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ABSTRACT
Surface tension forces enable a liquid to rise against gravity when wettable tubes or porous media are in contact with the pool of liquid.
While the rise dynamics in the media of homogeneous porosity are well known, those in heterogeneous porous media still remain poorly
understood. Here, we employ a vertical channel formed by two parallel plates decorated with micropillars, as a simple model of bidisperse
porous media, and observe the rise dynamics of various viscous liquids. We find the bulk rise speed to be higher than that in dry smooth
channels but equal to that between prewetted smooth channels. As the bulk approaches its equilibrium height, a film emerges ahead of the
bulk meniscus, which is driven by the high surface energy of the microdecorated surface. The film extension grows initially like t but later
like t1/2, with t being time. We construct theoretical models to predict the critical height where the film emerges and to rationalize the power
laws of the film extension. In particular, we show that the dominant viscous resistance to the film extension is provided by the flow from the
reservoir through the bulk in the early stages and by the film itself in the late stages. Our study opens a pathway to scrutinize the complicated
flow dynamics arising within and across voids of heterogeneous porous media with an easily observable experimental setup of a well-defined
geometry.
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I. INTRODUCTION

In the early eighteenth century, Jurin studied the dependence
of the rise height of a liquid within a wettable circular capillary upon
liquid properties and tube diameter.1 Although the equilibrium
height of a liquid column, or Jurin’s height, in a smooth hydrophilic
capillary is easily obtained by balancing the upward surface tension
force and the downward gravitational force,2 the dynamics of the
rise have been the subject of intensive study over centuries. Neglect-
ing the effects of inertia for a viscous flow into a long thin tube,
the Poiseuille flow assumption adopting the driving pressure that
decreases with the rise height gives the average flow rate. The analy-
sis for a single tube is frequently extended to porous media with uni-
formly sized voids, which are modeled as an assemblage of identical
tubes.3

The capillary rise in porous media with heterogeneous sizes
of voids, such as cellulose sponges,4,5 rocks,6–8 paper,9 fabrics,10
and polymer membranes,11 is more complicated than the rise in
the media of uniform pores because the pore size determines the

magnitudes of both the capillary driving force and viscous resist-
ing force. Using a horizontally situated compound capillary, where
a small fiber was introduced into a larger tube, it was shown that
liquids wick faster along the interstice than in the large tube.12 The
liquid rising in cellulose sponges against gravity was found to com-
pletely fill both the macro- and microscale voids in the early stages
but partially fill the macroscale voids beyond a critical elevation.4,5
Despite the previous findings that the capillary rise can arise at dif-
ferent rates in voids of different sizes within a single porousmedium,
the direct visualization of flow bifurcation, and the measurement
and analysis of those compound rise dynamics in a controlled geom-
etry are yet to be achieved. Here, we employ a model system where
two distinct sizes of pores (bidisperse porosity) are provided by
microdecorating inner walls of millimetric channels consisting of
two parallel plates, as shown in Fig. 1.

Modeling porous media of bidisperse porosity using tubes of
microdecorated inner surface were suggested earlier,13 although
major interest of the work was on the wetting states of single rough
surfaces. It was predicted that the film invading the microtexture
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FIG. 1. (a) Schematic of the liquid rise
between superhydrophilic sheets. The
SEM (scanning electron microscopy)
image shows the micropillar array. (b) An
auxiliary setup allowing for clear visual-
ization of the bulk and film flows. (c) The
rise of the bulk of liquid A in the early
stages. (d) The film spreading ahead of
the bulk in the late stages. The pillar
height, diameter, and spacing are 35 �m,
20 �m„ and 40 �m, respectively, and the
gap between the plates is 0.6 mm.

would propagate faster than the bulk in the tube. The spreading of
the liquid on a horizontally situated superhydrophilic surface was
investigated,14–16 revealing different power laws of wet distance l vs
time t depending on the source strength. The rise dynamics of a
liquid film on a vertically situated single superhydrophilic substrate
were studied,17 to find that the microscopic zippering of the liquid
front accumulates to lead to the diffusive dynamics of a macroscopic
rise height, l ∼ t1/2.

In this work, we observe and measure the vertical rise of a
liquid in microdecorated (bidisperse porosity) channels and eluci-
date the difference of the dynamics from those in smooth channels
(monodisperse porosity). In addition, we construct scaling laws to
explain the salient feature of our system, i.e., the wicking of the
liquid film ahead of the bulk in the late stages. Our simple experi-
mental model system with controlled sizes of pores opens a pathway
to a detailed understanding of the wicking dynamics in media of
heterogeneous porosity.

II. EXPERIMENTAL
As a two-dimensional channel with highly wettable rough inner

surfaces, we use two parallel Si wafers decorated with cylindrical
micropillar arrays fabricated by the deep reactive ion etching pro-
cess. The diameter d and height h of the pillars in a square array
with pitch s, as shown in Fig. 1(a), are varied by the design of the
photomask and the etching duration. In our experiments, d and h
vary from 10 �m to 20 �m and from 2.7 �m to 35 �m, respectively,
while s is fixed to be 40 �m. The pillars are arrayed with no skewness,

implying that the liquid propagation arises in the same direction as
the vertical alignment of the pillars.17 The pillar arrays are coated
with a Si-incorporated diamond-like carbon film and then etched
with air plasma to turn superhydrophilic, owing to the hydrophilic
Si–O bonds and nanoscale roughness. For more detailed process
conditions, see Yi et al.21

As liquids, we use aqueous glycerine 90 wt. % and 85 wt. %, a
mixture of ethylene glycol (EG) and glycerine, silicone oils 350 cSt
and 1000 cSt, whose surface tension γ, viscosity �, and density ρ
are listed in Table I. All the liquids wet smooth plasma-treated sil-
icon surfaces with the equilibrium contact angles being nearly 5○ as
measured by drawing a tangential line to the liquid–air interface of
sessile drops of 100 �l volume. The gap between the parallel plates,
2w, varies from 0.45 mm to 1.19 mm. The width of each plate is
14 mm. The rise of the liquid is recorded with a CMOS (comple-
mentary metal oxide semiconductor) camera with a frame rate of
30 s−1 or 60 s−1.

When the lower end of the channel formed by the parallel
plates touches a liquid, the liquid rises into the gap, as shown in
Fig. 1. Only a bulk is observed in the early stages. However, dis-
tinct from classical experiments with smooth channel walls, a film
emerges ahead of the bulk in the late stages, where the bulk hardly
rises due to the gravitational effects. Although it is possible to track
the height of the bulk rising between opaque Si plates by observing
the channel side, the quantitative measurement of film propagation
from the side is nearly impossible. Thus, we employ an auxiliary
experimental setup where one of the walls is replaced by a prewet-
ted transparent smooth glass slide, as shown in Fig. 1(b), which
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TABLE I. Properties of liquids measured at 25 ○C. EG stands for ethylene glycol.

Liquid Surface tension (N m−1) Viscosity (Pa s) Density (kg m−3)

A Glycerine 90 wt. % 0.063 0.125 1225
B Glycerine 85 wt. % 0.063 0.086 1213
C EG 60 wt. %–Glycerine 40 wt. % 0.052 0.062 1168
D Silicone oil 350 cSt 0.020 0.35 970
E Silicone oil 1000 cSt 0.020 1.00 970

greatly facilitates the visualization of the film. It was confirmed that
both the channels (two rough walls vs one smooth and one rough
wall) exhibit an identical bulk rise speed. The film flow on a rough
wall is naturally assumed to arise independent of the condition of
the other wall. The liquid can rise via two paths when touching
superhydrophilic channels. That is, the rise may occur through the
large spacing of the parallel plates (the bulk flow) and through the
gaps of micropillars (the film flow). We analyze the rise rates of
the two flows and compare the theoretical results with the experi-
mental observations.

III. RISE DYNAMICS OF THE BULK
The rise speed of the bulk between parallel plates whose width

is much greater than the gap is given by the average velocity of the
two-dimensional Poiseuille flow,

l̇b = w2�p
3�lb

, (1)

where lb is the rise height of the bulk, l̇b = dlb�dt with t being
the time, and the pressure difference �p = γ�w − ρglb with g
being the gravitational acceleration.2 This inertia-free model is valid
except at the beginning of the rise, whose characteristic time scale τ
= ρw2/� ∼ 10−4 or 10−3 s in our experiments. In the initial stages
where the gravitational effect is insignificant as compared with the
capillary effect, i.e.,�p = γ�w, the rise height follows the classical rule
ofWashburn:3,22,23 lb ≈ (Dbt)1�2, where the dynamical coefficient for
the initial bulk flow Db = 2γw/(3�).

The flow of the liquid film through the gaps of micropillar
arrays is termed hemiwicking,17 whose front propagation, lf , arises
as driven by the capillary force and resisted by the viscous shear
force. Hemiwicking in general yields the diffusive behavior of lf : lf= (Df t)1�2 with Df corresponding to the dynamical coefficient.17–20
We take the model of Ref. 17, which was shown to be valid for a
wide range of micropillar array dimensions. In the model, the cap-
illary and viscous forces per unit width are, respectively, scaled as
(f − 1)γ and �l̇f l[h−1 + ( f − 1)�s], where f is the roughness defined
as the ratio of the actual surface area to the projected area. For
detailed derivation of the theory, readers are referred to Ref. 17.
Balancing the driving and resisting forces in view of negligible
inertia gives Df = kf γηh/� with kf = 0.24 being the empirically
determined coefficient valid for all microdecorated surfaces and
η = (f − 1)/[1 + h(f − 1)/s].17

As both the bulk and film flows exhibit diffusive dynamics, we
consider the ratio of their dynamical coefficients, Db/Df , which can

be scaled as w/(ηh). As η is of the order of unity in our experiments,
the flows through large pores dominate the initial wicking dynamics
when the sizes of the large and small pores are far apart: w�h � 1.
It is the case in our experiments where w�h ∼ 102, consistent with
the experimental finding that only the bulk is observed through the
camera in Fig. 1(c). We note that the bulk hardly rises due to gravi-
tational effects in the late stages, where the film emerges leaving the
slow and then stationary bulk behind, a topic of Sec. IV.

Now a question naturally arises whether the superhydrophilic
walls enhance the rise speed of the bulk. Thus, we experimen-
tally compared the rise height in the rough superhydrophilic
channel with that in smooth hydrophilic channels. As smooth
channel surfaces, we used both dry and prewetted ones. For dry
channels, the glass slides were cleaned by using a piranha solu-
tion for 1 h to turn highly wettable and then completely dried
by nitrogen gas. For prewetted channels, the piranha cleaned glass
slides were dip-coated by liquid A with a thickness of approximately
10 �m.

Figure 2(a) shows the experimentally measured height of the
bulk of liquid A vs time for different channel surface conditions.
Here, the rise height lb is scaled by the equilibrium capillary rise
height between parallel plates with a zero contact angle, or Jurin’s
height, lJ = γ�(ρgw). The height is measured in the middle of the
interface, where the edge effects extending by the order of the cap-
illary length, [γ/(ρg)]1/2, are diminished and the two-dimensional
interface assumption is satisfied. We see that the rise in the dry
smooth channel is slower and stops earlier than the other cases. It
is because, on initially dry surfaces, the dynamic contact angle (θA)
of the rapidly advancing contact line is relatively large,24,25 which
lowers the driving capillary pressure to 2γ cos θA/w from 2γ/w. In
addition, the movements of contact lines on dry surfaces experience
greater resistance than those on prewetted surfaces.26 The slower
rise of the bulk in a channel formed by dry smooth surfaces implies
that precursor films of molecular or nanoscopic scales that may be
present ahead of macroscopic contact lines27 play insignificant roles
compared with microprotrusions or prewetted films, in determining
the macroscopic wetting speeds.

The liquid rise in the initially dry superhydrophilic rough chan-
nels occurs much faster than that in the initially dry smooth channel
so that the rate is comparable to that in prewetted smooth channels.
It indicates that the apparent advancing contact angle of the bulk
meniscus in the superhydrophilic channel is nearly zero and that
the bulk meniscus moves on a liquid filling the gaps of micropil-
lars. Therefore, the curvature of the liquid–gas interface of the bulk
becomes 1�w and the resistance to the meniscus movement is less
than that on dry smooth surfaces.
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FIG. 2. (a) The rise height of the bulk of liquid A within a dry smooth channel, a prewetted smooth channel, and dry superhydrophilic rough channels with a gap of
2w = 0.6 mm. The pillar dimensions of the micropillared surfaces are such that [d, h] = [10, 25] and [20, 2.7] �m for surfaces I and II, respectively. The solid line corresponds
to the theoretical prediction assuming the Poiseuille flow from the beginning, which tends to overestimate the initial rise speed. (b) The measurement results of the meniscus
height vs time, corresponding to Figs. 1(c) and 1(d). Error bars are smaller than symbols.

Before we move on to the film flows in the late stages, we
consider the effects of the spacing between plates, 2w, on the bulk
dynamics. The initially dry and prewetted smooth plates were held
apart at the same distance, meaning that the actual spacing for the
prewetted channel is approximately 20 �m smaller than that of the
dry smooth channel due to the liquid films. The spacing of pil-
lared surfaces denotes the distance between the tops of pillars of two
facing surfaces. Because the plate spacing, ranging from 0.45 mm
to 1.19 mm, is much greater than the liquid film thickness on the
prewetted surface (10 �m) and the pillar height (3–35 �m), the slight
change of the plate spacing either due to the prewetting liquid film
or pillars exerts negligible effects on our bulk rise experiments.

IV. EMERGENCE OF THE FILM
The microdecorated hydrophilic surface with a very high sur-

face energy per projected area tends to attract a liquid film to lower
its energy state. Therefore, as the rise speed of the bulk decreases
with its height approaching the equilibrium rise height, lJ , a visi-
ble film emerges, as shown in Fig. 1(d). Such a transition of the rise
dynamics occurs at the critical height, lc, where the film spreading
speed dominates over the bulk rise speed. In this initial period of film
emergence, the film has not wetted the entire height of pillars lying
ahead of the bulk yet. Rather, it extends from the bulk meniscus to
the front contact line in a wedge-like shape, as shown in Fig. 3(a).

The pressure difference between the wedge meniscus and the
atmosphere owing to capillarity is scaled as (f cos θ − 1)γ/h, a result
of scaling the capillary force per unit width as (f cos θ − 1)γ,17 with θ

being the contact angle of the wedge meniscus. For θ� 1 and cos θ ≈
1, we approximate the pressure drop as (f − 1)γ/h. Because the cap-
illary pressure jump established between the bulk meniscus and the
atmosphere is γ/w, the pressure difference between the bulk and the
film is scaled as (f − 1)γ/h for h�w. Thus, the driving force per unit
width of the emergence of the film is scaled as Fd ∼ (f − 1)γ. The vis-
cous shear stress acting on the wedge with a low contact angle, θ ≈ 5○,
is estimated as τw ≈ �l̇t�(xθ), where l̇t is the film propagation speed
near the critical height lc and x is the distance from the contact line,
as indicated in Fig. 3(a). We note again that θ is the contact angle of
the front wedge of the film, not the angle that determines the curva-
ture of the bulk meniscus. The shear force on the rough area is scaled
as Fr ∼ �Λλ τwf dx ∼ �l̇t f Γ�θ, whereΛ is the characteristic extension of
the wedge, λ is the cutoff length introduced to relieve the contact line
singularity,26 and Γ = ln(Λ/λ). Balancing the driving capillary force,
Fd, and the resisting viscous force, Fr , yields the scaling estimate of
the emergence speed of the liquid wedge,

l̇t ∼ γϕθ
�Γ , (2)

where ϕ = 1 − 1/f.
The critical height for the emergence of the film from the bulk

is then obtained by taking l̇b ∼ l̇t . Substituting lc for lb in Eq. (1), we
find

lc
lJ
= 1
1 + kϕθlJ�w , (3)

FIG. 3. (a) Schematic of the meniscus
wedge of a visible film that significantly
emerges from the bulk but partially wets
the micropillars ahead of the bulk. (b)
The film extending from the bulk by com-
pletely wetting the micropillars ahead of
the bulk.
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FIG. 4. (a) The critical height at which the film emerges, lc , vs w. (b) The scaled critical height lc /lJ plotted according to the scaling law (3). Here, we used the experimentally
measured value of θ = 5○, and the empirical constant k was found to be 0.21 through the least squares method. Experimental conditions for the symbols are listed in Table II.
The length of error bars corresponds to the range of the bulk height where the film flow becomes gradually clear.

TABLE II. Experimental conditions for the symbols in Figs. 4 and 5. In the last column, � is the experimental uncertainty in
the measurement of lc .

Symbol Liquid 2w (mm) s (�m) d (�m) h (�m) f lc (mm) �/lJ

△ A 0.45 40 20 35 2.37 12.8 0.0182▲ A 0.60 40 10 26 1.51 11.9 0.0286� A 0.60 40 10 35 1.69 12.4 0.0286▷ A 0.60 40 20 5 1.10 14.5 0.0286� A 0.60 40 20 26 2.02 11.4 0.0286● A 0.60 40 20 35 2.37 9.68 0.0286
ú A 0.99 40 10 35 1.69 7.76 0.0656

A 0.99 40 20 35 2.37 7.74 0.0656▼ A 1.19 40 20 26 2.02 5.94 0.0902� B 0.60 40 10 26 1.51 12.5 0.0283◁ C 0.60 40 20 35 2.37 11.1 0.0331
D 0.99 40 20 26 2.02 3.83 0.164▽ E 0.99 40 20 26 2.02 3.43 0.164

where k is a prefactor to be determined empirically. We plot exper-
imental measurement results of lc vs w in Fig. 4(a), whose experi-
mental conditions are listed in Table II. Figure 4(b) shows that the
scattered data in (a) are collapsed onto a single line when plotted
according to our scaling law (3). Our theory and experiments on the
film emergence reveal that the critical height increases with Jurin’s
height, corresponding to the relatively high rise velocity of the bulk.
But, lc decreases with the roughness because of the enhanced speed
of the film. When the plate is smooth, or f → 1 and ϕ → 0, we get
lc → lJ corresponding to nearly no film emergence.

V. RISE DYNAMICS OF THE FILM
Once the visible film starts to emerge from the bulk, the area

wetted by the film continues to grow, whose vertical extension is
measured by L = lt − lb. To find the extension rate of the film, we first
consider the change of the bulk flow rate owing to the film propaga-
tion at the advancing front. When only the bulk flow is to be seen,

the average velocity within the bulk, U is naturally U = l̇b. However,
with the advent of the film ahead, we write the continuity relation as
U(w+β1h) = l̇bw+β2L̇h, where the left-hand side corresponds to the
flow rate behind the meniscus and the right-hand side is the sum of
the advancing flow rates of the bulk and film. Here, β1 and β2 denote
the effective flow passage ratio through the gaps of micropillars.28–30

Using w � h, U is simplified to U ≈ l̇b + β2hL̇�w, implying that the
liquid flow rate pumped to the advancing front is increased due to
the film flow. The dominant flow path from the bulk to the film is
indicated in Fig. 5(a).

The conservation of energy states that the decrease rate of sur-
face energy is balanced by the rates of viscous energy dissipation and
increase in gravitational potential energy. As the liquid climbs the
channel, the surface energy decrease rate associated with the bulk
rise is given by Ėb = γ̇lb and that with the film rise by Ės = ( f−1)γ̇lt .17
The viscous dissipation associated with the bulk rise is scaled as
�Ul̇blb�w, which can be decomposed into the original contribution
of the bulk flow, Φo ∼ �l̇2blb�w, and the additional term owing to the
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FIG. 5. (a) A schematic of the domi-
nant flow path from the bulk to the film.
(b) Representative measurement results
of the film extension, L = lt − lb, vs
time whose zero indicates the moment
the film begins to be visible. (c) Scaled
film extension, L/lJ , plotted according
to Eq. (4), which is valid for the early
stages. (d) Scaled film extension, L/lJ ,
plotted according to Eq. (5), which is
valid for the late stages. The symbols
correspond to those in Table II, and they
are larger than error bars.

film flow ahead,Φa ∼ �lb(U−l̇b)̇lb�w. The viscous dissipation within
the film is scaled as Φf ∼ �ηLL̇l̇t . The gravitational energy increase
rate is Φg = ρgwlbl̇b with a negligible contribution of the film.

Besides the energy change rates responsible for the classical
bulk rise (Ėb = Φo + Φg), the following balance describes the film
dynamics: Ės = Φa + Φf . Comparison of the magnitudes of Φa and
Φf leads us to consider two regimes. WhenΦa�Φf , corresponding
to L/lJ � (h/w)2 or relatively small extension of the film in the early
stages of the film flow, Ės ∼Φa yields

L ∼ ( f − 1) γ� w2

hlc
t. (4)

When Φa � Φf or in the late stages with a relatively large L,
we recover the same expression as the hemiwicking film from the
stationary liquid reservoir,17

L ∼ �( f − 1)η
γ
��

1�2
t1�2. (5)

The film extension is theoretically predicted to grow like t in the
early stages but to grow diffusively in the late stages, which is, indeed,
observed experimentally in Fig. 5(b). In the early stages, the domi-
nant viscous dissipation associated with the film propagation occurs
in the bulk flow to supply the liquid from the liquid reservoir to the
film. As the film area grows in the late stages, the viscous dissipa-
tion in the film itself becomes dominant. The effects of the bulk flow
on the film flow in the early stages are manifested by the parameters
related to the bulk flow, w and lc, in Eq. (4), while they are absent in
Eq. (5) for the late stages.

The two scaling laws, (4) and (5), are shown to explain the film
extensions of various experimental conditions. Figure 5(c) shows

that the experimental data in the early stages of the film flow are
collapsed onto a single line when plotted according to Eq. (4), but
they deviate from the scaling law before L/lJ reaches 10−1. In the
late stages, Eq. (5) collapses the experimental data onto a single line,
validating our theory, as shown in Fig. 5(d).

VI. CONCLUSIONS
We have experimentally observed the capillary rise dynamics

within channels formed by microdecorated hydrophilic surfaces, to
find the emergence of the film flow ahead of the bulk as Jurin’s height
is approached. The initial bulk rise speed is higher than that in dry
smooth channels, but rather identical to that in prewetted smooth
channels. This allows us to assume that the bulk meniscus is formed
around a liquid film occupying the gaps of micropillars to make
the meniscus curvature and contact line resistance similar to those
in prewetted smooth channels. The visible film ahead of the bulk
emerges when the advancing speed of the front wedge through the
micropillars dominates over the bulk rise rate. The extension of the
film from the bulk meniscus is found to grow like t initially and then
like t1/2 in the late stages. This is because the viscous dissipation
arises dominantly by the flow through the bulk from the reservoir
in the early stages but the dissipation is dominated by the flow of the
film itself in the late stages.

We have employed the millimetric gaps between microdeco-
rated plates as a simple model of bidisperse porous media with a
well-defined geometry. The experimental results obtained using this
model are consistent with previous heterogeneous porous media
in that the capillary rise dynamics are governed by the bulk rise
initially but by film flows in the late stages.4,5 Although our sys-
tem adopting parallel plates enables us to scrutinize the dynam-
ics of the film from its emergence to growth, the interaction of
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FIG. 6. A schematic of a simple model of channels with heterogeneous pores
involving corners of two microdecorated surfaces.

macroscale and microscale voids ceases beyond the critical height,
lc. However, such interaction persists as a liquid wicks into cor-
ners of macroscale voids in such porous media as sponges,4,5 while
it is excluded in our current setting. Therefore, next evolution of
our system to help the understanding of complicated real porous
flows would involve devising corners of macroscale voids, as illus-
trated in Fig. 6. Visualizing the interaction of corner flows, which
become narrower upstream,31,32 with neighboring superhydrophilic
micropillars would more clearly elucidate the inter-pore flow
dynamics occurring in the capillary rise of heterogeneous porous
media.
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