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[1] Surface tensions of high-salinity solutions are significantly different from those
of pure water. Our objective was to develop and test a methodology to determine whether
these surface tension effects predictably alter imbibition into dry and moist porous media.
Static and dynamic experiments were performed using four grades of quartz sand to
determine the effects of solution salinity on imbibition. Results were quantified as
apparent contact angles between the sand and three solutions (pure water, 5 molal NaNO3,
and n-hexane). Contact angles determined using a static method in initially air dried sand
ranged from 23� to 31�, with the same values found for both water and the NaNO3

solution. Effective contact angles determined for the air-dried sand using a dynamic
method based on a modified version of the Green and Ampt model were about twice those
found using the static method, averaging 45� and 62� for water and the NaNO3 solution,
respectively. In prewetted sands, the dynamic imbibition data yielded apparent contact
angles of 2� and 21� for water and the NaNO3 solution, respectively, with the latter value
comparing well to a predicted value of 25� for the NaNO3 solution solely on the basis
of surface tension contrast. The results of this study indicate that on the Darcy scale, saline
solutions appear to follow the relationship of nonzero contact angles with other miscible
fluids of different surface tensions used to prewet the sand grains, in agreement with
the macroscale infiltration results of Weisbrod et al. (2004).
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1. Introduction

[2] Interfacial free energies (surface tensions) control
the spontaneous imbibition of liquids into porous media
[Blake, 1993]. Surface wetting has been reported to be a
time-dependent process that is inhibited by physical and
chemical surface irregularities [Meyers, 1991]. Viewed under
a microscope [e.g., Selker and Schroth, 1998], the wetting
front advances as a heterogeneous ensemble, with some
areas wetting aggressively (0� contact angle), and others
exhibiting hydrophobic behavior (>90� contact angle). We
will refer to these locally observable contact angles as micro-
scale contact angles (MCAs). Because of the wide industrial
and natural occurrence, significant amount of work was done
at the microscale to explore the infiltration of liquid droplets
into porous media [e.g., Clarke et al., 2002; Daniel and
Berg., 2006; Denesuk et al., 1993; Holman et al., 2002;
Hilpert and Ben-David, 2009; Zadrazil et al., 2006]. On the
Darcy scale (defined here as a representative elementary
volume containing thousands of grains), the net result of

these complex processes can be represented by a single
effective contact angle, which we will refer to as a Darcy-
scale contact angle (DCA).
[3] The MCA may be geometrically defined as the angle

formed by the intersection of two planes tangent to the
liquid and solid surfaces at the point of contact between the
two phases and a third, surrounding phase (typically gas).
The point of contact among the three phases is commonly
referred to as the three-phase contact point (Figure 1) or the
wetting point [Meyers, 1991]. A liquid with a contact angle
of less than 90� (such as pure water on clean glass) will
cause spontaneous wetting or infiltration of a liquid into a
porous medium such as sand.
[4] Although the idealized conceptual model depicted in

Figure 1 is useful for visualization, real porous media are
much more complex. Nevertheless, this conceptual model
provides a conceptual framework for computing DCAs. Such
computed DCAs represent larger-scale manifestations of
physical-chemical processes occurring on much smaller
scales that are not accessible to direct observation and
measurement in real porous media.
[5] Obtaining the relationship between the contact angle,

surface tension, and resulting capillary pressure for an
idealized contact such as that depicted in Figure 1 is straight-
forward. Balancing forces in the horizontal direction at the
contact point yields

X
F ¼ 0 ¼ Fsl � Fsg þ Flg cos g ð1Þ
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where Fsg is the solid-gas surface force per unit length, Fsl

is the solid-liquid surface force, Flg is the liquid-gas surface
force, and g is the contact angle. When expressed on a per-
unit-length basis, equation (1) may be written in terms of the
relative surface tensions in the form of Young’s equation:

ssg ¼ ssl þ slg cos g ð2Þ

where ssg is the solid-gas interfacial tension, ssl is the solid-
liquid interfacial tension and slg is the liquid-gas interfacial
tension. Rearranging equation (2) to solve for the contact
angle yields

g ¼ cos�1
ssg � ssl

slg

� �
ð3Þ

[6] The well-known Young-Laplace equation relates the
effective pore radius, r, of the porous media to the contact
angle and capillary pressure, Pc,

Pc ¼
2slg cos g

r
ð4Þ

Throughout our analysis and experiments we assume that
the nonwetting phase (air) is in free communication with the
atmosphere and pressures are represented as gauge values in
units of head.
[7] Wetting is a dynamic, rate-dependent process. Recog-

nizing these temporal effects, Meyers [1991] refers to the
contact angle of a moving wetting front as a dynamic contact
angle. A static method is one in which the processes involved
with imbibition are deemed to have stabilized or come to
equilibrium, before the contact angle is calculated. However,
in many practical applications, the wetting phenomena of
interest involve moving wetting fronts [Meyers, 1991;
Siebold et al., 2000]. Weisbrod et al. [2002] postulated that
a nonzero dynamic contact angle may have given rise to the

fingering behavior observed in their experiments during
imbibition of saline solutions into water-wetted sands.
[8] Our objective was to develop and test a methodology

that could determine whether these surface tension effects
predictably alter imbibition into dry and moist porous media
in a Darcy-scale. We sought to determine if nonzero
apparent DCAs develop when saline solutions imbibe into
initially water-wetted silica sand, as suggested by Weisbrod
et al. [2004]. To achieve this objective, it was necessary to
develop a novel analytical method of interpreting dynamic
imbibition data.

2. Materials and Methods

2.1. Experimental Setup

[9] Two capillary rise methods, static and dynamic, were
used. The basic experimental system consisted of 20-cm
long, 4.5-cm inside diameter (4.76-cm outside diameter)
acrylic tubes packedwith sand. For the dynamic experiments,
the lower end of these columns was covered with a double
layer of cheesecloth, while for the static experiments, a
0.0254-mm (500-mesh) stainless steel screen was used.
The cheesecloth allowed for more rapid initial imbibition,
but columns fitted with the stainless steel screen were more
stable over longer experimental periods (Figure 2). The
porous media used in the experiments were commercial silica
sands (Accusand1, Unimin, Le Sueur, MN) of 40/50, 30/40,
20/30 and 12/20 grades [Schroth et al., 1996]. Prior to use,
the sand was rinsed 8–10 times with distilled water, until no
turbidity was observed in the supernatant. The rinsed sand
was then oven dried at 50�C for 48 h.
[10] The three infiltrating solutions employed were

(solution A) 5 molal NaNO3 solution; (solution B) distilled,
deionizedwater (NANOpure 04751, Barnstead International,
Dubuque, Iowa); and (solution C) n-hexane. Solution Awas
selected to simulate the >5 M Na concentration in the waste
solutions leaked from Hanford Tanks [Grand Junction
Projects Office, 1996] employed by Weisbrod et al. [2002,
2003, and 2004] (Table 1).

2.2. Experimental Procedure

[11] The columns were dry packed by continuous pouring
into a fill tube which contained a series of screens to ran-
domize the trajectory of the falling sand grains. Next, the
packed columns were weighed. The packing method resulted
in very homogeneous packs with porosities of 0.33 ± 0.02. In
all of the experiments, the columns were vertically oriented.
The temperature in the laboratory was kept at 22 ± 3�C
throughout the duration of the experiments.
[12] In the static experiments, a sand-filled column was

attached to a ring stand on a balance. The liquid of interest
was poured into a beaker, placed on a small scissor jack, and
slowly raised until the surface of the liquid just touched the
bottom surface of the sand column. Plastic wrap was used to
cover the mouth of the beaker and to seal the air space
between the top of the beaker and the column to minimize
evaporation. The tops of the columns were also covered
with small cardboard covers to minimize evaporation, while
allowing air to freely escape the columns during imbibition.
The height of capillary rise was measured with a ruler every
2 h after the test was started. Final rise was determined when
the wetting front had been stable for 6 h (typically after 24 h).

Figure 1. Three-phase line of contact between forces.
Here Fsg is the solid-gas surface force per unit length, Flg is
the liquid-gas surface force, Fsl is the solid-liquid surface
force, ssg is the relative surface tension between the solid
and the gas, slg is the relative surface tension between the
liquid and the gas, and ssl is the relative surface tension
between the solid and the liquid. The g term denotes the
contact angle.
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Because the media used are essentially monodisperse, the
position of the wetting front was fairly easily delineated.
However, the apparent height of the rise was calculated from
the volume and porosity of the sand-packed columns and the
mass of imbibed solution, after correction for the mass
contained in the retaining screen or cheesecloth, assuming
fully liquid-saturated conditions behind the wetting front.
Although a wetting front position could be clearly seen in
most cases, if we measured the height of capillary rise
using a ruler on the side of the column, and then used
equation (6) with the measured masses and densities of
imbibed liquids to calculate apparent liquid contents, we
would not necessarily obtain values that were equivalent to
the independently determined values of porosity. This was
presumably due to inexact measurement of the height of
capillary rise itself (e.g., from a somewhat diffuse rather than
a sharp wetting front), and/or to entrapped air. It is well
known that the porosity in the immediate vicinity of the wall
of a sand-packed column or flow cell is greater than it is
elsewhere, and can result in somewhat lower capillary rise
and lower liquid saturations immediately adjacent to the
walls relative to other areas during an imbibition experiment.
Hence what seems like a simple direct observation may not
result in an accurate measurement of the effective value of
the parameter of interest. Since we were able to measure
all of the other variables in equation (6) independently, and
we could only use the apparent height in the dynamic tests,
we chose to calculate the apparent height of capillary rise
from the other measurements. Thirty-six experiments (three
repetitions for each of three solutions and four sand grades)
were performed.
[13] In the dynamic method, a pan (20 � 15 cm Pyrex1

baking dish) of liquid on a scissor jack was raised until it
just touched the bottom of the sand column. An electronic
balance (5 kg Setra1) measured the mass of liquid imbibed
into the columns and was automatically recorded every 3 s
during imbibition. After quasi-static conditions had been
reached, the pan was lowered until the meniscus broke and
the experiment was terminated.
[14] The columns for testing the prewetted sand were

prepared in the same way as for the dry sand experiments.
The three columns were placed upright on top of a stainless

steel mesh grating in a large bucket. The bucket was slowly
filled with NANOpure1 water to within 3.0 cm of the top
of the columns. The columns were allowed to sit for 2 h to
ensure complete saturation. Then they were removed from
the water bath, allowed to drain freely overnight, and
reweighed. The drained columns were then placed in a
40-cm-tall pressure extractor (model 1400 Soil Moisture
Equipment, Inc., Santa Barbara, California) fitted with a
1 bar porous ceramic plate, and held at 0.2 bar for 12 h to
drain the columns to residual water content.

2.3. Data Analysis

2.3.1. Static Tests
[15] The water pressure and gravitational potential acting

on a porous medium are assumed to be in equilibrium when
conditions are static. This state is represented by

hs ¼
2slg cos g

rlgr
ð5Þ

where rl is the liquid density, g the gravitational accelera-
tion, hs the height of rise of the liquid, and the subscript s is
used here to denote a static condition. For the static method, a
sharp wetting front and constant liquid content in the wetted
volume were assumed. The capillary rise was calculated as

hs ¼
ml

qprlR2
c

ð6Þ

where Rc is the radius of the column, and q is the volumetric
liquid content (m3 m�3) of the wetted media (bounded by the

Table 1. Solution Propertiesa

Solution
Density
(g/cm3)

Viscosity
(cP)

Surface Tension
(mN/m)

n-hexane 0.659 0.314 18.4
5 molal NaNO3 1.247 1.314 80.5
Pure water 0.992 1.001 72.8

aFrom Weisbrod et al. [2002].

Figure 2. Schematics of the (a) static and (b) dynamic experimental setups.
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porosity, n) and where ml and rl are the mass and density,
respectively, of the imbibed liquid.
[16] To estimate r in equation (5), we used the low surface

tension (slg = 18.4 mN/m) n-hexane for which a contact
angle (MCA) of 0� may be reasonably assumed [Bachmann
et al., 2003]. The value of r obtained for each grade of sand
using n-hexane was assumed to be a constant characteristic
of the porous medium. These values of r were used with
equation (5) to compute DCA for imbibition with other
less wetting liquids.
2.3.2. Dynamic Tests
[17] It has been widely observed that dynamic and static

DCAs may not be equal, and thus we developed a method
to estimate the DCA for a dynamic wetting process. A one-
dimensional implementation of the analytical infiltration
model developed by Green and Ampt [1911] provides a
useful framework for the characterization of imbibition
driven by capillary wetting in dynamic experiments [Selker
et al., 1999]. A basic assumption of the Green and Ampt
model is that the wetting front is ‘‘sharp,’’ which is consistent
with the early character of upward imbibition in sandy soils,
when h � 2s/rg. A Green and Ampt–type model for ver-
tical upward imbibition may be written as [e.g., Malik et al.,
1984; McBride et al., 1992]

dhd

dt
¼ KS

n

hf � hd

h

� �
ð7Þ

where hd is the capillary rise (with subscript d used to denote
a dynamic condition), t is elapsed time, Ks is the saturated
hydraulic conductivity, hf is the pressure potential at the
wetting front interface. Rearranging equation (7), substitut-
ing KFS for Ks and qFS for n, and solving for t yields

t ¼ qFS
KFS

�hd � hf ln
hf � hd

hf

� �� �� �
þ t0 ð8Þ

where t0 is the constant of integration representing the
apparent initial time of imbibition. Note that the terms Ks and
n in equation (7) have been replaced with KFS and qFS in

equation (8) to indicate that the effective hydraulic con-
ductivity and water content at the wetting front may not
actually be the true saturated values because of nonuniform
wetting and air entrapment during the imbibition process.
The apparent or adjusted value of t in equation (8) was
initially calculated by optimizing three parameters, t0, KFS,
and hf, using the solver add-in in Microsoft Excel. The
parameter t0 accounts for the very slight time lag during
surface wetting that is observed after the imbibing solutions
are initially brought into contact with the mesh at the bottom
of the columns, but before actual imbibition into the sand
occurs. The value t0 also accounts for any delay between the
time the data-logging program was started and the time the
pan of liquid first touched the column, as well as any delay in
reporting changes in mass due to stabilization of the
electronics of the scale. The height of capillary rise, hd, was
calculated from the mass data using equation (6) (with hd
used in place of hs).
[18] The fitted values of KFS were always significantly

smaller than the measured values of Ks obtained from
saturated column experiments using a constant-head method
[e.g., Schroth et al., 1996]. This suggests, as has been
widely reported, that behind the wetting front, the porous
media was less than fully saturated. Therefore, after the
initial parameter estimates were obtained, a secondary
iteration process was used to update the values of qFS and
corresponding values of KFS used in equation (8) on the
basis of Brooks and Corey’s [1964] water retention charac-
teristics and Burdine’s [1953] relative permeability model

KFS ¼ KS

qFS � q0
n� q0

� �h

for h < hf ð9Þ

where [h =
2

l
+ 3], and l is a pore interaction term,

estimated from independent estimates of the water retention
characteristics (primary drainage) of the porous media.
Since we only seek a relationship between water content
and hydraulic conductivity, the value of l obtained in an
independent drainage experiment is valid for the relation-
ship between qFS and KFS, regardless of whether this water

Table 3. KS Determined Using the Falling Head Method Versus

Fitted KFS Determined by the Dynamic Methoda

Sand Solution
KS Measuredb

(cm/s)
KFS Fitted

c

(cm/s) Ratio

40/50 n-hexane 0.065 0.028 2.40
pure water 0.065 0.044 1.49
NaNO3 0.065 0.032 2.02

30/40 n-hexane 0.116 0.032 3.63
pure water 0.116 0.072 1.62
NaNO3 0.116 0.050 2.35

20/30 n-hexane 0.230 0.030 7.78
pure water 0.230 0.108 2.12
NaNO3 0.230 0.078 2.95

12/20 n-hexane 0.480 0.024 20.65
pure water 0.480 0.103 4.64
NaNO3 0.480 0.122 3.95

aEach value is the mean of three repetitions.
bAs measured using the falling head method [Klute and Dirksen, 1986].
cAs fitted using the Green and Ampt model. Mean of three repetitions

with acceptable standard deviation range of 0.002–0.039.

Table 2. Fitted Values of KFS, and qFS and Other Fixed Hydraulic

Parameters

40/50 30/40 20/30 12/20

KFS
a (cm/s) 0.043 0.071 0.107 0.102

KS
b (cm/s) 0.065 0.115 0.228 0.476

lc 6.17 6.91 5.57 3.94
hd 3.324 3.289 3.359 3.508

qS
e (cm3/cm3) 0.337 0.328 0.330 0.324

q0
c (cm3/cm3) 0.020 0.018 0.016 0.012

qfs
f (cm3/cm3) 0.300 0.286 0.267 0.211

aAs fitted by the modified Green and Ampt solution.
bAs measured using the falling head method.
cAs reported by Schroth et al. [1996].
dAs calculated from Brooks and Corey [1964] model.
eAverage value based on the porosity of three packed columns per each

of the four sand grades as prepared for the experiments.
fDegree of saturation qfs for KFS fitted by the modified Green and Ampt

solution.
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content was achieved via wetting or draining. Equation (9)
may be expressed in terms of q as

qFS ¼ n� q0ð Þ K qFSð Þ
KS

� �1
h

" #
þ q0 ð10Þ

where K(qFS) ( = KFS) represents the hydraulic conductivity
at a given water content q, q0 is the residual or non-
reducible water content of the soil, n is the saturated water
content (or porosity). Porosity was calculated from the mass
and volume of the sand-packed columns (Table 2). Residual
water content q0 and pore interaction parameter l from
Schroth et al. [1996] were used to represent the prewetted
sands, while residual water contents were taken to be zero

Figure 3. Imbibition of (a) n-hexane, (b) pure water, and
(c) salt (5 molal NaNO3) solution into air-dry 40/50 grade
sand. Measured falling head KS values are used in the Green
and Ampt model, requiring the model to optimize only hf
and t0.

Figure 4. Imbibition of (a) n-hexane, (b) pure water, and
(c) salt (5 molal NaNO3) solution into air-dry 20/30 grade
sand. Measured falling head KS values are used in the
Green and Ampt model, requiring the model to optimize
only hf and t0.
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for the initially dry sands. In the revised (secondary)
optimization procedure, t0, qFS, and hf in equation (8) were
optimized and KFS was simply updated in the process
according to equation (9).

3. Results and Discussion

3.1. Hydraulic Conductivity

[19] The values of KFS calculated from the optimized
values of qFS to fit the Green and Ampt imbibition model
were 1.5 to 20.7 times lower than the KS values determined
independently [Klute and Dirksen, 1986; Wilson et al.,
2000] (Table 3), with the greatest discrepancies observed
in the coarsest materials and for the imbibition of n-hexane.
The coarse sand results were expected, since wetting with
upward imbibition leaves the largest pores filled with air,

resulting in lower hydraulic conductivity than would be
obtained for fully liquid saturated conditions [Klute and
Dirksen, 1986]. In the case of n-hexane, a smaller contact
angle gives rise to greater film flow and, therefore, to lower
liquid saturation, as was noted for water imbibition into
water-wet sand.
[20] The KS values found in the falling head experiments

would be expected to be applicable if the media were fully
saturated behind the wetting front, leaving only the param-
eters hf and t0 to be optimized (Figures 3a–3c and 4a–4c).
However, poor fit was obtained using measured KS values
versus using KFS values that were determined from opti-
mized values of qFS using equation (10). This result sup-
ports the conclusion that the actual hydraulic conductivity at
the wetting front during imbibition is indeed lower than the
fully saturated hydraulic conductivity of the sands. The fit

Figure 5. A comparison between predicted and measured imbibition of (a) n-hexane, (b) pure water,
and (c) 5 molal NaNO3 solution into air-dried 40/50 grade sand.
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between the model and the adjusted data, as illustrated for
the 40/50 grade sand, was excellent (R2 > 0.996) when qFS
was fitted and KFS was updated according to equation (9),
and far superior to the results obtained using measured
values ofKs and n (Figures 5 and 6). The differences between
KS and KFS were more significant for the two coarser sand
grades (Table 3). The computed liquid content behind the
wetting front qFS was between 0.211 and 0.300 for the four
grades of Accusand1, whereas the measured porosities
ranged from 0.324 to 0.337 (Table 2).

3.2. Static Method Versus Dynamic Method

[21] For the dynamic method, DCAs were calculated from
the fitted values of hd obtained from equation (8), and using
equation (5) with hd substituted for hs. Our experimental
results (Tables 4–7) suggest that dynamic DCAs can deviate
significantly from their static values, which is consistent with

observations in previous studies [e.g., Blake, 1993; Siebold
et al., 2000]. Computed DCAs were in accordance with
expectations for definitions of static and dynamic DCAs,
with the static values being about half those of the dynamic
ones (Tables 4 and 5). The similarity between the DCAs for
pure water and saline solution in dry sand (particularly in the
static method results), despite their different surface tensions,
is notable. A smaller effective pore radius (i.e., lower
capillarity or greater contact angle) was computed using the
dynamic method, relative to the static method, for all sand
grades, even though the computed values of r for the two
methods were very similar.

3.3. Dry Sand Versus Prewetted Sand

[22] Since it is rare to find soils that are completely dry
(except near ground surface in arid environments), the air-
dried sand results are of limited applicability. Therefore,

Figure 6. A comparison between predicted and measured imbibition of (a) n-hexane, (b) pure water,
and (c) 5 molal NaNO3 solution into prewetted 40/50 grade sand.
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comparing DCAs developed in air-dried sand to those in
prewetted sand is also of interest. The dynamic model was
able to fit the data for both dry sand and prewetted sand
quite well with plots of predicted versus measured time
having 0.99 < slope < 1.01 and r2 > 0.985 (Figures 5 and 6).
The DCAs obtained from the static method were essentially
identical for pure and saline solutions, near 45� (Table 6),
while the dynamic method showed much lower and differ-
ing DCAs for the two solutions (Table 7).
[23] Weisbrod et al. [2002] studied finger flow in air-

dried versus prewetted Accusand1 with both pure water
and 5 molal NaNO3. In those experiments, involving a
dynamic wetting process, the two solutions migrated simi-
larly in the air-dried sand while significant differences were
observed in the prewetted sand. The degree of saturation at

the tip of the fingers never exceeded 27% in the prewetted
sand, while it was about 80 to 90%when the same infiltration
conditions were used in air-dried sand. Limited work has
been published on fingered flow in wetted media, and the
effect of initial water content on finger development is not yet
fully understood [de Rooij, 2000]. It is usually assumed,
however, that a wetting fluid imbibing into liquid-coated
porous media leads to a contact angle close to 0�, assuming
that the imbibing fluid will freely wet the water-coated
particle surfaces. These assumptions were confirmed here
with the experimental results for dynamic wetting (Table 7).
[24] A dynamic contact angle of 21� was obtained for the

5 molal NaNO3 solution imbibing into water-wetted sand
(Table 7). This value was greater than that obtained for pure
water imbibing into water-wetted sand and, as expected,
lower than that obtained for imbibition into initially dry sand.
These experimental results suggest that for the case of our
prewetted sands, equation (3) should be rewritten as

ssgwater þ ssl ¼ ssl þ slgsaline cos g ð11Þ

where the solid-gas interface is now coated with a water film,
andwe have two interfacial forces, ssl , opposing one another,

Table 5. Dynamic Method Results for Dry Sanda

Solution

Pressure
Potential,
hf
b (cm)

Pore
Radius,
rc (cm)

KFS
d

(cm/s)

Contact
Anglee

(deg)

Water
Content,

qfs
f

40/50
n-hexane 7.71 (0.09) 0.007 (0.000) 0.058 (0.002) 0 0.267 (0.002)
Pure water 13.27 (0.95) 0.007 (0.000) 0.043 (0.004) 49 (3.5) 0.308 (0.009)
NaNO3 13.38 (0.55) 0.007 (0.000) 0.031 (0.002) 41 (2.7) 0.282 (0.006)

30/40
n-hexane 6.55 (0.42) 0.009 (0.001) 0.068 (0.006) 0 0.235 (0.005)
Pure water 8.62 (0.04) 0.009 (0.001) 0.071 (0.002) 60 (0.14) 0.301 (0.003)
NaNO3 9.36 (0.67) 0.009 (0.001) 0.047 (0.004) 52 (3.2) 0.269 (0.008)

20/30
n-hexane 6.01 (0.25) 0.010 (0.000) 0.063 (0.007) 0 0.189 (0.006)
Pure water 6.43 (0.56) 0.010 (0.000) 0.107 (0.015) 66 (2.2) 0.278 (0.001)
NaNO3 6.41 (0.39) 0.010 (0.000) 0.074 (0.007) 63 (1.8) 0.252 (0.007)

12/20
n-hexane 4.85 (0.39) 0.012 (0.001) 0.049 (0.006) 0 0.147 (0.005)
Pure water 5.52 (0.49) 0.012 (0.001) 0.102 (0.032) 64 (2.4) 0.223 (0.006)
NaNO3 4.57 (0.44) 0.012 (0.001) 0.116 (0.037) 66 (2.4) 0.222 (0.001)

aAverage values are shown from three repetitions conducted with each of the three test solutions (pure water, n-hexane, and 5 molal
NaNO3) imbibing into each of the four sand grades. The standard deviation of the three repetitions is shown in parentheses.

bCapillary pressure potential fitted by the modified Green and Ampt model.
cCalculated from equation (5).
dAs fitted by the modified Green and Ampt solution.
eAdvancing contact angle of the solution on the sand calculated using equation (10).
fWater content qfs for KFS fitted by the modified Green and Ampt solution.

Table 4. Static Method Results for Dry Sanda

Sand Solution
Capillary Rise,

hs
b (cm)

Pore Radius,
rc (cm)

Contact Angle
(deg)

40/50 n-hexane 6.68 (0.10) 0.009 (0.0001) 0
pure water 16.20 (0.25) 0.009 (0.0001) 23 (1.15)
NaNO3 14.17 (0.03) 0.009 (0.0001) 23 (1.71)

30/40 n-hexane 5.15 (0.10) 0.011 (0.0002) 0
pure water 11.48 (0.19) 0.011 (0.0002) 32 (1.71)
NaNO3 10.04 (0.01) 0.011 (0.0002) 33 (1.59)

20/30 n-hexane 3.68 (0.07) 0.016 (0.0003) 0
pure water 8.22 (0.03) 0.016 (0.0003) 32 (1.37)
NaNO3 7.13 (0.04) 0.016 (0.0003) 33 (1.22)

12/20 n-hexane 2.52 (0.09) 0.023 (0.0008) 0
pure water 5.72 (0.10) 0.023 (0.0008) 30 (1.65)
NaNO3 4.99 (0.11) 0.023 (0.0008) 31 (1.26)

aAverage values are shown from three repetitions conducted with each of
the three test solutions (pure water, n-hexane, and 5 molal NaNO3) imbibing
into each of the four sand grades. The standard deviation of the three
repetitions is shown in parentheses.

bValue of hs was calculated from equation (6).
cEffective radius was calculated from equation (5) using results for

n-hexane.

Table 6. Static Method Results for Prewetted 40/50 Sanda

Solution
Capillary Rise,

hs
b (cm)

Pore Radius,
rc (mm)

Contact Angled

(deg)

Pure water 12.50 (0.16) 0.009 (0.0001) 45 (1.01)
5 molal NaNO3 10.81 (0.13) 0.009 (0.0001) 46 (1.35)

aEach value represents three replications, with the standard deviation
indicated in parentheses.

bHeight of capillary rise calculated using equation (6).
cEffective pore radius representing the sand calculated using equation (5).
dAdvancing contact angle of the solution on the sand calculated using

equation (5).
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due to the water-wetted solid surface of the sand grains.
Equation (11) may be rearranged to yield

g ¼ cos�1
slgwater

slgsaline

� �
ð12Þ

which predicts a contact angle of 0� for water and 25� for
saline solution, consistent with our experimental results
(Table 7). For imbibition of saline solutions into water-
wetted porous media, equations (12), (5), and (8) can be
combined to yield explicit relations between the wetting
front pressure, the effective pore radius, and the dynamic
contact angle.
[25] The assumption of a fully saturated wetting front

used to interpret the static results appears to be even less
applicable to prewetted sand than to air-dried sand. The
apparent height of capillary rise h was lower in the pre-
wetted sand, and the DCA was in fact higher (Tables 4 and
6), which is likely due to the use of measured porosities for
the water content behind the wetting front in the static case.
Using these assumptions in interpreting the dynamic imbi-
bition data resulted in significant errors in calculated contact
angles (Table 7).

4. Summary and Conclusions

[26] Static and dynamic methods were employed to
determine apparent DCAs for solutions of different surface
tensions on four silica sands. The results obtained using the
two methods differed significantly. The static method did
not include sufficient data to estimate DCA and effective
saturation simultaneously. In the static tests, the height of
the liquid rise in the porous media was computed from the
mass of water imbibed and the assumed (saturated) water
content behind the wetting front. With no other data avail-
able, it was not possible to independently estimate the actual
liquid content behind the wetting front. In prewetted sands,
this led to estimates of the apparent DCA that were at odds
with the expected 0� DCA for imbibition of pure water into
water-wet sand.
[27] In contrast, the dynamic method for analysis of

imbibition into water-wet sand yielded a DCA of 2� for
water and 21� for 5 molal NaNO3, in excellent agreement
with the values of 0� and 25� calculated using Young’s
equation. The dynamic method employed a Green and

Ampt–type model that captured the effects of incomplete
saturation using the retention and hydraulic conductivity
model of Brooks and Corey [1964] to calculate the effective
degree of saturation. The estimated DCAs in the static and
dynamic methods were compared for dry sand, and showed
that the DCAs computed using the dynamic method were
higher than those computed using the static method for both
pure water and 5 molal NaNO3 imbibition.
[28] Using independently measured hydraulic conductivity

KS as a fixed parameter in the Green and Ampt imbibition
model left only two parameters (hf and t0) to be fitted. With
this constraint, the model did not fit the data well. The degree
of saturation of the porous media in the dynamic tests,
calculated using the Brooks and Corey [1964] relationship,
suggested hydraulic conductivity values 1.5 to 20.7 times
lower than independentlymeasured values of KS.When these
values were employed, the model fit the data exceptionally
well (e.g., R2 > 0.99).
[29] The data obtained in this study strongly support the

contention that the assumption of 0� DCA is not valid for
imbibition into clean dry silica sand, or for imbibition of
solutions with high surface tension into porous media
wetted with lower surface tension liquids. To the best of
our knowledge, these experimental results provide the first
observations of a DCA effect (nonzero contact angle)
between two miscible fluids.
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