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CT-scanning of moisture distributions and shell formation during wood drying 

ABSTRACT 

Colour measurements have been done on wood surface during drying and after drying at 
two different distances from the surface. It's concluded that the colour properties of wood 
during drying are related to the development of a dry shell, where enrichment of sugar and 
starch will be chemically affected. The dry shell is indicated both by colour measurements 
and by computer tomography (CT). 

CT-scanning technique has also been used to study the moisture distribution in wood 
during drying. A special device was build to enable non destructive measurements without 
removing the wood sample from the climate. 

One conclusion from this research is that the moisture migration in sapwood above fibre 
saturation point (FSP) needs to be reconsidered. The traditional opinion has been that the 
migration of capillary water in sapwood is driven by moisture gradients. No gradients were 
detected using CT-scanning technique. The moisture profiles are uniformly distributed and 
only at the edges, in the dry shell, steep gradients are to be found. Further development 
needs to be done to model the migration of water above FSP, where especially the 
heartwood/sapwood proportion needs to be considered. 

Keywords: CT-scanning, colour measurements, wood drying, moisture flux, dry shell 
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1. INTRODUCTION 

1.1. 	The living tree 

In the living tree, the trunk conducts the water with minerals from the roots and carries 
them to the needles or leaves. Once the sugar and starch have been produced, the trunk 
carries them downward in the inner bark to be used in the cambial zone, where new cells 
are being formed (Fig. 1). 

Inner bark, phloem 

Hard bark 
(E.Tredanl  

Fig. I. Flow paths in wood. The sapwood conducts the flow of water with minerals upwards and the 
rays conduct the nutrient solution from the phloem into the wood. 

In the trunk of a softwood tree, the tracheids, and primary the earlywood tracheids are 
cells that conduct the sapflow upwards and in the downward direction the nutrition from 
the photosynthesis are transported through the inner bark, phloem. From the phloem the 
nutrition flows back into the sapwood, via the radial oriented rays. In hardwoods, the vessels 
are the main flow path for water and minerals from the roots to the leaves. The phloem is 
also in hardwoods the transportation path downwards. 

After the logs have been cut into boards the surface fibres are damaged and the water 
continuity in the sapwood is broken. Liquid flow is no longer possible at the surface, and 
therefore a dry shell is developed during the early stage of drying. Even short after a sawing 
process, boards can develop a dry shell, depending on the surrounding climate (Pang 1996). 

1.2. 	Board drying 

When the sap flows in the living tree trunk, it uses the natural flow paths, but when the 
liquid water shall be carried out from the sawn boards by convective drying the flow paths 
may be different. It's difficult to determine in which way the liquid water migrates during 
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drying above fibre saturation point (FSP). Scientists have studied the transport paths using  
SEM.  Preparation of a sample with moisture content (MC) above FSP is done in vacuum 
and during this time the wood piece will dry and shrink. The wood sample is generally 
destroyed during the preparation. Despite how the liquid water makes its way out from the 
wood, the paths mention earlier are used. 

Siau (1970) describe the flow in wood like water migration from the cell through the 
adjoining cell to the evaporating surface. It's possible for a cell deep in the wood to lose its 
capillary water earlier than one closer to the surface (Fig.2).  

C.  Skaar 

Fig. 2. Water migration in wood. It's possible for a cell deep in the wood to lose its capillary water 
earlier than one closer to the suace. Right: Computer tomography image of a drying board. Notice the 
dry shell around the surface. 

Materials used in this investigation were softwood like Scots pine (Pinus silvestris) and 
Norway spruce (Picea abies) and a hardwood, Birch (Betula pubescens). These were used in 
an internal moisture flux study and shell development examination. In co-operation with  
FRI  in New Zealand, Radiata pine (Pinus radiata) was used in a model predicting study. 

During drying of a board, it's possible to measure different responses from the samples. 
One response is colour changes of a board surface. Redistribution of substances in wood 
becomes visible already at elevated temperatures, above 60  °C  (Sehlstedt-Persson 1995). The 
resin, nutrition and mineral in the wood usually accumulate on the surface and cause 
degradation of the boards. Another factor is temperature. The enrichment at the surface will 
be exposed to high temperature under several hours and that causes thermal degradation of 
the nutrition, which also will lead to discoloration (Terziev 1994). It's further reported how 
brown staining are caused by enrichment of nutrition just below the surface (Pang 1996). An 
interesting task in this current work is to study the development of a shell around the board 
surface during drying with a colour camera. 

Water flux during drying above the fibre saturation point (FSP) has often been measured 
with destructive methods and due to the inaccuracy of the methods and under the 
assumptions that the drying above FSP is diffusion controlled the problems to predict the 
measured values have continued (Ranta-Maunus et al. 1995). Other scientists have measured 
MC distribution above FSP with gamma attenuation (Plumb et al. 1984), but assumed 
diffusion controlled drying. That has also lead to uncertain predictions of the MC above 
FSP. Mor8n (1992) measured the moisture flux from a wooden surface using infrared 
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thermograhpy. He found that under steady state conditions the moisture flux was 
proportional to the heat transfer rate. 

Moisture movement was studied at elevated temperatures (Pang et al. 1994). After 
determination of the temperature profiles in the wood during drying, they divided the 
drying of softwood timber into three periods. An evaporation front remaining near the 
surface in the first period and in the second period the evaporation front is receding. The 
drying rate in the third period was controlled by bound water diffusion. 

Wood scientists have studied various occurrences in wood during drying. By using CT-
scanning technique to investigate how the liquid water in the inner part of wood would 
react on an external climate change is another interesting assignment in this current work. 

2. 	SHELL DETECTION 

2.1. 	Colour measurements 

Several scientists have investigated the shell formation during drying. Discoloration is often 
used to describe the board surface, which has been degraded due to heavy resin flow. In this 
work the shell was investigated using a colour camera. The analyses of the hue angle  (h)  on a 
board surface after drying and at two different depths (1 mm and 3 mm) from the surface, 
indicated that a shell was formed within 3 mm from the surface, containing enriched and/or 
degraded substances (Fig. 3). The outward flow carried virtually all the dispersed material to 
the evaporation front between the dry shell and the liquid water beneath the surface 
(Paper I).  
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Fig. 3. Hue angle on a board suüace after drying and at two distances beneath the suü-ace; 
1 mm and 3 mm. The changes of the hue angle  (h)  indicating a shell, containing different colour- 
reflecting substances on different depth from the suace. 
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2.2 	Coffee mark 

A similar phenomenon is when a spilled drop of coffee dries on a solid surface. Some of you 
have some time spilled a cup of coffee, haven't you? It will leave an unpleasant ring on your 
fine tablecloth. Deegan (1997) and his colleagues have taken photographs on dispersed 
material in a fluid (coffee for example) and mathematically described the enrichment at the 
perimeter. In wood the dispersed substances in the capillary water are carried in a similar 
way to the evaporation front. 

2.3. Computer tomography 

A shell formation was also indicated by Computer tomography (CT). With digital image 
processing it was possible to analyse the CT-images and measure the shell around the board 
surface (Paper II and III). The results show that a dry shell was formed short after the drying 
process has begun. An evaporation front, behind the dry shell, was established approx. 0.5 
mm from the surface. As the drying proceeded, the evaporation front receded when the 
local moisture content being less than a minimum value for liquid continuity. This stage is 
called irreducible saturation and the behaviour for birch is illustrated in figure 4 (Paper IV). 

20 	40 	60 
	

80 
	

100 

Moisture content (%) 

---50°C -0-60°C -0-70°C -0-80°C 

Fig. 4. The distance to the receding front is illustrated for birch at different moisture content in the 
internal part during drying. Birch was treated with four different drying temperatures; 50  °C,  60  °C,  
70  °C  and 80  °C.  At approx. 50 % MC the capillary migration ceases, and the front moves rapidly 
inwards. This would indicate that the irreducible MC is reached. 

The formation of the dry shell developed differently, depending on species. In spruce the 
shell reacted very promptly on an external climate change. The distance from the surface to 
the receding front increased immediately after the external climate change and the front 
took a new position (Fig. 6). When the distance to the surface increased, no rapid changes of 
the density in the internal part occurred. 

4 
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3. 	MOISTURE DISTRIBUTION 

During drying, above FSP, water evaporates through a thin dry shell. Behind this dry shell is 
a wet front and the rate of evaporation from this wet front is equal to the moisture flux rate 
from the internal parts. Sufficient capillary tension is generated in the internal parts to cause 
liquid flow to the evaporation front. 

3.1. 	Moisture _flux determination above FSP 

The traditional description of moisture distribution in sapwood above FSP is that the 
behaviour of the distribution is similar to the behaviour of that under FSP. It's generally 
considered that the distribution is guided by moisture gradients, but in this study using CT-
scanning, it's concluded that the moisture content profiles are uniformly distributed (Fig. 5) 
and only at the edges, steep gradients are to be found. 
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Fig. 5. Density profiles of pine during drying. All profiles are uniformly distributed and only at the 
edges a steep gradient is observed. 

The liquid flow towards the surface is in balance with the rate of evaporation at the wet 
front and the rate of evaporation is also in balance with the water vapour transport through 
the dryer layer and out to the surface, where it continues into the convective air. In the 
work done by Wiberg and  Moren  (Paper IV) it was determined that an external climate 
change had an immediately effect on the internal parts. The behaviour was different in 
different species. The moisture flux from the internal parts in pine and birch reacted 
immediately on an external climate change. The evaporation front for pine and birch was 
not significantly affected, but when spruce was exposed to a sudden external climate change, 
the internal parts didn't react immediately, but the wet front receded immediately, 0.2-0.4 
mm inwards. When a new position was reached and the system was in balance the liquid 
flow from the internal parts resumed to approximately the same moisture flux as for pine 
(Fig. 6). 
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Fig. 6. Left: The distance from the sudace to the receding front for pine, spruce and birch. For spruce 
the distance appears to increase immediately after the external climate change. The vertical line is 

representing the climate step. Right: Density in the test volume at 50  °C  for pine, spruce and birch 
during drying. Period A with 18% EMC and period  B  with 8% EMC. The time derivative (slope) of 
the curves corresponds to the moisture flux out from the interior test volume (Paper IV). 

The fact that the internal migration rate is immediately affected by an external climate 
change, even at a distance from the evaporation front, indicates a low flow resistance in the 
capillary region. The liquid water in the internal parts of the wood moves to the evaporation 
front under a heat transfer controlled phase. After a transition period, when the liquid 
continuity is broken, the heat transfer adopts to a diffusion-controlled phase below the FSP. 

3.2. 	Model validation 

An important application of CT-scanning technique is validation of drying models. In the 
study made by Pang and Wiberg (Paper V) a drying 2-D model, developed by Pang (1996) 
was used to predict the moisture distribution at different times during drying. First the 
temperature gradients were calculated using equation for heat balance and then liquid flux 
above FSP was predicted using Darcy's law. Darcy's equation was solved using the capillary 
pressure. The capillary pressure was estimated using the function between saturation of 
wood and capillary pressure  (Spolek  and Plumb 1981). 

The pressure gradient in the liquid is a consequence of capillary action between liquid 
and gas phases within the cell lumens of the wood. However, the calculation of the capillary 
pressure distribution is based on a temperature gradient based on a traditional heat balance. 
It's known that the temperature development will follow a receding evaporation front in the 
wood (Pang et al. 1994). If that is not included in the calculation the model will fail to 
predict the moisture distribution. 

Drying of sapwood can be divided into three drying periods (besides warming-up and 
cooling). The first period is the capillary phase, where capillary water migrates to an 
evaporation front and heat transfer controls the drying process. The second period is a 
transition phase, where the liquid continuity deteriorates and after that a diffusion-controlled 
phase takes over the process. After the transition the liquid continuity between the cells is 
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broken and irreducible saturation occurs. Drying of heartwood is already at start diffusion-
controlled, because the moisture content is near the FSP. 

4. 	FUTURE WORK 

The present studies of moisture transport during drying above FSP shows a need for more 
research of primarily the following subjects: 

• Studies on moisture flux behaviour of different species, both on hardwoods and 
softwoods and with special attention on the heartwood/sapwood border. 

• Irreducible saturation was indirectly detected in the CT-images and the phenomenon 
will need further examination. An interesting question is weather irreducible saturation 
has a significant effect on the drying object and/or the drying process. 

• Under what circumstances does heat transfer control the drying rate and when is 
permeability the controlling factor. 

But the most important work will be development of a model that can predict the 
behaviour of the moisture flux and the shell formation in sapwood during drying of different 
species. 
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Colour changes of Scots pine and Norway spruce 

A comparison between three different drying treatments  

P.  Wiberg 

34 
Surface of boards, dried with wet bulb temperature above 
60°C are often called discoloured caused by severe resinflow. 
Discolourisation was evaluated using a tristimulus colour 
analyser, for measuring the colour changes during drying at 
three different drying schedules; 50°C, 60°C and 70°C wet bulb 
temperature. The colour properties were pictured by lightness 
(L*), chroma  (C*)  and hue (ho). Results showed that 
lightness decreased and chrome increased during drying. 
When comparing the three diffemt drying schedules the light-
ness decreased and chrome increased with higher drying 
temperature. No significant change of hue during drying was 
noticed, but when comparing the three schedules, hue decreased 
with higher drying temperature. Drying time and drying 
temperature level effect the value of lightness more than any 
other colour properties. Values of lightness and chroma 
returned to its original value after 3 mm planing, while the value 
of hue for sapwood of Scots pine decreased after 1 mm planing, 
but increased again after 3 mm, even more for series  C  (70  °C)  
than for series A (50  °C).  For sapwood of Scots pine, light-
ness decresed and chroma increased more than for sapwood 
of Norway spruce, both during drying and with higher drying 
temperature. 

A hypothesis is that red-making (or blue) substance such 
as nutrients and extractives are transported toward the surface 
during drying and making the surface look more red. That 
leaves the yellow-making substance in the inner parts of the 
board and when planing the board, the surface will be more 
yellow than before.  

Verfärbung  von  Kiefern- und Fichtenholz. 
Vergleich dreier unterschiedlicher Trodrnungspläne  

Die  Oberfläche  von  Brettern,  die  oberhalb einer 
Feucht-temperatur von 60°C  getrocknet wurden, sind oft 
aufgrund starker Harzbewegungen verfärbt.  Die  Farbänderun-
gen im Verlaufvon drei Trocknungs-Serien bei  50,60  und  
70 °C  wurden gemessen anhand  der  drei  Parameter  Farbhel-
ligkeit  (L*),  Farbsättigung  (C*)  und Farbton  (h°).  Während  des  
Trocknens nahm  die  Farbhelligkeit ab,  die  Sättigung nahm 
zu. Mit steigender Trocknungstemperature ging  die  Helligkeit 
zurück, während  die  Sättigung zunahm.  Der  Farbton 
änderte sich nicht merkbar während  des  Troclmens; er nahm 
allerdings mit steigender Temperatur ab. Zeit und Temperatur 
beein-flussen vor allem  die  Farbhelligkeit,  die  anderen weniger 
Farbeigenschaften. Nach Abhobeln einer  3 mm  dicken 
Schicht wurde wieder  der  ursprüngliche Wert Für  L*  und  C*  
gemessen.  Die  Farbtonwerte  (h  °) fielen nach Abhobeln  von 
1 mm  bei Kiefern-Splintholz zunächst ab, nahmen  in 3 mm  
Tiefe aber wieder zu, und zwar ausgeprägter bei  70  °- Trocknung  

P.  Wiberg  
Luleå  University of Technology, Div. of Wood Technology,  Skellefteå  
Campus, SKERIA 3, S-93187  Skellefteå,  Sweden. 
e-mail: per.wiberg@tt.  luth. se  

als bei  50  ° -Trocknung.  An  Kiefernproben war dieser Effekt 
ausgeprägter als bei Fichtenproben.  Es  wird vermutet, daß 
überwiegend  rot-  oder blaufärbende Substanzen (Extraktstoffe) 
während  des  Trocicnens  an die  Oberfläche transprotiert werden 
und dadurch  die  inneren Schichten nach dem Hobeln gelblicher 
erscheinen als vor dem Trocknen.  

1 
Introduction 
Discolouration is a common judgement for board surfaces 
dried at elevated temperature, above 60  °C,  especially on 
markets where "white" softwood has become a trademark. 
At the time of trade the boards are normally not planed, so 
it is the sawn surface which is graded in matter of discolouration 
or not. 

1.1 
Redistribution of substances in wood 
HT-drying of softwood leads to visible changes of the timber 
due to severe resin flow and earlier work from  Moren,  
Sehlstedt-Persson (1990) show that considerable discolouration 
appears at the surface of HT-dried Scots pine wood. 

This typical dark coloured shell found in HT-dried sapwood 
near the surface is probably explained by a thermal degradation 
of the carbohydrates which originates from the nutrition in 
sapwood which during rapid drying has been enriched at 
timber surface. (Sehlstedt-Persson 1995). 

Theander et al. (1993) showed an accumulation of low-
molecular carbohydrates and introgen at the surface during the 
drying process for Pinus silvestris. A layer of 0-1 mm at 
the sample surface had a yellow surface colour due to high 
nitrogen and sugar content. Savitri Nayagam (1987) also 
studied this phenomena. She identified soluble carbohydrate 
and nitrogenous components, which migrate and accumulate at 
surface of dried wood. Soluble amino acids contributed to 
a significant proportion of the nitrogen content at surface 
regions of softwoods. A similar work points out that con-
centration of sugar increases at the surface of planks during 
air drying, but  notat  much as during kiln drying. (Terziev 1994). 

Terziev concluded that there is a decrease of sugars and 
nitrogen in the deeper layer (15-16 nun) in the unedged planks 
during kiln drying. The amount of nitrogenous compounds 
increased more at the surface for kiln dried than for air dried 
planks. The drying speed is one of the important factors for 
the redistribution of soluble substances. He showed that slow 
kiln and air drying reduces the mould susceptibility and that 
transport of soluble substance is possible even below fibre 
saturation point. 

A hypothesis is that with higher drying temperature the 
red-making substances in the board are transported towards 
the surface. That leaves the board with less red-making and 
more of yellow-making substances in the inner parts. That 
might explain the reverse behaviour of the hue-value of the 
board after planing. Redistribution of nitrogen is one cause to 
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colour changes. The spectral analysis of nitrogen has the 
dominant wavelength around 400  nm.  

An earlier work by Miniutti (1963) indicated twice as much 
water soluble extractives in the surface of Redwood than in 
the inner parts after drying. The extractives absorb light 
with wave-length between 300 and 400  nm.  (Launer et al. 1943, 
Hon 1981:3). That means that the non blue compound of the 
light is reflecting from the surface when the surface is containing 
a major amount of extractives. That supports the hypothesis 
discussed above. 

1.2 
Decaying 
In literature, yellowing is being studied as a phenomenon of 
decaying and decayed hemicellulose and  lignin  is one cause for 
paper and wood substance yellowing. (Hon 1981:1, Boutelje 
1989). Discolouration can be caused by redistribution and 
accumulation of nutrients at board surface, but can also be 
caused by decaying of the  lignin.  Light absorption in a solution 
from a UV-exposed wood surface is showing an adsorption 
curve similar to that of  lignin.  This shows that  lignin  is 
transformed into molecules which later will leach out. (Feist 
et al. 1984). When  lignin  is removed from the surface, a non blue 
compound of the light is reflecting from the surface. 

1.3 
Colour measurements on wood 
Gray (1961) investigated 57 species of timber, plywood and 
veneers and measured the colour using a 'EEL' Spectrometer 
with a tungsten light (illuminant SA). He showed that Yxy-
values of solid Redwood (Pinus silvestris) did not change 
during one year of sun exposure. For a veneer layer the values 
change from fresh; 0.469, 0.511, 0.404 to 0.380, 0.522, 0.397 
(Yxy) after one day's heating at 100  °C.  It means that the 
lightness and hue are decreasing while chroma is increasing. 
The corresponding L*C*h-values are 74.13, 31.19,53.2 ° before 
and 68.02,33.18, 47.6 ° after one day's heating at 100  °C.  Another 
approach is when it is necessary to distinguish HT-dried 
from air-dried and conventional kiln dried lumber of Norway 
spruce by using the HT-dried lumber significantly lower mean 
brightness values. Measurements were made using a Zeiss 
reflectance meter (Elrepho). (Salamon, M. 1972). Brightness 
could be described as a function of lightness. The brightness of 
an area judged relative to the brightness of a similar illumi-
nated area that appears to be white or highly transmitting. 
Chroma is a function of colourfulness. The colourfulness of 
an area judged in proportion to the brightness of a similar 
illuminated area that appears to be white or highly transmitting. 
(Hunt 1995). 

Southern pine wood decreased in luminance and increased 
in purity when pressure steam-dried above atmospheric 
pressure. (McGinnes et al. 1984). The values are not direct 
transferable, but the corresponding language in the L*  C* h-
colour space would be: Wood decreased in lightness, L* 
and increased in chroma,  C*  when pressure steam-dried 
above atmospheric pressure. A comparison of the effect of 
drying at 120  °C  or 70  °C  on the properties of radiata pine 
was done by Simpson et al. (1994). They found the average 
colour difference between high temperature (120  °C)  and 
conventionally dried (70  °C)  samples was close to or below the 
limit of visual detection for both the sawn and the machined 
samples. The kiln schedule had no significant effect on the 
wood colour after machining and yellowing in use. 

The objective of this study was to investigate the influence 
of drying treatments on colour changes on board surface of 
Scots pine and Norway spruce, using different drying temper- 

atures in the range of 50-60-70°C wet bulb temperature. 
The measurements were made before, during and after drying. 
In the objective we also included the colour change after 1 mm 
and 3 mm planing. 

2 
Material and methods 
Boards, 50  x  150 mm from Scots pine (Pinus silvestris) and 
Norway spruce (Picea abies) randomly selected from a local 
sawmill, were dried using three different drying schedules 
according to Fig. 1. Series A dried from green to 12% MC with 
constant wet bulb temperature 50°C, series  B  dried from green 
to 12% MC with wet bulb temperature 60°C and series  C  dried 
from green to 11% and 8% respectively with wet bulb tempera-
ture 70  °C.  The boards was heated conventionally and not 
conditioned at end of drying. 

In series A 40 boards, in series  B  25 boards and in series  C  23 
boards were used to determine colour changes during drying. 
The length of each board was 1.5 m. Statistical analysis was app-
lied on the result in order to find significant differences at 5% 
significance level between the three drying methods and bet-
ween each measurement during drying, using IMP, Macintosh-
program and the Tukey-Kramer HSD test. Colour measure-
ments were made with Minolta Croma Meter CR-310, a compact 
tristimulus colour analyser for measuring reflective colours of 
surfaces. The measuring head of the meter uses wide-area illu-
mination and a 0 ° viewing angle, and has a 50 mm-diameter 
measuring area to average the reading over the area. The CIE 
L*C*h colour system was used to describe the colour space. 
In this system, L* is the lightness which varies from 0 to 100, 
where 0 is black and 100 is white.  C*  is chroma which is the 
colour fullness (related to saturation) of an area judged in pro-
portion to the brightness of an similarly illuminated area that 
appears to be white. Chroma ranges from 0 10 60, where 60 is full 
saturation. Hue  (h  °) is the colour angle, where 0° is red and 
90° is yellow. 

2.1 
During drying 
The measurements were carried out on the same position on 
each sample before drying, at 1/3 and 2/3 of the drying time 
and after drying. To follow MC during drying, the boards 
were weighted at each time of measurement. 
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Fig. I. Drying schedules for series A,  B  and  C.  Solid line: dry bulb 
temperature; dotted line: wet bulb temperature  
Bild  1. Trocknungsschemata  für  die  Proben-Serien  A,  B und C.  
Durchgezogene  Linien:  Trockentemperature;  gestrichelte  Linie;  
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2.2 
After planing 
The measuring point on each sample was pointed out with 
nails so that additional measurements could be made after 
1 mm and after 3 mm planing. 

3 
Results and conclusions 
The results concerning the properties of colour during drying 
and after 1 mm and 3 mm planing. A common phenomenon 
when measuring colour in this project, is the following obser- 
vation: when lightness decreases, chroma increases and 
vice versa. 

3.1 
During drying 
The significant tests of all samples between the measurements 
before drying, at 1/3 of the drying time, at 2/3 of the drying 
time, after drying, after 1 mm planing and 3 mm planing 
were performed as shown in Table 1. The measurements should 
be compared at each occasion of measurement. Only sapwood 
of Scots pine and Norway spruce is presented in the table. 
Significant tests of all samples between the three series A,  
B  and  C  are shown in Table 2. This table is also reduced to 
only present values for sapwood of Scots pine and Norway. 
A complete  dataset  for heartwood is obtainable from the 
author. 

For example; Comparing the values before and after drying 
in Table 1 and series A, shows that the lightness significantly 
decreases during drying. 2nd mesurement is also significantly 
separated from the measurement after drying. The measure- 

ments shown in Table 2 should be compared between the three 
different drying schedules. For example; in Table 2 the lightness 
significantly decrease when going from series A to series  B  and  
C,  comparing the 2nd measurement during drying. 

3.1.1 
Scots pine 
In Scots pine the lightness decreases and chroma increases 
during drying. In series  C  the value of lightness and chroma 
during drying is changing more than in series A. Hue is 
not changing for sapwood, but decreases during drying for 
heartwood. In Fig. 2 the values for lightness and hue of sapwood 
are presented. The arrows shows the direction when going 
from series A to  C.  The average values for lightness decrease 
with higher drying temperature. It is a significant difference in 
lightness thru the hole drying cycle between series A and  C.  
Differences between series A and  B,  during drying is also 
confirmed by the significance test. Average values for chroma 
significantly increase and values for hue significantly decrease 
(towards red) with higher drying temperatyure. A noticeable 
difference between sap- and heartwood was that the lightness 
for sapwood of Scots pine decrease more than for heartwood, 
drying with higher temperature.  Chroms  for sapwood increase 
more than for heartwood, while hue for sapwood decrease less 
than for heartwood. 

3.1.2 
Norway spruce 
The lightness of sapwood do not noticeable change during 
drying in series A and  B,  but decrease in series  C.  Chroms  is 
also unchanged during drying in series A and  B,  but increase 
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Table 1. Results as average values of Lightness (L."), chroma  (C")  and hue  (h°)  for sapwood of Scots pine and Norway spruce, before drying, 
at 1/3 of drying time, at 2/3 of drying time, after drying,  sti  mm and 3 mm planing. Example: lightness in series A before drying (a.) is significantly 
separated from the value after drying  (d.)  

Sapwood 

Surface 

I.* 	a.  before drying  
during drying  

b. lat  measurement  
c. 2nd measurement  
d. after drying  

d. after drying  
e. 1 mm planed 
f. 3 mm planed  

C* 	a. before drying 
during drying  

b.  Ist  measurement  
C.  2nd measurement  
d.  after drying  

d. after drying  
e. 1 mm planed 
f. 3  Inm  planed  

h 	a. before drying 
during drying  

b. ist  measurement  
c. 2nd measurement  
d. after drying  

d.  after drying  
e. 1 mm planed 
f. 3 mm planed 

Series A 
Twb  = 50  °C  
Scots pine 
N  = 40 at 5%  

s-lev.  

Norway spruce 
N=  40 at 5% 

s-lev.  

Series  B  
Tw, = 60  °C  
Scots pine 
N=25 at 5%  

s-lev.  

Norway spruce 
N  = 25 at 5%  

s-lev.  

Series  C  
Ts, = 70  °C  
Scots pine 
N  = 23 at 5%  

s-lev.  

Norway spruce  
N  .---- 23 at 596 

s-lev.  

81.75 d. 79.74 as. 79.36 ns. 78.72 ns. 75.91 b.d. 79.83 d.  

81.13 ns. 81.51 ns. 80.77 ns. 80.71 ns. 78.63 a.c.d. 80.32 cd. 
81.49 d. 81.81 ns. 80.23 ns. 80.64 ns. 75.55 b. 78.72 b. 
80.51 a.c. 81.39 ns. 79.35 ns. 80.23 as. 73.96 a.b. 77.57 a.b. 

80.51 e.f. 81.39 e.f. 79.35 f. 80.23 as. 73.96 e.f. 77.57 e.f 
82.31 d. 82.48 d. 81.66 ns. 82.90 ns. 78.36 d. 80.57 d. 
82.81 d. 83.71 d. 83.40 d. 83.07 ns. 81.13 d. 81.65 d. 

22.76 cd. 22.65 as. 24.37 c.d. 26.01 ns. 27.68 b.d. 23.86 c.d. 

22.61 c.d. 21.93 a.  25.33 c.d. 23.72 ns. 24.96 a.c.d. 23.30 c.d. 
24.94 a.b. 23.94 as. 27.13 a.b. 24.92 as. 28.63 b. 26.56 a.b. 
26.01 c.d. 24.93 b.  27.98 a.b. 25.68 ns. 29.75 a.b. 27.86 a.b. 

26.01 d. 24.93 e.f. 27.98 f. 25.68 e.f. 29.75 e.f. 27.86 el. 
24.64 ns. 24.64 d. 25.71 as. 21.49 d. 25.52 d. 23.61 d. 
24.51 as. 21.86 d. 23.24 d. 20.73 d. 24.45 d. 22.94 d. 

76.16 b.c.d. 75.13 d. 72.71 b.c.d. 75.41 b.c.d. 72.48 b.c.d. 75.36 b.c.d. 

81.53 a. 81.75 as. 80.27 a. 80.37 a. 79.85 a. 
8801..4595  81.63 a. 81.49 ns. 81.04 a. 81.54 a. 80.16 a. aa.. 

82.95 a. 83.73 a. 80.89 a. 82.09 a. 79.73 a. 81.13 a. 

82.95 e.f 83.73 cf. 80.89 as. 82.09 ns. 79.73 f. 81.13 f. 
79.73 d. 82.57 d. 79.47 as. 78.60 as. 79.30 f. 80.76 f. 
80.32 d. 83.23 d. 81.50 ns. 80.33 ns. 82.50 d.e. 83.00 d.e. 
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Table 2. Results as average values of Lightness (L*), chroma  (C")  and hue  (h')  for sapwood of Scots pine and Norway spruce, series A,  B  and  
C.  Example: lightness in series A before drying (a.) is significantly separated from the value in series  B  and  C  (b.c.) 

Sapwood 

Surface 

L* a. before drying 
during drying  

b.  ist  measurement  
c.  2nd measurement 

52 	d.  after drying  

d. after drying  
e. lmm planed 
f. 3 mm planed  

C*  a. before drying 
during drying  
b. ist  measurement  
c. 2nd measurement  
d. after drying  

d.  after drying  
e. 1 mm planed 
f. 3 mm planed  

h  a. before drying 
during drying  

b. Ist  measurement  
c. 2nd measurement  
d. after drying  

d.  after drying  
e. lmm planed 
f. 3 mm planed 

Scots pine 

Series A 
N = 40 
a. 

Series B 
N = 25 
b. 

Series C 
N = 23 
c. 

81.75 79.36 75.91 

81.13 80.77 78.63 
81.49 80.23 75.55 
80.51 79.35 73.96 

80.51 79.35 73.96 
82.31 81.66 78.36 
82.81 83.40 81.13 

22.76 24.37 27.68 

22.61 25.33 24.96 
24.94 27.13 28.63 
26.01 27.98 29.75 

26.01 27.98 29.75 
24.64 25.71 25.52 
24.51 23.24 24.45 

76.16 72.71 72.48 

81.53 80.27 79.85 
81.63 81.04 80.16 
82.95 80.89 79.73 

82.95 80.89 79.73 
79.73 79.47 79.30 
80.32 81.50 82.50 

Series A 
N 	40 
a. 

Series B 
N = 25 
b. 

Series C 
N = 23 
c. 

79.74 78.72 79.83 

81.51 80.71 80.32 
81.81 80.64 78.72 
81.39 80.23 77.57 

81.39 80.23 77.57 
82.48 82.90 80.57 
83.71 83.07 81.65  

22.65 26.01 23.86 

21.93 23.72 23.30 
23.94 24.92 26.56 
24.93 25.68 27.86 

24.93 25.68 27.86 
24.64 21A9 23.61 
21.86 20.73 22.94 

75.13 75.41 75.36 

81.75 80.37 80.55 
81.49 81.54 81.49 
83.73 82.09 81.13 

83.73 82.09 81.13 
82.57 78.60 80.76 
83.23 80.33 83.00 

Fig. 2. Colour properties for Scots pine, sapwood. Lightness (V') and 
hue (11°) are plotted before drying, at 1/3 of the drying time, at 
2/3 of the drying time, and after drying for series A,  B  and  C 
Bild  2.  Farbeigenschaften  von Kiefern-Splintholz.  Farbhelligkeit  (L")  
und  Farbton  (11°)  vor dem  Trocknen, bei  1/3 der Trocknungszeit,  
bei  2/3 der Trocknungszeit  und  nach  dem  Trocknen  

significantly in series  C.  Lightness for heartwood in all series 
decreases in a similar way. Chroma increases during drying and 
most in series  C.  Hue decrease during drying and more for 
heartwood than for sapwood. Fig. 3 shows the values for 
lightness and hue of sapwood. The first point in each cate-
gory are the values before drying. 

The lightness decreases with higher drying temperature. 
Between series A and  C,  at measurements during drying it 

Fig. 3. Colour properties for Norway spruce, sapwood. Lightness 
(L*) and hue (It') are plotted before drying , at 1/3 of the drying 
time, at 2/3 of the drying time and after drying for series A,  B  and  C 
Bild  3.  Farbeigenschaften  von Fichten-Splintholz.  Farbhelligkeit  (L*)  
und  Farbton  (11°)  vor dem  Trocknen, bei  1/3 der Trocknungszeit,  
bei  2/3 der Trocknungszeit  und  nach  dem  Trocknen  

is a significant difference in lightness. Average values for 
chroma significantly increase and values for hue signi- 
ficantly decrease (towards red) with higher drying temperature. 

The decrease in lightness for heartwood is almost not 
noticeable while for sapwood the lightness significantly 
decrease. Chroma for sapwood and heartwood increase in 
a similarly way. Hue for heatwood is almost unchanged between 
the series, but for sapwood, hue decrease. 
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3.1.3 
Differences between Scots pine and Norway spruce 
For sapwood of Scots pine, lightness decrease and chroma 
increase more than for sapwood of Norway spruce, both during 
drying and with higher drying temperature (between the series). 
Hue do not decrease for Scots pine as much as for Norway 
spruce during drying and hue decrease also more for Norway 
spruce than for Scots pine with higher drying temperature. 
Lightness for heartwood of Scots pine decrease more than 
for Norway spruce during drying. The trend is even stronger 
with higher drying temperature (series). Croma increase for 
Scots pine, heartwood, while for Norway spruce, chroma 
does not change significantly during drying in series A. 
With higher drying temperature, lightness for heartwood 
of Scots pine increases more than for Norway spruce. Hue 
does not change during drying for heartwood of both Scots 
pine and Norway spruce, but with higher drying temperature 
(series) the hue of Scots pine decreases more than that of 
Norway spruce. 

3.2 
Planing 
In Table 1 the significance tests between the measurements 
after drying and after planing at 1 min and at 3 mm depth 
respectively. Significance tests between the series A,  B  and  
C  are shown in Table 2. 

3.2.1 
Scots pine 
The lightness increases and chroma decreases when planing. 
The value of hue decreases when planing 1 mm, while after 
planing 3 mm the value increases. 

Between the series, during drying at higher temperature 
the lightness decreases, but chroma remains unchanged. In 
series A, hue is turning from yellow after drying, towards red 
after planing and turning from red to yellow in series  C.  
The colour properties for sapwood and heartwood behave in 
similar way. Worth to be mentioned is that the colour properties 
are returning almost to original values when planing. i.e. 
comparing the values before drying and after 3 mm planing. 
In Fig. 4 the values for lightness and hue for planed and un-
planed wood are plotted. The values for lightness were slightly 
higher than before drying and the same trend is noticed 
for chroma. 

3.2.2 
Norway spruce 
The lightness increases and chroma decreases when planing. 
The value of hue is turning red when planing 1 mm, but returns 
towards yellow after 3 mm. Comparing the three series the 
lightness decreases between series A and  B,  while chroma 
increase between series  B  and  C.  Hue decreases between series 
A and  B,  but increases between series  B  and  C.  The behaviour 
of the colour properties is similar for both sapwood and 
heartwood. 

3.2.3 
Differences between Scots pine and Norway spruce 
The behaviour of lightness for sapwood of Scots pine is similar 
to that of sapwood of Norway spruce. The changes of chroma 
during drying have the same pattern, but the level is lower 
for Norway spruce. Hue for Scots pine is reversing after planing, 
comparing the series, while hue for Norway spruce is first 
going towards red at 1 mm and then turning towards yellow 
at 3 mm. 
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Fig.  4.  Colour properties  for  Scots  pine,  sapwood. Lightness (I.")  and 
hue (h°)  are plotted after drying  and  after  3 mm  planing  for 
series A, B and C 
Bild 4.  Farbeigenschaften  von  Kiefern-Splintholz. Farbhelligkeit  
und  Farbton  (h°) sind  aufgetragen nach  dem  Trocknen  und  
nach Abhobeln einer  3 mm  dicken Schicht  
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Fig. 5. Colour properties for Scots pine, sapwood. Lightness (L*) is 
plotted against moisture content (MC) for series A,  B  and  C 
Bild  5.  Farbeigenschaften  von Kiefern-Splintholz.  Farbhelligkeit  der 
Probe-Serien  A,  B und C  in  Abhängigkeit  von der  Holzfeuchte  

3.3 
Colour changes and moisture content 
In Fig. 5 the values for lightness of Scots pine, sapwood are 
plotted against moisture content (MC) during drying. In 
general, lightness decreases and chroma increases with lower 
MC. Lightness for Norway spruce sapwood, is on the contrary, 
increasing in series A and  B.  Hue increases with lower MC, 
more for sapwood than for heartwood. 

4 
Conclusions 
The main conclusions from this comparison of different colour 
properties between boards from Scots pine and Norway spruce 
dried with three different drying schedules are: 

- Average values for lightness (L*) decrease during drying 
at each series and lightness decreases also with higher drying 
temperature. 

- Average values for chroma  (C")  increase during drying at 
each series and chroma increases also with higher drying 
temperature. 
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- Average values for hue are not changed during drying at 
each series but decrease with higher drying temperature. 

- Lightness is the most varying colour property during drying 
and depends on drying temperature and time of exposure. 

- For sapwood of Scots pine, lightness decreases and chroma 
increases more than for sapwood of Norway spruce, both 
during drying and with higher drying temperature. 

- Values of lightness and chroma return to its original values 
after planing for all schedules. 

- Values of hue for sapwood of Scots pine decrease after 1 mm 
planing, but increase again after 3 mm planing, even more 

354 
	for series  C  (70  °C)  than for series A (50  °C).  

Redistribution of soluble substances is one of the major 
mechanism that control the change of colour of wood during 
drying. Changes of colour caused by decay of  lignin  and 
hemicellulose during drying are not well known, but could 
be a mechanism that accelerates the change of colour. 
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Moisture distribution changes during drying  

P.  Wiberg 
Laid University of Technology, Department of Wood Technology 
Campus in  Skellefteå,  Skeria 3, S-931 87  Skellefteå,  Sweden 

Subject Changes of the moisture profiles were determined during 
drying by measurements of board density using a CT-scanner. 

Results The moisture profiles within the boards are shown in Fig. 3. 
The sapwood is on the left side. It is obvious that a very steep moisture 
gradient develops at the surface as well as at the heartwood portion of 
the cross section. It can also be noticed that the moisture profiles in the 
sapwood does not develop according to what can be expected from a 
diffusion controlled flux. On the other hand the profiles support 

Fig. 1. First density picture with 105% M.C. in sapwood and 35% 
M.C. in heartwood (CT-scan).  
Bild  1. Dichteverteilung  zu Beginn  der  Trocknung  mit  105%  Feuchte 
im  Splintholz  und  35%  im Kernholz  (CT-scan)  

Fig. 2. Last density picture with 13% M.C. in sapwood and 17% M.C. 
in heartwood (CT-scan). The density profile was measured along the 
line  
Bild  2. Dichteverteilung am  Ende  der  Trocknung  mit  13%  Feuchte im  
Splintholz  und  17%  im Kernholz  (CT-scan). Die Dichteprofile  wurden 
entlang  der  Linie  aufgenommen  

Fig.  3.  Moisture profiles  in  aboard during 
drying. Sapwood on  the  left  side (x  =  0 is the 
upper  left corner).  
Bild 3.  Feuchtprofile  in  einem Brett während 
Trocknung. Splintholz auf  der  linken Seite;  
x  =  0  bedeutet  die  obere linke Ecke  

Materials and methods A board, 50  x  100 mm and 400 nun long from 
Scots pine  (P mus  silvestris) was dried at constant conditions at 
60  °C  dry bulb temperature and 85% humidity (55.5  °C  wet bulb 
temperature. The board ends were sealed with silicone. Every 10 
minutes the boards were scanned during drying by means of 
a CT-scanner. The pictures of the board density were analysed using a 
program called IMAGE. Figure 1 shows the initial density picture with 
105% M.C. in sapwood and 35% M.C. in heartwood. Figure 2 shows 
the last density picture after 122 hours and 37 minutes. M.C. was 13% 
in sapwood and 17% in heartwood. The profiles are measured 
according to Fig. 2. 

the idea presented by Hawley(1931) and Stamm (1970) on water migra-
tion mechanisms above the fibre saturation point. The conclusion is that 
the free water in the sapwood migrates due to capillary forces towards 
the surface where bound water diffusion controls the drying rate. 
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CT-scanning During Drying. Moisture Distribution in Pin us 
Silvestris  
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ABSTRACT 

Changes of the moisture profiles was determined during drying by measurements of board density in a CT-scanner, 
without removing the test piece before scanning. A board, 50  x  100 mm from Scots pine (Pinus silvestris) was dried 
under constant conditions at 60°C dry bulb temperature and 85% relative humidity (55,5°C wet bulb temperature). The 
board was scanned every 10 minutes. 

The images of a cross section of the board density was analysed. Moisture profiles was plotted against time and the 
plot showed the moisture distribution during drying. It is concluded that a very steep moisture gradient develops at the 
surface as well as at the heartwood boundary of the wood cross section. The profiles supports the idea presented by 
Hawley (1931) and Siau (1971) on water migration mechanisms above the fibre saturation point. The method, to 
measure moisture content with CT-technic is described by Owe Lindgren (1992). The technic can be useful for 
validation of drying models and this paper describe the equipment's and methods which enable CT-scans during drying. 

Verification Methods 
INTRODUCTION 

Different theories about water migration in wood has 
been published over the past centuries. As early as 1931, 
Hawley described the principles of the movement of 
capillary water from cell to cell in the interior of lumber 
during drying. 

Siau (1970) described the flow in wood like water 
migration from the cell through the adjoining cell to the 
evaporating surface. Therefore, it is possible for a cell 
deep in the wood to lose its capillary water earlier than 
one closer to the surface. Siau continues in his book to 
describe models of moisture movement in wood, 
however only under fibre saturation point. 

Modelling water migration in wood is done to 
simulate different phenomena in wood during drying. 
Different properties, such as dimensions, density, 
temperature and humidity conditions surrounding the 
wood are put into the model to calculate, for example the 
drying time or the moisture content distribution during 
drying. The results from the model, normally have to be 
verified by experiments. 

One method to verify a theoretical model is to have 
several samples of a wood pieces and dry them under 
controlled conditions in a climate chamber and at time 
intervals a sample is removed from the chamber. The 
sample is then divided into several layers.  Rosenkilde  
(1996). Weight of each layer before and after drying to 
0% moisture content (MC) is checked in order to 
calculate the moisture distribution in the whole wood 
piece. It is not the same wood piece used along the 
procedure. At each time there is a new individual piece. 

An other method to determine the moisture 
distribution is to use a CT-scanner. (CT--.Computer 
Tomography). The images which are produces by the 
CT-scanner, shows density. The advantage is that the 
method is non-destructive and the measurements are 
made on the same piece along the whole process. Density 
of wood and water is measured. In order to determine the 
MC it is necessary to know the dry density. The dry 
density has to be calculated from one density image and 
the known MC of that density image. The MC is 
determined by the dry-oven method. 
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With an image analyser it is possible to make density 
measurements in the images. An example of a 
measurement area is shown in figure 1. The wood piece, 
which is under a specific treatment is at time intervals 
placed in the CT-scanner to measure the density. The 
treatment can be either humidification or 
dehumidification (drying). This method has been used by 
Antti, A.L. (1992) when she treated hardwood with 
microwave drying. 

In order to prevent interaction from the surrounding 
climate at the CT-scanner a device which can dry a piece 

FIGURE 1. Measuring area. The average density of 
sapwood was calculated within the area. 

of wood and simultaneously take CT-scans without 
removing the piece, is constructed. This paper contains a 
description of the device and its performance 
characteristics. 

Algorithm to calculate MC 

The basic formula to calculate MC is well known. 
An other way to calculate MC is to translate mass into 
volume and density.  

(p,  • V, ) - (poo  •  Vo)  
MC- 	  • 100  [°i ]  (1)  (p,  • vo 
where  
p.  = green wood density 
poo  = oven-dry density 

wet volume, i.e. volume without shrinkage  
Vo  = dry volume, i.e. volume fully shrunken 

Further can  p„  and V. be written as Eq. (2) and (3): 
(
1+ u  

Pu  = Poo • 	 (2) 
1+ a 

Vu = V041 ±a) 
	

(3) 
where 
u= moisture content (MC) 
a= swelling 

The relationship between the MC and CT-density is 
given by Eq. (4) and (5): 

MC 	1 •  (p„  -poo)<FSP 	 (4)  
k  
1 

MC= — • (pi,  p)  > FSP 	 (5) 
1C-2'  

where  
p  = dry wood density without shrinkage  
p„  = green wood density given by the CT-scanner 
and  k,  and k2, which are two line coefficients;  k,  for the 
correlation under FSP and k2  for the line above FSP. 

The coefficients are created from Eq. (1), (2) and 
(3): 

With a oven-dry density (p00) of 400 kg/m3, a 
volume swelling of a= 0.12 and if all water swells the 
wood to a fibre saturation point (FSP) of 30%, the 
relationship between MC and density would be as 
described in figure 2. 

FIGURE 2. Relationship between density and MC. 
Oven-dry density (poo) is 400 kg/m3  and dry density  (p)  
is 357 kg/m3. 

Ones MC and the density is known, the dry wood 
density,  (p)  is given by Eq. (5). The calculation 
algorithm is developed by Lindgren (1992). 

EQUIPMENT DESCRIPTION 

CT-Scanner 

A CT-scanner, model SIEMENS, SOMATOM 
AR.T. was used. The scanner uses a powered X-ray tube 
set for operating at 110 kV (peak) and 150  mA  beam 
current. The slice thickness was 5 mm and the scantime 
was set to 3 seconds. 



climate chamber 

CT-scanner 

Drying tube 
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FIGURE 3. Illustration showing the drying tube attached to the CT-scanner. The CT-scanner is cut open to get a 
view of the drying tube. 

The final image produced is displayed using 512  x  
512 pixels. Each pixel representing an area in the object 
slice of dimensions 0.27  x  0.27 mm. No data of 
calibration are available for this model, but for a model 
General Electric (GE 9000 Quick) the following are 
stated: The measurements of density are expected to land 
in a 95% confidence interval of ± 4 kg/m3. The spatial 
resolution is about 1 mm and within a 3  x  3 mm area the 
accuracy of MC is ±1.4% below FSP and ±4% above 
FSP. (Lindgren, 1992). 

Drying tube 

The drying tube was build up from in total four main 
items; 

1. A climate chamber, model ARCTEST, ARC-500/-
20+150/RH with a heating capacity of 3 kW. The 
chamber has a temperature range from -20 to +150  °C  
and a humidity range from 50 - 95% ±5% at temperature 
+20 - +90  °C  and was provided with a programmable 
controller, model JUMO Dicon PR. A 6 kW steam 
generator was connected to the chamber in order to 
establish the climate needed. 

2. At the scanner the tube was made of a polymeric 
material (commercial name "Lexan") with a diameter of 
400 mm to enable easy loading and unloading of the 
tube. The tube was isolated with 50 mm polymeric 
material. This material was chosen to prevent 
unnecessary disturbance of the X-ray beam. In figure 3, 
the arrangement is illustrated. 

3. Pipes, 200 mm in diameter to transport the air 
from the chamber to the drying tube at the CT-scanner. 
The tubes was isolated with 50 mm mineral wool 
covered with aluminium foil. 

4. A fan with 5 kW engine to provide air velocity 
from 1 to 8 rn/s. 

A personal computer (PC) was connected to the 
chamber controller. In the PC a drying climate was 
conducted and sent to the chamber controller. The PC 
collects temperature and relative humidity every 2 
seconds, during the drying process. Additional 
temperature and humidity probe was placed close to the 
test piece. 

METHODS 

During drying the CT-scanner takes an image every 
10 min. It is then possible to determine the moisture 
distribution in the wood piece by using an image 
analyser. 

An analyser software called NTH IMAGE was used 
to evaluate the density images from the scanner. NUJ 
Image is a public domain image processing and analysis 
program for the Macintosh. It is being developed at the 
Research Services Branch (RSB) of the National Institute 
of Mental Health (NIIVIII), part of the National Institutes 
of Health (NIH), Maryland in USA. 
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Preliminary Test 

The versatility of the drying tube was tested. 
Maximal temperature was tested to be 95  °C  and the 
lowest temperature about 3  °C.  The actual value was 
close to the set point and the fluctuation was almost 
negligible. The internal humidity generator in the climate 
chamber did not have enough power at higher 
temperatures, but with help from an external steam 
generator the humidity could reach the set points. 

At the lower temperature, 20-35  °C  the steam 
generator produced to much heat. After installing a cold 
water nozzle, it was managed to hold both low 
temperatures and high humidity at the same time and the 
set points, according to the specification described 
above, could be reached by the actual values. 

Humidity fluctuate ±5% around the set point, but 
only for few seconds after the set point was set. In total 
the actual values are close to the set point along the hole 
drying process. The dimensions of the piece of wood 
must be less than 300 mm in diameter. 

One problem arose when scanning the wood piece. 
Due to the air velocity and that the wood piece was not 
firmly mounted in the tube, the image was sometimes 
blurred and the object was not always at the same place 
in the image. By software filtration it was possible to 
align the images before density calculations was done. 
The filter was provided from Drexel University in 
Pennsylvania, USA.  (C.  Gustafson) 

RESULTS 

The device has been tested and approved to be a 
useful tool in laboratory investigations about wood 
drying. It makes it possible to monitoring the MC with a 
non-destructive method during drying. Until now, 14 
drying cycles has been passed and more are to go. 
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FIGURE 4. Moisture content during drying, (sapwood). 
3h and 15 min between the measurements. 

During drying the treatment developed a dry shell, 
figure 5. The free water at the inner parts of the wood 
migrates due to capillary forces towards the surface. The 
water evaporates and diffuse through the dry shell into 
the air. This verifies the theories mention by Hawley and 
Siau. A drainage of the earlywood was detectable as 
well. 

FIGURE 5. A dry shell is developed during drying. 
Notice the drainage in the earlywood. 

Figure 6 shows the moisture profiles during drying. 
Measuring have been done in an 4  x  13 mm area at the 
left side edge of the board. 
No correction has been made for shrinkage. It is 
interesting to see the profiles dropping in the inner part 
where the free water is uniform distributed. 

Primary Results 

Board, 35  x  110 mm of Scots pine (Pinus Silvestris) 
has been dried. The MC in sapwood at the beginning was 
170% and in heartwood 31%. At end of drying the MC 
in sapwood was 6% and in heartwood 10%. Moisture 
content is calculated from density images with the 
algorithm shown above. In figure 4 the average MC is 
plotted against time. 
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FIGURE 6. Moisture profiles in a board during drying 
sapwood. 30 images in all. 
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Meanwhile the dry shell is in the beginning of the 
drying process of constant width and later on when MC 
reaches FSP it moves towards the inner parts. This 
phenomena will be discussed in future work. 

At this stage the climate conditions has been held 
constant during the drying process. Furthermore has only 
60  °C  and 85%  RH  as surrounding climate been used. A 
project together with  FRI  in New Zealand will test other 
climate treatments on Radiata pine. (Pinus Radiata). 

Conclusions 

After preliminary test and evaluation of the 
equipment the following is concluded: 

• This equipment is useful when ever evaluation of 
moisture content distribution in wood during drying is 
necessary. 

• A dry shell is developed in the early stages of drying. 

• A very steep moisture gradient develops at the surface. 

• The moisture profile in the sapwood does not develop 
according to traditional diffusion models. The moisture 
content drops uniformly. 

• The free water in the sapwood migrates due to capillary 
forces towards the surface, where bound water diffusion 
controls the drying rate. 
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Moisture flux determination in wood during drying above fibre 
saturation point using CT-scanning and digital image processing.  

P. Wiberg, T. J. Moren  

Moisture flux in Scots pine (Pinus sylvestris), Norway spruce (Picea abies) and Birch (Betula 
pubescens) was measured above fibre saturation point (FSP) using a computer tomography 
(CT) scanner and digital image processing. A test volume was selected in the interior part of 
the samples and the density changes were determined every 10 minutes. Two different 
schedules were used, which had two periods separated with a climate step. Schedule I was 
conducted with constant dry bulb temperature and schedule II with constant wet bulb 
temperature. The climate in the first period, A was equivalent to 16% equilibrium moisture 
content (EMC) and period  B,  8% EMC. Tests with schedule I was run at 50  °C,  60  °C,  70  
°C  and 80  °C  (dry bulb temperature) and with schedule II also at 50  °C,  60  °C,  70  °C  and 
80  °C  (wet bulb temperature). The results showed that there was no difference between the 
moisture flux during period A from the test volume for the different species. Between the 
different temperatures no significant differences of the rate of density changes in the test 
volumes for the different species was found. Spruce reacted more slowly than pine and birch 
on the external climate step, but after a while the flux rate was equal to that for pine. Birch 
had a slightly lower flux, about 60% of the rate for pine and spruce in period  B.  The wood 
rays in softwood are probably the most important flow path. The different shape and size of 
the pits between the tracheids and the rays in pine and spruce may be one explanation why 
spruce reacted more slowly than pine. 

A receding front was also observed and, by image processing, the distance from the surface 
and the receding front was determined. The receding front was defined at a fixed density 
level, approx. 30 kg/m3  above FSP and it was assumed that the evaporation occur at 
approximately the position of the receding front. The receding front took the position at 
0.5-1 mm below the surface just after the start of the drying. For pine and birch the distance 
from the surface to the front increased slowly, even after the climate step, but for spruce the 
distance to the front instantly increased to a new position. Spruce lost its liquid water at the 
edges first and after a few hours the distance to the front stabilised. At approximately 60% 
moisture content (MC) the liquid water continuity broke down and the drying entered the 
irreducible saturation phase. This transition phase is in between a heat transfer controlled 
phase of drying then liquid water moves with low resistance to an evaporation front and a 
diffusion-controlled phase below FSP.  
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1 
Introduction 
Moisture flux in low-temperature drying of wood has for many years been analysed using 
destructive methods. The method is described and used by many scientists (Cloutier et al. 
1992,  Samuelsson  and Arfridsson 1994, among others). Already in 1947 McMillen described 
the oven-dry method and in 1958 he used it to determine the moisture distribution within a 
board. However, Computer tomography (CT) scanning of wood samples during drying 
offers a more accurate and non-destructive alternative. In the later case some problems have 
been identified using the CT-scanning technique, mainly the accuracy of determining local 
moisture content because of shrinkage below fibre saturation point (FSP). Another difficulty 
arises from the conversion algorithm at the edge of a sample. If the density step is 
considerable, which is the case at the transition between air and wood, determination of the 
edge position and local moisture content at the surface become uncertain. 

In the present work the interest is focused on moisture flux measurements above FSP, using 
CT-scanning during low-temperature air convective drying. The objective was to eliminate 
the difficulties of lack of accuracy in the moisture flux determination, by making density 
measurements, within the region above FSP. This will allow for a calculation of net flux 
from the scanned volume in the interior of the sample. 

Siau (1971) describes movement of water above the FSP. The water migrates from cell to 
cell and it flows from the wet zone towards the surface and, according to Siau, the interior 
part loses its water randomly. Air bubbles will expand in the lumens due to evaporation at 
the surface. Partial volumes in the wet zone can dry out, still surrounded with capillary 
water. Later work, by Booker (1996), points out that no air bubbles can exist in the active 
sapwood of the living tree prior to drying. He postulates that the liquid tension, developed at 
the surface, is the force that moves liquid water in the interior parts toward the surface. At 
the surface the liquid water molecules diffuses through a dry shell using a vacancy 
mechanism. 

A project, reported in 1995 by Ranta-Maunus et al. measured water transport in Scots pine 
(Pinus sylvestris). Their measurements show unifounly moisture content profiles in sapwood 
above FSP, even though they have adopted a diffusion model for simulation. Plumb et al. 
(1984 and 1985) showed experimental measurements using gamma attenuation. Their 
measurements above 40% MC and 0.2 from the surface show also uniformly MC profiles 
(Fig. 1). Their work has later been used as data for several water transport models. The wood 
material used in their experiments had wide annual rings, only 6 rings in a 38 mm (1 1/2") 
thick board, compared with material used in our experiments, with annual ring widths 5 
times narrower. Later on, scientists have constructed models based on the assumption of a 
moisture gradient (Stanish et al. 1986, Chen et al. 1996) to describe the water movement 
below as well as above FSP. 

From recent work, Wiberg (1995, 1996) it is obvious that a dryer shell, just some mm thick, 
will develop during the initial stages of drying, even when the interior contains liquid water. 
Terziev (1994) investigated migration of low-molecular sugars that was found to accumulate 
just below the surface. Staining of the boards was caused by the enrichment of  nutritions  like 
sugars just below the surface. Colour measurements has been done on wood surfaces during 
drying (Wiberg, 1996). It was found that a coloured shell developed within 3 mm from the 
surface. The wood surface became darker after drying due to thermal degradation and 
enrichment of  nutritions  at the surface. After planing, the surface became lighter again. Pang 
et al. (1994) described a receding evaporative front just below the surface in sapwood. Later 
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on during the drying process the evaporative plane sweeps through the wood and at a certain 
critical relative saturation, irreducible saturation, the free liquid flow cease, due to loss of 
continuity in the liquid phase  (Spolek  and Plumb, 1981). Under steady state conditions the 
moisture flux is proportional to the heat transfer rate. Moisture flux from a wooden surface 
was measured by  Moren  (1992) using infrared thermography. By measuring the temperature 
difference, it is possible to determine the moisture flux from the surface and consequendy the 
drying rate of the wood sample. The question asked in this case is weather and how a change 
of external climate in the circulation moist air, also affects the redistribution of free water in 
the interior parts of the sample, still above FSP. Also the dependency and behaviour of 
different wood species in this aspect was studied in qualitative terms. 

2 
Material and methods 
The wood samples were cut out from clear- and fresh sapwood. Three species were tested; 
Scots pine (Pinus sylvestris), Norway spruce (Picea abies) and Birch (Betula pubescens). The 
drying chamber was made of Lexan (Plexiglas) and had the form of a tube with circular cross 
section of 400 mm in diameter. The tube was connected to a climate chamber and placed in 
a CT-scanner (SIEMENS, SOMATOM AR.T.) This experimental arrangement has been 
reported earlier by Wiberg (1996). 

Dimensions and initial MC of the wood samples are presented in Table 1. All samples were 
550 mm long and end coated with silicone to prevent longitudinal drying during the 
experiments. The wood samples were stored in a freezer and wrapped in plastic bags prior to 
the test to prevent uncontrolled drying. Before the specimens were put into the drying 
chamber they were soaked in water in order to melt them and to ensure wetting of the 
surfaces. 

2.1 
Experiment 
One specimen at a time was put into the drying chamber and heated to drying temperature. 
Two different schedules were used, both including two constant climate periods (A and  B)  
with a climate step. The climate was chosen in such a way that EMC was equal for both 
schedules in the first and second phase, 16% respectively 8% MC. Schedule I used a constant 
dry bulb temperature, while Schedule II used a constant wet bulb temperature (Fig. 2). In 
Table 2 the actual set points is reported. 

The drying from green wood continued as long as it was needed to reach fibre saturation in 
the interior of the wood, where a volume of approx. 1.6 crn3  was chosen for CT density 
measurements. The samples were continuously scanned every 10th minutes and one drying 
cycle lasted between 17-24 hours depending of species and drying schedule. The scan setting 
were 110 kV, 100  mA  current and 5 seconds scanning time. The scan thickness was 5 mm 
and the images were reconstructed using the Shepp-Logan reconstruction algorithm available 
in the CT-scanner. 

The climate was measured close to the test specimen during the drying period, by using a 
thermocouple psychrometer. The air velocity was measured with a vane anemometer close 
to the specimen and was approx. 3  m/s  and constant at all test runs. The CT-scanned 
pictures, approx. 100 images per test run. 
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2.2 
Evaluation 
Measurements of the density in the test volume were done using an image processing 
program called NIH IMAGE for Macintosh. Density profiles were measured by selecting a 
10 mm wide region in the middle and across the samples (Fig. 3). 
In order to measure the water flux from the interior part of the sample, a region (Fig. 3) was 
selected where the local moisture content at all parts of the test volume was above FSP. In 
this test volume, 18  x  18  x  5 rnm3  for spruce and pine and 18  x  14  x  5 min' for birch, the 
average density was measured in each CT-image and plotted against time. When 
recalculation from density to MC were made, the algorithm procedure suggested by 
Lindgren (1992) was adopted. The accuracy above FSP in a 3  x  3  x  5 mm3  volume is for the 
GE 9800 Quick scanner ±4 % (significance level 5%). Fibre saturation point (FSP) level was 
not compensated for different temperatures. As FSP for pine and birch, 30% MC was used 
and 28% MC was used for spruce. 

2.3 
Edge determination in CT-images 
Since the CT-scanner smoothens the edges, it was difficult to exactly determine were the 
edges of the test piece were located. In unpublished data, Wiberg has shown that in this 
particular CT-scanner, used with Shepp-Logan reconstruction algorithm, the edges were 
located approximately on the half density of the object. A nylon bracket with sharp edges 
was scanned. After thinning, by successive planing of 0.5 mm the bracket was scanned. 
Figure 4 illustrates the CT-image of a nylon bracket and the corresponding density profiles. 
By measuring the bracket and evaluate the density profiles, it became clear that the edges 
were located on the half density. If the half density varied ± 15 kg/m' the width of the 
sample was to be found within ± 0.1 mm. 

2.4 
Distance to receding front calculation 
The image processing program enabled thresholding. For example, it was possible with this 
technic to segment an image into objects of interest and measure the area of specific items. If 
a wood piece has an average density of 1200 kg/m' and the actual area, within the edges 
should be measured, it was possible to threshold at half the value (600 kg/m3) and measure 
the area at that density level. Furthermore it was possible to threshold at specific density 
level, lets say 630 kg/m3  and measure the area at that level. The density level was chosen at 
approximately 30 kg/m3  above the density for FSP. That correspond to 4-5% MC above 
FSP. Subtraction between the two areas presented the dry shell (Fig. 5). By using this 
method the dry shell will be represented by an average distance from the surface to a 
receding front, defined at a fixed density level. At some places in the sample the distance 
could be greater, but in other places smaller. The dry shell, or the distance from the surface 
to the receding front  (r) was estimated using the calculated area (a) and the perimeter  (p)  of 

If 	2 
a 

the wood; r — 1)- — I  I)  
— 8  
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3 
Result and discussion 
In earlier work (Wiberg 1995) showed evenly distributed moisture in the sapwood. Only at 
the edges a steep gradient developed during drying. Figure 6 illustrates the uniformly density 
profiles of pine at 80  °C,  schedule I. The density profiles indicates that moisture in the 
interior of the wood in the first phase of drying process was moving with little resistance to 
an evaporation front. It became obvious that the moisture flux was not controlled by 
diffusion in this region. The time interval between density profiles readings was 40 minutes 
and the two periods (A and  B)  are clearly indicated. Around 1000 kg/m3  the profiles are with 
small time steps apart and display period A. At 600 kg/m3  and below, the profiles became 
more dense again. It was when the MC of the test volume became closer to FSP. The 
density profiles near the FSP indicates also a transition over to diffusion-controlled drying. 

The results showed instantaneously responses on the stepwise changing of the climate. The 
water flux from the internal test volume changed consistently on external climate changes. In 
Figure 7 the responses are shown for pine, spruce and birch at 50  °C,  schedule I. The 
vertical line is representing the climate step. In period A the water flux in this test run was 
for pine about 1.9  g/s,  for spruce about 0.8  g/s  and for birch about 0.4  g/s.  In section  B  the 
water flux was 7.9  g/s,  7.9  g/s  and 4.9  g/s  respectively. Water flux from the interior test 
volume in pine reacted more directly after the climate step, whereas water flux in spruce 
reacted more slowly on an external climate change. Water flux from birch changed in a 
similarly way as for pine. With schedule II, the slope of the density curve for spruce, changed 
almost unnoticeable after the climate step. After approx. 2 hours after the climate step the 
rate became more stable. The test pieces of birch were close to FSP (Table 1), so the slope of 
density changes decreased short after the climate step. In period A, there were no significant 
differences of rate of density changes in the test volume for the three species when drying at 
50  °C  with schedule I or II. That was also the case at different temperature levels. In period  
B,  the rate of density changes for the test volume in pine and spruce showed no significant 
differences as well as for different temperature levels. In the short time interval, that could be 
observed between climate step and the FSP for the birch samples, the rate of density changes 
for the test volume in birch was estimated to approximately 60% of the rate for pine and 
spruce. 

3.1 
Receding front 
One problem was the edges in the CT-images. The intention was initially to avoid the edges 
and only measure density in the interior part of the samples. There was however, evident 
that a dryer shell developed during early stages of drying. The CT-images showed this 
clearly. With image processing, as described before, it was possible to measure the area, 
which corresponded to a dry shell. Dry shell development in pine at 50  °C,  60  °C,  70  °C  
and 80  °C,  schedule I is depicted in Fig. 8. In period A, the dry shell was about 0.5 mm 
thick. In the beginning just after the climate step the thickness of the dry shell increased 
slowly. Not until after about 14-15 hours the dry shell rapidly increased in thickness. The dry 
shell, or the distance from the surface to the receding front, defined at a fixed density level 
for pine, spruce and birch at 50  °C,  schedule I is shown in figure 9. The evaporation is 
assumed to occur at approximately the position of the receding front. 

Illustration of the thickness of the dryer shell, or the distance from the surface to the receding 
front, and the average MC in the test volume for pine, spruce and birch (Fig. 10) shows very 
similar results compared to the simulation done by Chen et al. (1996). Disregard of 
temperature level the distance from the surface to the receding front started to increase more 
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rapidly at approx. 60% MC and between 40 and 50% MC the distance increase very quicldy, 
as the evaporation front moves inwards. In the case for spruce at 80  °C,  FSP was reached and 
the distance to front stops at 15 mm, i.e. approximately half the width of the sample. The 
same result was noticed for birch. The differences between species were that, when the MC 
decreased during drying the distances from the surface to the receding front for spruce 
increased more slowly than for pine and the distances for birch increase slightly faster than for 
pine. The behaviour at 60% MC indicates a transition phase, which may be characterised as 
irreducible saturation, when the liquid phase continuity is assumed to be broken. 

3.2 
Moisture flux 
The liquid water in the inner part of a wooden sample migrates towards an evaporation 
front, which recedes into the centre. The external conditions affect the internal migration 
rate, even at a distance from the evaporation front. This indicates a low mobility resistance in 
the capillary region, as well as a heat transfer controlled phase of drying as long as liquid 
water moves to the evaporation front. After a transition period the heat transfer adopts to 
cliffusion controlled phase below the FSP. 

Why reacted the moisture flux from the interior test volume in pine and spruce differently 
on an external climate change? One reason may be that the half-bordered pits between the 
tracheids and the rays are different in shape and size for pine and spruce. Moisture flux rate 
from the test volume in spruce has a delayed reaction on an external climate change. Spruce 
loosen first its liquid water behind the evaporation front just after the climate step and when 
a new location of the receding front is established, the moisture flux rate resume the same 
rate as that of pine. Despite the higher fraction of rays in hardwoods, the vessels are the most 
permeable flow path. Birch has a higher density then both pine and spruce and it may have 
an impact on the slower flux rate from the test volume. 

Finally, it can be concluded that the moisture flux and distribution differs substantially 
between heart- and sapwood since there is practically no free water in the heartwood of pine 
and spruce. The sapwood initially dries under the influence of heat transfer, which below 
FSP turning to diffusion, whilst the heartwood dries in a diffusion mode practically all the 
time. Therefore modelling of moisture distribution during drying must take into account the 
heartwood portion of a board. 
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Table 1. Test specimens data. 
Species Width 

(mm) 

Height 

(mm) 

M.C. before 

drying (%) 

M.0 after 

drying (%) 

Scots pine 

(Pinus sylvestris) 

40 40 130-120 70-43 

Norway spruce 

(Picea abies) 

35 40 160-110 61-35 

Birch 

(Betula pubescens) 

50 34 95-65 61-44 

Table 2. The applied drvin schedules. 

Period A 

Schedule 

RH/EM 

I 

Period  B  RH/EM Period A 

Schedule 

RH/EM 

II 

Period  B  RH/EM 

T/Twb  C  (%) T/Twb  C  (%) T/Twb  C  (%) T/Twb  C  (%) 

40/37 82/16 40/30 48/8 43/40 83/16 51/40 51/8 

50/47 86/16 50/39 52/8 53/50 86/16 62/50 54/8 

60/57 87/16 60/49 56/8 62/60 88/16 71/60 58/8 

70/68 90/16 70/59 58/8 73/70 90/16 81/70 62/8 

80/78 91/16 80/70 65/8 82/80 92/16 90/80 67/8 
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Fig.l. Measured moisture content profiles with gamma attenuation according to Plumb et al. 
1985. The measurements above 40% MC and 0.2 from the surface shows that MC decreases 
uniformly. 
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Fig.2. Illustration of the two types of drying schedules used in the experiments, with two constant 
climate periods; A and  B.  Between 5 and 8 hours after start, a climate step was introduced. Period 
A had an EMC of 16% and period  B,  8%. Five temperature levels were used; 50  °C,  60  °C,  70  °C  
and 80  °C  and additionally 40  °C  for birch. 
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Fig.3. Left: Selecting a narrow region (dotted lines) in the middle of and across the samples, 
enabled density profiles measurements of the samples for each time step. The dimension of the 
region was 40  x  10 mm2. Right: A limited region (test volume) in the interior of the sample was 
selected in order to measure the average density every 10 minutes. The dimension of the selected 
regions for pine and spruce was 18  x  18 mm2  and for birch 18  x  14 mm2. Width of scan was in all 
cases 5 mm. 

Fig.4. Left: Selected volume for density profiles measurements. Such scans were used to 
calibrate the density signal to the position of the edge of a sample. Right: Density profiles after 
successive thinning by planing. The true width within ±0.1 mm was found to correspond to 
approximately half the density value, ±15 kg/m3. 



Fig.5. Three images were used in the dry shell evaluation. The first image shows an area within 
the edges, marked out by thresholding. The second image represents an area at a specific density 
level, approximately 30 kg/m3  above the FSP (30% MC). The third image is a subtraction 
between the two first areas, representing a dry shell. The distance to the receding front (r) was 
calculated using the perimeter  (p)  of the object and the area (a), which was calculated by 
subtraction. 
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Fig.6. Density profiles for every 40th minutes of pine during drying, with 80  °C,  
Schedule I. Notice the first period A with dense profiles and period  B  with another density 
interval. All profiles were uniformly distributed and only at the edges a steep gradient was 
observed. 



1200 	 

1100 - 

1000 - 
-t1)- .2 900 - 
›, 

-g, 800 - 

C.) 700 - 

600 -  

  

 

500 

  

   

   

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
The (h) 

1200 

1100 -unzi_a_r:H=Lono_  

1000 - 

900 - 

800 - 

700 - 

600 - 

500 	 

   

0 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 

Time  (h)  

—o— pine 	—o— spruce 	—x—  birch 

Fig.7. Above: Density changes in the test volume at 50  °C,  schedule I, for pine, spruce and birch 
during drying. The vertical line at 4.5  h  is representing the climate step. Period A with 18% EMC 
and period  B  with 8% EMC. The time derivative (slope) of the curves corresponds to the 
moisture flux from the interior test volume. Below: Density changes at 50  °C,  schedule II for 
pine, spruce and birch during drying. 
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Fig.8. Distance from the surface to the receding front is shown for pine at 50  °C,  60  °C,  70  °C  
and 80  °C,  Schedule I. The climate step for each curve was centred at a fix time (5  h).  The 
illustration below is with new scale to improve visibility. Notice that in the beginning, the 
distance at 70  °C  is greater than the distance at 80  °C,  but the distance will start to increase earlier 
at 80  °C  than at 70  °C.  
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Fig.9. Distance to receding front is shown for pine, spruce and birch at 50  °C,  Schedule I. 
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Fig.10. Distance from the surface to the receding front related to MC in the test volume for pine 
(uppermost), spruce (middle) and birch. At 50-60% MC the distance to the front started to 
increase more rapidly, as the evaporation front moved inwards. For spruce the distance from the 
surface to the receding front increased not as fast as for pine. Observe that FSP was reached for 
spruce at 80  °C  and the distance stops at approximately half the width of the sample. Contrary to 
spruce, the distance to front increased for birch slightly more than for pine. 
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Model predicted and CT scanned moisture distribution in a Pinus 
radiata board during drying 

S.  Pang,  P. Wiberg 

Pinus radiata sapwood boards of 100  x  40  x  1200 mm were dried in a tube dryer at  Luleå  
University, using a computer tomography (CT) scanner to scan the wood during drying. The 
CT-scanned wet wood density can illustrate moisture distribution within wood when the 
wood basic density profile is known. The CT-scanned results were used to validate a 2-D 
single board drying model developed at the New Zealand Forest Research Institute. The 
validation has shown that the model is not only capable of predicting the average moisture 
content but also moisture content gradients in board thickness, width and within growth rings. 
To investigate the effects of sawing pattern and intrinsic wood properties on drying, the input 
parameters for the model include within-ring variations of wood density, green moisture 
content and wood permeability. The model can assist in understanding the causes of some 
drying defects and has potential for the development of drying schedules. 

Feuchteverteilung  in  einem Kiefernbrett wäherend  des  Trocknens, geschätzt nach einem Modell  
und  gemessen mittels Computertomographie  (CT)  
Splintholzbretter  von  Pinus radiata  (100 x 40 x 1200 mm)  wurden getrocknet, wobei 
gleichzeitig mittels Computertomographie  die  Holzfeuchte verfolgt wurde.  Die dabei  erfaßte 
Dichteverteilung kann als Feuchteverteilung dargestellt werden, wenn  das  entsprechende 
Rohdichteprofil  des  Holzes bekannt ist.  Die  ermittelten Daten wurden verwendet  urn  ein 
zweidimensionales Modell zu verifizieren,  das  am Holzforschungsinstitut  in  Neuseeland 
entwickelt worden ist.  Es  ergab sich, daß dieses Modell nicht nur  die  durchschnittliche 
Holzfeuchte richtig vorhersagt, sondern auch Feuchtegradienten innerhalb  des  Brettes  und  
zwar gemessen über  die  Breite,  die  Dicke  und  innerhalb  der  Jahrringe.  Um die  Einflüsse  der  
Schnittparameter  und der  Holzeigenschaften zu untersuchen, enthält  das  Modell auch Angaben 
über Dichteverteilungen innerhalb  der  Jahrringe,  die  Ausgangsfeuchte  und  Durchlässigkeit  des  
Holzes.  Das  Modell hilft auch zum Verständnis einiger Trocknungsfehler  und  ermöglicht  die  
Entwicklung  von  Trocknungsfahrplänen.  

S. Pang 
Wood Processing Division, New Zealand Forest Research Institute, Private Bag 3020, 
Rotorua, New Zealand. 
E-mail: pang-shusheng@fri.cri.nz  

P.  Wiberg  
Luleå  University of Technology, Division of Wood Technology,  Skellefteå  Campus, S-931 87 
Skelleteä, Sweden. 
E-mail: per.vviberg@tt.luth.se  

Correspondence to: S. Pang 
This work is supported by the New Zealand Foundation of Research, Science and 
Technology under contract C04415 and Kempestiftelserna 891 80  Örnsköldsvik,  re. JCK I-
9602. Authors thank Mr A.N. Haslett, Dr D.J. Cown, Mr  R.  Bates and Mr S.C. 
Wastney of the New Zealand Forest Research Institute for helpful discussion in preparing this 
paper. 



1 
Introduction 
In the research of wood drying mathematical modelling has been demonstrated to be a 
powerful tool, both for the understanding of the drying process and for predicting drying 
behaviour prior to implementation of a new drying schedule (Pang and Haslett, 1995). In 
order for the drying models to be applied commercially, experimental validation is critically 
important and this has been performed by several researchers such as Stanish et al. (1986) and 
Pang et al. (1994) for verification of wood temperatures and Pang (1996) for verification of 
moisture content gradient. However, direct measurement of moisture distribution within 
wood has been found to be extremely difficult due to limitations in experimental technology. 
Recently, the use of computer tomography (CT) scanning of local wet wood density during 
drying has provided a technology to overcome these limitations (Wiberg, 1996). The scanned 
wet wood density images can be used to calculate the wood moisture distribution once the 
basic wood density profile is known. In this study, Pinus radiata sapwood boards were dried in 
a tube dryer with the wet wood density being scanned using the CT scanner as described by 
Wiberg (1996). The results were used to validate a mathematical drying model which has 
been described in detail elsewhere by Pang (1996). 

2 
Drying tests with CT scanning of moisture distribution 

2.1 
Sample preparation 
At the Forest Research Institute (New Zealand), radiata pine sapwood samples of high, 
medium and low wood basic density with dimensions of 100  x  40  x  1260 mm were cut from 
longer boards (5 m) which were carefully selected defect free. From each end of the samples, a 
30 mm cross-section piece was removed for the measurement of average wood basic density 
and green moisture content (Pang, 1994). Then the 100  x  40  x  1200 mm sample boards were 
end-painted, dipped in antisapstain chemicals, weighed, and wrapped before dispatch by air 
freight to Lule'a University in northern Sweden for drying tests. 

2.2 
Drying tests with CT scanning 
On arrival at  Luleå  University, the samples were stored in a freezer (-5  °C)  until the drying test 
in a tube dryer located within the aperture of a CT scanner. The arrangement of the drying 
facility is illustrated in Fig. 1. During drying, one sample was placed in the tube and scanned 
every 96 minutes using a CT scanner (model SIEMENS, SOMATOM AR.T.). The scanner 
used a powered X-ray tube set for operating at 110 kV (peak) and 150  mA  beam current. 

The CT images produced were displayed using 512  x  512 pixels, each representing an area 
in the object slice of 0.27  x  0.27 mm. No calibration data are available for this model, but for 
a General Electric (GE 9000 Quick) model, the following are stated: The measurements of 
density are expected to have a 95% confidence interval of ±4 kg/M3. The spatial resolution is 
about 1 mm and within a 3  x  3 mm area the accuracy of moisture content is ±1.4% below 
fibre saturation point (FSP) and ±4% above FSP (Lindgren, 1992). 

2 



Climate chamber 

Drying tube 	Fan 

CT-scanner 

Fig.  1. Arrangement  of drying facility with  a  CT  scanner 
Bild 1.  Versuchsaufbau zum Trocknen  und  CT-Scannen  

The drying tube was made of a polymeric material (commercial name "Lexan") with a 400 
mm diameter to enable easy loading and unloading of the tube. Inside of the tube was covered 
with 50 mm polymeric material which was chosen to prevent scattering of the X-ray beam. 
The climate in the chamber of the system was controlled at drybulb temperature of 90  °C  and 
wet-bulb temperature of 62  °C  with an air velocity of 3  m/s  over the drying samples. 

Analyser software called NIH IMAGE was used to evaluate the density images from the 
scanner. NIH IMAGE is a public domain image processing and analysis program using the 
Macintosh operating system. It was developed at the Research Services Branch of the 
National Institute of Mental Health, part of the National Institutes of Health, Maryland, USA. 

The scanned images of wet wood density (includes wood material and water) at different 
stages of drying are illustrated in Figs. 2(a),  (b)  and  (c).  Once the wood basic density profile is 
known (Cown, 1989), these images can generate the moisture distribution within growth 
rings. Fig. 2(a) is for the sample before drying, and Figs. 2(b) and  (c)  are, respectively, for 
drying after 9.6 hours and 30.4 hours. In these figures, darker colour indicates high wet 
density and light colour low wet density. 

3 
A single board drying model for Pinus radiata sapwood 

3.1 
Model description 
A 2-D drying model has been developed at the Forest Research Institute (New Zealand) to 
simulate moisture 
movement and heat transfer in both thickness and width directions across a board of radiata 
pine. In the model, movement of each state of moisture (liquid water, bound water and water 
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vapour) has been calculated to solve the equations for heat and moisture mass transfer 
occurring in wood. In addition, wood physical properties related to drying and their changes 
during drying were considered. From the model, moisture content distribution, temperature 
profile within wood, and drying rate curves can be predicted (Pang, 1996). 

In wet sapwood, most of the pits are not aspirated because they are required for the 
transport of liquid nutrient through the tree stem. The pits aspirate only when the sapwood 
cells are damaged or dried, the aspiration process is then irreversible (Booker, 1989). Pit 
aspiration is critical to drying because the degree of aspiration governs wood liquid 
permeability which becomes very low once the pits are fully aspirated. 

During the sawing process, the board surfaces become damaged and the continuous water 
column is broken in sapwood. Therefore, in the drying of sapwood, the flow of liquid water 
close to the board surfaces is greatly retarded. Consequently, during the early stages of drying, 
the board surfaces dry very rapidly and a dry shell is formed between the drying wood surface 
and a wet front of wood with moisture content above a minimum value for liquid continuity 
(40 to 50%). From an early simulation (Pang, 1996), this dry shell was estimated to be 
between 0.5 and 2 mm deep. Beyond the wet front, sufficient capillary tension is generated to 
cause outward liquid flow which persists until the liquid continuity is broken  (Spolek  and 
Plumb, 1981). 

Within the cell lumens, liquid moisture evaporates to remain in equilibrium with water 
vapour, then the water vapour moves towards the drying surfaces of the wood due to the 
partial vapour pressure difference. When the moisture content is below the fibre saturation 
point, bound water diffusion and water vapour movement control the drying. Bound water is 
driven by chemical potential which can be related to temperature and pressure gradients. A 
full description of the mathematical formulae can be found elsewhere (Pang, 1996) and is 
omitted here to avoid repetition. 

Input data for model simulation include wood properties (such as wood basic density, green 
moisture content, wood permeability), lumber dimensions and drying conditions (air 
temperature, humidity and air velocity). In order to compare model predictions with the CT 
scanned results, the real sawing pattern, measured wood density and green moisture content for 
the drying sample were used in the simulation. Within-ring variations of wood density, green 
moisture content and wood permeability between the latewood and the earlywood were also 
considered to reflect their drying differences. 

3.2 
Wood density and green moisture content 
Analyses of rachata pine using an  X  ray  densitometer  have revealed that, within any one 
growth ring, wood basic density varies significantly from earlywood to latewood (Cown, 
1989). A typical pattern for radiata pine sapwood is given in Fig. 3 in which the density 
increases gradually from the most porous earlywood layer to the latewood band and then, after 
the maximum value is reached, it drops rapidly to the earlywood level of the following growth 
ring. In fact, the wood basic density profile in Fig. 3 was obtained by assuming that the drying 
samples 
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Fig. 3. Within-ring variations of wood basic density (outer wood of Pinus radiata, average 
value of 420 kg/m')  
Bild  3. Dichteverteilung  innerhalb  der jahrringe  (äußeres  Splintholz von Pinus radiata, Mittel: 
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have a typical wood basic density pattern and using a measured average density (430 kg/m3) for 
the drying sample. The lowest value for wood basic density was found to be in the early-wood 
immediately outside the late-earlywood transition region with values of 300 kg/m3  to 320 
kg/m3, and this was followed by a gradual increase to a maximum value of 580 kg/m3  for the 
last formed latewood. 

The green moisture content was calculated by assuming a constant saturation across a whole 
growth ring. This behaviour has been noticed by Booker (1996). The calculated results of 
green moisture content distribution show that within-ring variation is very significant with 
values of 100% to 130% for the latewood band and 160% to 190% for the earlywood while the 
average moisture content for the whole board is 145%. 

3.3 
Wood permeability 
For wood of Pinus radiata, permeability is direction dependent, varying markedly from radial 
direction to tangential direction across the transverse section. However, within a board cross 
section the drying occurs in both board thickness and width directions. If the wood 
permeability in drying directions are represented by Ky  (width) and  K.,  (thickness) (Fig. 4), they 
are related to the measured radial permeability (Kr) and tangential permeability  (K.,)  by the 
following equations which were developed by Pang (1994): 

and  
K„„ = K, • cos2  ß + K, • sin2ß (1) 

Ky  = K, • sin9 + K, • cos2ß (2) 
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Fig. 4. Schematic diagram for cross section sawn pattern of a board  
Bild  4. Schema der  Schnittrichtung  und  des jahrringverlaufs  im gesägten  Brett 

in whichß is the ring angle measured from the width (airflow) direction (Fig. 4). The values 
of radial and tangential permeability were chosen from the experimental range as described in 
Pang (1996). The permeability of latewood is lower than that of carlywood due to thicker cell 
wall and less pits in the latewood (Siau, 1984). 

Using the above wood properties, the mathematical model was solved to predict the wet-
wood density at different stages of drying as presented in Figs. 2(d),  (e)  and from which the 
moisture content distribution was calculated as illustrated in Figs. 2(g),  (h)  and  (i).  In the 
Figures, the higher values are indicated by darker colour and the lower values by lighter 
colour. Figs. 2(d) and  (g)  are, respectively, the wet wood density and the moisture content 
before drying, which represent the input information for the simulation. The predicted results 
for drying after 9.6 hours and 30.4 hours are given in Figs. 2(e), (1),  (h)  and  (i).  

4 
Discussion 

4.1 
Before drying 
In the simulation, because the wet wood density was obtained from the wood basic density 
profile (Fig. 3) and the measured average wood basic density of the drying sample, its pattern 
(Fig. 2d) is the same as that of the CT scan (Fig. 2a). The green moisture content profile is 
then generated from the wet wood density and the basic density pattern as shown in Fig. 2(g). 
From these Figures, it can be shown that the earlywood contains more moisture and has a 
higher green moisture content than the latewood. 
However, the latewood is much denser than the earlywood, thus, the board has a relatively 
uniform wet wood density before drying. 

4.2 
In the early stage of drying 
In the early stages of drying, a dry shell around the board surfaces has been predicted. It is 0.5 
to 2 mm along the top and the bottom surfaces of the board whereas at the board edges, the 
thickness of the dry layer varies from earlywood to latewood: the edge dry layer penetrating 
deeper in the earlywood than in the latewood. This behaviour persists until the average 
moisture content decreases to about 70 to 80% (Figs. 2e and  h).  The above prediction has 
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been confirmed by the scanned wet wood density (Fig. 2b): after 9.6 hours of drying with an 
overall average moisture content of 76%, the dry layer has been observed which is close to 
both the broad surfaces of the board and the thickness of the dry layer at the board edges varies 
from the earlywood to the latewood. 

The dry layer close to the board surfaces indicates retarded liquid flow. Because the liquid 
flux in the thin dry layer is less than the drying rate from the board surfaces, the moisture 
content close to the surfaces initially decreases to below the fibre saturation point. Then the 
drying rate from the board surfaces decreases with the water evaporation occurring just 
beneath the thin dry layer until a balance between the liquid flux towards the dry layer and the 
drying rate from the board surface is reached. As the drying proceeds, this balance is 
interrupted when the liquid continuity just beneath the thin dry layer is broken with the local 
moisture content being less than a minimum value for liquid continuity. 

Liquid evaporation beneath the thin dry layer has some important impacts on drying. This 
can help to explain the formation of kiln brown stain usually found 0.5 to 2 mm beneath the 
wood surface (Laytner, 1994). As the liquid evaporates, chemical components previously 
dissolved in liquid water are deposited and concentrated, thus chemical reactions subsequently 
produce new chemicals of a dark brown colour. 

In the early stages of drying, the moisture content near the surfaces decreases to below the 
fibre saturation point and tries to shrink, however, the core of the board is still very wet (above 
the fibre saturation point). Thus the thin dry layer undergoes tension stress and if this stress 
reaches the ultimate strength of the wood under severe drying conditions, surface checking can 
form during this period of drying. 

4.3 
In the late stages of drying 
In spite of the lower drying rate in the less permeable latewood band, it has a lower moisture 
content than the earlywood in the late stage of drying; this being due to its lower green 
moisture content in the latewood. The earlywood has a higher moisture content but a lower 
wet wood density in this stage of drying. This profile of wet wood density has been both 
predicted by the model and measured from the CT scan. 

After 30.4 hours, the CT scan (Fig. 2c) shows a high wet wood density in two latewood 
bands as well as in the core region of the board whereas the predicted high wet wood density 
is found only in the core zone (Fig. 2f). This may be due to a higher basic wood density in 
these two latewood bands than that obtained from a typical density profile. At this stage of 
drying, the average moisture content across the whole board was calculated to be 7.4%. The 
predicted moisture content distribution shows that the outer wood approaches equilibrium 
moisture content (3.4%) while the centre of the board has a moisture content above 12% (Fig. 
2i). 

4.4 
Drying curve 
After the drying test, the CT scanned sample was ovendried to determine the average moisture 
content of the whole board from the scanned wet wood density. The results are shown in Fig. 
5 as discrete points. In the figure, 
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drying of a Pinus radiata sapwood board  
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des Trocknens  eines  Splintholzbrettes von Pinus radiata 

the drying curve predicted by the model is also presented for comparison with the scanned 
data, and this has demonstrated a very close agreement between them. A noticeable 
discrepancy is found in the period of 10 and 15 hours of drying with moisture content 
difference of up to 6%. The drying curve indicates that the wood initially picked up some 
moisture from the environment when the wood surface temperature was lower than the wet-
bulb temperature. After 1 hour, the wood started drying with the moisture content decreasing 
linearly with drying time. This confirms a predicted constant drying rate period when a 
balance is maintained between liquid flux just beneath the thin drying layer and the drying rate 
from the board surface. After 10 hours of drying, the drying slowed down, thus the moisture 
loss curve became concave upward. 

5 
Conclusion 
This work has demonstrated that CT scanning technology is a novel technique to detect wood 
moisture distribution and can be used to validate drying models. From the moisture 
distribution predicted by the model and measured by the CT scan, some drying phenomena 
have been revealed: 

• Wood surfaces behave quite differently from the interior of the wood in terms of liquid 
movement. This behaviour may be used to explain the causes of some drying defects such 
as formation of kiln brown stain and surface checking. 

• Wood properties such as wood basic density, initial moisture content and permeability vary 
significantly from earlywood to latewood. These influence the drying rate of the earlywood 
and the latewood, resulting in a non-uniform moisture content distribution particularly 
during the first half course of drying. If the shrinkage difference between the earlywood 
and the latewood is known, the moisture content distribution may help to predict the 
occurrence of internal checking during drying. 

• Close agreement between the predicted and measured average moisture content against 
drying time has proven that the mathematical model can be used to examine the influences 
of wood properties (sawn pattern, wood basic density, wood permeability, etc.) and drying 
conditions on the drying rate. 
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