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ABSTRACT 

 
The aim of the present work was to examine the existing algorithm for the moisture 

content calculation and also to use this algorithm to analyze and compare the moisture 

flow data for high and low temperature drying. The use of the existing algorithm for the 

dry weight moisture content on density data from the CT-scanning during high and low 

temperature drying in the climate chamber showed that this method is a powerful tool 

for analyzing the moisture flow inside the wood piece. Furthermore, the new CT-

scanner together with the climate chamber gave unique results, as it has not been 

possible to study high temperature drying with this method before.  

 

Key words: CT- scanning, high temperature drying, low temperature drying, image 

processing. 

 

 

INTRODUCTION 
 

In 1992 an X-ray computed tomography (CT)-scanner was installed at Luleå University 

of Technology in Skellefteå. It has been used since then for advanced non-destructive 

studies of different kinds of wood internal characteristics. By using the CT-scanner, 

Lindgren (1992) showed a correlation between CT-numbers, wood density and dry 

weight moisture content (mc) values. Furthermore, Lindgren (1992) also showed the 

accuracy between real values and CT measurements. Also, other researchers at the 

Division of Wood Physics, Luleå University of Technology in Skellefteå, have been 

using the CT-scanner in their research. Wiberg (2001) analyzed moisture distribution 

and moisture flux above the fibre saturation point (fsp) for different kinds of wood 

during drying. All the measurements were done in a simply designed climate-controlled 

tube, where the maximum temperature that could be reached was 70°C. CT-scanning 

during low temperature (LT) drying of birch and Pinus radiate pieces was described by 

Scheepers (2006). The data was collected to determine mc, moisture loss from the core 

of the wood pieces. CT-scanning during LT-drying has been done by Sehlstedt- Persson 
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(2008) as well, by weighing the wood mass and measuring the temperature of wood 

during LT drying for calculating the position of the evaporation front beneath the 

surface. These measurements were made for comparisons with CT-scanned density 

pictures of dry shell formation. To determine physical parameters for wood the wet and 

dry wood densities need to be known when developing physical computational models. 

By using the CT-scanner, Lundgren (2007) and Hansson (2007) measured the internal 

structure of density in pieces of wood for input to finite element models. In 2008 the old 

CT-scanner at Luleå University of Technology in Skellefteå was replaced and at the end 

of the year 2010-2011 a new purpose-built climate chamber was installed as a 

complement to the CT-scanner.  

The aim of the present work was to examine the existing algorithm for the moisture 

content calculation. To analyze and compare the moisture flow data for high and low 

temperature drying.  

 

 

MATERIAL AND METHODS 

 
Principles of a CT-scanner 

 

A CT-scanner simply works by passing X-rays through the wood and receiving 

information with a detector on the other side. The X-ray source and the detector are 

interconnected and rotate around the wood specimen during the scanning period. X-rays 

are electromagnetic waves. A digital computer collects the data that is obtained and then 

integrates it to provide a cross-sectional image (tomogram) that is displayed on a 

computer screen. High density wood or wet wood appears white on a CT image, while 

the dried wood appears darker grey.  

 

Principles of climate chamber and the control schedule 

 

The climate chamber is designed in order to work with the CT-scanner. In simple terms, 

the climate chamber is designed with an inner and outer tube, where the air, driven by a 

fan, flows through the heating coils and then into the inner tube, where the material is 

placed for the drying. In the end of the inner tube, the air flow turns back to the fan by 

flowing in the outer tube. For increasing the humidity in the chamber a steam generator 

is used. The climate chamber could also make conditioning by water spray and steam in 

order to equalize the moisture gradient, which may have been caused by intense drying. 

High and low temperature drying processes could be done in the kiln. The control 

schedule, which has been developed by Valutec AB (2010), is built up by assigning 

different control parameters in different phases.  

 

Algorithm for moisture content calculation 

 

Since wood starts to shrink below the fsp during drying, the geometrical shape of the 

wood piece will change. This means that more thorough transforming must be done on 

the dry wood image to the shape of the wet wood image prior to calculating the mc 

(Hansson 2007). By using bidirectional elastic registration (Arganda-Carreras et al. 

2006), the dry wood image can be transformed to the shape of the wet wood image. This 

algorithm (bUnwarpJ) for elastic and consistent image registration is developed as a 

plug-in to the software ImageJ (Image processing and analysis in Java). It is performed 
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as a simultaneous registration of two images, in this case the dry and wet wood images. 

The dry wood image is elastically deformed in order to look as similar as possible to the 

wet wood image. Two images are produced as a result: the deformed versions of dry 

and wet wood images. By using the same approach as Hansson (2007), the 

transformation of the CT-images and the moisture content calculation was done. From 

the algorithm, mc distribution was calculated for test pieces. 

 

High temperature and low temperature drying 

 

For the high temperature experiment, sapwood pieces with dimensions of 35x70x400 

mm and 24x66x400 mm were freshly cut out from logs of pine. For low temperature 

drying, two sapwood pieces with the dimensions 26x92x400 mm and 26x98x400 mm 

were cut out from the board that was brought from the Martinssons sawmill. The ends 

were sealed with one layer of silicon closest to the wood surface and then one layer of 

aluminium foil followed by an additional layer of silicon. During the drying process, the 

temperature of the wood pieces was measured in two positions by thermocouples, in the 

core of the board and 5 mm below the surface. The thermocouples were installed into 

drilled holes and sealed with silicon. For the high temperature experiment, the pieces 

were dried at 90/110˚C (wet bulb/ dry bulb temperature), and for low temperature 

drying 56/80˚C (wet bulb/ dry bulb temperature) for 50 hours. To reach the dry density, 

the pieces were dried in 103˚C for 24 hours. The boards were CT-scanned, 10 cm of the 

middle part with a 5 mm slice width every 15 minutes. Thus 20 density images were 

obtained for each time period. With the previously described algorithm, the mc 

distribution was calculated for each time step.  Furthermore, the average mc and density 

for a selected core region were determined for every time step. The selected core region 

had a dimension of 130x20 pixels (75.4x11.6 mm) for HT and 120x20 (69.6x11.6 mm) 

pixels for LT. Hence, the rate of the moisture flow from the core vs. the average mc 

could be calculated. The moisture flow is calculated by taking the difference between 

the densities for each time step. 

 

 

RESULTS AND DISCUSSION 
 

High temperature drying 

 

By using the method for calculating the dry weight moisture content, the moisture loss 

from the core could be calculated (Fig. 1).   

 

Fig. 1. The rate of moisture loss from the core vs. the average dry weight moisture 

content (left) and the core temperature vs. time (right). 
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The rise in the temperature in the kiln makes a big difference between the wood core 

and the dry bulb temperature inside the kiln (Fig. 1). As the temperature increases, 

therefore the density decreases and this creates a pressure difference. Since the 

temperature is proportional to pressure, the water and vapour pressure is much higher in 

the region close to the surface than to the wood core. The temperature difference makes 

the moisture flow to the internal part of the wood piece. This phenomenon is called 

Darcy flow, which explains the negative moisture flow at the beginning of the drying 

(Fig. 1) as well as the increasing density in Fig. 2. After about half an hour, the wet bulb 

temperature in the kiln becomes equal to the wood temperature. Furthermore, the water 

starts to strive towards the surface from the core, as it begins to evaporate from the 

surface.      
 

 

 

 

 

 

 

 

 

 

Fig. 2. Density vs. time and dry moisture content profiles. 

 

The rising core temperature after around half an hour led to an accelerated moisture loss 

from the core. The evaporation of water from the surface sets up capillary forces that 

exert a pull on the free water in the zones of wood beneath the surfaces. When there is 

no longer any free water in the wood, capillary forces are no longer of importance. The 

drying process is now in the capillary phase and this phase ended approximately after 

4.5 hours. By studying the density change (Fig. 2), one can see that it decreases linearly 

in the defined core area from about 0.5 hours to 4.5 hours, which means that the 

moisture inside the wood piece decrease almost uniformly as long as there is capillary 

communication. 

                                            

The average moisture flow vs. dry moisture content (Fig. 1) shows that the moisture 

flow constantly decreases from 0.8 to around 0.3. The core temperature starts to rise 

after 5 hours, which means that the drying process is going into the transition phase and 

the rate of moisture loss from the core vs. the average dry weight moisture content will 

drop dramatically (Fig. 1). Furthermore, the moisture flow starts to decrease. Hence, the 

capillary connection has begun to break down. After the transition phase, with about a 

0.28 dry weight moisture content, the core temperature increases faster (Fig. 1) and the 

rate of the moisture loss from the core vs. the average dry weight moisture (Fig. 1) is 

almost constant. Furthermore, the density vs. time at present only slowly decreases. The 

drying process is now in the diffusion phase and moisture slowly evaporates from the 

wood piece.     

 

Low Temperature drying 

 

By using the method for calculating the dry weight moisture content, the moisture loss 

from the core can be calculated (Fig. 3).   
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Fig. 3. The rate of moisture loss from the core vs. the average dry weight moisture 

content (left) and the core temperature vs. time (right). 

 

When comparing the rate of moisture loss from the core vs. the average dry weight 

moisture content for high temperature and low temperature drying, the low temperature 

drying has only a small negative moisture flow at the beginning of the drying process 

(Fig. 3).  The shape of moisture flow from the core vs. the average dry weight moisture 

content plot for the LT drying process looks similar to the HT drying process. The 

density change level is a little bit higher in the HT plots (Fig. 4). The rising core 

temperature after about half an hour in the LT drying process led to accelerated 

moisture loss from the core, as in the HT drying process. The drying process is now in 

the capillary phase and this phase ended after approximately 7.5 hours. By studying the 

density change (Fig. 4), one can see that it decreases linearly in the defined core area 

from about 0.5 hours to 7.5 hours, which means that the moisture inside the wood piece 

decrease almost uniformly as long as there is capillary communication. The drying 

process was disturbed at the beginning of the test, since there was a problem with the 

CT-scanner. The drying chamber was shut down for some time to fix the scanner. That 

is the reason for the disturbance that appears in the temperature vs. time plot (Fig. 3) at 

the beginning of the drying process. 

 

 

 

 

 
 

 

 

 

 

 

Fig. 4. Density vs. time and dry moisture content profiles. 

 

The average moisture flow vs. dry moisture content (Fig. 3) shows that the moisture 

flow constantly decreases from 0.6 to around 0.3. The core temperature starts rising 

after 8 hours, which means that the drying process is going into the transition phase and 

the rate of moisture loss from the core vs. the average dry weight moisture content drops 

dramatically (Fig. 3). Furthermore, the moisture flow starts to decrease.  

 

After the transition phase, with about a 0.28 dry weight moisture content, the core 

temperature increases faster (Fig. 3), and the rate of the moisture loss from the core vs. 

the average dry weight moisture (Fig. 3) is almost constant. Furthermore, the density 
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change vs. time only slowly decreases. The drying process is now in the diffusion phase 

and moisture slowly evaporates from the wood piece. 

 

 

CONCLUSIONS 

 

The use of the existing algorithm for the dry weight moisture content on density data 

from the CT scanning during high and low temperature drying in the climate chamber 

showed that this method is a powerful tool for analyzing the moisture flow within the 

wood piece. The new CT-scanner together with the climate chamber gave unique 

results, as it has not been possible to study high temperature drying with this tool 

before.  
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