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A series of experiments was conducted to observe the transport phenomena in wood during wetting
using a micro CT (scanning analysis technology). Both saturation evolution and corresponding liquid
transfer are nondestructively investigated for both pendular and funicular mode at pore structure level
in porous media. A method was proposed to obtain the important real inner structure information of por-
ous media, as well as saturation profile and evolution, and corresponding liquid migration. From exper-
imental observations, the pendular and funicular mode could be identified distinctly, and their transport
behavior induced by inner structural effects was explored based on local pore structural information. And
particularly, the dynamical saturation evolution and corresponding existence of distinct accumulation
states were further discussed for the pendular mode.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Fluid wetting (imbibition) in a porous medium is the process by
which a nonwetting fluid, such as oil or air, is displaced by the
spontaneous entry of a wetting fluid, such as water or brine, by
means of capillary action. Nowadays, more and more attention is
paid to conducting comprehensive investigations on transport
phenomena in various porous media during wetting, since they
widely exist and play critically important roles in natural world
and practical applications, such as oil recovery, food industry, soil
science, irrigation in agriculture, and wetting of raw material pow-
ders in industrial chemistry. Inspired by this tremendous practical
importance, many experiments were conducted in search of a thor-
ough physical understanding of the basic mechanisms involved,
such as wetting rate and front movement [1–3]. Theoretical mod-
els have also been developed over long periods in different fields
[4–6]. It is found that liquid saturation evolution characteristics
and corresponding accumulation states inside complex pore struc-
ture are reasonably expected to intensely influence on wetting
behaviors of various practical processes and performance of indus-
trial systems/devices, especially for mini/micro pore structures.

In unsaturated porous media, liquid often exists or is distin-
guished in two different modes of existence, or ‘‘funicular” and ‘‘pen-
dular” mode. Irreducible saturation at which S = Sirr was introduced
to identify these two modes [7]. For funicular mode (S P Sirr), free li-
quid remains continuous and bulk flow exists in pore structures. For
funicular mode, pore network model can be utilized to discuss wet-
ll rights reserved.
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ting behaviors [8,9]. However, one major limitation of applying net-
work models is the ability to fully capture pore-scale characteristics
of a network model according to actual pore structure. For pendular
mode (0 6 S 6 Sirr), liquid accumulates discontinuously and no bulk
liquid flow exists in pore structures. Different theoretical models
were developed to describe liquid transfer in this mode [10,11],
and some improvements were made [12,13]. However, there is still
a lack to justify the assumptions in these models. It is obviously very
essential to investigate actual water accumulation states, whether
liquid film exists or not, and corresponding transport behavior.

So far, CT-scanner and corresponding three-dimensional
tomography allows researchers to nondestructively image porous
media systems with high-resolution [14,15]. In present work, a mi-
cro-CT scanner was utilized to nondestructively portray the
dynamical transport behavior during wetting. Saturation evolution
and corresponding liquid transfer for both funicular and pendular
mode are investigated at pore structure level in real porous media
during spontaneous wetting processes. For each mode transport
behavior induced by inner structural effects was explored based
on local pore structural information. Particularly, for the pendular
mode, existence of distinct accumulation states, such as assem-
bling in a narrow slit, droplet or film on a pore wall surface, as well
as their dynamical evolution during wetting, were further dis-
cussed based on the experimental observations.
2. Experiments

The experimental facility was mainly a portable micro-CT scan-
ner SKYSCAN 1074 made in Belgium to nondestructively portray

mailto:pxf-dte@mail.tsinghua.edu.cn
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt


Nomenclature

GS grey scale
S saturation
Sirr irreducible saturation

Greek symbols
e porosity
q density of the sample (kg/m3)

Subscripts
0 before scanning
1 after scanning
a air
s solid of porous (wood tissue)
w water liquid
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the inner information of the test samples, including matter density
as well as inner structure, pore size distribution and other associ-
ated information with/without water inside the samples. The
reconstructed cross-section image scales have a maximum size of
732 � 732 pixels with 256 grey scales, and each pixel size is
37.6 � 37.6 lm. Both principle and associate experimental tech-
nology of the micro-CT scanner were described in the previous
work [16].

Cylinder wood samples served as the porous media in this
investigation with a diameter of 9.5 mm and a length of 25 mm.
Before wetting experiments, each dry wood sample was first
scanned by the micro-CT Scanner to attain real inner pore structure
information as a critical reference of future experimental data
reductions and phenomenon observations, particularly water state
and migration in the wood sample. Fig. 1(a) depicts a longitudinal
shadow image of the dry erected cylinder wood sample scanned
directly by X-ray from one direction. A great number of shadow
images similar to that shown in Fig. 1(a) were assembled to recon-
struct a cross section shown in Fig. 1(b) at a specified location.

Another critical issue for the processing and analysis of experi-
mental results is to accurately determine/choose referring posi-
tions and/or bases of result analysis and comparison. Line 1 in
Fig. 1(a) shows the location of a scar cut on wood sample to ensure
images of the same cross-section reconstructed. To further explore
the difference of inner information during wetting clearly and
comparably, a referring line was drawn starting from the specified
center point (position O) normal to the straight outside edge (posi-
tion A) in Fig. 1(b). In the followings the experimental results are
discussed at this line of a specified cross-section.

In the experiments, each wood sample was fully put into water to
get wetted spontaneously and taken to scan after wetted 4, 8 and
32 h, respectively. Cross-section images of different wetting stages
were obtained. Porosity and saturation can be obtained as [17].

e ¼ GS0 � GSs

GSa � GSs
ð1Þ

S ¼ ðGS1 � GS0ÞðGSa � GSsÞ
ðGS0 � GSsÞðGSw � GSaÞ

ð2Þ

where, GS0 and GS1 are the grey scales of a single pixel of the dry
wood without water and wetted wood containing some water,
respectively. GSa, GSw and GSs represent the grey scales of pure
Fig. 1. Scanned image.
air, water and solid wood, respectively, with the value of
GSs = 105 and GSw = 90. GSa can be derived from

GSa ¼
qw � qa

qw � qs
ðGSs � GSwÞ þ GSw: ð3Þ
3. Wetting characteristics

3.1. Porosity distribution

Fig. 2(a) and (b) illustrate the calculated results of the porosity
using Eq. (1) and the histogram of porosity distribution, respec-
tively, corresponding to the image in Fig. 1(b). In Fig. 2(b), there
are two peaks of pixels obviously existing at two porosities corre-
sponding to 0.55 and 1.0, respectively. The pixels at the porosity
value of 1.0 were mainly contributed by the air region in
Fig. 1(b). Setting 0.95 as the threshold value to separate air from
wood regions, pixels for porosity value below 0.95 were all inside
wood region. It is clear that the porosity varies in a range from 0.4
to 0.7 for the wood samples, as shown in Fig. 2(a). There is a menis-
cus shaped dense region with porosity value below 0.4 on the up
part of the sample, and actually it was the wood skin. Apparently,
relatively large and low porosity, representing the sparse region
with larger pore structure and/or a large number of small pores,
and dense region with very small pore structure and/or very a
few of small pores, distribute alternatively inside the wood sample,
which is well consistent with normal pore distribution of a typical
wood, ring-porous hardwood available in reference [18].

3.2. Saturation evolution

Fig. 3 illustrates the scanned images at different times during
wetting course, or at 0 (dry wood), wetted 4, 8 and 32 h. Darker re-
gions in an image, where grey scale decreases, indicate the places
where water accumulated. Very clearly, water migrated from the
outside to the center during wetting, and the wetting front was
very clear and shrank towards the center, characterized by the dot-
ted lines. Outside the wetting front the grey scale varied signifi-
cantly, indicating much water transferred into this region. Inside
the wetting front or center region little change occurred compared
with the dry sample in Fig. 3(a), and it is difficult to identify
whether water migrated in or not. A series of comparisons was
conducted to explore the grey scale change or water migration
on the referred line for a specified cross-section at different times
in the wood sample, as well as corresponding porosity and satura-
tion evolutions calculated using Eqs. (1) and (2).

Fig. 4(a) illustrates saturation and porosity distributions at wet-
ted 4 h. The porosity fluctuates from 0.4 to 0.8 along the specified
line, indicating the complex inner pore structure distribution.
Crests and troughs of porosity illustrate the alternate distribution
of sparse and dense inner pore structures. From the saturation
curve, two different zones are distinguished by the dashed lines
as the funicular (S P Sirr) and pendular (0 6 S 6 Sirr) ones, assuming
the irreducible saturation Sirr = 0.4 for normal wood materials [19],
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Fig. 2. Porosity and corresponding histogram.

Fig. 3. Images at different times during wetting.
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Fig. 4. Saturation evolution during wetting process.
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above which free water would remain continuous, and below
which free water would be discontinuous. FZ4 and PZ4 in
Fig. 4(a) represent funicular and pendular zones for the wood sam-
ple after wetted 4 h, respectively. In FZ4, due to the large and small
porosity alternately distributes in the wood sample, the saturation
distribution was not uniform, and these crests and troughs corre-
sponding to large and small saturation. In PZ4, A, B and C are the
sparse regions having different maximum extrema of porosity,
and among them both a and b are the dense regions with local
minimum porosity values. Very clearly, during this earlier migra-
tion, water would easily absorbed and accumulated in relative
denser regions rather than sparse ones, forming saturation crests
in dense regions (a and b) and saturation troughs in sparse regions
(A, B and C), as indicated by the arrows in Fig. 4(a) (solid arrows for
dense regions and dashed arrows for sparse regions). It is expected
that these phenomena were induced by the stronger capillary force
in relatively denser regions. The saturation in ‘‘region a” is smaller
than in ‘‘region b”, indicating that water would first accumulate
into b and then a through sparse region B during water migration
from the outside to the center, and this can be considered as the
first stage of the water wetting course. These local saturation crests
and troughs are closely dependent upon the inner pore structure/
size or the sparse and dense regions.

As depicted in Fig. 4(b), after wetted for 8 h water further accu-
mulated and saturation increased in the sample. The boundary be-
tween funicular and pendular zones moved towards the center. In
FZ8, saturation mainly increased in the saturation trough regions at
wetted 4 h and little alternation occurred in the crest regions,
which makes the saturation crests and troughs at wetted 4 h re-
versed at wetted 8 h. In PZ8, saturation was obviously increased
in the sparse regions, A, B and C. However, in the dense regions,
saturation was kept invariant or without more water accumulated,
like ‘‘region b”, and even decreased in ‘‘region a”. Very clearly, after
water was first transferred into the dense regions and further mi-
grated inside the wood sample, water began accumulating in the
sparse regions. This is the second stage of wetting.

The saturation distributions are presented in Fig. 4(c) for 8 and
32 h wetting. As water continually penetrated inside the wood, the
pendular zone had a further shrinkage towards the center. In FZ32,
the saturation mainly increased in the saturation trough regions at
wetted 8 h and little variation or even decrease occurred in the
crest regions. The crests and troughs also reversed at wetted 32 h
compared with those at wetted 8 h. Since large amount of water
was transferred inside the zone PZ32, the saturation increased sig-
nificantly in both the sparse and dense regions, and the sparse re-
gion C even came into the funicular zone. The sparse regions of B
and C had a greater saturation than the dense regions of a and b.
According to this trend, the saturation distribution in the sparse re-
gion A should be expected as the dotted line in Fig. 4(c). However,
the distribution was actually opposite. At this moment the water
was still migrating into the center and the saturation would in-
crease to approach the dot line finally. This is the third stage of
wetting.

Look back to the regions I–IV in the zone FZ4, far from the cen-
ter. The regularity of saturation distribution is similar to that in the
regions A, B, C, a and b in Fig. 4(c), with higher saturation in the rel-
atively sparse regions II and IV and lower saturation in the rela-
tively dense regions I and III. It is expected that the saturation
distribution in zone FZ4 had already experienced the first three
stages of pendular mode and just reached funicular mode. So, as
much more water came in, saturation in dense and sparse regions
began to increase alternately with crests and troughs reversed var-
iation, which can be clearly seen in the funicular zones of FZ8 and
FZ32 in Fig. 4(b) and (c). If the porosity in this wood sample distrib-
uted uniformly without dense and sparse regions, saturation
would increase monotonously from outside to inside in funicular
zone without fluctuation with crests and troughs, which has been
demonstrated by the available experiments [20]. Consequently, the
alternate variation of saturation crests and troughs was induced by
complex distribution of dense and sparse regions.

Actually, above discussions were demonstrated by a series of
experimental tests for different wood samples. Due to the space
limit, no more results are presented here.

3.3. Inner structural effects

Summarizing the transport characteristics discussed above, it
can be concluded that water transfer and accumulation in funicular
and pendular zones had distinct features, and the saturation evolu-
tion characteristics are expected to be induced by different water
transport modes existing in different stages during the wetting
process. Accordingly, it is crucial to clarify transport modes and
each effect on the liquid migration. Fig. 5 illustrates ideal models
of four general transport modes for water inside porous structures,
entrapped in narrow slits, spread on pore surface, continuous flow
and phase change transport. At wetting beginning and/or very low
saturation, it is hard to form continuous flow inside the pore struc-
tures. Normally water would mainly be entrapped in narrow slits
easily and stay steadily or spread in these slits as a result of capil-
lary force, or form droplets and spread on pore surface and even to
a thin film in relatively large pore structures, as shown in Fig. 5(a)
and (b). The entrapping and spreading behavior are expected to be
triggered and highly influenced by the inner geometrical structure,
as well as the wetting performance between solid and liquid. These
modes likely occur in pendular zone or for pendular mode. When
wetting continues and saturation increases, continuous flow is
formed, as shown in Fig. 5(c). Water is entrapped in all narrow slits
and covers almost all of pore surfaces, and effects induced by inner
structure and pore surface performance are decayed or even disap-
peared. Consequently, liquid transport is mainly influenced by lo-
cal saturation variation. In case undergoing phase change inside
porous media, such as evaporation and condensation, another
transport mode of liquid will emerge, as shown in Fig. 5(d). Due
to the gas/vapor–liquid interface shape and contact between solid
and liquid determined by complex surface topography, the perfor-
mance of phase change transport phenomena is also highly influ-
enced by inner geometric structure. These ideal transport models
might be helpful to understand and/or explain the present experi-
mental observations.

During wetting process, three modes, as shown in Fig. 5(a), (b)
and (c), were observed, and different effects were motivated on
water transport phenomena and corresponding saturation evolu-
tion characteristics. In pendular mode, water first penetrated into
dense regions in Fig. 4(a) and accumulated in narrow slits because
of great capillary force, as shown in Fig. 5(a). As a further migration
into the inside, water began accumulating in the sparse regions as
shown in Fig. 4(b) and was expected to spread on relatively smooth
pore surface, as shown in Fig. 5(b). Meanwhile, in the dense regions
the saturation was invariant or even decreased. It is concluded that
for pendular mode evolution of the saturation or water migration
had an intimate relation with pore scale, local distribution of dense
or sparse regions, pore geometric structure and wall surface, since
existence of the dynamical contact of liquid–air/vapor interface
with solid surface having complex surface topography and corre-
sponding form of water in the pore structure of the sample were
dependent of all these factors. Finally, due to much water trans-
ferred in the sample, water further assembled in both sparse and
dense regions, and saturation in sparse regions was greater than
that in dense regions, as shown in Fig. 4(c). At this moment, some
sparse regions changed the original pendular mode to funicular
mode. In funicular mode, water transferred inside the sample with
periodical alternation of the saturation crests and troughs during



Fig. 5. Transport modes in porous media.
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wetting process, indicating highly non-uniform of the transport.
Local distribution of dense and sparse regions and pore scale
seemed to have influence on the transport in this region, while
both pore structure and pore surface performance did not affect
the water migration, since water had already filled with all slit
structures and covered all pore wall surfaces and there was no con-
tact of liquid–air interface with solid, as shown in Fig. 5(c).

Furthermore, it was surprised to observe saturation variation
quite in the center as shown by the circle in Fig. 4(a). Since the sur-
rounding saturation was kept zero, it is expected that the water
was transferred into this region by evaporation and condensation,
as shown in Fig. 5(d), which was mainly induced by variations of
humidity and saturated vapor pressure in the air phase during
wetting.

4. Conclusions

In present work, both saturation evolution and corresponding
liquid transfer in pore structures of porous media are investigated
nondestructively for both pendular and funicular modes during
wetting processes using the micro CT. A novel method was devel-
oped to obtain the important real inner information of porous
media, such as pore diameter distribution, local porosity, as well
as saturation profile and evolution, and corresponding liquid
migration. During the whole wetting process, the pendular and
funicular mode could be identified distinctly by irreducible satura-
tion, and for each mode the characteristics of transport process
were explored based on local pore structural information. For pen-
dular mode, water first accumulated into the dense regions and lit-
tle in sparse regions. Then due to further wetting, water began
migrating in the sparse regions and saturation in dense regions
was kept invariant or without more water accumulated. Finally,
since large amount of water was transferred inside, the saturation
increased significantly in both the sparse and dense regions, and
some sparse regions became the funicular zone. For funicular
mode, due to the large and small porosity alternately distributes
in the wood sample, the saturation distribution was not as uniform
as that during wetting in homogenous porous media. The local sat-
uration crests and troughs, corresponding to large and small satu-
ration, existed and varied alternately. It can be concluded that
water transfer and accumulation in funicular and pendular zones
had distinct features, and the saturation evolution characteristics
are expected to be induced by different water transport modes
existing in different stages during wetting. Particularly, for the
pendular mode, existence of distinct accumulation states, such as
assembling in a narrow slit, droplet or film on a pore wall surface,
as well as their dynamical evolution and corresponding inner
structure effects during wetting were further discussed and supply
a deep understanding of present experimental observations.
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