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Abstract: Determining moisture content (MC) distribution during the drying of porous materials
such as wood is crucial for developing drying schedules and assessing their suitability to achieve
optimised processes. This study aimed to determine the causes of the unique drying behaviour and
the well-known unusual longer drying time of western hemlock compared to other similar softwoods.
In situ X-ray computed tomography (CT) was used to study the evolution of MC in timber during
the drying process. The drying behaviour of western hemlock (Tsuga heterophylla (Raf.) Sarg.) was
compared with Norway spruce (Picea abies (L.) Karst.) and Scots pine (Pinus sylvestris L.) from green
to oven-dried condition with industry-proposed drying schedules used for steering a custom-made
experimental kiln combined with a CT scanner. CT scanning was performed at 30 min intervals
during the complete drying period of 30 h, and the CT images were processed to calculate the MC
evolution within the specimen. Western hemlock showed a considerably slower capillary-phase
drying and did not go into the transition and diffusion phases when a schedule adapted to pine
and spruce drying was applied for its drying. CT images and MC gradient calculations showed a
lower drying rate and severe non-uniformity in MC distribution, which could be due to the effect of
higher green MC and the presence of wet pockets. Furthermore, the evaporation front at the first
5 h of drying receded faster into the hemlock specimen, and as drying proceeded, it slowed down
compared to other specimens.

Keywords: CT scan; experimental research; image processing; moisture content; porous material;
timber drying; wet pockets

1. Introduction

The reduction in the moisture content (MC) of green sawn timber is inevitable due
to the hygroscopic nature of wood, which will absorb or desorb water depending on
the surrounding conditions. It is also crucial in order to reach the required mechanical
properties of wooden products, lower weight, etc. [1,2]. Desorption or adsorption of water
in wood under a certain MC level, known as the fibre saturation point (FSP), is associated
with shrinkage and swelling, respectively, which causes stresses in the wood material that
may result in distortion and cracking of the sawn timber. Drying of sawn timber must
thus be performed in a controlled way to reduce the undesired consequences of water
removal. Kiln drying is the most common industrial method to dry softwood timbers, and
it is performed on large volumes of green sawn timber by blowing air through the timber
packages placed in the kiln. The timber is stacked with a defined distance between each
layer of timber, and the air condition in the kiln is regulated by adjusting temperature
and relative humidity (RH) over time. Psychrometric measurements are achieved for
monitoring the process, which is set through the so-called drying schedule, which regulates
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these parameters with the aim of reaching a final target MC of the timber without causing
distortion, cracking, or other quality lowering changes of the sawn timber.

Green wood contains liquid water in the cell lumen (free water) and water chemically
bonded to the cell wall (bound water). At the initial stages of the drying process, the
so-called capillary regime, liquid water is transported from the inner parts of the wood to
the surface, where it evaporates. As the moisture level is lowered and the FSP is reached,
the moisture transport transitions into being diffusion-driven when the bound water is
removed [3].

The anatomical structure of a tree can be divided into the sapwood, which is the
outermost part that transports water from the roots to the leaves, and into heartwood,
which is the central part of the stem that does not transport free water. Nevertheless, the
structure and properties of wood vary largely between species and within a single tree,
making it complicated to extrapolate drying methods, as different woods may absorb or
desorb water differently before reaching the equilibrium moisture content (EMC). Western
hemlock, growing in coastal regions of North America [4], and Norway spruce and Scots
pine, growing in Scandinavia, are common softwood species used in sawmilling, with
very extended use in timber engineering. However, western hemlock has been considered
more difficult to dry than the Scandinavian-grown Norway spruce and Scots pine, and
the reasons for that have been suggested to be a higher initial MC in green conditions, a
higher extractive content, and a lower permeability [5,6]. A motive for this study is that
when drying technologies from Scandinavia were transferred to North America, the drying
times for hemlock were reported to be approximately twice those for spruce and pine.
This unexpected behaviour was surprising, given that these three species are softwoods
with a close range of density values. Literature records show that hemlock is prone to a
phenomenon known as wet pockets (also known as wet wood or sinker wood), formed
mainly due to bacterial infection in the living tree, and occurs mostly in the heartwood and
in the transition zone between heartwood and sapwood [5,7]. Wet pockets manifest during
drying as localised regions within the timber with significantly higher MC, often above
FSP; meanwhile, other regions are well below it. This could be one of the causes for the
drying of hemlock to be considerably more time-consuming than spruce and pine.

In practice, wet pockets are assumed to be the reason for increased drying time, higher
energy consumption, and non-uniform final MC of the timber, which may cause quality-
reducing defects in drying. Kozlic et al. [8] found extractive subtraction by dissolving in
chemical composition to be more effective in achieving uniformed final MC than raising the
temperature. Ward et al. [9] confirmed Kozlic’s results and observed a reduced presence of
wet pockets in young western hemlock trees and proposed sorting the timber prior to drying
according to MC, preferably determined by using electrical resistance MC meters. Modern
tools such as machine learning and stochastic models are applied prior to drying to sort
western hemlock timbers based on the initial MC with the goal of achieving homogeneity
in the final MC [10–12]. Implementing post-drying equalisation of the MC may be effective
in preventing non-uniformity in the MC levels by decreasing dry bulb temperature, which
leads to reducing over-drying, while it prolongs drying time [13]. Berberović et al. [14]
found an inverse correlation between basic density and heartwood percentage of hemlock
on drying rate, while initial MC was positively correlated. Chaffe et al. [15] also reported
pit aspiration causing a reduction in diffusion coefficient as a possible reason for the slow
drying rate.

X-ray computed tomography (X-ray CT) is one of the most accurate non-destructive
methods utilised in industry for measuring the inner properties of logs. X-ray CT detects
the density of a material, which can be used to evaluate density distribution, and on a
lab-scale, can also be used to determine the MC distribution in the entire timber volume.
Different methods for determining MC precisely from CT data have been investigated [16].
Analysing CT data would also lead to enhancing our comprehension of the effect of
important parameters in drying behaviour, such as temperature and density, by improving
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the numerical modelling of moisture gradients and flow speed, especially in transition,
diffusion, and conditioning regimes [17].

The objective of this study was to determine the causes of the well-known longer
drying time and drying behaviour (wet pockets) for western hemlock compared to Norway
spruce and Scots pine using X-ray computed tomography (CT), a technology that allows
for internal imaging of the wood structure due to density variations, combined with timber
drying in a custom-made experimental drying kiln. Developing the knowledge of the
dominant wood-drying regime by utilising CT image processing can lead to providing an
optimised drying schedule that minimises energy consumption. The drying behaviour of
heartwood and sapwood of the three species was studied for pine and spruce industrial
drying schedules. Furthermore, a comparative assessment was conducted to determine if
high green MC and wet pockets of western hemlock were visible and if they affected the
drying rate and regimes.

2. Materials and Methods

A total of three specimens of western hemlock, two specimens of Norway spruce, and
one specimen of Scots pine with the size of 500 × 80 × 36 mm were selected based on their
sapwood and heartwood content, aiming to obtain specimens with almost more than 90%
volume of the content of either heartwood or sapwood. During the process of sampling,
storage in the freezer, and handling, there were measures taken to prevent any undesired
loss of moisture prior to the experiments. The wood specimens were wrapped in plastic and
stored in a freezer. The cross-sectional ends of the specimens were covered in heat-resistant
silicone to prevent drying in the longitudinal direction during the experiments, thereby
avoiding the “end-effects”. As indicated in Figure 1, the green specimens were thawed in
water just before the drying experiment started to maintain surface MC during the start-up
of the dryer.
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Figure 1. Specimens in the drying chamber. The white layer on the surfaces is ice due to the
water thawing.

2.1. Gravimetric MC Measurements

The green MC of all the specimens was determined with the gravimetric method [18]:

MCG =
MCG − MCOD

MCOD
(1)

where MG and MOD are the green and the oven-dried weight, i.e., the weight at 0% MC,
respectively. These values are tabulated in Table 1, and they are in the range of values
mentioned in the Forest Products Laboratory’s Wood Handbook [18].
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Table 1. Specimens’ green moisture content at the start of the drying experiments (MC0).

Drying Run Specimens MC0 (%)

I
Pine sapwood 107

Hemlock sapwood 176

II
Spruce heartwood 35

Hemlock heartwood 51

III
Spruce sapwood 95

Hemlock sapwood 146

2.2. Kiln Drying and CT Scanning

This study was carried out by using a custom-made drying kiln coupled with a medical
CT scanner installed at Luleå University of Technology (LTU) in Skellefteå, as shown in
Figure 2.
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Figure 2. Kiln drying and simultaneously CT scanning at Luleå University of Technology.

The drying kiln is made of aluminium to allow for X-rays passing the envelope. The
volume of the tube is approx. 0.3 m3. The heating coils have a capacity of 3 kW; the airflow
is provided by a 5 kW electric motor-driven fan that can be adjusted by variable frequency
drive between 1 to 8 m/s. The temperature range of the kiln is from room temperature to
220 ◦C, and dry-bulb and wet-bulb temperature readings monitor the relative humidity.
Moist air is extracted from the kiln through venting. The software controlling the drying
parameters is Valmatics 4.0 [Valutec AB, Skellefteå, Sweden].

A medical Siemens Somatom Emotion CT scanner [Siemens, Munich, Germany] was
used in combination with the drying kiln. Two-dimensional CT images of the timber cross
section were taken at 0.5 h time intervals with a pixel resolution of 1.7 pixels per mm.

2.3. Drying Schedule

Figure 3 presents the drying schedules implemented in the industry (Valutec AB)
for spruce and pine and applied in this experiment to reach a target MC of 18% in all
drying runs.
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2.4. MC Calculations from the CT Images

The CT images of specimen cross sections were converted into density images by cali-
brating them with water and air phantoms included in the scanning zone, and the MC was
calculated in a Python algorithm for the advanced image processing, which transformed
the shrinkage deformation/distortion of the specimens due to shrinkage occurring below
FSP to the shape in green state (registration transformation) [19,20]. This transformation is
necessary for the comparison of a specific region within a specimen at two different MCs,
where the drying has resulted in a MC change that, in turn, has caused shrinkage and
distortion of the specimen. These calculated MC values from the image processing of CT
data are compared with the MC measured according to the gravimetric method:

Error =
MCOD − MCCT

MCOD
(2)

where MCOD is the gravimetrically obtained MC, and MCCT is the MC obtained through
the processing of the CT images.

2.5. Drying Rate

The drying rate is here defined as the proportion of evaporable water during each
time step of the drying process [8]:

E =
MC − EMC1

MC0 − EMC1
(3)

where E is the fraction of evaporable water left in the wood; MC is the current moisture
content of the specimen at any given time t during the drying; EMC1 and MC0 are the equi-
librium moisture content under the specific drying conditions (climate) and the moisture
content at the beginning of the drying of the wood, respectively.

2.6. Moisture Gradient

The MC gradient is a parameter capable of providing a more comprehensive explana-
tion of the influence of wet pockets on drying behaviour, specifically within the heartwood
of hemlock and spruce specimens. For this aim, the Esping method [21] is implemented by
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dividing specimens’ cross sections into sections, which calculate the MC gradient (MCgrad)
by taking the maximum and average MC of each section, and can be formulated as follows:

MCgrad =
MCmax − MCavg

MCavg
(4)

where MCmax and MCavg state the maximum and average values of MC in each section of
the specimen.

3. Results and Discussions
3.1. Average MC Loss

The average MC loss during the drying runs I, II, and III is shown in Figure 4. As
expected, Scots pine sapwood dries faster than hemlock to the target MC (Figure 4a), while
for hemlock, it did not reach even FSP, which was reported to be around 17% [22]. It can be
observed that below the FSP, the steepness of the MC curve for pine is reduced, showing
the lower drying rate of the diffusion regime. Figure 4b indicates that the slope of the MC
loss curves for hemlock and spruce heartwood is similar, while spruce heartwood reached
the target MC faster than the hemlock heartwood. The specimen of hemlock sapwood
cracked significantly during the drying test, which meant that the moisture content could
not be calculated reliably based on the CT measurements. Therefore, this specimen has
been excluded from the results analysis, as can be seen in Figure 4c. There is, however, an
evident difference in drying behaviour between spruce heartwood and spruce sapwood,
where the sapwood drying occurred initially under the effect of heat transfer with the
evaporation of free liquid water, while in heartwood, most of the time, it is a diffusion
regime where there is no free water (Figure 4b,c).
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and (c) spruce sapwood.

Table 2 shows the comparison of green MC measurements obtained through the
gravimetric method and CT method for the three drying runs according to Equation (2),
which shows the differences between the two methods. Error values are below 4.5%
between the gravimetrically measured MC calculation and the average MC from CT
image processing. As already mentioned, substantial cracks appeared during the drying
of hemlock sapwood in drying run III, which makes it not feasible to analyse the MC
changes with good precision, and CT images could not be processed for bringing into
the discussions.
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Table 2. The errors of the MC were obtained from the CT-processed images as a percentage of the
gravimetrically measured MC.

Drying Run Specimens Error (%)

I
Pine sapwood 2.03

Hemlock sapwood 0.24

II
Spruce heartwood 4.53

Hemlock heartwood 1.51

III Spruce sapwood 2.71

3.2. MC Distribution

Figure 5 shows the pixel-wise MC calculated from the density-based CT images for
three drying runs for each 5 h of drying up to 30 h, and as explained, the last drying run
only included spruce sapwood.

In all drying runs, pine and spruce reached the desired target MC and capillary,
transition, and diffusion regimes occurred. The moisture reduction starts from the sawn-
timber surfaces, creating a drier “shell”. Liquid water migrates from the inner regions
of the specimens toward their surface (the capillary phase). The water undergoes rapid
evaporation on the specimen’s surface, faster than new water is added to this region,
creating the “shell”. The dominant heat-transfer regime is convection through air, which is
needed to transport the evaporated water away from the specimen. As drying continued
and liquid free water reduced, the diffusion phase with conduction-dominated heat transfer
was governed, which, because of the high initial MC of hemlock sapwood, after 30 h liquid
water observed in the images, proved that it was still in the capillary phase.

Figure 5a shows that once the surface has dried out in both pine and hemlock speci-
mens, the evaporation front recedes deeper towards the centre of the timber, resulting in
the formation of a dry layer on the surface and a still moist core. This recession is faster
for pine compared with hemlock except for the first 5 h of the drying process, so it can be
inferred that two different drying behaviours occurred in hemlock compared to pine. When
the moisture content moved from above FSP to below FSP for pine, the drying process
was slowed down. This can be observed in pine specimens for around 10 h and 15 h,
which showed free water discontinuity in the pine and implies a transition to diffusion
known as irreducible saturation, where shrinkage begins on the outer region of the timber.
However, the hemlock specimen remained at the capillary regime. As can be seen, it might
be said that the MC distribution and changes in hemlock sapwood are uniform during the
drying, and there is no abnormal local high MC, which can be inferred as the absence of
wet pockets. At the same time, a high initial MC impacts on prolonging the drying time.

Figure 5b indicated MC loss of spruce and hemlock heartwood, where spruce reaches
the desired target MC while hemlock has abnormally high MC regions (wet pockets), which
makes it have high MC resistance to drying in some regions, even when other regions
are below FSP or target MC, as shown in 20 h of drying. This specimen faces overdrying
and high local MC issues, which enhance drying stress and defects. Permeability is a
critical factor in wood drying, especially during the initial stages when water migrates
to the surface of the wood through capillary flow. As the drying process progresses, the
permeability diminishes due to pit aspiration [23]. Apart from the inherent higher initial MC
and wet pockets, lower permeability in hemlock sapwood and heartwood compared with
spruce in all directions could be another reason for having prolonged drying time [24,25].
The behaviour of the evaporation front is not like the first run, and it can be said that in all
drying times, it recedes slower into hemlock heartwood compared to spruce heartwood.

Figure 5c shows that the MC change for the spruce sapwood specimen started from
high green MC, which achieved the desired target MC uniformly with the proposed drying
schedule. Compared with drying spruce heartwood specimens, it can be seen that free
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water in sapwood is the reason for having a more extended capillary regime than heartwood
species, which mostly is bound water diffusion-controlled.
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Figure 5. CT images of MC change during drying runs of (a) pine (above)/hemlock (below) sapwood,
(b) spruce (above)/hemlock (below) heartwood, and (c) spruce sapwood.

3.3. Drying Rate

To obtain a more comprehensive assessment of the differences in drying behaviour
among the specimens, calculating the drying rate (E) according to Equation (3) can provide
a more insightful perspective.

It can be observed in Figure 6a that during the initial hour of drying, there is a minor
rise in E. This increase can be because the wood absorbs moisture from the surrounding
environment. At the beginning of the drying process, the wet-bulb temperature was lower
than the temperature on the timber surface, but after reaching equilibrium, it began to
decrease, and the evaporation front started to recede into the wood [26]. In the first drying
run, approximately 1.5 h was required for beginning the MC decrement and warming up
the equipment; however, for the second drying run (Figure 6b), this time was not needed
since the kiln was already settled and warmed up from the first run. Since the last hour of
the drying schedule of spruce heartwood was assigned for conditioning and a higher value
of EMC, to have a unified MC distribution in the specimens, drying did not occur, and E
went to zero, which does not imply that there was no evaporable water left in the specimens.
Figure 6a shows that as the drying process progressed, the residual evaporable water within
the specimens was close. After approximately 5 h, the difference in E value between the
specimens increased dramatically. Pine sapwood showed faster water evaporation than
hemlock, which also corresponds with what was observed in CT images where in the first
5 h of drying, the evaporation front receded faster into the hemlock sapwood. Afterwards,
it slowed down compared with pine. This phenomenon can be explained by the lower
permeability and porosity that obstructed void spaces within the hemlock and restricted
the movement of liquid water towards the surface. This behaviour repeated for the second
run, and the value of E was lower for spruce heartwood in all drying times, while there
is not much difference in the steepness of the graphs, and CT images showed regions
with abnormally high MC for hemlock that the E value can’t represent, and MC gradient
investigation is needed.

3.4. MC Gradient

As demonstrated in Figure 7, in the CT measurements, each section of the specimen
covers three pixels with the size of 0.5892 mm in the x direction and the whole of the
y direction.
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Figure 7. Sections for the calculation of MC gradients.

By evaluating E trends, since the curve steepness between the species is close, the
MC gradient approach provides a more comprehensive elucidation regarding the presence
of wet pockets, which most likely occurred in the heartwood. Figure 8a demonstrates
the MC gradients calculated by Equation (4) for spruce and hemlock heartwood in four
drying times and demonstrates that values of MC gradients in most of the drying times
and sections are more intense in hemlock than the spruce, up to even six times higher in
some sections. By comparing the MC gradient of spruce (Figure 8a), it can be inferred that
as the drying process progressed, MC distribution tended towards greater uniformity, and
5 h MC gradient in most of the sections was exceeded over the 20 h when the specimens
were dried. This behaviour cannot be observed in the hemlock specimen (Figure 8b) since,
in distinct regions, the transition occurred from the capillary into diffusion-dominated
regimes, while the rest is still in a capillary-controlled state, and the MC gradient becomes
more intense in 20 h even compared with 5 h, which showed unusual resistance to drying
that may indicate wet pocket presence.
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4. Conclusions

The purpose of this study was to determine the causes of the unique drying behaviour
and the well-known longer drying time of western hemlock compared to Norway spruce
and Scots pine. Due to a higher initial moisture content and the presence of wet pockets,
particularly in the heartwood, hemlock fails to achieve the target moisture content when
subjected to the same drying schedule as Norway spruce and Scots pine. Different drying
behaviours were observed for hemlock sapwood, i.e., the evaporation front receded faster
into the specimen compared with pine sapwood in the first 5 h, and after that, this receding
slowed down. Analysing MC gradients of hemlock heartwood indicated regions with
abnormally high MC, known as wet pockets. Average MC did not provide comprehensive
information on drying behaviour and necessitated the utilisation of moisture content
gradient analysis.

A drying schedule adapted for timber prone to create wet pockets may result in over-
drying for species not prone to the presence of wet pockets, if mixed timber species are
dried together in the same kiln. It is also recommended to sort hemlock timbers before
drying into high-content sapwood and high-content heartwood, respectively, and adapt
the drying schedule to the type of wood. This approach aims to mitigate the challenge of
non-uniformity in MC. Additionally, for heartwood stacks, suitable conditioning measures
need to be implemented.

Further research can be implemented by providing a drying schedule suited for
hemlock heartwood and sapwood on a lab scale and applying the related schedules with
MC gradient measurements on an industrial scale, which was the limitation of this study
due to the lack of hemlock specimens.
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