was
needed, a recirculation system was devised consisting of
the two burettes, a gear PCE pump, and an on/off switch
that controlled the PCE pump. A switch consisted of one
magnetic sensor, which was activated and deactivated
when coming into contact with an aluminum floater inside
the outflow burette (see Figure 1). The floater and the mag-
netic sensor were placed in the lower side of the outflow
burette to control the on/off switch of the PCE pump
throughout the drainage processes. During nonequilibrium
drainage experiments, the nonwetting fluid from the inflow
burette was injected into the bottom of the column to avoid
any instability due to gravity. After exceeding its entry
pressure, PCE flowed upward in the sand column, displac-
ing water. The outflowing water and later the outflowing
PCE were collected in the outflow burette. Due to its higher
density, the PCE sank to the bottom of the burette and was
pumped back into the inflowing burette for continuous
recirculation. In the inflow burette, a floater was placed on
the surface of water to prevent contact between water and
gas phases and therefore reduce the possibility of dissolu-
tion of air in water.

[14] All experiments were carried out in a constant-
temperature room at 20 6 0.5�C.

2.2. Sand Column Preparation
[15] The sand used in all experiments was a natural Dutch

sand called Zijenzand. It was first sieved to obtain a grain
size distribution with D15 ¼ 0.06 mm and D60 ¼ 0.09 mm.
It was then washed in order to flush away fine clay particles.
Finally, it was dried in an oven at 105�C for 24 h. The top
and bottom porous plates were cleaned in an alcohol bath
for 40 min to remove any impurity, and then in an ultrasonic
bath filled with water for another 40 min to remove fine par-
ticles which could clog the pore space. Demineralized, de-
aired water was used in all operations and experiments. The
bottom porous plate was mounted on the inflow distribution
plate together with the plexiglass column and sealed with
viton o-ring to avoid leakage. Pressure transducer, selective
pressure transducers and TDR’s were then mounted. The
column was subsequently filled with de-aired, demineral-
ized water. During this step, care was taken to avoid the
contact of selective pressure transducers with air. Therefore,
the water level inside the column was gradually increased
and only when it reached a specific elevation, the corre-
sponding transducer was mounted. The sand packing inside
the column was done continuously, pouring dry sand into
water and tapping the column at the same time. Before
pouring the next layer, the sand in the column was gently
mixed with a comb (attached to a long handle) to avoid
layering. Our results showed that this procedure produced a
reasonably homogeneous sand packing. The column was
repacked for each experiment.

[16] Calibration of the TDR was based on the refractive
mixing model for three phases (sand, water, and PCE)
[Schaap et al., 1997; Malicki et al., 1994]. Wetting phase
transducers were calibrated to measure hydrostatic pressure
before the start of the primary drainage, whereas, nonwet-
ting phase pressure transducers were calibrated to measure
oil static pressure at the end of the drainage experiment
after the flow was stopped. In preliminary tests, we estab-
lished that no pressure drift occurred in the time frame that
the experiments were performed.

3. Nonequilibrium Experiments
3.1. Procedure

[17] In this paper, only nonequilibrium experiments will
be shown and discussed. Equilibrium two-phase experi-
ments for the same fluids-porous media system are pre-
sented by Bottero et al. [2011], where both local- and
column-scale capillary pressure saturation curves are given.
A nonequilibrium primary drainage experiment was started
by applying large pressure to the inflowing PCE and keep-
ing it constant throughout the experiment. The column was
initially fully water-saturated and PCE was injected from
below. Experiments were carried out at four different injec-
tion pressures: 20, 30, 35, and 38 kPa. Local fluid pressures,
local water saturation, as well as the average saturation
were recorded every 3 s for 15 h.

3.2. Results and Discussions
[18] Plots of measured fluid pressures as a function of

time for the four different injection pressures are shown in
Figures 2a, 2d, 3a, and 3d. Only pressure values at early
times are shown here. This is because the nonequilibrium
effect plays a role mainly at the early time of the drainage
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process when a large change in saturation and pressure
occurred. A general trend can be noticed in all experiments.
We can distinguish four main stages:

[19] 1. As soon as the inflow valve (see Figure 1) was
opened, all pressure transducers registered a high value
depending on the injection pressure.

[20] 2. As the nonwetting phase flowed into the column
displacing the wetting phase, pressure of both fluids dropped
sharply until the front of the nonwetting phase arrived at a
given set of transducers.

[21] 3. As soon as the PCE front reached a pair of trans-
ducers, a rapid increase in the pressure of both fluids was
observed, with the pressure of the nonwetting phase always
higher than the pressure of the wetting phase. The front
reached the water and PCE sensors at the same time, indi-
cating a relatively homogeneous sand packing. This is an
important requirement, as the local phase pressure differ-
ence at a given elevation was determined by subtracting the
pressure of the nonwetting phase measured on one side of
the column from the wetting phase pressure measured on
the opposite side. It should be mentioned that no fingering
effects were observed as the denser fluid was injected from
below and flowed upward.

[22] 4. After a breakthrough of the nonwetting phase to the
outflow reservoir, the pressure slowly decreased approaching
steady state values.

[23] Figures 2b, 2e, 3b, and 3e show the change of water
saturation with time. The change in water saturation was as
expected: it decreased rapidly as the PCE front reached a
sensor and then leveled off as soon as it passed. It is evident
that the higher the injection pressure, the faster the satura-
tion change (reduction) was, and it also approached a lower
saturation plateau. It must be noted that after 3 h of injec-
tion, steady state was not reached; saturation was still
decreasing albeit very slowly.

[24] Plots of fluids pressure differences are shown in
Figures 2c, 2f, 3c, and 3f. Except for the 20 kPa experiment,
we see a nonmonotonous variation with time. There is an
initial sharp increase of the pressure difference to an over-
shoot and then it decreases to an asymptotic value. We note
that the magnitude of this overshoot increases with the
increasing of the injecting pressure. This overshoot was not
observed in the case of 20 kPa; apparently this injection
pressure was not high enough to cause such a nonequili-
brium effect. This fact (i.e., the absence of overshoot at
lower injection pressure) also implies that the overshoot is
not an artifact of the measurement system. In particular, it is
not because of a delay in the pressure sensor response. In all
experiments, both nonwetting and wetting sensors responded
immediately at the change of pressure because of the PCE
front advancing along the column. We did some preliminary
tests and established that as soon as the PCE front arrived at

Figure 2. Results of nonequilibrium experiments at three different elevations. Figures on left are at an
injection pressure of 20 kPa and right figures are at an injection pressure of 30 kPa. (a) and (d) Wetting
and nonwetting phase pressures versus time. (b) and (e) Local water saturation versus time. (c) and (f)
Local fluids pressure difference versus time.
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a pressure transducer, it responded immediately and the
reading corresponds properly to the expected pressure.

[25] Finally, for the four primary drainage experiments,
plots of local fluids pressure differences versus local water
saturation at elevation z1 (7 cm) are shown in Figure 4. In
the same figure, the local capillary pressure saturation curve
is plotted too. This curve was previously determined in equi-
librium experiments fully described by Bottero et al. [2011].
It is evident that the fluids pressure difference curves lie
higher than the capillary pressure saturation curve. This is in
agreement with the theory in equation (7). The differences
are larger for the larger injection pressures. For the case of
primary drainage performed at 20 kPa, the capillary pressure
increased monotonously with the decrease of water satura-
tion. A different behavior, however, is seen for experiments
performed at higher injection pressures; the fluids pressure
difference showed a nonmonotonic trend (an overshoot) at
all elevations (z1, z2, z3). Moreover, for higher injection
pressures, a larger overshoot is observed. A pressure differ-
ence overshoot was also found by Hassanizadeh et al.
[2004] in drainage experiments on a small sand column,
6 cm in diameter and 3 cm high. The fluid pressures (water-
PCE) were measured by transducers installed at the side of
the column. Such a nonmonotonic pressure difference
behavior is a very significant phenomenon because it cannot
be modeled with the standard capillary pressure formula

used in the current two-phase flow models. Indeed, Berent-
sen et al. [2006] simulated these drainage experiments and
found that the pressure difference overshoot was reproduci-
ble only through the inclusion of the nonequilibrium term in

Figure 3. Results of nonequilibrium experiments at three different elevations. Figures on left are at an
injection pressure of 35 kPa and right figures are at an injection pressure of 38 kPa. (a) and (d) Wetting
and nonwetting phase pressures versus time. (b) and (e) Local water saturation versus time. (c) and (f)
Local fluids pressure difference versus time.

Figure 4. Local fluids pressure difference-saturation
curves at injection pressures of 20, 30, 35, and 38 kPa, at
elevation z1. Pc – Sw is also shown.
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the governing equations, as suggested in equation (7). The
same conclusions were found in numerical simulations by
Bottero [2009].

[26] Camps-Roach et al. [2010] carried out a series of
nonequilibrium experiments in a water-air system in a homo-
geneous fine sand column (entry pressure Pd ¼ 4.6 kPa),
comparable with the length scale of our column (h ¼ 20 cm),
where phase pressures were locally measured by means of
tensiometers. They did not observe any nonmonotonic
behavior in the pressure difference. We find that this is
because the injection pressures, compared to the entry,
were not high enough to cause nonmonotonic behavior.
Their applied pressures were 13 and 21 kPa, therefore the
effective pressure gradients, (Papplied – Pd)/h, were smaller
or equal to the pressure gradients for the lowest injection
pressures in our experiments. We also did not observe non-
monotonic behavior at a pressure of 20 kPa.

[27] Sakaki et al. [2010] also performed nonequilibrium
drainage experiments in an air-water system. They applied
a boundary pressure of 12 kPa over a 10 cm sand column
(entry pressure Pd ¼ 3.6 kPa). Thus, the effective pressure
gradient was comparable with the effective pressures gradi-
ent applied in our experiment with an injection pressure of
20 kPa. They also found a dynamic effect (i.e., the pressure
difference was higher than the capillary pressure) but, they
did not observe any nonmonotonic behavior. This is in line
with our observations.

4. The Nonequilibrium Coefficient s at the Local
Scale

[28] Experimental data presented in Figures 2 and 3, and
plots of Pn – Pw versus Sw in Figure 4, are used to deter-
mine the values of the nonequilibrium coefficient � .
According to equation (7), � is the slope of the curve when
(Pn – Pw) – Pc is plotted versus @Sw=@t. For this calcula-
tion, we need to have capillary pressure, pressure differ-
ence, and the rate of change of saturation, all at a specific
saturation for a given elevation. For these calculations, first,
the local capillary pressure saturation data points at a given
elevation, measured previously by Bottero et al. [2011],
were fitted by the van Genuchten model [van Genuchten,
1980]. This model was preferred to a Brooks-Corey model
[Brooks and Corey, 1964] as it provided a better fit of the
data. Second, the pressure difference Pn – Pw at a specific
saturation was calculated by linear interpolation between
two data points. Next, from the Sw – t curves at the given
elevation, shown in Figures 2 and 3, values of @Sw=@t were
calculated using a central difference scheme. This could
not be calculated near low water saturations when the
change in saturation was lower than the resolution of TDR
system (0.5%). As expected, the largest rate of change
of saturation was found at higher injection pressures;
the absolute values were 4 � 10�2 [s�1], 2.7 � 10�2 [s�1],
2.2 � 10�2 [s�1] and 1.4 � 10�2 [s�1] at 38, 35, 30, and
20 kPa, respectively.

[29] For each injection pressure, at any given water satu-
ration, @Sw=@t and (Pn – Pw) – Pc were substituted in equa-
tion (7). The resulting � values are plotted versus water
saturation in Figure 5.

[30] An alternative procedure to calculate � was sug-
gested by Hassanizadeh et al. [2004], Manthey et al.

[2005], and Manthey [2006]. At a given saturation, values
of (Pn – Pw) – Pc and @Sw=@t are calculated for each injec-
tion pressure. Because we had four different injection pres-
sures, this procedure provides four data points at any given
saturation for each injection pressure. If we assume that
when @Sw=@t ¼ 0, then the fluids pressure difference should
be equal to the capillary pressure (i.e., [Pn – Pw] – Pc ¼ 0),
and we get a fifth data point. These five data points are fitted
by a regression line. The fitting was optimized by applying
a least squares Marquardt-Levenberg algorithm, with @Sw=
@t as the independent variable and (Pn – Pw) – Pc as the
dependent variable. The slope of the resulting regression
line is an estimate of � at the corresponding saturation. The
regression at any given saturation goes through the origin,
indicating that the linear relationship between (Pn – Pw) –
Pc and @Sw=@t, as in equation (7), is valid. The value of �
calculated following this procedure is plotted in Figure 5
together with the � values calculated from individual injec-
tion pressure. The two methods provided the same � values
within the measurements error, except for one point related
to 20 kPa.

[31] Except for the lower injection pressure of 20 kPa,
which yielded a larger value (2.5 � 105 Pa s), the value of �
does not vary much and one may conclude that it does not
depend on the injection pressure. This is in agreement with
the finding of Sakaki et al. [2010] and Camps-Roach et al.
[2010] from experiments carried out in an water-air system.
For injection pressures of 30, 35, and 38 kPa the damping
coefficient varies between 1.35 � 105 and 2 � 105 Pa s. Sim-
ilar values for � were found in a series of primary drainage
experiments with the same soil type by Hassanizadeh et al.
[2004], where the estimated values of � varied between 0.65
� 105 and 1.44 � 105 Pa s. Some lager values were found by
O’Carroll et al. [2005] who performed multistep outflow
(MSO) experiments involving the displacement of water by
PCE in an homogeneous sand column 9.62 cm high. In those
experiments, fluid pressures were measured in inflow and
outside reservoirs only. Column-scale average saturation was

Figure 5. The dynamic coefficient � versus local water
saturation for four different injection pressures. The � coef-
ficient calculated combining data from all four injection
pressures and regressing is also shown.
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determined from the measurement of accumulated outflow
volume as a function of time. Therefore, the coefficient �
could not be determined directly, but it was estimated by
inverse modeling fitting the measured outflow volume. They
estimated � to vary between 106 to 2 � 106 Pa s. These
should be seen as local-scale values because they were
assigned to grid cells of their modeling domain. These values
are about one order of magnitude larger that the values
obtained in our experiments. One reason could be related to
the difference in the sand type used. Stauffer [1978] sug-
gested that the dynamic coefficient � should be inversely pro-
portional to the intrinsic permeability. This was also shown
experimentally by Camps-Roach et al. [2010] who found a
larger dynamic coefficient for finer sand. However, the sand
used by O’Carroll et al. [2005] experiments was coarser (d50
¼ 0.26 mm) than the sand used in our experiment. Therefore,
the grain size difference cannot justify the discrepancy
between the magnitude of � values. The reason for this dis-
crepancy is not clear to us.

[32] Experimental studies [Bottero et al., 2006; Chen,
2006; Sakaki et al., 2010] and computational work [Man-
they et al., 2005; Das et al., 2007; Mirzaei and Das, 2007;
Gielen, 2007; Joekar-Niasar et al., 2010] reported in the
literature showed that the value of � is a function of satura-
tion. Joekar-Niasar and Hassanizadeh [2010] investigated
the effect of the viscosity ratio M ¼ �nw=�w, on the
dynamic coefficient-saturation relationship with a pore net-
work model. For high viscosity ratio, M ¼ 10, similar to the
viscosity ratio in our experiments, they found that � coeffi-
cient increases with the decrease of the wetting saturation.
In our experiments, as shown in Figure 5, there is no clear
dependency of the dynamic coefficient on the water satura-
tion. It must be noted that in our case the dynamic coeffi-
cient was not calculated over the entire range of saturation.

5. The Average Nonequilibrium Fluids Pressure
Difference

[33] In this section, measured local fluid pressures and
saturations are used to calculate average phase pressures
and saturations over average windows of 11 and 18 cm. A
similar approach was adopted by Bottero et al. [2011] to
determine an upscaled capillary pressure saturation curve.

[34] The traditional way of averaging pressure is the
intrinsic phase average, where basically the pressure of the
phase is weighed by its saturation. Nordbotten et al. [2008]
showed that this operator may not be the correct manner of
averaging pressure as it leads to a nonphysical extra term in
Darcy’s law. They introduced another averaging operator,
the centroid-corrected phase average ½P��, which in one-
dimensional form may be written as

½P�� ¼ < P� > þ
1

@

@z
< z� >

�z� < z� >ð Þ @
@z
< P� >; ð8Þ

where < P� > is the intrinsic phase-average pressure, and
�z is the centroid of the averaging volume to which ½P�� is
assigned, and it is defined as

�z ¼ 1
2

H ; ð9Þ

where H is the length of the averaging domain. In equation
(8), < z� > denotes the centroid of the domain occupied by
phase �, defined as

< z� > ¼

PN
i¼1

Si
�zi

PN
i¼1

Si
�

; ð10Þ

where zi is the position of the local measurement point i. Ba-
sically, this averaging operator corrects the intrinsic-phase
average pressure < P� > for the distance between the cent-
roid of the averaging volume, �z, and the centroid of the
phase, < z� >. It must be noted that this is a first-order cor-
rection, and, as will be discussed later, it is not necessarily
valid at high saturations. The derivatives of the intrinsic-
phase average pressure and the �- phase centroid < z� >,
needed in equation (8), can be calculated for a vertical col-
umn with upward flow as follows [Korteland et al., 2009]:

@

@z
< P� >

¼ 1
< S� > H

� < P� > Stop
� � Sbot

�

� 	
þ Stop

� Ptop
� � Sbot

� Pbot
�

� 	
 �
;

ð11Þ

@

@z
< z� >

¼ 1
< S� > H

� < z� > Stop
� � Sbot

�

� 	
þ Stop

� ztop � Sbot
� zbot

� 	
 �
;

ð12Þ

where the subscripts top and bot refer to the values of the
variable at the top and bottom boundaries of the averaging
domain.

[35] The average saturation is determined simply as the
arithmetic average of local saturations:

< S� > ¼

PN
i¼1

Si
�

N
: ð13Þ

[36] We performed the averaging over two scales. The
smaller averaging window was between z1 ¼ 7 cm and
z3 ¼ 18 cm. For this window, the observation points are
located at elevations z1, z2, and z3. For the larger domain
(18 cm) an extra observation point was considered to be at
the bottom of the column, at z0. The nonwetting phase pres-
sure at elevation z0 was assumed to be the same as the
injection pressure Pn0 ¼ Pbot. The injection pressures
employed in our experiments were high enough to displace
water from the bottom of the column. So, we assumed that
the water saturation at z0 reached residual saturation al-
ready from the very beginning. Another assumption was
that the residual saturation and the corresponding Pn – Pw

at elevation z0 were the same as the values for other eleva-
tions at the end of each nonequilibrium experiment, which
can be read in Figures 2c, 2f, 3c, and 3f. In this way, the
local water pressure Pw0 was determined. Moreover, when
the nonwetting phase was not yet present at a given obser-
vation point, its pressure was assumed to be the same as
that of the wetting phase.
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[37] Results from the averaging procedure are shown in
Figures 6a–6d. In these figures, the fluids pressure differen-
ces for both average windows of 11 and 18 cm are plotted
versus the average water saturation. Also, the average cap-
illary pressure obtained by centroid-corrected operator
from equilibrium experiments [Bottero, 2009; Bottero
et al., 2011] is plotted versus the average water saturation
(solid circles). The curve that goes through data points is
obtained by fitting the van Genuchten formula to these data
points ðn ¼ 8713; � ¼ 2:079� 104;R2 ¼ 099Þ. We have
also plotted the local fluids pressure difference curve at ele-
vation z1 for reference (open circles).

[38] It is clear that the average curves of fluids pressure
difference lie higher than the average capillary pressure
curve. This means that we have a nonequilibrium capillarity
effect at the column scale too. Moreover, the average curves
show a nonmonotonic behavior, which is typical of nonequi-
librium effects. For the average window of 11 cm, the aver-
age pressure differences are close to the local ones. It should
be noted that larger pressure differences would have been
obtained if we had used the intrinsic volume phase average
operator. During primary drainage, this operator weights
high nonwetting pressure values with high nonwetting satu-
ration, whereas high values of the wetting phase pressure are
weighted by low saturation. This results in an artificially
high value of the pressure difference. As discussed by Korte-
land et al. [2009], Bottero [2009], and Bottero et al. [2011]
it seems that the use of this operator results in a pseudo non-
equilibrium effect even under an equilibrium condition.

[39] It should be noted that the centroid-corrected pres-
sure difference curves fall below the local-scale curve at

high saturations; �0.8 for the 20 kPa case and 0.9 for the
30 kPa case. This is perhaps an indicator of the approxi-
mate nature of the centroid-corrected average operator at
high saturations [Korteland et al., 2009].

6. Upscaled Damping Coefficient
[40] An open question is whether the value of coefficient

� should vary with the length scale. In section 4, the proce-
dure for calculating the nonequilibrium capillarity coeffi-
cient based on the local-scale phase pressures and saturation
was presented. The same method was used to estimate the
dynamic coefficient at the average window sizes of 11
and 18 cm. For this purpose, curves of average fluids pres-
sure difference and average capillary pressure shown in
Figures 6a–6d are used to calculate values of (Pn) – (Pw) –
(Pc), at various average saturations.

[41] From local saturations shown in Figures 2 and 3, av-
erage saturation < Sw > for the four different drainage
experiments (with different injection pressures) were calcu-
lated. Then, a centered-difference scheme was used to
obtain the average rate of change of saturation. For each
injection pressure, at a given saturation, the average values
were substituted in equation (7). The resulting average
coefficient is denoted by ½� �.

[42] The average nonequilibrium coefficient for each
injection pressure, for both averaging windows, are plotted
in Figure 7 versus water saturation, where error-bars are also
shown. The larger errors at the averaged scale compared
to points values, are because of error propagation in the
calculation of average pressures and saturations. It is still

Figure 6. Average fluid pressure differences plotted versus average wetting phase saturation at the
length scales of (dotted-dashed lines) 11 cm and (dashed line) 18 cm for four different injection pres-
sures: (a) 20 kPa, (b) 30 kPa, (c) 35 kPa, and (d) 38 kPa. (Open circles) The corresponding local data
points at elevation z1. (Solid circles) The average capillary pressure saturation data points, and (solid
line) the van Genuchten curve fitted to the average Pc – Sw points are also shown.
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clear that the value of average nonequilibrium coefficient
increases with the increase of the length scale. At the aver-
age window of 11 cm, ½� � was found to vary between 0.5 �
106 and 2 � 106 Pa s which are one order of magnitude
larger than the local � values (sensor scale of 0.7 cm). Even
larger values were found for the length scale of 18 cm,
where minimum and maximum were 1.4 � 106 and 2.3 �
106 Pa s, respectively. However, it must be noted that �
value does not scale with the square of length, such a de-
pendence was suggested by Dahle et al. [2005] based on
results of a bundle of tubes model.

[43] As shown in Figure 6, the magnitudes of the pres-
sure difference at the local scale (0.7 cm) and 11-cm scale
are close to each other. Therefore, the scale dependency of
the dynamic coefficient is mainly because of the rate of
change of saturation, whose magnitude decreases with the
increase of the length scale. For example, at an injection
pressure of 35 kPa at Sw ¼ 0.70, the rate of change of satu-
ration was found to be j4 � 10�2j[s1] at local scale and
j4 � 10�3j[s�1] at the scale length of 11 cm.

[44] Dependency of the nonequilibrium coefficient on the
length scale has been reported in numerical studies by Man-
they et al. [2005] and in a pore scale modeling by Dahle
et al. [2005]. Manthey et al. [2005] simulated the displace-
ment of water by PCE in a homogeneous coarse sand and
considered four domain sizes varying from 0.03 to 1 m. The
pressure gradient across the domain was kept the same in all
simulations. They found the average � value to be larger for
larger domains, scaling with the square of domain size. Sim-
ilar results were found by Dahle et al. [2005]. Such scale-
dependence is not uncommon in the physics of porous
media. For example, dispersivity is also known to increase
with the length scale of observation [Bear, 1972].

[45] However, such a scale-dependence was not found by
Camps-Roach et al. [2010] from experiments preformed in
a homogeneous porous media for a water-air system. The
local pressures and saturations at the sensor scale of 1 cm
were averaged over two different domain sizes, namely 6
and 9 cm. Even though they used the intrinsic phase-average

operator to obtain average pressures, they found no differ-
ence in the magnitude of the pressure differences between
local and average scale. Moreover, they found that the mag-
nitude of the desaturation rate at local scale (sensor scale
1cm) was the same as the values for larger domain sizes.
Therefore, the magnitude of � did not vary with the average
window. For the fine sand they found � values ranging
between 105 and 106 Pa s at both local and average scales.

[46] O’Carroll et al. [2005] also calculated the value of
< � > representative for their whole domain (9.62 cm).
The average fluids pressure difference was assumed to be
calculated by subtracting the water pressure measured at
the top reservoir from the nonwetting phase pressure
imposed at the bottom of the column. The rate of change of
saturation was calculated on the basis of the average water
saturation at the end of the outflow step at an effective satu-
ration of 0.50. They found a dynamic coefficient of
� ¼ 2:8� 107 Pa s, which is comparable with their local
value of � ¼ 1:63� 107 Pa s. Obviously, there is no con-
sensus on the scale-dependence of � coefficient and more
investigations are needed.

7. Summary and Conclusions
[47] A series of primary drainage experiments were car-

ried out in order to investigate the nonequilibrium capillary
effect in two-phase flow through porous media. Our experi-
mental results showed that throughout the nonequilibrium
process, the fluids pressure difference-saturation curves lay
higher than the capillary pressure saturation curve. More-
over, the nonequilibrium pressure difference showed a non-
monotonic behavior, i.e., an overshoot, which was more
pronounced at higher injection pressures.

[48] Based on measured local pressures and saturations,
average fluid pressures and saturations were calculated for
the length scales of 11 and 18 cm. The centroid-corrected
average operator was used to determine average phase
pressures. It was found that the average nonequilibrium
pressure difference, based on the centroid-corrected aver-
aging operator, lay above the average capillary pressure,
and it showed a nonmonotonic behavior.

[49] We used the measured data to calculate local-scale
values of the damping coefficient � . We did not find a clear
dependency of this coefficient on saturation, for the satura-
tion range of 0.5 to 0.85. Its values at the local scale
(0.7 cm) were found to vary between 1.3 � 105 and 2 �
105 Pa s. Also, no dependence of the dynamic coefficient
on the injection boundary pressure was found. Thus, our
results show that in the saturation range 0.50 > Sw > 0.85,
there is a linear relationship between Pn – Pw – Pc and the
rate of change of saturation.

[50] The average values of the dynamic coefficient were
calculated for two different averaging domain sizes. The
nonequilibrium capillarity coefficient was found to vary
between 0.5 � 106 and 1.2 � 106 Pa s at the length scale of
11 cm. Larger values were found at the length scale of
18 cm: 1.5 � 106 – 2.5 � 106 Pa s. This suggests that the
dynamic coefficient is scale dependent.

[51] Acknowledgments. This research was supported by Utrecht Cen-
ter of Geoscience (UCG). The authors would like to thank Tohren Kibbey
and Denis O’Carroll for their comprehensive and constructive review of
the manuscript, their comments helped to improve the manuscript.

Figure 7. Average dynamic coefficients ½� � at the length
scales of 11 and 18 cm for different injection pressures.
The local nonequilibrium coefficient � at the scale of
0.7 cm is also reported for reference. The vertical axis is in
logarithmic scale.
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