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Liquid water uptake in an orthotropic, cellular, hierarchical and natural material namely wood is inves-
tigated using neutron radiography. During water uptake in wood, liquid does not move up as a regular
front as uptake rates differ in latewood and earlywood. In addition, moisture is adsorbed by the cell wall,
resulting in a swelling that influences the process of moisture transport in wood. The high sensitivity of
neutron to hydrogen atoms enables an accurate determination of the change in moisture content in the
wood at the growth ring scale. The analysis of the spatial and temporal change of water content distri-
bution shows that liquid water transport has different characteristics, depending on the direction of
uptake and initial moisture content state.

Our results show that latewood cells play a more significant role in water uptake than earlywood cells
and that ray tracheids also contribute to liquid transport. Latewood tracheids possess smaller cell lumens
than earlywood cells that make them the preferential pathways for transport along the longitudinal
direction. The process of liquid uptake is different in the radial and tangential directions as the path of
the liquid is more intricate, involving also the rays and requiring more often traversing pits. In tangential
direction, water uptake is occurring first in the latewood with a subsequent radial redistribution towards
the earlywood. In radial direction, the growth ring boundary decreases the liquid transport rate, an indi-
cation that a significant portion of the rays are interrupted at that location. The moisture uptake rate in
initially moist specimens is seen to be higher. Liquid transport leads to sorption and thus swelling of the
specimens, which was dealt with by affine registration. Water uptake in wood cellular structure is a
three-dimensional process that is controlled by the morphologic and sorption properties of the material
at its different scales.
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1. Introduction

Homogeneous porous materials, undergoing liquid uptake,
show generally a uniform liquid front advancing proportionally
with the square root of time, following Darcy law. For wood, an
anomalous liquid uptake is observed where the square root of time
relation becomes nonlinear [1]. During liquid uptake in wood,
water does not move up in wood as a uniform front as the uptake
rates differ in latewood and earlywood. In addition, moisture is ad-
sorbed by the cell wall, resulting in the swelling of wood. Although
macroscopic liquid water uptake in wood has been often studied
[2-4], the respective role of the different components and features
of wood hierarchical structure has been less addressed.
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The occurrence of the different phenomena during liquid up-
take at different time and spatial scales makes it impractical to ex-
plain the details of the liquid transport process from a simple
liquid uptake experiment. Visualization of the liquid transport pro-
cess in wood has thus been explored. Microscopy, optical or scan-
ning electron, can be used to study the anatomy of wood in terms
of liquid transport as in e.g. Kitin et al. [5] where pits between trac-
heids at the growth-ring boundaries are examined. Microscopy can
also be used to document the traces of a staining liquid (e.g. safra-
nine), for comparing radial and longitudinal liquid penetration
depth [6], cured epoxy [7], or under vacuum-pressure impregna-
tion [8]. The use of these visualization techniques allowed the lat-
ter to identify that the main liquid flow pathways in wood are
situated in the latewood longitudinal cells and to document the
role of unaspirated bordered pits. However, the required destruc-
tive microtoming of the samples implies that microscopic studies
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Nomenclature

elemental molar mass [g/mol]

capillary absorption coefficient [kg/m?s'/?]
energy of the incident neutrons [meV]
intensity of the neutron beam [m2s™!
intensity of the registered radiograph [m
atomic density [m 3]

Avogadro constant [mol ]

relative humidity [%]

time [s]

pixel-wise neutron beam transmission coefficient
through the specimen

moisture content [kg/m?]

spatial coordinates [m]

thickness of the sample [m]
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Greek symbols

&(E) energy sensitivity parameter for each pixel of the scin-
tillator

X neutron linear attenuation coefficient [m™!]

p material density [kg/m]

g microscopic cross-section interaction probability of an

element with neutrons [m?]
T water mass thickness [kg/m?]

Subscripts
BB, DC, SS black body, dark current & specimen scattering
h uptaken water

ref reference image
w wood
0 initial state

take place after the uptake process. To capture the liquid flow in a
time resolved way, a non-destructive means like X-ray projection
has been used to document the process of liquid water transport
in different isotropic sedimentary stones e.g. Cadoret et al. [9], Tid-
well et al. [10], Roels and Carmeliet [11]. X-ray radiography in
wood shows that the latewood growth rings are the preferential
pathways for liquid water uptake [12]. Sandberg and Salin [13]
used X-ray computer tomography (CT) to show that water rise is
strongly uneven in longitudinal uptake, and depends upon the
location of earlywood and latewood rings in the specimen. A main
drawback of X-ray radiography is the limited resolution in quanti-
fying the water content. Magnetic resonance imaging (MRI) is an-
other imaging approach that has been used to visualize the spatial
change of moisture content in wood [14-16]. Although spatial res-
olution reaches 78 m, the moisture resolution of MRI, while higher
than X-ray radiography, lies between 2-4 kg/m?> [15,16], thus may
not capture small variations of moisture content.

Neutron radiography allows visualization of water spatial dis-
tribution and high resolution quantification of water content in
porous media. It has been used for transport in fibrous thermal
insulations [17], fuel cells [18,19], stone [20] and even analysis of
boiling water [21]. Neutron radiography provides higher resolution
for the determination of moisture content than MRI and X-ray radi-
ography due to the high attenuation of the neutron beam by
hydrogen nuclei, which are a main component of water. Thus, neu-
tron radiography is highly suitable to investigate the transport and
distribution of water in wood [22-24].

Water uptake in wood cellular structure is a three-dimensional
process that is controlled by the morphologic and sorption proper-
ties of the material at its different scales. These variables cause the
mechanism of liquid transport in radial, tangential and longitudi-
nal directions to be different. Wood structure, for temperate soft-
wood species, consists of the following four scales: cellular
material, the cell, the growth ring and timber. The cell wall is a
polymeric composite made of cellulose nanofibril aggregates im-
mersed in a lignin/hemicellulose matrix. The sorption of water
molecules in the cell wall result in the swelling of the cell wall
and thus of wood at the macroscale. The organization of the cellu-
lose aggregates explains the orthotropic mechanical and swelling
behavior. At the cellular scale, wood consists mainly of longitudi-
nal tracheid cells and radially oriented ray cells, the latter repre-
senting 5% of the wood volume. This cellular structure plays a
main role in liquid water transport. Earlywood cells possess larger
diameter and thinner walls than latewood tracheids. Fig. 1 shows
tri-dimensionally the cellular structure of softwood (spruce), doc-
umented with high resolution synchrotron X-ray tomography.

The lumens of the cells are connected by different types of open-
ings: bordered pits between tracheids and different shaped cross-
field pits between tracheids and ray cells. In earlywood, bordered
pits are found on the radial cell walls, and rarely on tangential
walls, while latewood in some species may present bordered pits
on both radial and tangential cell walls [5,25]. Bordered pits are
larger and more abundant on the radial cell walls of earlywood
compared to latewood. During drying of wood, a valve-like occlu-
sion of bordered pits, called aspiration [26], may occur and inhibit
liquid transport between adjacent lumens, thus showing a domi-
nant influence on the wood permeability. Cross-field zones are
the wall areas intersecting ray cells and longitudinal tracheids.
Cross-field zones are covered with pits, either small and slit-like
holes, bordered or half bordered pits, depending to the wood spe-
cies. Within a seasonal growth ring, the tracheid dimensions vary
from earlywood cells with large lumens and thin walls, to thick-
walled latewood cells of small lumen size. A better understanding
of the role of the hierarchical structure on water transport in wood
can be beneficial, for example, when improving impregnation and
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Fig. 1. Three-dimensional structure of softwood (Norway spruce) acquired by
synchrotron X-ray tomography.
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