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Imbibition is the displacement of one fluid by another immiscible fluid in a porous matrix. The
dynamics and morphological evolution of the invasion front can be described by simple scaling laws.
In systems with similar pore length and diameter such as paper and sand, the menisci advancement
is highly correlated due to surface tension. This results in slow imbibition front roughening. Here we
investigate imbibition in a sponge-like glass in which the nanopores have much longer lengths than
diameters. Anomalously fast imbibition front roughening dynamics are experimentally observed
by neutron imaging. Our complementary computer simulations show that this is due to the weak
correlation of the menisci and occurs despite the high connectivity of the capillary network. These
results reveal a new universality class of imbibition behaviour which is expected to occur in any
matrix with elongated pores.

Many everyday activities involve the flow of a liquid
into a porous matrix, for instance when we dunk a biscuit
into coffee, clean the floor with a cloth, or get drenched
with rain. The same process is also important in nature,
e.g. for water to reach the tips of the tallest trees or
to flow through soil, and crucial for different industrial
processes, ranging from oil recovery and chromatography
to food processing, agriculture, heterogeneous catalysis,
and impregnation (for reviews see [1–4]).

Imbibition into a porous matrix is governed by the in-
terplay of capillary pressure, viscous drag, volume con-
servation and gravity. The porous matrix often has a
complex topology. Its inhomogeneities result in varia-
tions in the local bulk hydraulic permeability and in the
capillary pressure at the moving interface. Neverthe-
less, the invasion front during solely capillarity-driven,
i.e. spontaneous, imbibition advances in a simple square-
root-of-time manner, according to the Lucas-Washburn
law5,6. This is a result of the time-independent mean
capillary pressure and the increasing viscous drag in the
liquid column behind the advancing front. It is valid
down to nanoscopic pore sizes7–9 and particularly ro-
bust with regard to the geometrical complexity of the
porous matrix1,2,10,11. The shape of the invasion front
displays universal scaling features on large length and
time scales12–18, which are independent of the micro-
scopic details of the fluid and matrix. This parallels the
elegance of critical phenomena.

Typically imbibition is studied using paper12–14 or
Hele-Shaw cells15,16. In these systems, pore space is
laterally highly interconnected which results in a con-
tinuous liquid-gas interface and a strong lateral corre-
lation of the advancing menisci. Similar to the surface
tension of a classical liquid-gas interface19, in this situa-
tion an effective (smoothening) surface tension also exists
which inhibits the interface roughening dynamics. By
contrast, many real porous systems, e.g. rock and soil20,

consist of pore networks with elongated pores and re-
duced connectivity1. In these systems, capillarity-driven
imbibition has not yet been studied due to the difficulty
in following the morphological evolution of deeply buried
interfaces21,22.

Here we investigate the spontaneous imbibition of wa-
ter into nanoporous Vycor glass (NVG), which is a silica
substrate with an interconnected network of nanometer-
sized, elongated pores23 (Fig. 1). The narrow pores lead
to capillary pressures of several hundred times atmo-
spheric pressure. This means that gravity would only
halt capillary rise after several kilometers and several
billion years24. Hence, with this system, we are able to
observe pure spontaneous imbibition over unprecedented
length (centimeter) and time (hours) scales. We focus on
the roughening dynamics of the invasion front, which we
investigate experimentally by neutron imaging and the-
oretically with a pore network model. Both approaches

FIG. 1: Schematic representation of spontaneous im-
bibition of a fluid into a porous matrix. The arrows
indicate the median rise level H(t) and the invasion front
width w(t).
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FIG. 2: Direct observation of spontaneous imbibi-
tion of water into nanoporous Vycor glass using vis-
ible light (top row) and neutrons (lower row). The
transmitted light intensity and the local liquid concentration,
i.e. the filling degree f(x, z, t), are shown in grayscale and
pseudocolours, respectively. Snapshots are recorded about ev-
ery 15 min. The lateral direction x and the height z, i.e. the
direction of capillary rise, are indicated.

show that the interface roughness as measured by the in-
terface width w(t) increases much faster than observed to
date, namely w(t) ∝ tβ with β ≈ 0.45. Furthermore, we
find that height-height correlations of the invasion front
are short-ranged and independent of time and the lateral
system size. This indicates that surface tension is irrele-
vant for the interface roughening on macroscopic length
scales.

Quantitative experimental characterization of the
imbibition front

We investigate imbibition in NVG which contains pores
with a mean radius rav = 4 nm, a polydispersity of the
radius of 20 %, a pore aspect ratio 5 � L/(2rav) � 7
(L being the pore length), and a porosity of about
30 %8,23,25,26. (For details see Methods.) The bottom
face of an empty NVG is brought into contact with the
surface of a water reservoir. The Laplace pressure at the
nanometer-sized menisci drives the liquid into the porous
matrix.

The invasion front appears as a bright region when im-
aged using transmitted light (Fig. 2, top row). The pro-
nounced light scattering is caused by filled and empty
regions randomly alternating on the length scale of the
wavelength of visible light27. Multiple light scattering
prevents a quantitative determination of the liquid dis-
tribution in the propagating front. By contrast, recent
advancements in the spatial and temporal resolution of
neutron imaging now allow quantitative measurements
in systems such as NVG. The water distribution during
capillary rise can be resolved with high precision (Fig. 2,
lower row).

From the neutron images we determine the spatial
and temporal evolution of the local filling degree 0 ≤
f(x, z, t) ≤ 1. Due to the projection in the y-direction
and the limited spatial resolution, this is the average
amount of filled pore space at lateral position x, height
z and time t. Its lateral average, that is the vertical
concentration profile f̄(z, t) ≡ 〈f(x, z, t)〉x, is shown in

FIG. 3: Progression and roughening of the imbibition
front of water in nanoporous Vycor glass as observed
by neutron imaging. (a) Laterally-averaged filling degree
f̄(z, t) ≡ 〈f(x, z, t)〉x as a function of height z and time t. (b)
Local median rise level z(f=0.5, x, t) as a function of lateral
position x and time t. (c) Evolution of the front width w(t)
along with a fit of w ∝ tβ (solid line). The inset shows the
same data in a log-log representation. (d) Height-height cor-
relation function C(�, t) of the invasion front at three different
times (as indicated). The data are shifted for clarity. In (a)
and (b) the Lucas-Washburn law z∝√

t is shown as solid line.



3

Fig. 3a. The time-dependence of the front height, quanti-
fied by the median rise level H(t) ≡ 〈z(f=0.5, x, t)〉x, fol-
lows the Lucas-Washburn

√
t-law (Figs. 3a,b, solid lines),

consistent with previous studies8. Fits of Gauss error
functions yield the time-dependence of the width w(t)
(Fig. 3c). A fit of w(t) ∝ tβ results in a growth expo-
nent of the width or roughness, β = 0.46 ± 0.01 (Fig. 3c,
solid line). This value significantly exceeds previous the-
oretical predictions, in particular those from phase-field
models which are based on quenched, random fields.
Such models predict slower roughening dynamics with
β ≈ 0.19 and a strong spatial correlation of the height
fluctuations within the moving interface18.

In our experiments, we observe a projection in the
y-direction, hence height fluctuations are partially av-
eraged. Based on the local median rise level h(x, t) ≡
z(f=0.5, x, t) (Fig. 3b) we calculate the height-height
correlation function:

C(�, t) =
√

〈(h(x, t) − h(x+�, t))2〉x . (1)

The observed noise in C(�, t) (Fig. 3d) is due mainly to
the limited data density and stray gamma radiation from
the reactor and instrument hitting the camera. The data
exhibit neither scaling of C(�, t) with � nor any indica-
tion of spatial correlations in the experimentally acces-
sible range 60 μm ≤ � ≤ 4000 μm. This is in contrast
to all previously reported experiments and theories on
imbibition front roughening.

Pore-network model
No theoretical model is available which predicts the

spontaneous imbibition behaviour observed, i.e. agree-
ment with the Lucas-Washburn law, fast roughening dy-
namics with a growth exponent close to 1/2, and no de-
tectable height-height correlation at the advancing imbi-
bition front. (For an overview of existing models see [2].)
Hence we propose a pore-network model28,29 adapted to
our experimental situation to microscopically analyze the
spontaneous imbibition dynamics in capillary networks.
(For details see Methods.) Since they consist of indi-
vidual, elongated capillaries, a continuous, macroscopi-
cally extended liquid-gas interface does not develop and
thus correlations between menisci movements mediated
by surface tension are significantly reduced.

The model consists of a two-dimensional square lattice
of capillaries with laterally periodic boundary conditions.
Capillaries are connected at nodes. All capillaries have
the same length, while the radius of each capillary is ran-
domly chosen from a uniform distribution with mean ra-
dius rav and width 2δr, i.e. disorder strength δr/rav.23,26.
We present results for an aspect ratio of 2.5-10 and poly-
dispersity 0.1 ≤ δr/rav ≤ 0.4.

All nodes at the bottom of the lattice have zero pres-
sure while at the menisci the Laplace pressure prevails.
This pressure difference drives the flow through the cap-
illaries. This flow is opposed by viscous drag according

time=16 time=64 time=256 time=1024
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b
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FIG. 4: Computer simulation of spontaneous imbibi-
tion in a network of elongated capillaries. Rules for the
propagation of menisci are designed to mimic the experimen-
tal situation. (a) After reaching an empty node, the liquid
immediately fills the connected capillaries for a distance δ.
(b) After retracting up to δ toward a filled node, the menis-
cus is arrested until the pressure difference driving the liquid
is again positive. (c) When two menisci meet, they merge.
(d) Snapshots of configurations in a system with aspect ratio
5, polydispersity of the radius 0.3 and lattice size 16 × 64 at
different times (as indicated in units of ns).

to Hagen-Poiseuille’s law. During the whole process, vol-
ume conservation has to be maintained. The time step
Δt is chosen such that each meniscus moves at most a dis-
tance L/10 and no meniscus crosses a node. If this would
occur for one meniscus, Δt is reduced such that this
meniscus reaches the next node and then ‘jumps’ over
the node, generating new menisci in a distance δ = L/100
from the node (Fig. 4a), and all other menisci are also
processed with the reduced Δt. If, due to a negative
pressure difference, a meniscus would retract beyond a
node, the capillary is kept filled over a length δ and the
meniscus arrested until the liquid advances again due to
a positive pressure difference (Fig. 4b). This implemen-
tation of node crossing avoids a microscopic treatment of
flow in the nodes.
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Computer simulation results of imbibition
With our model, we observe a strong roughening of the

imbibition front (Fig. 4d) with fast moving menisci ad-
vancing through sequences of thin capillaries and arrested
menisci lagging behind. Quantitatively, the computer
simulations yield a mean rise level H(t) = 〈hi(t)〉 (where
〈. . .〉 denotes an average over all menisci labelled by the
index i), which obeys the Lucas-Washburn

√
t-behaviour

(Fig. 5a). The width w(t) = (〈h2
i (t)〉 − 〈hi(t)〉2)1/2 in-

creases rapidly as w(t) ∝ tβ with β = 0.42 ± 0.01 or
0.45 ± 0.01 for the smallest and largest polydispersity,
respectively (Fig. 5b,c). We find a slight upward trend
of w(t) at large times (Fig. 5b, inset), which is also sug-
gested in the experimental data (Fig. 3c) and indicates
that the asymptotic value of the growth exponent might
be larger. This is consistent with the fact that a smaller β
is observed when the asymptotic behaviour is approached
later (as in the case of the smaller polydispersity). This
implies that the asymptotic value is closer to that found
for the larger polydispersity with an increased uncer-
tainty, i.e. β = 0.45 ± 0.02. Different aspect ratios gave
identical results (data not shown).

Additionally, we systematically studied finite size ef-
fects, especially on w(t). Remarkably, we only find a
dependence on the lateral system size Nx for the small-
est system size Nx = 4 (Fig. 5c). This provides an upper
bound for the characteristic length scale ξ(t) of height-
height correlations. Within the framework of the scaling
theory of roughening30,31, the interface width in a finite
system of lateral size Nx is expected to behave as

wNx(t) = 〈h(x, t)2〉x − 〈h(x, t)〉2
x

∼
{

tβ for ξ(t) 
 Nx

const. for ξ(t) � Nx
(2)

The data (Fig. 5c) suggest ξ(t) < 4L, implying that the
roughening dynamics are not or are only weakly spa-
tially correlated. This is confirmed by the height-height
correlation function C(�, t) (eq. 1, Fig. 5d), which satu-
rates quickly (around � ≈ L). Scaling theory30,31 pre-
dicts saturation of C(�, t) for � � ξ(t), which implies
ξ(t) = O(1) independent of time t. This finding supports
our experimental results (Fig. 3d) that any spatial rough-
ness correlations are absent and extends its validity down
to pore-pore distances and thus towards the nanometer-
scale, i.e. far beyond our experimental resolution.

Experiments and simulations both yield a new
roughness growth exponent

The pore-network model mimics the main feature of
NVG, namely elongated pores. These inhibit the forma-
tion of a connected water-air interface and thus the inter-
action of individual menisci via surface tension. Experi-
ments and simulations exhibit corresponding behaviour,
even on a quantitative level, i.e. progression of the im-
bibition front according to the Lucas-Washburn

√
t-law,
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FIG. 5: Progression and roughening of the imbibition
front as observed in computer simulations based on
our pore-network model. Pore aspect ratio of 5 and stan-
dard lattice size Nx × Nz = 16 × 1000. Lengths are measured
in units of L, times in units of ns. All data are averaged
over 100 simulations with different disorder realizations, the
error bars reflect the standard deviation. (a) Mean rise level
H(t) = 〈hi(t)〉 for different polydispersities δr/rav (as indi-
cated). The lines represent fits of H ∝ √

t. The inset shows
the same data in a log-log representation and H ∝ √

t as the
dash-dotted line. (b) Evolution of the front width w(t) for
different polydispersities (as indicated). The lines represent
fits of w(t) ∝ tβ with growth exponents β = 0.42 ± 0.01,
0.42 ± 0.01 and 0.45 ± 0.01 for polydispersities of 0.1, 0.2 and
0.4, respectively. The inset shows the same data in a log-log
representation and

√
t as the dash-dotted line. (c) Evolu-

tion of the front width w(t) for a polydispersity δr/rav = 0.1
and different lateral system sizes Nx (as indicated). The line
represents a fit of w ∝ tβ with β = 0.42 ± 0.01 for Nx > 4.
The inset shows the same data in a log-log representation, the
dashed line represents an upper bound of the width, which is
given by the difference between the front heights H(t) ∝ √

t
in two homogeneous systems with constant minimal and max-
imal capillary radius r = rav−δr (slowest front propagation)
and r = rav+δr (fastest front propagation), respectively. (d)
Height-height correlation C(�, t) as a function of the distance
� at different times t (as indicated) for a sample with polydis-
persity of 0.1 and Nx × Nz = 128 × 32.

fast roughening of the front with a large growth expo-
nent β ≈ 1/2 and short range height-height correla-
tions over a maximum of 1–2 pore lengths only. The
weak lateral correlations are thus responsible for the
new universality class. Furthermore they explain why
our two-dimensional simulations agree with our three-
dimensional experimental results. We also expect that
the results are independent of the specific network, e.g.
diluted honeycomb or a random graph embedded in three
dimensions.



5

Both our experiments and simulations suggest a rough-
ness growth exponent close to 1/2 (β ≈ 0.45). We might
speculate that 1/2 is in fact the exact asymptotic value
as one would expect for a matrix of non-connected pores
with random but constant radii. But non-connected
pores with random variations of the radius over the pore
length exhibit a lower exponent of β = 1/4 as we found
using scaling arguments and checked numerically. The
smaller exponent indicates an equalization of the menisci
velocities in the different capillaries, which is due to the
fact that in any capillary the fluid has to pass through
segments of different thicknesses. Surprisingly, the intro-
duction of connections, i.e. branch points or crossings,
enhances height fluctuations and hence the front width.
This is because at each branch point one meniscus can
split into two (or more) upwards moving menisci with
one typically moving faster than the other, or even one
moving and the other stopping.

An alternative explanation for the value β ≈ 1/2 has
recently been proposed within the framework of a lattice
gas model for spontaneous imbibition32. This is based
on pure diffusion rather than a balance between capillary
forces and height dependent pressure gradients. This is
appropriate for silica aerogels with an extreme porosity
of 87-95 %, which allows for a continuous liquid-gas inter-
face forming the invasion front. By contrast, the much
smaller porosity and the characteristic capillary struc-
ture of NVG render capillary forces and height depen-
dent pressure gradients dominant on mesoscopic length
scales. It is conceivable that both descriptions asymptot-
ically converge to a unified picture.

Pore aspect ratio determines the universality
class

Our results show that spontaneous imbibition crucially
depends on the pore aspect ratio. It determines the range
of applicability of a capillary network model to sponta-
neous imbibition in porous media. For pores longer than
they are wide (L � rav), all menisci are well separated
and do not form a continuous imbibition front. This leads
to strong roughening with β ≈ 1/2 as shown in our ex-
periments and in our model. For short pores (L � rav)
neighbouring menisci coalesce, a continuous imbibition
front exists and surface tension effects become important,
as for imbibition in paper and sand. In this case, the cap-
illary network model has to assume ad hoc an interaction
between neighbouring menisci in order to include surface
tension effects29. An appropriate description of this situ-
ation is achieved by phase field models19, which correctly
predict weak imbibition front roughening with β ≈ 0.19.
Thus, our work shows that the pore aspect ratio deter-
mines whether a connected air-water interface and thus
surface tension-mediated interactions between individual
menisci are present, which is crucial for imbibition front
roughening and determines its universality class.

We want to stress that strong imbibition front rough-
ening is not linked to the nanometer size of the pores.

However, its experimental observation over large length
and time scales significantly benefits from the dominance
of capillary forces over gravitational forces, which results
from the nanometer-sized pores. Note that the computer
simulations employ macroscopic hydrodynamic concepts
only. Therefore, strong interfacial roughening is a conse-
quence of any spontaneous imbibition process in porous
structures with elongated capillaries, such as rocks and
soils, independent of their macroscopic extension and
mean pore diameter. Our observation of a new univer-
sality class of strong interfacial roughening is thus a very
general finding, which has been made possible due to re-
cent improvements in the resolution of neutron imaging.
It is not only important to nanofluidics, but for liquid
transport in porous media in general. The front rough-
ness is crucial for many processes, such as water transport
in geology, forced flux in oil recovery, glueing, dying and
impregnation. Our results enable us to link the rough-
ening dynamics during these processes to the properties
of the porous materials and thus design porous materials
for specific applications. It will be interesting to explore
experimentally and theoretically the transition between
strong and weak imbibition front roughening. This will
require a detailed treatment, in particular a spatial anal-
ysis, of the menisci dynamics and the morphological evo-
lution at pore junctions and in pore niches.

Methods
Neutron imaging. The nanoporous Vycor glass (NVG)

consists of an interconnected network of elongated pores with
a mean radius rav = 4 nm, a polydispersity of the radius of
20 %, a pore aspect ratio of about 5−7, and a porosity of about
30 %8,23,25,26. The macroscopic dimensions of the sample are
4.6 × 4.6 × 20 mm3. Its faces, except the bottom face, are
sealed to preclude liquid evaporation. To initiate imbibition,
the bottom face of the sample is brought into contact with
the surface of a water reservoir. During imbibition, the huge
capillary pressure highly compresses entrapped air which is
subsequently dissolved in water and hence does not affect our
experiments. All experiments are performed at room temper-
ature.

The neutron imaging experiments are performed at the
ANTARES beamline of the research reactor FRM II of the
Technical University München (Garching, Germany). The
sample is ‘illuminated’ by a 40×40 mm2 beam of cold neu-
trons. While silica, and thus NVG, is almost transparent to
neutrons, the neutron beam is strongly attenuated by hydro-
gen, here water. The contrast is further enhanced by the char-
acteristic wavelength distribution of the ANTARES beamline,
which contains a large fraction of cold neutrons. The trans-
mitted neutrons are detected using a ‘Gadox’ scintillator and
a CCD camera (pixel size 15.97 μm). The effective spatial
resolution of the set-up is about 30 μm. Series of images are
recorded with an individual measurement time of 40 s and a
total measurement time of up to several hours. Raw images
were corrected for detection efficiency, background and noise.

Computer simulations. The pore-network model con-
sists of capillaries arranged on a two-dimensional square lat-
tice inclined at 45◦. The system consists of Nx and Nz nodes
in the horizontal and vertical directions, respectively, with



6

periodic boundary conditions in horizontal direction. At the
nodes, four capillaries are connected to each other (Fig. 4).
All capillaries have the same length L, while the radius of
each capillary is chosen randomly from a uniform distribution
with mean radius rav and distribution width δr, i.e. disorder
strength δr/rav. We performed computer simulations for dif-
ferent lateral system sizes 4 ≤ Nx ≤ 32 and a vertical size up
to Nz = 1000, which implies a maximum height H =

√
2 Nz L

which was not reached by the invasion front within the simu-
lation time.

The water rises spontaneously from the bottom to the top
of the lattice. The dynamics are controlled by capillary pres-
sure, viscous drag and volume conservation. At each menis-
cus, i.e. for each capillary j connected to node i, we calculate
the capillary pressure given by the Laplace pressure

P j
c,i = 2σ

rj
i

, (3)

where rj
i is the radius of the capillary and σ the surface tension

(σ = 72 mN/m for water). Flow through the capillary is
driven by the pressure difference ΔP j

i = Pi − P j
c,i, where Pi

is the pressure at node i.
According to Hagen-Poiseuille’s law, the volume flux Qj

i

from node i into capillary j is

Qj
i = −π(rj

i )4

8η

ΔP j
i

hj
i

, (4)

where hj
i is the length of the liquid column in capillary j of

node i and η the viscosity of the liquid (η = 0.88 mPa s for
water). The volume flux Qj

i determines the change of the
liquid volume V j

i and thus of the length of the liquid column
hj

i according to Qj
i = dV j

i /dt = π(rj
i )2 dhj

i /dt. Hence, once
the node pressures Pi are known, the time dependencies of
the heights hj

i (t) are given by ordinary differential equations.
The node pressures Pi are determined by the boundary

conditions and volume conservation. The boundary condi-
tions are the Laplace pressure at the menisci, P j

c,i, and zero
pressure at all nodes at the bottom of the lattice which are

connected to the water reservoir. The volume conservation at
each node is given by

∑
j

Qj
i = 0 , (5)

which corresponds to Kirchhoff’s law. The sum runs over
all capillaries j attached to node i. The resulting set of
sparse linear equations is numerically solved to obtain the
node pressures Pi for a given meniscus height configuration
hj

i . The differential equations for hj
i are then numerically

integrated using an implicit Euler scheme for time-stepping.
Note that, due to the nanometer-sized capillaries, capillary
pressure dominates gravity, which can thus be neglected.

The time step Δt is chosen such that each meniscus moves
at most a distance L/10 and that no meniscus crosses a node.
If this would occur the move is rejected and the time step
Δt reduced to the time interval within which this meniscus
reaches the next node. Then the liquid is immediately moved
a distance δ = L/100 into the adjacent capillaries (Fig. 4a).
All other menisci are processed with the reduced Δt. Simi-
larly, if the meniscus retracts due to a negative pressure dif-
ference, ΔP j

i < 0, the meniscus is arrested when it has ap-
proached the node up to a distance δ. Thus a liquid column
with a length of at least δ is kept in the capillary, i.e. hj

i ≥ δ al-
ways holds. The meniscus is released when ΔP j

i > 0 (Fig. 4b).
When two menisci meet, they merge and the capillary thus
is completely filled (Fig. 4c), which mimics the absence of
entrapped air in our experimental system.

During a computer simulation of the time evolution of the
model, the average rise level H(t) = 〈hi(t)〉 of the invading
front and its width w(t) = (〈h2

i (t)〉 − 〈hi(t)〉2)1/2 are cal-
culated at different times t. Since the invasion front con-
tains overhangs and voids, the average 〈. . .〉 is taken over all
menisci indexed by i. The presented data are averaged over
100 simulation runs using different disorder realizations. The
statistical error of this average represents the error bars of the
simulation results.
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