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ABSTRACT: Spontaneous imbibition of wetting liquids in porous media is a ubiquitous natural phenomenon which has
received much attention in a wide variety of ﬁelds over several decades. Many traditional and recently presented capillary-driven
ﬂow models are derived based on Hagen−Poiseuille (H−P) ﬂow in cylindrical capillaries. However, some limitations of these
models have motivated modiﬁcations by taking into account diﬀerent geometrical factors. In this work, a more generalized
spontaneous imbibition model is developed by considering the diﬀerent sizes and shapes of pores, the tortuosity of imbibition
streamlines in random porous media, and the initial wetting-phase saturation. The interrelationships of accumulated imbibition
weight, imbibition rate and gas recovery and the properties of the porous media, wetting liquids, and their interactions are
derived analytically. A theoretical analysis and comparison denote that the presented equations can generalize several traditional
and newly developed models from the literature. The proposed model was evaluated using previously published data for
spontaneous imbibition measured in various natural and engineered materials including diﬀerent rock types, ﬁbrous materials,
and silica glass. The test results show that the generalized model can be used to characterize the spontaneous imbibition behavior
of many diﬀerent porous media and that pore shape cannot always be assumed to be cylindrical.

1. INTRODUCTION
The spontaneous imbibition of wetting liquids in porous media,
a ubiquitous natural phenomenon, is of practical importance in
a wide variety of technological applications such oil recovery,
textile and paper treatment, detergency, and ﬁltration. Understanding the dynamics of spontaneous capillary imbibition of
liquids into porous media is essential for their characterization
and for the development of new imbibition processes.1−7 This
is why great interest and attention has been focused on this
subject, from a theoretical perspective to engineering applied
science, for more than a century.8,9 Many models have been
developed since the primary basic theory on capillarity was
originally developed by Bell and Cameron,10 Lucas,11 and
Washburn,12 hereafter referred to as the BCLW equation.
The microstructure of most natural porous media is very
complex, and pores or ﬂuid channels are usually tortuous and/
or noncircular.13−15 Thus, the BCLW equation, derived based
on a cylindrical parallel tube model, is not appropriate for
quantifying capillary penetration into these materials. Assuming
Hagen−Poiseuille (H−P) ﬂow, many researchers have
© 2014 American Chemical Society

modiﬁed the classical BCLW equation by considering diﬀerent
geometrically shaped pore structures. Dullien et al.16 derived an
equation for the rate of capillary rise in a cylindrical tube with
periodic step changes in its diameter to predict the rate of
spontaneous imbibition in porous media based on a threedimensional network model of pore structure. However, the
value of the geometrical tortuosity factor was held constant for
both random and cubic networks in their analysis. Hammecker
et al.17 developed a tube model to describe the dynamics of
capillary imbibition in porous sedimentary rocks. Their model
porous medium consisted of a periodic succession of
respectively spherical, conical, sinusoidal, and elliptical
elements. To avoid the complicated analytical integration of
their proposed diﬀerential imbibition equation, they solved
numerically with computer iterations. In addition, their model
did not produce a good ﬁt to their experimental data. Leventis
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et al.18 utilized a cubic lattice of spherical pores connected via
cylindrical throats to represent pore structure. The kinetics of
water uptake within this pore structure was modeled by the H−
P equation. The ﬂow tortuosity was not considered in their
computer model, and their predictions were not consistent with
the experimental data. Recently, Shou et al.19 explored liquid
imbibition in two diﬀerent heterogeneous porous structures,
which are composed of two sections with variations in radius/
porosity and height. However, ﬂow channels were assumed to
be cylindrical, and the tortuosity was not considered in their
model.
Benavente et al.20 modiﬁed the BCLW equation by
introducing the parameters of the pore shape factor and
tortuosity relating to the microstructure of natural rocks. The
tortuosity was treated as a constant, and their predictions show
large errors with respect to the experimental data. Hilden and
Trumble21 used Surface Evolver numerical software to calculate
the capillary pressure of liquids as a function of contact angle
and volume in planar close-packed spheres. However, a model
for imbibition weight/height versus time was not presented in
their work. Gladkikh and Bryant22 proposed a new way of
modeling imbibition by using a simple but physically
representative model of porous media. Their approach allows
a priori predictions of imbibition curves for diﬀerent contact
angles, initial conditions, and macroscopic sample geometries.
Joekar-Niasar et al.23 developed a new approach for generating
pore throat cross sections of various shapes based on the
distributions of shape factors and radii of inscribed circles. They
used this model to investigate the interfacial area− and capillary
pressure−saturation relationships for granular porous media.
The fractal approach has also proven to be an eﬃcacious
method for characterizing capillary-driven ﬂow as related to
pore structure. By utilizing fractal dimension as one of the
parameters in characterizing rocks, Li and Zhao24 derived a
mathematical model to predict the production rate for
spontaneous imbibition. Cai et al.25,26 presented a fractal
model for spontaneous imbibition in porous media and
analyzed the inﬂuence of streamline convolutedness on
capillarity uptake. For natural complex porous media, in
which the pore size may extend over several orders of
magnitude, these fractal models are useful for understanding
and predicting capillarity-driven ﬂows.
The present work develops a generalized model for
spontaneous imbibition in homogeneous porous media in
which streamline tortuosity and the possibility of noncircular
cross-sectional shapes are considered. For this purpose,
modiﬁcations of the H−P equation and the Laplace−Young
(L−Y) equation are presented ﬁrst. Then, a generalized
spontaneous imbibition model is introduced (in section 3)
and related to currently available imbibition models (in section
4). The generalized model is evaluated against various
experimental data sets in section 5. Finally, some conclusions
on the presented imbibition model are given.

q=

πλ 4ΔP
128μL0

(1)

where μ is the ﬂuid viscosity, L0 is the length of the capillary
tube, ΔP is the pressure drop along the capillary, and λ is the
capillary diameter. Equation 1 applies only to a straight capillary
tube with a circular cross-sectional shape.
For ﬂuid ﬂow in natural porous media, the ﬂow channels are
usual noncircular and tortuous. Corrections to the H−P
equation have been presented to calculate laminar ﬂow in
tortuous and noncircular channels.27−30 For example, Pickard28
proposed a slightly diﬀerent form of the H−P equation
q=k

πD h 4 ΔP
128μL0

(2)

where Dh is hydraulic diameter, k is a geometry correction
factor dependent on the shape of the capillary and its
eccentricity with k = 1 for a capillary with a circular cross
section, k = 1.43 for a square, and k = 1.98 for an equilateral
triangle. For detailed calculations of these values, interested
readers can consult the available literature.27,28 The hydraulic
diameter Dh is deﬁned to be 4 times the capillary’s crosssectional area Ac divided by its wetted perimeter C:

Dh =

4Ac
C

(3)

For a cylindrical capillary, the capillary pressure pc is
determined by the L−Y equation

pc =

2σ cos θ
r

(4)

where σ is the surface tension of the liquid−gas interface, θ is
the contact angle, and r is the pore radius. However, as noted
previously, the pores of most natural porous media do not have
cylindrical geometry. To account for irregular pore structures,
Franken et al.31 introduced a geometrical coeﬃcient, B, to
modify the L−Y equation for irregularly shaped pores
pc =

2Bσ cos θ
2σ cos θ
=
1
r
r
B

(5)

where B = 1 for cylindrical pores and 0 < B < 1 for
noncylindrical pores.
We can rearrange eqs 2 and 5 to yield modiﬁed H−P and L−
Y equations, respectively, for tortuous capillaries with variably
shaped apertures:
q=

π (αr )4 ΔP
8μLa

(6)

pc =

2σ cos θ
αr

(7)

In the above equations, r is the equivalent capillary radius and
the dimensionless geometry correction factor is α ≥ 1, with α =
1 for a capillary with a circular cross section, α = 1.094 for a
square, and α = 1.186 for an equilateral triangle. Also note that
L0 has been replaced by La, the actual length of a tortuous
capillary tube.12
In the following section, a model for the spontaneous
imbibition of a wetting ﬂuid into an initially gas-saturated
homogeneous porous medium will be developed based on the

2. MODIFIED HAGEN−POISEUILLE AND
LAPLACE−YOUNG EQUATIONS
Incompressible Newtonian liquid quasi-steady state and fully
developed laminar ﬂow with no-slip boundary conditions are
taken into account in the following analysis. The ﬂow rate q in a
circular capillary is usually represented by the classical H−P
equation
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modiﬁed H−P and L−Y equations for laminar ﬂow in tortuous
capillaries with noncircular cross-sectional shapes.

The imbibition process in natural rocks (diatomite, chalk,34
and Berea sandsone33) has been reported to be homogeneous
and pistonlike by X-ray CT and experimental data analysis. A
homogeneous pistonlike imbibition assumption, although it
may not be the best one for real rock, makes an analytical
derivation possible, and the derived model is usually consistent
with experimental measurements.33 Thus, this assumption is
also used in the presented work. The accumulated weight of
liquid imbibed into the porous medium can be calculated as
follows:

3. MODEL DEVELOPMENT FOR SPONTANEOUS
IMBIBITION IN POROUS MEDIA
When a tortuous, noncircular cross-sectional capillary tube is
brought into contact with a wetting liquid, the liquid will
impregnate the capillary tube subject to the balance among the
atmospheric pressure, pa, the hydrostatic pressure, ph, and the
capillary pressure, pc. The total pressure drop is12,32
ΔP = pc + ph + pa

M(t ) = ρAϕ(Swf − Swi)L0(t )

(8)

where A is the cross-sectional area of the porous medium and
L0(t) is the average height of liquid uptake at time t. Swf is the
wetting-phase saturation behind the imbibition front, and Swi is
the initial wetting-phase saturation. Diﬀerentiating eq 15 with
respect to t results in

If the capillary has two open ends, then pa = 0. For forced
capillary imbibition, the applied mechanical pressure should
also be included in eq 8. Considering ph = ρgL0 and using an
equivalent capillary radius, the impregnation velocity in a
tortuous capillary can be obtained based on eq 6
vt(t ) =

⎤
α 4r 2 ⎡ 2σ cos θ
− ρgL0(t )⎥
⎢⎣
⎦
αr
8μLa(t )

dM
= ρAϕ(Swf − Swi) ν0
dt

(9)

dM
a
=
−b
dt
M

a=

b=

Inserting eq 11 into eq 9 yields

(12)

(13)

M2 =

where ni is the number of pores of radius ri. Applying eq 12 to
eq 13 yields
v0̅ (t ) =

α 3raeσ cos θ
4μτ 2

α 4rae 2ρg
1
−
L 0 (t )
8μτ 2

ρ2 Aϕ(Swf − Swi)α 4rae 2g
8μτ 2

(19)

where LL is the length of the porous medium sample. The gas
recovery η by wetting liquid imbibition (Vim) in terms of the
total pore volume (Vp) of the porous medium can be calculated
by η = Vim/Vp = (Swf − Swi)L0(t)/LL.
If the gravity term in eq 17 is neglected, an analytical solution
can be easily obtained:

n

n

(18)

(20)

∑i = 1 niv0i
∑i = 1 ni

4μτ 2

ρ2 Aϕ(Swf − Swi)α 4rae 2g
ρAϕ(Swf − Swi)2 α 3raeσ cos θ 1
dM
=
−
2
dt
η
4μτ LL
8μτ 2

For the total liquid mass imbibed into a porous medium, a
range of pores/capillaries with diﬀerent sizes should be
included. If we assume a medium has n pores/capillaries,
then the average straight inﬁltration velocity ν̅0 can be
calculated by
ν0̅ =

ρ2 A2 ϕ2(Swf − Swi)2 α 3raeσ cos θ

Equation 17 indicates that there is a linear relationship between
the weight rate for spontaneous imbibition of the wetting liquid
and the reciprocal of the cumulative weight of wetting liquid
imbibed in a porous medium. Equation 17 also shows that the
imbibition weight is related to the structural parameters (A, ϕ,
rae, τ, α), the initial and satiated saturation states (Swi, Swf), the
surface tension (σ), the contact angle (θ), and the gravitational
acceleration (g). Equation 17 can also be rewritten as

(10)

α 4r 2ρg
α 3rσ cos θ 1
−
2
L 0 (t )
4μτs
8μτs 2

(17)

where

Then, the tortuous velocity and straight-line velocity can be
expressed as νt = dLa/dt and ν0 = dL0/dt, respectively. The
relationship between vt and v0 follows as
νt = τν
(11)
s 0

v0(t ) =

(16)

Inserting eq 14 into eq 16 and rearranging yields

where ρ is the wetting liquid density and L0(t) is the height/
elevation of liquid at time t. In the above equation, the gas
density is neglected and the gas mobility is assumed to be
inﬁnite. If the gas density is to be considered, then the symbol ρ
can be replaced by Δρ = ρw − ρg, where ρw is the wetting liquid
density and ρg is the gas density.33
To describe the tortuousness of streamlines in porous media,
most investigators adopt the parameter tortuosity, τs, which
plays an important role in determining ﬂuid conductance; it is
usually deﬁned as
L
τs = a
L0

(15)

ρ2 A2 ϕ2(Swf − Swi)2 α 3raeσ cos θ
2μτ 2

t

(21)

However, eq 21 is only valid for early imbibition times. For
long-term capillary rise action, the accumulated mass will
approach inﬁnity when the imbibition time approaches inﬁnity.
This is a physically unreasonable result. For long-term
imbibition, the eﬀect of gravity increases with the uptake
height/time. Therefore, an analytical model for the entire
imbibition process, considering the gravity force, is derived as
follows.

(14)

where rae is the average/eﬀective pore radius of the porous
medium and τ is the average/eﬀective tortuosity. It is assumed
in eq 14 that all of the pores have the same aperture shape
regardless of their size.
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Recently, Fries and Dreyer35 introduced the Lambert W
function W(x) to obtain an explicit analytical solution for
capillary rise in a single capillary tube including gravity with
respect to height. Applying the result of Fries and Dreyer,
Standnes36 derived a new scaling group from the solution of the
BCLW equation including gravity, while Cai et al.37 combined a
capillary bundle model with fractal geometry to develop a full
analytical model in terms of M = M(t) for spontaneous
imbibition in fractal porous media. The function W(x) is
deﬁned by an inverse exponential function:35
x = W (x)eW (x)

compared to the Handy model. For the special case of a porous
medium composed of fully saturated (Swf = 1) straight (τ = 1)
and cylindrical (α = 1) capillary tubes with no initial wetting
phase (Swi = 0), eq 27 reduces to eq 25.
4.2. Benavente Model. Benavente et al.20 introduced
various corrections to the BCLW equation related to the
microstructure of the rocks. Their model, which includes
tortuosity and pore shape parameters, is given by

(22)

2ex − 10.7036 + 7.56859 2 + 2ex
,
12.7036 + 5.13501 2 + 2ex

− e −1 ≤ x ≤ 0

(23)

where e is Euler’s number (2.718282...). Thus, the following
explicit analytical solution of eq 17 can be obtained:
2
a
M(t ) = ⎡⎣1 + W ( −e−1 − (b / a)t )⎤⎦
(24)
b
Equation 24 describes the accumulated weight of a wetting
liquid imbibed into a porous medium with gravity included.
Similar to the previous analysis,37 eq 24 is also valid only until
the imbibing water front reaches the no-ﬂow boundary
condition at the top of the sample. Detailed comparisons
between the new model and previously published models will
be presented in the next section.

4. COMPARISON WITH EXISTING IMBIBITION
MODELS
The spontaneous imbibition model presented in eqs 21 and 24
is suﬃciently general that it subsumes other available imbibition
formulations as special cases. We consider the following
models:
4.1. Handy Model. Handy38 derived a macroscopic
imbibition model by assuming that wetting liquid imbibition
occurs in a pistonlike manner and the pressure gradient in the
gas phase ahead of the wetting liquid front can be neglected
2P KA2 ρ2 ϕSwf
M2 = c
t
μ

2τK
ϕ

2PcKA2 ρ2 ϕ(Swf − Swi)2 α 3
t
μτ

(29)

Similar to the Handy model, the pore cross-sectional shape and
tortuosity of streamlines were not included in the Li and Horne
model. Equation 29 is similar to the presented expression of eq
25. Therefore, by applying eqs 4 and 26 to eq 21, the expected
result can easily be found.
4.4. Fries and Dreyer Model. Fries and Dreyer35
presented an analytical solution for the capillary rise of a
wetting liquid in a cylindrical tube in terms of the height h as a
function of time t.

(25)

(26)

h(t ) =

By applying eqs 4 (with r for a single capillary replaced by rae
for a porous medium40) and 26 to eq 21 with gravity neglected,
an expression similar to the Handy equation can be found
M2 =

2PcKA2 ρ2 ϕ(Swf − Swi)
t
μ

M2 =

where K is the intrinsic permeability. Consider the eﬀective/
average pore radius, rae, of a porous medium to be related to the
intrinsic permeability, porosity, and ﬂow tortuosity by39
rae = 2

(28)

where γ is a pore-shape factor deﬁning the deviation from
circularity of the cross section of the hydraulic radius. Although
pore shape is taken into account in eq 28, its derivation is
debatable because geometry was accounted for only in the H−
P equation. In contrast, the geometry correction factor α in our
model was introduced simultaneously in both the H−P and L−
Y equations. Furthermore, although the factor of ﬂow tortuosity
is argued to correct for the pore structure of porous media in
the Benavente model, the value of tortuosity is taken to be
constant for diﬀerent porosities, which is not physically
reasonable. (See section 6.2 for a detailed discussion of this
topic.)
Compared to the Benavente model, in which tortuosity is
introduced at the end of the derivation, our model is more
rigorously derived with the tortuosity being introduced directly
into the H−P equation. Wetting liquid saturation was also not
included in the Benavente model. However, porous media are
not usually fully saturated by the wetting liquid during
spontaneous imbibition due to the partial connectivity of
pores and entrapment of the gas phase.
4.3. Li and Horne Model. Li and Horne41 theoretically
derived a scaling model for gas/water/rock systems based on
the solution to the recovery by spontaneous imbibition. They
considered the inﬂuence of the initial wetting-phase saturation
Swi on imbibition. Their model is given by

The function W(x) can be approximated by using the following
expression35,37
W (x) ≈

A2 ϕ2ρ2 raeγσ cos θ
t
2μτ

M2 =

2
a fd
[1 + W ( −e−1 − (bfd / afd)t )]
bfd

(30)

35

Fries and Dreyer argued that this equation can be related to
spontaneous imbibition in porous media through the following
expressions

(27)

Comparing eq 27 to eq 25 indicates that the eﬀects of pore
shape, tortuosity, and initial wetting-phase saturation are taken
into account in the presented model. The wetting-phase
saturation after the imbibition front has passed exerts a strong
inﬂuence on the imbibition behavior in the presented model as
5145

a fd =

rσ cos θ
2σ cos θ K
≅
4μ
ϕμ rae

(31)

bfd =

ρKg
r 2ρg
sin ψ ≅
sin ψ
ϕμ
8μ

(32)

dx.doi.org/10.1021/la5007204 | Langmuir 2014, 30, 5142−5151

Langmuir

Article

Table 1. Porous Media Characteristics (Available in the Published Literature38,41,53,54) Used to Evaluate the Proposed Modela
media type

wetting liquid

H (cm)

W (cm)

membrane
silica glass
Berea_F
Berea_N
chalk
Graywacke
Sandstone_1
Sandstone_2
limestone

decanol
n-C16H34
water
water
water
water
water
water
water

1.5
2.65
9.96
43.5
7.5
3.52
5.0
5.0
5.0

0.01
0.40

D (cm)

rae (μm)

K (md)

ϕ (−)

Swf (−)

804
1200
5
0.56
64
150
28

0.7
0.3
0.212
0.245
0.362
0.045
0.279
0.297
0.272

1.0
1.0
0.696
0.615
0.81
0.95
0.665
0.691
0.719

2.25
0.0025
4.98
5.06
2.54
8.25
2.48
2.48
2.50

H, height; D, diameter; L, length; W, width; rae, eﬀective pore radius; ϕ, porosity; and Swf, water saturation after imbibition front. The eﬀective
capillary pressures for imbibition of water in sandstone_1, sandstone_2, and limestone are 7092.75, 5066.25, and 7498.05 Pa, respectively.38 The
eﬀective capillary pressures for imbibition of water in Berea_F, Berea_N, chalk and Graywacke are respectively calculated by eq 4 in ref 41.
a

where ψ is the angle formed between an inclined tube and the
free liquid surface. For a straight vertical capillary tube, ψ = 90°,
α = 1, and τ = 1; as a result eq 30 can easily be derived from eq
12 by using the Lambert W function. Obviously, the presented
model for spontaneous imbibition in porous media can
generate the Fries and Dreyer model as a special case.
4.5. Aronofsky Model. Aronofsky et al.42 proposed the
following empirical expression for recovery by imbibition
η = 1 − e−ξt

(39)

where η is the recovery as a function of time and ξ is a constant
giving the rate of convergence.
Applying the relations Me = a/b and η = M(t)/Me to eq 24
yields
(34)

Introducing β = b/Me as a ﬁtting parameter gives
η=1−

e−βt + 5.3518 − 3.78430 2 − 2e−βt
5.3518 + 2.56751 2 − 2e−βt

(35)

Equation 35 can be rewritten as
η = κ1(β) − κ2(β)e−βt

(36)

where coeﬃcients κ1(β) and κ2(β) are functions of β. Equation
36 was deduced analytically, and in the special case of κ1(β) =
κ1(β) = 1, eq 36 reduces to eq 33, which denotes that the
presented model also includes the empirical expression
suggested by Aronofsky et al.42
4.6. Cai Model. Recently, Cai et al.37 analyzed the
spontaneous imbibition of a wetting ﬂuid in porous media
based on fractal geometry. In their model, the initial (early
time) imbibition weight is expressed as
M2 =

2
σ cos θ 2 − Df (Aϕρ) rmax
t
2
2μτ 3 − Df 1 − ϕ

(37)

where the rmax is the maximum pore radius and Df is the pore
fractal dimension. Yun et al.43 have proposed the following
relationship between the average pore radius and the maximum
pore radius:
⎛ Df ⎞1/4
rae = rmax ⎜
⎟
⎝ 4 − Df ⎠

t

It can been seen that the presented imbibition model has a
similar form to the Cai model37 when the wetting-phase
saturation is not considered. For some fractal expressions for
the average pore radius, interested readers may consult the
literature.44−46
Analytically, considering almost all of the factors that control
the process of spontaneous imbibition (properties of the
porous medium and wetting liquid and their interaction), we
have a derived generalized expression for spontaneous
imbibition in porous media in which long-term capillarity
with gravity is considered (eq 24) as well as short-term
capillarity without gravity (eq 21). According to the previous
comparisons, our general model can be manipulated to produce
the Handy model,38 the Benavente model,20 the Li and Horne
model,41 the Fries and Dreyer model,35 the Aronofsky model,42
and the Cai model.37 Clearly the approach presented in this
work is a more generalized formulation. All available models
(except the Aronofsky model) clearly indicate that the
imbibition weight is linear to the square root of time at early
times. On the other hand, the gravity factor is neglected in the
Handy38 and Benavente20 models, which has some limitations,
especially when the imbibition time approaches inﬁnity.25,33
The Aronofsky model is empirical, and it predicts lower
recovery at early times and higher rates at late times.47,48 Most
of the available imbibition models treat streamlines as
cylindrical capillaries. Only the Benavente model20 also
introduces tortuosity along with noncircular cross-sectional
shapes. However, as we have shown, the shape factor was
omitted from the Y−L equation in their derivation, and their
assumption that tortuosity is independent of porosity is not
physically reasonable.49−52
To summarize, the presented model has been deduced
theoretically to be more closely matched to reality (with more
geometrical parameters considered) than any other available
imbibition model. As a result, all existing imbibition models can
be derived from this general model as special cases.

(33)

η = 1 + W ( −e−(b / Me)t )

ρ2 A2 ϕ2(Swf − Swi)2 α 3rmaxσ cos θ ⎛ Df ⎞
⎟
⎜
2μτ 2
⎝ 4 − Df ⎠

1/4

M2 =

5. DATA SOURCES FOR MODEL VALIDATION AND
PREDICTIONS
The presented model was evaluated using the following
previously published data sets for the spontaneous imbibition
of diﬀerent wetting liquids in variety of geomaterials and
engineered porous media. The nine diﬀerent materials

(38)

Inserting eq 38 into eq 21, we can obtain
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considered38,41,53,54 cover a wide range of microstructural
physical properties with porosities ranging from 0.045 to 0.7
and permeability values from 5 to 1200 mD with cylindrical,
cuboid, and natural pore shapes (Table 1). The eﬀective pore
radius was not reported for the imbibition experiments
considered (except membrane and silica glass). In those
cases, the eﬀective pore radius was calculated from eqs 4 and
26. In addition to water, n-hexadecane (n-C16H34) and decanol
were also used as wetting ﬂuids for the spontaneous imbibition
experiments in porous membranes and silica glass (Table 2),
Table 2. Physical Properties of Wetting Liquids Used for the
Imbibition Experiments in Porous Media Shown in Table 1
wetting liquid

σ (mN/m)

μ (mPa s)

ρ (g/cm3)

θ (deg)

decanol
n-C16H34
water

28.8
27.15
72.7

14.10
3.1
1.0

0.83
0.77
1.0

0
5

Figure 1. Comparisons of the wetting liquid (decanol) predicted by
the presented model (eq 40) and experimental data in hydrophobic
porous membrane.53 The parameters used in eq 40 are A = 0.025 cm2,
rae = 2.25 μm, σ = 28.8 mN/m, ρ = 0.83 g/cm3, μ = 14.1 mPa s, and θ
= 0°.

a

a

The contact angles of water in natural rocks were not presented
speciﬁcally in the original references.

respectively. A value of Swi = 0 was assumed for the initial
wetting-phase saturation in all of the experiments. For the
analysis of the experiments in refs 53 and 54, it was assumed
that Swf = 1.

6. MODEL VALIDATION AND PREDICTIONS
6.1. Fitting Experimental Data for Diﬀerent Porous
Materials. The geometry correction factor α and tortousity τ
are usually indirectly determined, either by image analysis or
seepage experiments. For testing the generalized model
proposed in this work through comparison with experimental
data for diﬀerent porous materials, we consider one composite
parameter ξ = α3/τ2 that includes the inﬂuences of both pore
shape and the streamline tortuosity on spontaneous imbibition.
Thus, eq 21 can be rewritten as
M2 = ξ

ρ2 A2 ϕ2(Swf − Swi)2 raeσ cos θ
t
2μ

Figure 2. Comparisons of the wetting liquid (n-hexadecane) predicted
by the presented model (eq 40) and experimental data in nanoporous
monolithic silica glass.54 The parameters used in eq 40 are A = 0.172
cm2, rae = 0.0025 μm, σ = 27.15 mN/m, ρ = 0.77 g/cm3, μ = 3.1 mPa s,
and θ = 5°.

(40)

In eq 40, the physical properties of the material (A, ϕ, rae),
wetting liquid (μ, σ, ρ, Swi), and solid−liquid contact angle (θ)
can be obtained through experimental measurement. The
accumulated imbibition weight (M) versus time (t) and the
imbibition saturation (Swf) can be collected from imbibition
experiments. Thus, the coeﬃcient ξ can be calculated by
linearly ﬁtting data of weight versus the square root of time.
The goodness of ﬁt of eq 40 to diﬀerent experimental data sets
was tested by regression analysis with ξ treated as an unknown
ﬁtting parameter. Figures 1 and 2 plot the comparisons
between the experimental data53,54 (decanol and n-hexadecane)
and the predictions by the generalized model presented in this
work. Values ξ = 1.000 and 0.513, respectively, were used to ﬁt
the experimental data successfully. The data shown in Figure 1
were measured by Pezron et al.53 for decanol imbibition into a
porous membrane. The accumulated mass increases with time,
approaching a constant, after which the experiment was
terminated. The membrane sample was then raised so that it
no longer touched the liquid. The constant is about 22 mg for
the accumulated mass of decanol imbibition when decanol rises
to the top of the sample (nonﬂow boundary). In Figure 1 it can
also be noted that the experimental data are slightly higher than
the model prediction in the initial stage, but the converse is true

at later times. A similar phenomenon also can be seen in Figure
2 for n-hexadecane imbibition into nanoporous monolithic
silica glass.54 Pezron et al.53 have pointed out that an
instantaneous increase in the weight was ﬁrst observed in the
initial imbibition action, attributing this eﬀect to the wetting
force on the bottom edge of the sample when initially put into
contact with the liquid.
In Figures 1 and 2, we also added two straight lines predicted
by our model for weight versus the square root of time
assuming a circular pore cross-sectional area for comparison
with the ﬁtted straight line with the estimated parameter ξ. It
can be seen that the proposed model oﬀers little beneﬁt over
existing approaches that assume cylindrical shape and no
tortuous capillaries in the case of Figure 1. However, in the case
of Figure 2 and the majority of the materials in Table 3, the
proposed approach, which allows for ﬂexible pore shape and
tortuous capillaries, produces a better match to the data in
terms of goodness of ﬁt. These comparisons show that the
good agreement between the model and experimental results
can be ascribed to the ﬁtting parameter used.
The other model tests based on available experimental data
for natural materials (sandstone, chalk, Graywacke, and
limestone) are collected in Table 3, in which the values of ξ
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parameter estimate of F = 0.60. In reality, natural earth
materials are composed neither of a particular kind of square
particles nor a kind of cubic shape but may be considered to be
composed of a variety of grain shapes that on average do not
approximate spherical geometry. The relationship between
grain shape and pore shape is still not well established, and
there is no generally accepted model for the correction factor
for pore shape presently available. Thus, the geometrical
correction factor α has been introduced to characterize the pore
cross-sectional shape formed by the irregular grains of natural
porous media. Therefore, for simplicity, values of F = 0.41, 0.60,
and 0.63 were used in eq 41 to estimate τ values as shown in
Figure 3, which were then used to analyze the dependence of α

Table 3. Value of the Geometry Correction Factor Used for
Fitting Experimental Data from Diﬀerent Porous Media
sample type
natural
rocks

artiﬁcial
materials

Berea_F41
Berea_N41
Sandstone-138
Sandstone-238
Graywacke41
limestone38
chalk41
membrane53
silica glass54

ξa

α with
F = 0.41

α with
F = 0.60

α with
F = 0.63

0.877
1.032
1.000
1.004
0.463
0.945
0.872
1.000
0.513

1.329
1.369
1.324
1.311
1.337
1.305
1.205
1.095
1.046

1.484
1.520
1.461
1.442
1.560
1.442
1.312
1.138
1.150

1.508
1.543
1.482
1.463
1.593
1.463
1.329
1.145
1.166

a
The value of ξ is obtained by ﬁtting the data of imbibition mass to the
square root of time. α is calculated by the relation ξ = α3/τ2, where τ is
determined by eq 41 with diﬀerent values of F.

were obtained by ﬁtting experimental data for the imbibition
weight versus the square root of time. In presented cases, the
goodness of ﬁt was R2 ≥ 0.99 and the RMSE was less than 5 ×
10−4. As shown in Table 3, the value of ξ varies by material
type. The ξ coeﬃcient considers both the pore shape and
streamline tortuosity at the same time. An approach for
separating out these two microstructural parameters will be
discussed in next section.
6.2. Inverse Estimation of Pore Shape and Tortuosity
Parameters. The tortuosity of natural/random porous media
is a complex parameter. It is usually deﬁned as the ratio
between the average ﬂow pathway length and the porous media
thickness/shortest distance in the pressure gradient direction.
Some ﬂow and mass-transfer model applications assume the
tortuosity to be a constant.16,20 However, many experimental,50,55 numerical,51,52 and theoretical56,57 studies found that
the tortuosity is aﬀected by the porosity, the geometry of the
grains, their size distribution and orientation, and the packing
conﬁguration.
To the best of our knowledge, there is no analytical
expression that is able to ﬁt the experimental and numerical
data simultaneously for the tortuosity in terms of porosity and
other parameters of the porous media. Various expressions can
be found, but most of these functions are derived from physical
or numerical experiments and do not possess a strong analytical
basis. In addition, for identical methods of derivation,
correlations usually have diﬀerent forms.56 Very recently,
analytical tortuosity expressions58 have been proposed by
considering a distribution of monosized spheres in terms of
porosity and a packing parameter. However, these are valid only
above a minimum porosity value. If we take the case of cubic
packing as an example, then the allowed minimum porosity for
this model is 0.476. The porosities of most natural porous
media and the samples used in this work are generally lower
than this value. Therefore, this analytical model will not be used
here.
Instead, the following widely used empirical correlation
between the tortuosity and the porosity will be employed55
τ = 1 − F ln ϕ

Figure 3. Geometry correction factor and tortuosity versus porosity.
The geometry correction factor is obtained by ﬁtting the experimental
data. The tortuosity is calculated by eq 41 with F = 0.41, 0.60, and
0.63.

on porosity based on the ξ coeﬃcient estimates. From Figure 3,
the ﬁtting geometry correction factor α with porosity is linear
with a goodness of ﬁt of R2 = 0.42, p < 0.06.
From Table 3, the natural porous media (sandstone,
limestone, Graywacke, and chalk) usually have higher geometrical correction factors than the artiﬁcial materials (hydrophobic porous membrane (Durapore type) and monolithic
silica glass (mean average pore radius of 5 nm).54 This is
because the natural porous media usually have a more complex
pore structure corresponding to a higher geometry correction
factor.
If F = 0.41 is assumed, then the value of α follows in the
range of 1.205−1.369 for the natural rock data, which is larger
than 1.186 for a pore with an equilateral triangle shape. For the
data from artiﬁcial materials, values of α = 1.095 and 1.046 were
respectively found, which are very comparable to the value of
1.094 for pores with a square cross-sectional shape. If a higher
value of F is used in eq 41, then a relatively larger geometrical
correction factor is obtained as shown in Table 3. It can be seen
from Figure 4 that the tortuosity is more dependent than the
geometry correction factor on the porosity. This means that the
pore shape can be considered to be relatively constant in a
porous medium. In contrast, the tortuosity is mainly dependent
on the ﬂow within pores, and a lower porosity will have a
higher ﬂow resistance.
6.3. Forward Analysis of Structure Parameter Eﬀects.
The combined eﬀects of the pore cross-sectional area shape and
streamline tortuosity on spontaneous imbibition in porous
media with diﬀerent porosities are shown in Figures 4−6 based

(41)

where F is an empirical/ﬁtting constant. For spheres and a
mixture of spheres, F = 0.41; for cubes, F = 0.63; and for wood
chips, F = 1.6.55 Recently, Kontogeorgos and Founti59 used eq
41 to ﬁt tortuosity data for materials with diﬀerent grain shapes
over a wide range of porosity and found the best-ﬁt regression
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Figure 4. Eﬀect of pore cross-sectional area shape and streamline
tortuosity on spontaneous imbibition based on eq 24. The wetting
phase is water, and the parameters used in eq 24 are A = 9.08 cm2, K =
2.54 × 10−7 cm2, ϕ = 0.5, Swf = 0.84, σ = 72.7 mN/m, ρ = 1.0 g/cm3, μ
= 1.0 mPa s, and θ = 50°. The tortuosity is determined by eq 41 with F
= 0.41.

Figure 5. Spontaneous imbibition rate versus time at diﬀerent
porosities based on eq 20. The geometrical correction factor is ξ =
0.794, and the wetting-phase liquid and other parameters used here are
the same as those in Figure 4. The tortuosity is determined by eq 41
with F = 0.41.

on the presented model. The evolution of the uptake wetting
liquid weight with time is nonlinear throughout the whole
imbibition process. The ξ coeﬃcient has a relatively low impact
on capillary impregnation in the preliminary stage, while it has a
much higher inﬂuence in the last stages (Figure 4). Practically
speaking, the inﬂuence increases with the imbibition time and
reaches the most inﬂuential state, after which this eﬀect is
replaced by the eﬀects of porosity and gravity on the imbibition
process. For the same porosities, the imbibition action
ultimately reaches the diﬀerent equilibrium penetration weight
under the inﬂuence of diﬀerent pore geometry shapes. This is
because, besides the imbibition process, which is controlled by
capillary pressure and gravity, the transport property/capacity
of ﬂow in a porous medium is also heavily aﬀected by the shape
and size of pores. Furthermore, there is an inversion in the
impregnation evolution over time, as can be seen in Figures 4
and 6. This phenomenon can be explained as follows: pores
with high geometrical correction factors exhibit the fastest
initial uptake imbibition ﬂow but possess a lower total ﬂuid
uptake capacity (the equilibrium weight from Figure 4). Also, as
denoted in the modiﬁed H−P equation, pores with a higher
geometrical correction factor exhibit a larger transport capacity,
which facilitates the initial inﬁltration of the wetting liquid.
However, this phenomenon holds over a short period only
(about 40 s from Figure 4), and then the eﬀect of gravity will
increase with time. So there is a balance/inversion between the
eﬀects on the imbibition process of these two properties.
Further discussion of the reasons for such inversions between
short- and medium-term imbibition evolutions can be found in
previous works.25,60
The imbibition rate sharply decreases with time in the initial
period, with the higher porosity having a larger imbibition rate
(Figure 5). In addition, the linear relationship between the
imbibition rate and the reciprocal of gas recovery for diﬀerent
porosities and pore structures can be clearly seen in Figure 6.
Another interesting phenomenon is that the imbibition rates
versus the reciprocal of recovery have intersection points
determined by the inﬂuence of pore geometry on ﬂow capacity.

Figure 6. Spontaneous imbibition rate versus the reciprocal of the gas
recovery at diﬀerent porosities with the geometry correction factor
considered based on eq 20. The height of core sample is LL =29.5 cm,
and the wetting-phase liquid and other parameters here used are the
same as those in Figure 4. The tortuosity is determined by eq 41 with
F = 0.41.

equations, which include the eﬀects of tortuous capillaries and
noncircular cross-sectional shapes. The presented model
considers almost all of the properties of porous media and
the wetting liquid and their interaction, which control the
process of spontaneous imbibition and can generalize primary
expressions in the literature. Using the composite parameter
relating to ﬂow tortuosity and the pore shape of the porous
media, experimental spontaneous imbibition data for natural
rocks and other wetting liquids imbibed into artiﬁcial porous
media, available from the literature, were used to test the
presented model. Comparisons of results obtained by ﬁtting
these experimental data show that the presented generalized
expression can describe the time evolution of spontaneous
imbibition for many wetting liquids in natural and artiﬁcial
porous media. On the basis of the presented work, a scaling
analysis of the recovery by ﬂooding water in reservoirs may be
further developed.

■

7. CONCLUSIONS
In this work, a generalized model for spontaneous imbibition in
porous media is derived based on modiﬁed H−P and L−Y
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