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INTRODUCTION
The kinetics of capillary penetration of

wetting liquids into porous media is of particu-
lar interest due to its applications in the paper
and textile industries and in printing technolo-

gies. An understanding of fluid penetration
processes is necessary in understanding all con-
verting processes where contact between paper
and fluid plays a role.

The Lucas-Washburn [1,2] theory is
used commonly to model the penetration of liq-
uids into porous materials where the rate of
penetration is a function of the balance between
surface tension forces and viscous drag. The in-
terfacial contact angle is assumed to be constant
and the pore morphology is reduced to an
equivalent cylindrical pore. It has long been
recognized that this is a gross oversimplifica-
tion of the true morphology of a paper product,
which in reality is a material made up of a cellu-
lose fibre matrix, in many cases coated with a
consolidated mass of pigment and binder. It has
been noted before that important differences
exist between penetration of a liquid into a cap-
illary and penetration into a more complex po-
rous medium [3,4]. The development of tools to
describe more realistically the pore morphol-
ogy of porous materials is an emerging disci-
pline of recent interest [5–9].

To gain a better understanding of fluid
penetration into paper, one must not only
effectively characterize the morphology of the
pores within the fibre web. One must also ob-
tain a fundamental understanding of the physi-
cal processes which affect fluid movement and
fluid–solid interactions during fluid penetra-
tion. Penetration models, including the classi-
cal Lucas-Washburn equation, assume that the
major mechanism for fluid penetration into
paper is via capillary transport within pores.
Eklund and Salminen [10] considered a number
of water transport mechanisms including liquid
capillary transport through pores, diffusion of
vapour, surface diffusion in pores and intrafibre
flow; they observe that bulk capillary transport
in pores remains the most important mecha-
nism.

Recent work [11] has included the study
of inertial effects on fluid penetration. In all de-
scriptions of fluid penetration, pores are con-
sidered to be occupied by a single fluid and the
pore-filling mechanism is by meniscus move-
ment down the pore centre.
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We use cryo-scanning electron microscopy to visualize the penetration of a wetting fluid into various bleached softwood kraft papers. The results indi-
cate that the fluid movement is due primarily to the advance of the wetting fluid in the form of bulk liquid films along channels formed by fibre overlaps.
This is in contrast to the common description of fluid penetration, where the primary flow mechanism is based on the bulk filling of pores. The channels
formed by fibre overlaps are shown to form a highly interconnected dense network of flow paths which efficiently transport the wetting fluid. We calcu-
late the flow rates associated with penetration along a number of potential flow paths within the fibre web. The experimentally observed penetration
rate is consistent with a film flow process through interfibre channels which is significantly slower than a penetration process dominated by meniscus
flow through pores.

Nous utilisons le cryo-microscope électronique à balayage pour visualiser la pénétration des fluides mouillants dans divers papiers kraft blanchis de
résineux. Les résultats indiquent que le mouvement du fluide est attribuable principalement au fluide mouillant sous forme de pellicule liquide le long
des canaux formés par le chevauchement des fibres, ce qui vient à l’encontre de la description courante de la pénétration du fluide, où le mécanisme de
débit primaire est basé sur le remplissage global des pores. Les canaux formés par le chevauchement des fibres forment un réseau dense et
interconnecté de voies de circulation transportant efficacement le fluide mouillant. Nous calculons le débit associé à la pénétration le long d’un cer-
tain nombre de canaux unidirectionnels potentiels dans la feuille fibreuse. Le taux de pénétration observé en laboratoire est conforme au débit d’une
pellicule dans des canaux interfibres qui est significativement inférieur à un processus de pénétration dominé par un ménisque unidirectionnel dans
les pores.
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In a previous paper [12], some of the
present authors performed an experimental
investigation of droplet penetration into ideal-
ized etched two-dimensional porous networks.
Results showed that, during the penetration of a
wetting fluid into a porous network, there is a
competition between an advancing and swell-
ing bulk wetting film and capillary transport in
the pores. In this paper, we extend the work to a
study of fluid penetration into 3-D paper fibre
webs. We use cryo-scanning electron micros-
copy (cryo-SEM) to visualize the fluid phase as
it penetrates into a range of paper types. Paper
types studied include fully bleached softwood
kraft paper and a number of saturating kraft pa-
pers used as low-pressure melamine laminates.
We observe that the fluid flow cannot be char-
acterized by an advancing wetting front moving
along the bulk of the pores. We observe a large
and diffuse partially saturated zone, where fluid
occupies only the edges of pores and forms
films along channels formed by fibre overlaps.
The results indicate that the fluid movement is
due primarily to the advance of the wetting
fluid in the form of bulk liquid films along these
channels. This is in contrast to the common de-
scription of fluid penetration, where the pri-
mary flow mechanism is based on the bulk
filling of pores.

To understand the observed behaviour,
we consider the 3-D structure of a paper web.
We observe that a number of potential flow
paths for the wetting fluid exist within the fibre
network at different length scales; these include
flow within the pores, flow along channels
formed by fibre overlap, flow along the fibre in-
dentations caused by fibre collapse during
pressing and fibre roughness, and intrafibre
flow. We define the relevant length scale associ-
ated with each flow path and discuss the conti-
nuity and representative morphology of the
pathways. A description of pore-scale mecha-
nisms for fluid penetration is given for the pore
morphologies associated with each potential
flow path. We find that the continuous displace-
ment of a meniscus along bulk pores is highly
unlikely due to the presence of discontinuities
in the pore morphology. We show that a prefer-
ential displacement mechanism is via film flow.
The channels formed by fibre overlaps are
shown to form a highly interconnected and
dense network of flow paths which efficiently
transport the wetting fluid. We calculate the
flow rates associated with penetration along
each transport pathway; the experimentally ob-
served penetration rate is consistent with a film
flow process through channels and signifi-
cantly slower than a penetration process domi-
nated by meniscus-driven flow through pores.

EXPERIMENTAL METHODS
The experimental goal was to visualize

the transport mechanism of a wetting fluid dur-
ing fluid penetration. The speed of imbibition
and the resolution required to study the wetting
sequence at the fibre scale is experimentally
challenging. To maintain good fibre and liquid
discrimination, cryo-SEM was preferred for
this study. As cryo-SEM can maintain the sam-
ples at �165°C during the imaging process, it

avoids problems which occur in conventional
SEM where hydrated materials undergo shrink-
age and distortion due to the high-vacuum envi-
ronment. Providing an imbibition process is
frozen quickly enough, and maintained suitably
cold, the actual fluid distribution can be ob-
served.

A Cambridge Instruments S360
Stereoscan SEM fitted with a high brightness
LaB6 electron source, a backscattered electron
detector and a cryogen transfer chamber was
used in the study. The paper samples used in-
cluded fully bleached softwood kraft laboratory
paper containing no sizing or filler material (In-
ternational Paper), an 80 g/m2 laser copy paper
(Australian Paper), as well as a number of satu-
rating kraft papers used for the production of
low-pressure melamine panels. Samples, 15 � 5
mm, were fixed to a standard specimen holder
with tissue freezing medium made up of equal
proportions of G. 303 Colloidal Graphite
(Aquadag) (Agar Aids) and Tissue-Tek OCT
Compound 4583 embedding medium (Miles
Scientific). Approximately 20 �L of 2 mol/L
cesium iodide aqueous solution was applied to
each sample and plunged immediately into a
semifrozen slush of nitrogen at a temperature
around �230°C. This ensures rapid and total
freezing of the specimen within 0.5 s. As the to-
tal imbibition time for the droplet was ~3 s, in
every case bulk liquid in the form of a frozen
droplet remained on the surface of the paper.

Reduction of artifacts is crucial and has
been discussed by Robards and Sleytr [13]; in
particular, the rapid freezing of the sample. The
use of N2 slush results in a cooling rate of over
10 000 K /s which will ensure a rapid transition
between the homogeneous nucleation point of
230 K and the recrystallization point at 130 K,
thus avoiding crystallization of water. Based on
this methodology, we are confident that the
fluid phase remains undisturbed and a dynamic
snapshot of droplet imbibition is observed.
Low magnifications and accelerating voltages
(15 kV) also helped reduce the production of
artifacts.

When the snap-frozen samples were
then inserted into the chamber of the SEM, a
light frost frequently decorated the sample as a
result of condensation of atmospheric moisture.
To remove this adventitious ice, the sample was

warmed briefly under vacuum to �80°C. By
monitoring the secondary electron image dur-
ing this process, selective sublimation of the
frost was possible. The sample was then cooled
back to �165°C and coated with an ~10 nm
layer of gold before being returned to the SEM
chamber. The samples were maintained at ap-
proximately �165°C during examination and
imaged in both secondary and backscattered
electron modes. Magnifications varied from
X60 which enabled the full droplet area to be
imaged to over X1500 to obtain high-definition
images of individual pores and channels.

The CsI solution gave excellent contrast
against fibres in backscattered electron mode.
Unlike a number of other microscopy stains,
CsI solutions did not chromatographically sep-
arate. Figure 1 shows the same region imaged
in A) secondary electron mode and B) back-
scattered mode. The colouration shown in suc-
cessive electron micrographs is derived directly
from overlaying a colourized backscattered im-
age with the secondary image to highlight the
morphologies of liquid imbibition.

EXPERIMENTAL RESULTS
In Fig. 2, we show a low-magnification

image which illustrates the typical penetrating
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Fig. 1. An example of an SEM image of fluid penetration into kraft paper in (A) secondary elec-
tron mode and (B) backscattered mode.

Fig. 2. Low-magnification image showing the
fluid configuration at the paper surface. We
observe that near the droplet (upper left of
the image) a region of saturation exists
(shaded blue).The remaining regions exhibit-
ing the presence of fluid are partially satu-
rated. Regions in red show where pores
exhibit partial filling. Green regions illustrate
where the surface pores diverge to large
openings.



fluid configuration at the paper surface
emanating from the drop edge (upper left cor-
ner) radially outwards. Two regions can be ob-
served in the image. Near the droplet edge, we
observe a region where the surface pores are
completely saturated; this region extends �500
�m from the drop edge (blue shade). The re-
maining region is only partially saturated by the
penetrating fluid. The degree of saturation de-
creases as one moves further from the drop
edge, and at the outer regions of the partially
saturated zone we see that the penetrating fluid
is present only in the form of films in the re-
gions between the fibres. We observe large
pores that remain unsaturated in the midst of
smaller filled pores.

In Fig. 3, we show the typical fluid distri-
bution in the midst of the saturated zone. One
observes that pores at the surface are not all
filled, and fibres at depth are still visible to the
surface. We also note that the fluid does not
tend to wet the upper surface of the paper fibre;
the fluid interface instead seems to wet the fibre
edges preferentially and becomes pinned along
the fibre edge.

In Fig. 4, we show a higher resolution
image of a fluid configuration just inside the
boundary of the partially saturated zone. We
again note that the fluid fills primarily the pores

which lie between the edges of fibres (red shad-
ing in Fig. 4) and do not wet the upper fibre
surface. One also notes the presence of films
along channels formed by fibre overlap (blue
shading) which interconnect many of the filled
pores. Finally, we note that the larger surface
pores remain unfilled (yellow shading). Some
edges of the large pores, however, do exhibit a
presence of a liquid wetting film.

As one moves further away from the
droplet edge into the partially saturated zone,
one observes a number of interesting fluid con-
figurations within the pore space. In Fig. 5, we
observe pores completely filled between fibre
edges on the left side (red shading), and the
presence of seemingly disconnected fluid films
along channels formed by fibre overlap scat-
tered throughout the rest of the image (green
shading). One also notes a curious fluid config-
uration (yellow) within a pore lying 3–4 fibres
below the paper surface. Here the pore is mostly
filled, but a partial disk of air punctures the cen-
tre of the pore. Several of these partially filled
pores are visible throughout the partially satu-
rated zone (labelled by squares in the low mag-
nification Fig. 2). A closeup of a partially filled
pore is given in Fig. 6.

In Fig. 7 we observe a smaller pore (red)
with a pore size of ��� �m completely filled

with the wetting fluid and a larger neighbouring
pore size of ��� �m, (green) which exhibits
only a presence of films along the edges.

Figure 8 is taken further out from the
drop edge. In this region, we observe the wet-
ting fluid present solely as films along channels
formed by fibre overlaps (blue) and as films
wetting edges and corners of the pore (red).

At the outer edge of the partially saturat-
ing zone we observe only film flow along fibre
intersections (Fig. 9). We also observe a small
amount of flow along the fibre surface rough-
ness and no flow into fibre pits (arrow).

From the experimental results we can
conclude that, particularly in the partially satu-
rated zone, film flow is the major mechanism
for transport of the wetting fluid. Bulk flow
through the pores generally is not observed.

PORE-SCALE MODELLING
OF OBSERVATIONS

In this section, we reconcile two-phase
flow modelling with the experimental observa-
tion that the capillary penetration is associated
primarily with the flow of the wetting fluid in
the form of bulk liquid films along channels
formed by fibre overlaps and is not observed as
bulk flow in the pores. We first give a descrip-
tion of the pore morphology for all potential
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Fig. 3. The typical fluid distribution in the midst of the saturated zone.
One observes that pores at the surface are not all filled and fibres at
depth are still visible to the surface.

Fig. 4. Higher resolution image of the fluid configuration inside the
partially saturated zone.

Fig. 5. Fluid configurations within the partially saturated zone. Fig. 6. Closeup of a partially filled pore.



flow paths within paper. We then develop a
mechanistic description of two-phase flow
within each pore morphology. Calculation of
the flow rates associated with penetration down
fibre- overlap channels is shown to be consis-
tent with the film flow mechanism observed
experimentally.

3-D Pore Morphology of Paper
We describe all the potential flow paths

for the wetting fluid which exist within the fibre
network at different length scales:
— Flow within the bulk pores;
— Flow along channels formed by fibre over-

laps;
— Flow along crevices formed by indentations

and surface roughness of the fibres; and
— Flow within the intrafibre pores.

In this section, we use the images given
in Experimental Results to help describe these
various fluid pathways on a paper fibre net-
work, define the length scale associated with
these different pathways, and discuss the conti-
nuity of the pathways within the sheet.

The size of pore openings within paper is
highly variable. A number of different pore
sizes are evident at the surface of the paper in
Fig. 2 and range from ~20–50 �m. Moreover,
the cross-section along a single pore can vary
enormously. On penetration down 1–2 fibres
into the paper sheet ��� �m in depth, the pore
size suddenly diverges. This pore morphology
is evident in the regions shaded green in Fig. 2.
One also observes the presence of sharp dislo-
cations in the pore openings when considering
a cross-sectional view of a paper sheet; e.g. see
figures in [14,15].

Fluid penetrating from small pores at the
surface must bridge across large pore openings;
bulk penetration of fluids into the pore space is
therefore characterized by converging and di-
verging pores, and pores exhibiting large dis-
continuities [3]. A schematic of the interfibre
pore space is given in Fig. 10A. Due to the large
number of fibre overlaps which partition the
pore space into many domains, the pores are
highly interconnected.

A second potential flow path for the wet-

ting fluid is along channels formed by fibre
overlaps. The morphology of these potential
flow paths is not simple to determine. Hasuike
et al. [14] performed a very careful geometric
evaluation of a paper sheet in 3-D based on se-
rial sections at a 2 �m spacing. Statistics on the
number of fibres contacting each fibre was cal-
culated for 138 fibres over a (200 �m)2 area.
They observed a huge degree of entanglement
and interconnection of fibres. The fibres, and
therefore the channels generated via fibre over-
laps, lie almost exclusively parallel to the sheet.
Hasuike et al. [14] observed minimal migration
of fibres perpendicular to the sheet axis. They
observed that almost all of the upper and lower
surfaces of a paper fibre are in contact with
other fibres and they measured ~80 fibres con-
tacting the surface of a fibre for every 1 mm in
length. As most fibres are 1 mm in length or
longer, this represents a huge degree of fibre
entanglement. With respect to the fibre cross-
section, they observed often more than 2 fibres
bonded to each fibre (Fig. 9 of [14]). This high
degree of fibre overlap which is evident in all
experiments is sketched schematically in Fig.
10B,C. From these sketches in 3-D and in
cross-section, one can identify the pore geome-
try that emerges due to fibre overlap in Fig.
10D. We observe in cross-section that the over-

lap of fibres leads to the formation of many
small channels. Flow along these channels can
be approximated as a corner flow problem
down an open channel of angle � < 90°. The ex-
act size and channel angle � were not given ex-
plicitly in [14], and they are difficult to discern
from the SEM images. Based on the cross-sec-
tional images and given that the fibre thickness
is ~5–10 �m and the fibre width is ~15 �m, we
estimate a channel depth of r � 1–3 �m. The
flow channels formed by fibre overlap form an
extremely dense interconnected network of po-
tential flow paths (see Fig. 10B).

A third potential flow path is based on
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Fig.8.Two examples of fluid configuration in regions far from the drop
edge. Here we observe the wetting fluid is present solely as films
along channels formed by overlapping fibres (blue) and as films wet-
ting corners of the pores (red).

Fig. 9. At the outer edge of the fluid we ob-
serve film flow only along fibre intersections.
The width of the image is 25 �m.

Fig. 7. A small pore (red) with a pore size of ~10 �m completely filled
with the wetting fluid and a larger neighbouring pore of size ~20 �m
(green) which only exhibits a presence of films along the edges.

Fig. 10. (A) A schematic of the typical pore ge-
ometry in paper sheet: a (small) surface pore
opening which opens up to a significantly
larger pore. (B) Illustration of the fibre bond-
ing state observed in 3-D; note the large de-
gree of entanglement and interconnection of
the fibres. Flow channels formed by fibre
overlap and therefore form a highly intercon-
nected pore space. (C) illustrates a typical fi-
bre cross-section picture. The high degree of
fibre overlap is reinforced. (D) The open
channel pore geometry that is generated by
fibre overlap. (E) Illustration of the indenta-
tions A and roughness B that are observed on
a fibre surface and C the intrafibre pore.



flow along the roughness or curvature on the
surface of a fibre. A typical fibre does not ex-
hibit a purely convex shape, but can exhibit
both an indentation due to fibre collapse and
roughness in the cross-section (Fig. 10E). One
can approximate this flow path by an open
channel flow. Here the angle � associated with
indentations �i > 90° and roughness �r � 90°
are both large, with the crevice size small, r <
1 �m. These potential flow pathways, which
one observes along most fibres, intersect with
the fibre-overlap channels; the pathways, how-
ever, are quite long, and do not exhibit the
strong degree of interconnectivity observed in
the fibre-overlap channels.

A schematic of an intrafibre pore is
shown also in Fig. 10E. We estimate < 0.5 �m
for the intrafibre pore size by consideration of
cross-sectional images of the fibre web. The
pore geometry can be approximated as eye-
shaped. These pores do not form a continuous
pore systems throughout the fibre web; the ends
of each fibre do not intersect. Flow through a
fibre pore would reach the end of the pore and,
to continue to penetrate, would need to pene-
trate across the pores; this is analogous to flow
along a small pore reaching a large discontinu-
ity.

Mechanisms of Displacement
in Porous Networks

Pore-scale mechanisms observed during
penetration of a wetting fluid may be described
using the terminology first introduced by
Lenormand et al. in 1983 [16]. There are two
distinct types of advance. The first is piston-
like, where the fluid advances as a meniscus oc-

cupying the centres of
the pore space. In the
second, the wetting
fluid flows along crev-
ices in the pore space,
filling pores in ad-
vance of the wetting
front. We illustrate the
two types of advance
based on simplified
pore descriptions. Al-
though the pore-scale
morphology of paper is much more complex,
these simple illustrations give one a better un-
derstanding of the penetration mechanisms ob-
served experimentally.

The simplest type of fluid motion in a
network of pores is piston-type motion; the me-
niscus is inside a channel and the wetting
(fluid) phase displaces the non-wetting phase
(air) (Fig. 11A). The filling of a network of in-
tersecting channels of variable aspect, as is the
case for paper webs (Fig. 10A), is more com-
plex than flow down a single channel.

In particular, the presence of pores at
junctions of flow channels and sharp disloca-
tions in the network lead to very different flow
processes. As discussed in [16,12], the filling of
these junctions and discontinuities depends on
the capillary (displacement) pressures associ-
ated with meniscus advancement. This includes
the fluid distribution within the pores (e.g. the
number of neighbouring channels filled with
wetting fluid) and the contact angle and pore
size [12,16]. The primary result is that only
when the majority of pores at a junction are
filled with a wetting fluid can the meniscus con-

tinue to penetrate via a frontal advance (Fig.
11B). Other configurations where neighbour-
ing pores at the junctions remain filled with
non-wetting fluid (air) (Fig. 11C) or the menis-
cus reaches a discontinuity (Fig. 11D), the fluid
configuration remains stable and continued dis-
placement can only take place by a film-flow
mechanism. For example, a fluid meniscus ad-
vancing down the smaller pores in Fig. 10A, a
fluid configuration similar to that illustrated in
Fig. 11D, will not advance beyond the junction
to the large pore opening (discontinuity) [3].
The principal radii of curvature at a discontinu-
ity are infinite, therefore the capillary pressure
or driving force for further advancement is
zero.

The only mechanism for fluid to advance
beyond discontinuities like those illustrated in
Fig. 11C,D is via film flow. If the frontal menis-
cus cannot advance down a pore, the wetting
fluid will flow as a film along the edges of the
pores. Based on the illustration in Fig. 10D, we
consider a representative pore cross-section
that includes a pore of radius R and open chan-
nels of depth d (Fig. 12A). A simple schematic
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Fig. 11. Interfacial configurations corresponding to different fluid
penetration mechanisms; (A) piston displacement, (B–D) penetration
across pore boundaries and discontinuities. In case (B), the fluid can
continue to advance but, in cases (C) and (D), the fluid configuration
will remain stable.

Fig. 12. (A) A simple illustration of a pore with two small fibre overlap
channels; (B) gives a more detailed view of the channel geometry. In
(C) we illustrate the free penetration of a film along a channel; we illus-
trate a gradient in the thickness of the film along the edge of uniform
cross-section

c c
2 1r r	

Because of this variation in thickness the capillary pressure at loca-
tion (1) is greater than at location (2)

c c
1 2p p	

via Eq. (1). Since the pressure of the non-wetting phase (air) is the
same at the two locations the fluid will tend to penetrate along from 2
to 1. (D)–(F) show the fluid configuration at the edge of a channel after
filling is complete. In (D,E), �e � 180° and the interface will not thicken
beyond the channel depth rc and will instead remain pinned at the
channel/pore edge. In (F), as the effective channel angle �e < 180°, one
would observe a continued thickening mechanism.



of the channel with a uniform cross-section and
partially filled with the wetting fluid is given in
Fig. 12B. Assuming the capillary is sufficiently
long compared to its diameter, the capillary
pressure across the liquid meniscus in the edge
can be calculated as

Pc = � cos (� + �/2)/rc (1)

where � is the surface tension, � is the contact
angle of the fluid at the solid interface, � is the
opening angle of the crevice and rc is the dis-
tance between the liquid/solid contact lines.
This implies that, for fluid to advance down the
crevice, Pc > 0, 0° 
 (� + �/2) 
 90°. As the
channels formed by fibre overlaps have � < 90°,
it can be expected that most wetting fluids will
spontaneously penetrate along these flow paths.
Progressive penetration of the wetting phase
along a channel is driven by the interfacial con-
figuration; if the film is thinner, the curvature of
the liquid meniscus in the edge is increased and,
consequently, the capillary pressure is higher.
Figure 12C illustrates the penetration of the
wetting liquid along a channel of depth d
formed by the fibre overlaps (similar to that ob-
served experimentally in Fig. 9). If fluid is
available the films will continue to thicken until
the channel fills completely, c cr r d1 2� � in Fig.
12C.

At the channel/pore interface (Fig.
12D–F), depending on the edge configuration,
the films will either continue to swell or be-
come pinned. We define an angle �e as the an-
gle formed by the edges of the pore near the
pore/channel interface. If the channel geometry
associated with a fibre overlap opens to a flat
discontinuity (�e = 180°) or to an angle (�e >
180°), one would expect the fluid interface to
be pinned and observe no thickening of the film
beyond the channel depth d, (rc 
 d), as illus-
trated in Fig. 12D,E. However, if the opening at
the pore edge has an �e < 180° (Fig. 12F), one
may observe continued, albeit slower, film
thickening into the pore.

We expect that the typical pore/channel
interface will exhibit an angle �e < 180°. From
the data of [14], we know that the average num-
ber of fibre bonds expressed with respect to the
fibre cross-section is �2. A cross-sectional view
of the pore geometry at the edge of a fibre in
cross-section can therefore exhibit channels
which lie in close proximity (Fig. 13A,B).
Since fibres viewed in cross-section exhibit pri-
marily a convex shape and are aligned perpen-
dicular to the sheet axis, the pore/channel
interface is highly likely to exhibit �e < 180°.
As shown in Fig. 12F, for a pore/channel inter-
face exhibiting an �e < 180°, the films will con-
tinue to thicken beyond the channel edge. The
advancement of the wetting fluid via thickening
films therefore can lead to the intersection of
the menisci in the two channels; configuration
(2) in Fig. 13B results. The merged menisci
now will accumulate as a growing collar within
the channel cross-section and will stop only at a
new discontinuity in the pore morphology (con-
figuration 3 in Fig. 13B). This partial pore fill-
ing along the edge of a pore via films is
observed in several experimental images (e.g.

see some regions
shaded blue in Fig. 8).

If the pore
cross-section is small
enough and/or the ad-
vancing films within a
pore are thick enough,
eventually the wetting
fluid can come into
complete contact with
the channel wall and
an unstable non-wet-
ting fluid (air) fila-
ment is created within
the pore which spon-
taneously thins and
snaps off [16]. The
wetting fluid now
completely fills the
pore (Fig. 13C). The
experimental images
illustrate this mecha-
nism in progress. The
partially saturated
pores highlighted in
Figs. 2 (red shading),
5 (yellow shading)
and 6 are all very
close to having be-
come completely
filled; only one fibre
edge remains in con-
tact with the air (non-
wetting phase) and
the pore exhibits a
small circular hole
near the pore centre.
On continued film ad-
vancement the pore
would be completely
filled. Numerous
pores completely
filled via film flow are
evident in Fig. 2; a
close up of a pore that
has filled via film flow
is shown in Fig. 7 (red
shading).

When discuss-
ing Fig. 7, we noted that, while the small pore
(shaded red) was filled, the larger, green-
shaded pore has fluid films only along the edges
of the pore. This observation is completely con-
sistent with a fluid displacement pattern medi-
ated by film flow. Pore filling fed by films that
gradually thicken, via snap off, is heavily
weighted to the smaller pores; schematically,
we show in Fig. 13D that a larger pore with the
same film thicknesses as the pore in Fig. 13C
does not form an unstable air filament and, in-
stead, remains partially wet along the pore
edges. This is what is observed experimentally
in Fig. 7. The pore shaded green is very near the
smaller filled red pore and would have similar
film thickness. This pore, however, has not
been filled completely. We observe this on a
larger scale in Fig. 2 throughout the partially
saturated zones, where we see smaller pores be-
ing filled, while the larger pores remain only
partially wet along the edges.

It is important to note that the pores filled
by a snap off (film flow) mechanism do not
have to be connected to the main wetting front
via filled pores. While still connected to the
droplet, they are fed instead via films flowing
along the dense interconnected network of fibre
overlap channels. The filled (red) pore in Fig. 7
is surrounded by many unfilled pores, and can
have filled only via a film flow mechanism.

This scenario, that the primary pore fill-
ing mechanism in the paper network is via fluid
films, allows one to reconcile flow modelling
with the experimental observations. Nearer the
droplet edge, within the saturated zone (see up-
per left of Figs. 2,3), films along interfibre
channels will be thicker; this enables even the
largest pores to fill via a film-flow (snap-off)
mechanism. That the filling of the pores origi-
nates from channels formed by fibre overlap,
which lie almost exclusively parallel to the
sheet, is consistent with the fluid configuration
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Fig.13. (A) A schematic of a fibre cross-section with two neighbouring
fibres; this leads to two fibre overlap channels being close to each
other. In (B), we consider a wetting fluid configuration in 1, where the
fluid fills the two fibre overlap channels and in 2, where the menisci
have merged. This wetting fluid can advance down the interfibre pore
as a growing collar and will stop when reaching a discontinuity within
the pore 3. For a small pore (C), the advancement of one or two grow-
ing collars 2 can lead to the wetting fluid forming a film around the full
circumference of the pore 3. When this occurs the pore will spontane-
ously fill with the wetting fluid (snap off). In (D), we illustrate a large
pore which exhibits the same degree of film thickening as the small
pore in (C). In this case, the same amount of film thickening leads to
only partial wetting of the pore edges but no pore filling is observed
(compare two pores in Fig. 7).



observed in the saturated zone. Here, we ob-
served the apparent pinning of the wetting fluid
to the edge of the fibres and no tendency to wet
the upper surface of the fibre. In the region of
partial saturation, we observe the smallest
pores are filled while the larger pores remain
partially wet by films. Far from the droplet edge
we observe the genesis of pore filling; films
alone are observed.

We observe only a minimal amount of
flow along the roughness of the paper fibre. In
Fig. 9, we see a small film advancing down an
indentation in the cellulose fibre cross-section.
The advancement is very small (�10 �m) com-
pared to the advancement along the fibre over-
laps (~1 mm). This small advancement can be
due to several factors. The indentation in a fibre
due to collapse exhibits a large angle � which
greatly reduces the driving force Pc for flow
(Eq. 1). As discussed in [12], there is no simple
relationship between Pc and fluid advance, so
one cannot predict the relative advance along
different (coupled) flow paths. However, a re-
duced Pc can have a significant retardation ef-
fect on the local flow mechanisms. We observe
no flow down intrafibre pores; Fig. 2 exhibits
no qualitative evidence of fibre swelling and, at
higher magnifications (Fig. 9), we observe no
flow into the fibre pits or any liquid present be-
neath the pits.

Relative Flow Rates
Along Flow Paths

In this section, we discuss the relative
flow rates one would observe along different
flow pathways. From simple fluid mechanical
considerations, one would expect that film flow
through small channels formed by fibre over-
laps, rather than meniscus displacement via
bulk pores, would significantly limit the vol-
ume imbibed and the spatial extent of fluid ad-
vance into the paper sheet. Here, we show that
the experimentally observed rate of penetration
is in fact consistent with a film-flow process
along the interfibre pores and is significantly
lower than expected if the primary flow mecha-
nism was based on meniscus flow down the
bulk pores.

The prediction of two-phase liquid flow
in a chaotic network of interconnected pores
with channels is still an enormously challeng-
ing problem. Even studies of liquid flow along
a single channel of arbitrary opening � can only
be solved numerically [17].We consider first
the simplest flow solution; a conventional pre-
diction based on Lucas-Washburn theory. Here,
one approximates the pores or channels as a cy-
lindrical capillary of diameter r. The pressure of
the wetting fluid at the paper surface is con-
stant, and the capillary pressure in each pore is
given by Laplace’s equation

P = 2�/r (2)

The volume flow rate q in each capillary is re-
lated to the pressure drop and the length l of im-
bibition of the wetting fluid along a capillary by
Poiseuille’s Equation, which leads to the classi-
cal result of Washburn
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According to this classical result, the
distance of fluid imbibition along an interfibre
capillary of radius R, lR, should be consider-
ably further than the fluid penetration along the
fibre–fibre crevice with spacing d, ld;

l l R dR d/ /� (4)

For the paper fibre web, we have bulk interfibre
pores with R � 20–50 �m. Experimentally, we
assume that we are observing a dynamic snap-
shot of imbibition over the first second of fluid
contact time. Using Eq. (3), and assuming that
flow in the interfibre pores is not hindered by
the presence of discontinuities, we would ex-
pect the fluid to have advanced a distance lR �
2–3 cm over that one second of fluid contact.
This degree of advance is not observed experi-
mentally; we observe a fluid advance of only
~1–2 mm from the drop edge in the first second
of fluid contact. This observation further rein-
forces that flow along the interfibre pores can-
not be the major flow path for the penetrating
fluid.

As discontinuities hinder bulk flow, the
flow of films along channels becomes most fa-
vourable. From Eq. (3) and assuming the fibre-
overlap channels can be approximated by a cyl-
inder of diameter r � 1–3 �m, one would expect
the fluid advance via film flow to extend ld �
4–7 mm over the first second of contact. This is
still faster than observed experimentally but
much closer to experimental observations. A
better prediction for the fluid advance down fi-
bre- overlap channels will come from solving
for the flow of the wetting phase along an edge
or intersection of two planes at a crevice angle
� (see Fig. 12C).

Predictions based on an hydraulic diam-
eter approximation for flow of a wetting fluid at
a sharp corner have been made previously [16].
Here we assume � = 90°, that the pressure drop
in the non-wetting phase is negligible, that the
radius of curvature along the axial direction, the
plane parallel to the fluid film, is very large, and
that the shape of the meniscus in the cross-sec-
tion is circular. The solution for this geometry is
given by [16]
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Equation (5) predicts a penetration depth an or-
der of magnitude smaller than predicted by Eq.

(3). For channels of r � 1–3 �m, one would ex-
pect to observe fluid advance �0.5–0.8 mm.
This is slightly less than the extent of fluid pene-
tration we observe experimentally. Ransohofi
and Radke [17] numerically solved the full
Navier-Stokes equations along a corner channel
as a function of corner geometry, angle and
roundedness, contact angle, and surface
fluid–air shear viscosity at the gas–liquid inter-
face. They found that the hydraulic radius
method could overestimate flow resistances
somewhat and also showed that flow along cor-
ners at � < 90° could be faster by a factor of 2–3.
This result would give a prediction of ld com-
pletely consistent with experimental observa-
tions presented herein.

Given that the fibre overlaps form a
dense network of interconnected channels, and
the experimentally observed flow rate is
matched accurately by a film flow scenario, it is
clear that these fibre-overlap channels form the
major conduits for flow in the paper fibre net-
work.

DISCUSSION
The structure of the pore space of paper,

together with local surface energy consider-
ations, are the chief determinants of fluid pene-
tration processes. Understanding these
relationships and their implications for paper
performance will help in the design of products
and troubleshooting problems. In this section,
we discuss the limitations of the current work
and describe implications of film flow pro-
cesses to industrial problems of interest to the
authors.
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Fig. 14. Figure showing the presence of films only both near the droplet centre (A) and at the
drop edge (B) after a 3 �L droplet penetrated paper.

Fig. 15. Droplet edge on sized paper. No flow
along channels or pores observed.



Implications for
Printing Interactions

Paper printing applications often can be
described physically as a process of penetration
of a finite amount of liquid into a porous struc-
ture. In most printing applications, the amount
of fluid added is significantly less than that con-
sidered in the experimental section. In Fig. 14,
we show examples of fluid penetration of a
small droplet of 3 �L into paper. In this system,
the whole droplet penetrates within �1 s of fluid
contact time. The penetration of fluid exhibits
similar film flow characteristics as seen previ-
ously; one now observes no zone of complete
saturation. Even in the centre of the droplet, we
observe flow along interfibre channels alone
and no filling of even the smallest pores. Given
that many printing applications use orders of
magnitude less fluid, one might expect that in
many printing applications the imbibing fluid
will never fill pores. This has been noted previ-
ously by Gregerson et al. [18], who studied ink
distribution on and around surface fibres for
flexography printed newspaper. They observed
(see Fig. 10 [18]) no ink spreading into voids,
but significant penetration of the surface struc-
ture via ink absorption into the interfibre voids.

We also considered the penetration of
droplets onto commercial copy (sized) paper. It
is thought [19] that the sizing agent preferen-
tially sits at the intersections of fibres within
sized paper; given that film flow down channels
formed by fibre overlap is the preferred flow
mechanism, the presence of sizing agents
within channels certainly would impede the ad-
vancement of the wetting fluid. Experiments on
sized paper illustrate this. In Fig. 15, we see the
droplet edge on sized paper 30 s after drop ap-
plication.

The fluid is not advancing and stays on
the fibre surface – no channel flow is observed.
As channel flow is the major mechanism for
fluid imbibition, this may give an indication as
to why sizing agents are so effective.

Viscous Effects
In all the cases we have considered ex-

perimentally, penetration is determined by cap-
illary forces. Fluid penetration will be strongly
affected if fluid is applied to the sheet under
pressure (e.g. printing nip). One would in this
case expect the wetting fluid to be driven down
the pores. However, when pressure is released,
capillary transport will again dominate the flow
mechanisms, and any excess fluid and fluid
within pores will continue to penetrate via
films. We will discuss the role of different pres-
sure states and the effect on fluid transport in
another paper.

Implications for Fluid
Distributions Within Sheets

Flow along channels and the filling of
pores away from the wetting front has a dra-
matic effect on the resultant fluid phase distri-
bution. As we are particularly interested in the
optimization of resin penetration into decor pa-
per, this is of great interest. We have performed
experiments on a range of industrial decor pa-
pers which exhibit a wide range of pore struc-

ture and vary in their fibre and filler content.
The fluid penetration observed is similar to that
shown previously for pure cellulose paper (see
Fig. 16). Flow down the interfibre channels and
partially filled pores are all evident.
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NOTE
Since submission, a detailed study has

been completed using cryogenic two-photon la-
ser confocal microscopy: this method enables

one to obtain 3-D images of fluid penetration at
arbitrary depths and below the droplet.
Interfibre channel flow is observed under the
films in the saturated zone near the droplet edge
(Fig. 17). Interfibre channel flow and unfilled
void spaces are also observed directly under-
neath the droplet (Fig. 18). This result, which is
part of a paper recently submitted for publica-
tion, confirms that the primary mechanism for
fluid penetration into unsized paper, both at the
edge of the droplet and directly under the drop,
is via flow along interfibre channels.
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