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Variability in wood properties causes boards within a stack of lumber to 

dry at different rates and reach different moisture content levels after drying is 

completed. The consequence is that the boards will have properties that differ from 

ones that were intended to be achieved by the drying process. 

 

The impact of basic density, initial moisture content, percentage of 

heartwood, position of heartwood within a board, ring count, distance from the 

pith, growth ring angle, chemical composition of wood volatile compounds, 

earlywood and latewood coverage of board faces on the drying behavior was 

investigated for western hemlock (Tsuga heterophylla) lumber.  Board weights 

were monitored during drying at 80°C and 115°C to obtain the drying rate.   

Mathematical relations for the effect of wood properties and board geometric 

features related to the position within its parental log were developed to predict the 

drying rate at four moisture content levels. These relations were used for 

predicting the drying times of individual boards which were used as a criterion for 

sorting green boards prior to drying.  



 
Basic density, initial moisture content, heartwood percentage, and growth 

ring angle were found to affect drying rate at 80°C and initial moisture content 

only at 115°C. The calculated final moisture content distributions for non-

presorted and presorted boards using the results from low temperature drying 

indicated that presorting reduced the standard deviation of the final moisture 

content distribution by 65%. The composition of head space volatiles appeared to 

be predictive of the final moisture reached by boards and with further development 

might be useful for presorting. 
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The Impact of Wood Variability on the Drying Rate at Different 

Moisture Content Levels 

 

1. Introduction 

 

 1.1 Background 

 

Wood is a natural biological material and is composed of different cell types 

with different functions and structures. A tree is a living organism and therefore it 

needs food to develop and grow. Minerals dissolved in water are carried through the 

sapwood up to the leaves where they are used in the process of photosynthesis 

(Bowyer et al. 2003). Products of photosynthesis are then transported in the form of 

sap from the leaves to the stem where they are used to produce new wood cells. 

 

A living tree contains large amounts of water. Liquid water is present in the 

cell lumens as free water. The cell wall contains bound water. While free water has 

influence only on wood biological activity, bound water affects many wood 

properties which may reduce its use. Therefore, drying is an essential operation in 

the wood processing industries and is needed to achieve a desired quality of the final 

product (Krpan 1965; Mujumdar and Devahastin 2000). 

 

Convective drying is considered the most energy consuming unit operation 

due to the high latent heat of vaporization accompanied with ineffectively used hot 

air as the drying medium caused by frequent venting and improper stacking and 

baffling (Mujumdar and Devahastin 2000; Simpson 1991). Convective lumber 

drying not only consumes a great amount of energy but it can also take one to several 

tens of days. For example, the energy consumption for convective drying of 6/4 red 

oak boards from 80% to 7% moisture content is 6.4 ⋅109 J/thousand fbm and the 

whole drying process takes approximately 36 days (Forest Products Laboratory 
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1999). Therefore, increasing the efficiency of the wood drying process and achieving 

a higher quality of dried lumber is essential. 

In addition, as a tissue from a living organism with unique metabolism which 

responds differently to changes in its surroundings, wood is characterized by 

variability in properties (Panshin and De Zeeuw 1980). This variability is not present 

only among species but also among trees of the same species and even among 

different wood pieces that belong to the same tree. Wood variability has a significant 

influence on how moisture moves through wood during drying (Keey and Nijdam 

2002; Simpson 1991). 

 

Variability in wood properties causes wood boards within a package to dry at 

different rates and end up at different moisture levels after drying is finished having 

characteristics that differ from ones that were intended to be achieved by drying 

process (Kolin 2000; Berberović 2007). In addition, the boards will undergo different 

levels of stresses due to different drying rates. Boards that dry at high drying rates 

have a greater risk of ending up with more defects which severely decrease the 

quality and therefore the value of a product (Simpson 1991). The defects that can 

arise during drying are surface and internal checking, collapse, splitting, and 

warping. 

  

 Finding the relationship between wood and board properties and the rate at 

which the board losses moisture during drying can help in presorting the boards 

based on their predicted drying characteristics. Sorting boards prior to drying is the 

key because it ensures that the boards with the same drying characteristics go into 

the same package which results in having them dry at similar rates. 

  

Having boards dry at similar rates means they undergo similar stress levels 

and achieve similar ending moisture contents. This can help in reducing the number 

of defects in lumber after drying. More uniform final moisture content distribution 

means an absence of extreme cases of overdried boards and boards that are too wet. 

The dry boards will have similar characteristics, such as mechanical properties, and 
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better dimensional stability in service. Less lumber below the target final moisture 

means less energy is wasted for overdrying, less warping occurs, and there are fewer 

problems with meeting grade due to the planer not being able to reach and properly 

surface the overshrunk boards. In addition, fewer boards at high moisture content 

after drying would result in a less staining and decay. 

 

Being able to predict the drying rate of a board based on its wood properties 

before drying may also help in finding the most favorable and efficient drying 

schedule for a certain combination of boards and wood properties for a certain 

species.  

 

All these benefits lead to the conclusion that presorting could lead to 

maximizing the quality of dried boards, achieving more uniform quality of lumber, 

and making the drying process more efficient in terms of energy and drying time. 

 

Besides wood properties, variations in airflow rate and air properties through 

the stack also affect the drying rate (Milota 2008, Berberović 2007, Keey and 

Nijdam 2002). These variations expose the boards within the stack to different 

external or boundary conditions that drive mass and heat transfer. This is important 

for both constant and falling rate drying periods. During the constant rate period 

early in drying, the drying process is fully governed by the rates of external mass and 

heat transfer because a film of free water is present and evaporates from the 

exchange surface (Mujumdar and Devahastin 2000). Diffusion is the main drying 

mechanism in the falling rate period and wood temperature has a strong impact on 

the moisture diffusion process during drying (Cabardo et al. 2006). This leads to two 

important conclusions. One is that wood will dry at different rates for different dry-

bulb temperature levels. The other conclusion is that variations in airflow and air 

properties must be minimized when investigating the effect of wood properties on 

the drying rate. 
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The research includes determining the drying rate of individual boards with 

different wood properties and board geometric features related to the position within 

its parental log for western hemlock (Tsuga heterophylla) using two distinct drying 

schedules whose parameters are kept constant throughout the drying process after the 

initial warm-up. Weights of boards are monitored during drying for the calculation of 

the current moisture content and drying rate. The wood properties and board 

geometric features related to the position within its parental log are measured and 

their influence on drying rate determined at four different levels of moisture content. 

Mathematical relations are developed for determining the drying rate of boards at 

different moisture content levels and drying temperatures during drying based on the 

individual wood properties and board geometric features related to the position 

within its parental log. These relations are used for predicting the drying time of 

individual boards which is used as a criterion for sorting green boards prior to 

drying. Final moisture content distributions for non-presorted and presorted boards 

are then calculated and compared to show the potential impact of green lumber 

sorting prior to drying on reducing the final moisture content variation. 

 

The results expected from the research can be divided into several categories:  

 
1) A method along with criteria for predicting the drying time of individual 

wood pieces. 

 

2) An understanding of what wood properties at what drying stages are 

associated with slow drying. 

 

3) An understanding of how a drying temperature, wood properties and 

board geometric features related to the position within its parental log 

interact to affect drying rate. 

 

4) Enable companies to dry lumber with less moisture content variability 

and fewer drying defects in the final product. 
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  1.2 Objectives and expected results 

 

The impact of wood properties and board geometric features related to the 

position within its parental log such as distance from the pith and growth ring angle 

on the drying rate during the convective drying is investigated in order to examine 

how much each wood property and geometric feature affects the drying rate which, 

in turn, will establish a solid base upon which presorting decisions can be made 

before drying. This effect is examined for drying using low and high temperature 

drying schedules with the dry-bulb temperature below and above the water boiling 

point. The objectives of this research are: 

 

1) Investigate the impact of wood properties and board geometric features 

related to the position within its parental log on the drying rate during the 

convective drying process. 

 

2) Explore the effect of wood volatile compounds composition on the drying 

rate.  

 

3) Examine the impact of the drying temperature below and above the water 

boiling point on the relationship between the wood properties and board 

geometric features related to the position within its parental log on the 

drying rate. 

 

4) Investigate the effect of a moisture content level on the relationship 

between wood properties and drying rate. 

 

5) Develop criteria for presorting boards prior to drying based on their 

drying characteristics. 
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6) Develop an appropriate experimental setup for continuous measuring of 

moisture content that minimizes the effect of variations in air properties 

in a kiln during drying. 

 

The factors related to wood properties and board geometric features related to 

the position within its parental log that are examined in this research are the 

following: 

 

1) Basic density 

 
2) Initial moisture content 

 
3) Percentage of sapwood and heartwood in a board 

 
4) Position of heartwood within a board 

 
5) Ring count 

 
6) Distance from the pith 

 
7) Growth ring angle 

 
8) Chemical composition of wood volatile compounds 

 
9) Earlywood and latewood coverage of board faces 

 
 

The wood volatile compounds composition are examined in order to discover 

if it could be used as an indicator of the board drying characteristics. The impact of 

the earlywood and latewood coverage of board faces on the drying rate is 

investigated because the faces of a board represent the boundaries at which the mass 

and heat exchange between drying air and the board takes place. 

 

The mechanism of mass transfer through wood differs for the dry-bulb 

temperature below and above the water boiling point and different moisture content 
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levels that a board goes through during the convective drying. Consequently, the 

impact of wood properties on the drying rate changes as well. Examining the 

relationship between wood properties and drying rate at different moisture levels for 

the dry-bulb temperature below and above the water boiling point is important in 

terms of finding if and how the effect of wood properties on drying rate changes at 

different drying stages and different drying air temperatures. 

 

The development of an appropriate experimental setup for continuous 

measuring of moisture content during drying allows having the drying process run 

without any interruptions so it does not differ from the usual industrial drying 

procedure. 
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2. Literature Review 

 

2.1 Introduction 

 

The process of wood drying involves eliminating three types of moisture: free 

water (sap), water vapor and bound water (Bowyer et al. 2003). Dissimilar 

mechanisms drive movement of different types of moisture at different drying stages. 

 

The movement of free water is driven by the gradient in pressure within the 

liquid. The pressure gradient is a function of capillary and static pressure. The 

capillary force acting upon free water in wood during drying is a function of surface 

tension at gas-liquid (humid air-sap) interface, pit radius and wetting angle (Siau 

1984). While the surface tension is a liquid property, wetting angle and capillary 

radius are dependent on wood structure (Plumb and Gong 1997). 

The static pressure difference in convective drying of wood may occur when 

the dry-bulb temperature of the drying air is above the water boiling point. The 

moisture boils creating an overpressure within material which drives the moisture 

from inside to the exchange surfaces. Vacuum-drying is another case where the 

pressure gradient drives the moisture from the inside of the drying material to the 

exchange surfaces. 

These two mechanisms cause the free water to move through cell cavities and 

pits. The free water movement pathway can be described as a series of partially filled 

and interconnected capillary tubes, with water evaporating from their ends. The fiber 

saturation point (FSP) is defined as the moisture content where the cell lumens are 

filled only with the saturated water vapor and the cell walls are fully saturated. Its 

typical value is around 30 %, though, it varies from species to species and is a 

function of many wood properties such as specific gravity and extractive content as 

well as wood temperature (Siau 1984). 

 

Transport of water vapor through wood is driven by three mechanisms: the 

static pressure gradient, water vapor partial pressure difference (binary diffusion) and 
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free molecule diffusion called Knudsen diffusion (Turner and Mujumdar 1997; 

Bogner and Vasiljević 1986). 

As in the case with free water, a static pressure gradient may cause water 

vapor to move from the zones with high to the zones with low static pressure. Drying 

temperature above the water boiling point creates a static pressure gradient which 

will cause both the water vapor and air in the cell lumens to move. 

Knudsen diffusion occurs when the pores in material approach the size of the 

mean free path of the gas molecules which move through the material (Mills 2001). 

The molecules interact with the pore walls more often than with other molecules and 

therefore the gas can no longer be assumed stationary at the wall. Knudsen diffusion 

or slip flow may occur in pit openings due to their small size. Mean free path is 

inversely proportional to pressure and therefore this effect becomes more 

pronounced at lower pressures. Slip flow is not as important in the liquid flow due to 

relatively short mean free path of liquid molecules (Siau 1984). 

 

The difference of the water vapor partial pressure in the air-water vapor 

mixture can also cause a concentration gradient which drives the water vapor 

through air in cell lumens in wood by diffusion. One of the reasons for the partial 

pressure to differ from cell cavity to cell cavity is the unequal temperature and 

moisture content levels through the material during drying.  

 

The chemical potential of water drives the bound-water movement (Bogner 

and Vasiljević 1986; Siau 1984). The bound-water moves through cell walls by 

diffusion from the zones of high to the zones of low chemical potential and can be 

expressed by Fick’s Law with chemical potential as the driving force. In addition to 

moving through cell walls, bound-water may also evaporate from a cell wall into a 

cell cavity (Kolin 2000). It then moves across the cell cavity as water vapor and gets 

readsorbed on the opposite cell wall. It again moves through the cell wall as bound 

water by diffusion. It may repeat doing this transformation until it reaches the 

exchange surface. Therefore, the bound water and water vapor diffusion occur 
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simultaneously where the cell wall represents the source of water vapor evaporating 

into the cell cavity.  

 

All three forms of moisture move through the very complex wood structure 

that includes cells of different sizes and shapes with different arrangements. 

Different wood structures offer different levels of resistance to the moisture flow. 

Therefore, wood structure plays a crucial role in all three cases. Each species has 

different properties and different pieces of wood, even from the same tree, differ in 

terms of structure (Panshin and De Zeeuw 1980). Different structure properties such 

as a size of cellular elements, arrangement of cells, thickness of cell walls and 

different ratios of chemical components constituting wood, make different wood 

pieces dry differently. 

 

2.2 Principal properties affecting drying rate 

 

Using the average drying rate function in a simulation can help in predicting 

the drying rate of a package of lumber as a whole during drying (Berberovic 2007; 

Milota and Tschernitz 1994). However, in order to anticipate the drying rate of each 

board in the package, relationships between wood and board geometric features 

related to the position within its parental log and drying rate must be developed 

(Milota 2008; Pang 2002A). The effects of the following wood properties on drying 

rate will be investigated in this study are: 

 

1) Basic density  

 
2) Initial moisture content 

 
3) Percentage of sapwood/heartwood 

 
4) Position of heartwood within a board 

 
5) Ring count (earlywood/latewood impact) 
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6) Growth ring angle 

 
7) Distance from the pith 

 

8) Chemical composition of wood volatile compounds 

 
9) Earlywood/latewood coverage of  board faces 

 
 

2.2.1 Basic density 

 

Basic density is the quotient of the dry weight of a piece of wood (oven-dry 

weight) to its volume in the green state. It is a measure of the amount of dry wood 

substance in a green wood piece.   

 

 
OD

B
G

m
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ρ =   

 

Cabardo et al. (2006) investigated the impact of the radial, circumferential, 

and height effect in a tree on wood properties as well as the effect of initial moisture 

content and basic density on the drying behavior of blackbutt timber (Eucalyptus 

pilularis). The diffusion coefficient and Fick’s second law of diffusion were used for 

assessing the rate at which moisture moved within timber.  

 

 X X
D

t z z

∂ ∂ ∂ =  ∂ ∂ ∂ 
  

 

where the diffusion coefficient (D) is expressed as a function of reference diffusion 

coefficient (Dr), activation energy (EA) and temperature (T [K]). 
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Cabardo et al. (2006) found that the main transport mechanism of moisture 

movement within hardwoods is diffusion and therefore the diffusion model was used 

to estimate the rate at which moisture moves within hardwood timber.  

 

Two logs were used in the experiment and 12 boards were sawn and dried 

from each log. An analysis of variance (75% confidence level) showed that initial 

moisture content decreased from pith to bark while basic density showed an 

increasing trend (Table 2.2.1.1). 

 

Table 2.2.1.1 Preliminary ANOVA analysis of diffusion, initial and final moisture 

content and basic density using 12 boards from each log (Cabardo et al. 2006). 

 

 

It was also found that the radial and circumferential effects were significant 

sources of the within-tree variation for the diffusion coefficients, initial moisture 

content and basic density. 

 

In addition, the results for the initial moisture contents and basic densities 

agreed with the work of Walker (1993) regarding hardwoods (yellow birch, 

American beech, and shining gum) and Wimmer’s (2000) study on softwoods 

(western hemlock, douglas fir, and yellow cypress). They observed the same pith-to-

bark behaviour within a single tree.  

 

Moreover, Wimmer (2000) and Panshin and De Zeeuw (1980) observed an 

increase in basic density and Wimmer (2000) also observed a decrease in moisture 
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content from pith to bark, which is in agreement with results from the work of 

Cabardo et al. (2006). Walker (1993) and Pang (2002B) also suggested that wood 

material with low basic density had a high initial moisture content, and vice versa. 

 

Overall, the results from Cabardo et al. (2006) support the previous 

suggestion that the behavior of the diffusion coefficients, initial moisture content and 

basic density changes across the radius of the log. 

 

After including additional boards in the ANOVA, however, the variation was 

observed only in the diffusion coefficient and initial moisture content (Table 2.2.1.2). 

Also, only the radial effect was found to cause this variation. Relatively small 

number of samples may have caused the differences in the conclusions between the 

preliminary ANOVA performed over 12 and ANOVA applied on 18 boards. 

 

Table 2.2.1.2 ANOVA analysis of diffusion, initial and final moisture content and 

basic density using 18 boards from each log (Cabardo et al. 2006). 

 

 

Using Principal Components Analysis (PCA), Cabardo et al. (2006) also 

assessed the correlation among high initial moisture contents, higher diffusion 

coefficients, and low basic densities. The results of the PCA showed that the first 

eigenvalue accounted for 96% of the total amount of variation within these 

parameters which gave some evidence for the existence of correlation between the 

parameters. 

  

The relationship between the diffusion coefficient and basic density is shown 

in Figure 2.2.1.1. 
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Figure 2.2.1.1 Two-dimensional plot of the relationship between the diffusion 

coefficient and the basic density (Cabardo et al. 2006). 

 

The trend where the drying rate increases as basic density decreases (Fig 

2.2.1.1.) was also observed by Milota (2008). In the work of Milota (2008), single 

boards of Douglas-fir lumber were dried under the typical industrial conditions. A 

correlation between the wood properties and drying conditions and the drying rate 

was developed based on how the weight of each board was changing during drying 

from green to 12 percent moisture content. The effects of moisture content, dry-bulb 

temperature, equilibrium moisture content, air velocity, specific gravity, and board 

thickness were investigated. The variables which were measured but had no effect on 

drying rate and were not included in the final correlation (covariates) were: knot 

area, ring count, ring angle, initial MC, and heartwood. 

The final fitted equation for drying rate obtained by regression is as follows: 

 

 ( ) ( )DB2370 / T
EMC

X
39.7 e 0.123 TH 0.00182 v 0.0367 SG 0.058 X X

t
−∂ = ⋅ − ⋅ + ⋅ − ⋅ + ⋅ −

∂
  

      where TH is thickness of a board, v is drying air velocity, SG is specific gravity , 

and XEMC is equilibrium moisture content. 

D = (-3⋅10-13) ⋅ ρB + (4⋅10-10) 
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It can be seen that the term describing the impact of specific gravity has a 

negative sign which means the higher the basic specific gravity the lower the drying 

rate. This work is in agreement with Cabardo et al. (2006). 

 

It can be concluded from these works that timber boards with lower basic 

densities had higher diffusion coefficients. This observation may be related to the 

fact that less wood material results in the increased ease with which moisture can 

diffuse through the timber board.  

 

2.2.2 Initial moisture content 

 

The initial moisture content is the amount of moisture in wood in the green 

state before drying. It can be expressed based on either wet or dry wood weight. The 

moisture content of lumber is usually expressed on a dry basis (Simpson 1991), as 

 I OD
I

OD

m m
X

m

−=  
 

 

where mI is initial and mOD ovendry mass. 

 

Pordage and Langrish (1999) investigated a method for optimizing drying 

schedules for Australian hardwood timber that accounts for biological variability of 

wood. The authors developed a deterministic model which describes heat and mass 

transfer through wood and stress/strain relations in wood during drying. The model 

was first used for estimating the physical parameters that have the greatest effect on 

the stress level which was the main criterion for the schedule optimization. 

After the physical parameters with the greatest impact were assessed, the 

model along with statistical methods was used for prediction of variability of these 

parameters and developing a new optimized schedule. Initial moisture content was 

one of the tested parameters in the sensitivity analysis. The authors assumed a 

moisture gradient from the center to the surface of a green board. Therefore, they 

included both initial surface and core moisture content. 
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While initial surface moisture content did not have any effect, initial core 

moisture content was found to have a significant impact on the drying time. The 

authors explained this by the fact that the initial moisture profile is predominantly 

determined by the initial core moisture content. The nominal value of initial core 

moisture content that the authors used in the sensitivity analysis was 35%. The 

analysis showed that a 1% increase in initial core moisture content extended the 

drying time by 23.9h for a given drying schedule and selected hardwood timber 

species. 

 

Innes and Redman (2003) and Cabardo et al. (2006) found that the initial 

moisture content had an impact on the drying rate by affecting the diffusion 

coefficient throughout drying. The diffusion coefficient of a board was calculated 

based on experimental data over the whole drying range. This value was then used in 

the numerical models that simulated the heat and mass transfer processes during 

wood drying. The developed relationship between the initial moisture content and 

the diffusion coefficient found by Cabardo et al. (2006) is given in Figure 2.2.2.1. 

The timber boards with higher initial moisture contents had higher diffusion 

coefficients. 

 

Cabardo et al. (2006) also found that there was a correlation between initial 

moisture content and basic density. The same relation between initial moisture 

content and basic density was found in other research (Walker 1993; Bowyer et al. 

2003; Pang 2002B). They suggested that wood low in basic density had high initial 

moisture content, and vice versa. This may occur because a low wood density results 

in more space for water. However, moisture content is expressed as a quotient of 

amount of water and ovendry mass of wood and a  lower ovendry weight could result 

in a higher value of initial moisture content even if the same amount of water is 

present. 
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Figure 2.2.2.1. Two-dimensional plot of the relationship between the diffusion 

coefficient and the initial moisture content (Cabardo et al. 2006). 

 

2.2.3 Percentage of sapwood/heartwood and position of heartwood within a 

board 

 

 Two different layers that make up xylem can be distinguished in the cross-

sectional plane (Fig 2.2.3.1.). The sapwood layer next to the bark consists of both 

living and dead cells. While the dead cells still serve to conduct the sap with 

dissolved nutrients through a stem, the living cells also serve for the storage of 

reserve food. As a tree increases in diameter by adding new layers of sapwood, 

living cells in the inner layers of sapwood die and it is transformed into heartwood 

(Hoadley 1990). The heartwood’s only role is to provide structural support for the 

tree stem, branches, and leaves. It becomes infiltrated with oils, gums, resins, tannins 

and other materials commonly referred to as extractives.   

 

D = (3⋅10-10) ⋅ XI + (3⋅10-11) 
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Figure 2.2.3.1. Parts of a mature tree stem (Bowyer et al. 2003). 

  

The drying rate of sapwood and heartwood differ due to blockage in the pits 

and vessels. Heartwood pits may be plugged due to aspiration and presence of higher 

amount of extractives whereas pits in sapwood are open to maintain a pathway for 

sap. Therefore, the liquid movement can take place in sapwood as long as the pits 

remain open, while plugged pits in heartwood impede the liquid flow making the 

diffusion mechanisms predominant. This causes heartwood to dry at lower rate than 

sapwood. The other difference between sapwood and heartwood occurs in 

hardwoods. Heartwood vessels of some hardwoods get blocked by ballooning of 

parenchyma cell sacs into vessel lumens (tyloses). Blocked pores result in reduced 

liquid flow through hardwood and therefore the decreased drying rate. 

 

The initial moisture content of softwood species is usually higher in sapwood 

than heartwood whereas sapwood moisture content in hardwood species may be 

higher, equal or less in initial moisture content to that of heartwood (Forest Products 

Laboratory 1999). The initial moisture content in sapwood can approximately range 

from 80% to as high as 200% whereas in the heartwood it approximately ranges 
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between 40% and 80% depending on the species (Perre and Turner 1997). This 

initial moisture content difference may cause heartwood to reach final moisture 

content faster though the heartwood dries slower (Carlsson 2001). 

 

Keey and Nijdam (2002) did research on parameters and properties that 

influence moisture movement in softwood boards during drying including the 

influence of sapwood and heartwood. They observed that sapwood and heartwood 

boards differed not just in drying rate but also in temperature profiles (Fig. 2.2.3.2). 

 

The temperature profiles for high-temperature drying of a 50 mm-thick 

sapwood board, shown in Fig. 2.2.3.2a, show that the interior temperatures remain 

mainly constant during the drying period. The mass and heat transfer processes are 

coupled during drying and therefore as long as there is enough moisture in the 

observed board layers, most of the supplied heat by drying air will be used for 

evaporating moisture, thus slowly heating the board layer. As the moisture content 

decreases towards the end of the drying process, the wood temperatures begin to rise 

towards the surrounding air temperature at rates depending on the depth within the 

board. 

 

 In the case of the drying heartwood board (Fig. 2.2.3.2b ), the temperatures 

within the board continue to increase after the initial unsteady thermal period is over. 

This suggests that the board layers near surface lose moisture very quickly because 

there are no significant liquid flows from the wet core to the surface, mostly due to 

pits plugged with extractives that impeded the flow of free water. Therefore, the 

evaporative zone can not be maintained near the surface and thus recedes 

immediately into the board as it begins to dry in the kiln.  

 

It can also be seen in Fig. 2.2.3.2 that regardless of lower drying rates, the 

heartwood board reached lower values of moisture content sooner than the sapwood 

board due to the lower initial moisture content. 
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Figure 2.2.3.2 Temperature and moisture-content profiles within a 50 mm-thick 

Pinus radiata board dried at 140°C dry-bulb temperature, 65°C wet-bulb 

temperature and an airflow velocity of 5m/s; (a) sapwood (b) heartwood. (Keey and 

Nijdam 2002). 
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The same trend in terms of temperature profiles and moisture content level 

during drying was observed in the work of Perre and Turner (1997). Again, the 

experiments showed that temperature of different layers within a heartwood board 

tended to increase more quickly than that in a sapwood board which resulted in no 

existence of the constant rate drying period (Fig. 2.2.3.3 and 2.2.3.4). It can also be 

seen that although the heartwood board dried slower, the initial moisture content of 

the sapwood board was much higher than that of the heartwood board which caused 

the drying curves to intersect at the 450th minute of drying. 

 

Pang (2002B) used a numerical simulation to observe that flatsawn boards 

with a thin heartwood layer on one face (for example less than 20% of the thickness) 

needed a longer drying time than other types of mixed sapwood/heartwood flatsawn 

boards whose drying time was between the time required for drying a fully sapwood 

board and a fully heartwood board (Fig. 2.2.3.5). It was not explained why the board 

with the thin layer of heartwood on one face behaved like this. 

 

Baettig et al. (2006) measured moisture content profiles during drying and 

found an absence of mass transfer between heartwood and sapwood zones. These 

two zones seemed to be completely independent and disconnected in terms of mass 

transfer during drying. A similar phenomenon was described in Keey and Nijdam 

(2002) where they observed that in a mixed-wood board, the transition layer between 

the two kinds of wood was not permeable to fluid movement because all the pits 

were aspirated in the heartwood zone. Baettig et al. (2006) also used the TransPore 

code and simulated the drying of a flatsawn board with mixed properties of sapwood 

in one part and those of heartwood in the other part of the board. In contrast to the 

experimental finding, the TransPore simulation showed an important migration of 

free water between the zones mentioned above. The authors concluded that the 

reason for this kind of behavior was still not very well understood and it could not be 

explained at the macroscopic level. 
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Figure 2.2.3.3 Experiment on a) heartwood and b) sapwood Norway spruce board 

dried with superheated steam at 150 °C. (Perre and Turner 1997). 

 

 

(a) 

(b) 
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Figure 2.2.3.4 Drying kinetics obtained for sapwood and heartwood (Norway spruce 

dried with superheated steam at 150°C). (Perre and Turner 1997). 

 

 

 

Figure 2.2.3.5 Predicted drying curves for sapwood, heartwood and mixed 

sapwood/heartwood boards. (Pang 2002B). 



24 

2.2.4 Ring count 

 

During tree growth in a temperate zone, two anatomically different layers are 

formed. Earlywood tissue, formed in the early part of the growing season, is low in 

density and composed of cells of relatively large diameter with thin walls and large 

lumens. Latewood tissue, formed later in the season, has greater density and is 

composed of cells of relatively small radial diameter with thick walls and small 

lumens (Bowyer et al. 2003). As the layers with different structures they also have 

different drying properties. 

 

Perre and Turner (2001) investigated the impact of property variations across 

a growth ring on drying using their heterogeneous drying model. The heterogeneous 

model is a modified version of the homogeneous TransPore model (Turner and 

Mujumdar 1997) which, in contrast to the homogeneous model, also accounts for the 

effect of material heterogeneity on the heat and mass transfer processes within a 

material during drying.  They were specifically observing bound water diffusivity 

and thermal conductivity during drying as functions of local wood density. 

 

The purpose of their work was to capture the average effect of structure 

variations within the annual ring and therefore they used the unit cell over which the 

calculations were performed (Fig. 2.2.4.1). The unit cell was created by using a two 

cell representative volume. 

 

After a geometrical description of the microscopic structure along the annual 

ring from earlywood to latewood was defined, the simulation for both the radial and 

tangential unit cell directions was run and the fields of microscopic mass fluxes 

calculated over the unit cell for two solid fractions were obtained (Fig. 2.2.4.2). Two 

flow fields corresponded respectively to a unit macroscopic gradient in the radial and 

tangential directions.  
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The intensity of the moisture fluxes through the wood structure denoted by 

the arrows in Figure 2.2.4.2 indicates that the cell walls that are parallel to the flow 

were not active (low moisture gradient). The non-parallel cell walls were active 

because they represented the shortest paths between two parts containing gas. Due to 

the different row arrangement in tangential direction, diffusion is somewhat more 

difficult in this direction for a squared cell. However, the density increases and cells 

become flattened in the radial direction in the latewood. Therefore, the mass flux 

between two gaseous parts (lumens) is greater in the tangential than in the radial 

direction. 

 

Figures 2.2.4.3a and 2.2.4.3b show the variation of bound liquid diffusivity 

with moisture content in the radial and tangential directions, respectively, for 

different densities. Besides densities, cell rays were also accounted for by adding 

them in parallel to the radial direction and in series with tracheids in the tangential 

direction. 

 

The value of bound liquid diffusion coefficient in the tangential direction 

(Fig. 2.2.4.3b) is in a good agreement with the value of transverse bound water 

diffusion coefficient of cell wall substance obtained by Siau (1984) (Fig. 2.2.4.4). 

The bound water diffusion coefficient of cell wall substance was found to be the 

principal resistance to bound-water diffusion in bulk wood. Their values both lie 

between 10-9 and 10-11 m2/s and show a linear trend between 5% and 25% MC. The 

tangential bound liquid diffusivity (Fig. 2.2.4.4), especially for lower wood densities, 

deviates from the linear trend for moisture contents greater than 25%. 
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Figure 2.2.4.1 The unit cell used for calculations a) Earlywood, b) Latewood. 

(Perre and Turner 2001). 
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Figure 2.2.4.2 Microscopic mass flux calculated over the unit cell a) Earlywood(solid 

fraction=0.32) b) Latewood(solid fraction=0.84).  (Perre and Turner 2001).  

b) 
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Figure 2.2.4.3 Variation of wood bound liquid diffusivity with moisture content in 

the   a) radial direction and b) tangential direction for various densities. (Perre and 

Turner 2001). 

 

a 

b 
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Figure 2.2.4.4 Values of transverse bound water diffusion coefficient of cell wall 

substance at various temperature and moisture contents for a specific gravity of 0.5. 

(Siau 1984). 

 

 

As it can be seen, the higher densities yielded lower bound water diffusion 

coefficients. Even though there is a little difference in the behavior of the bound 

liquid diffusivities in the radial and tangential directions the effect of ray cells 

becomes significant at low moisture content causing the greater bound water 

diffusion rate in radial than tangential direction (Fig. 2.2.4.3a and 2.2.4.3b). 

 

Perre and Turner (2002) observed the impact of material property variation 

across growth rings on the overall drying kinetics using their new heterogeneous and 

classical homogeneous 2D models. The models yielded profiles in Figures 2.2.4.5-

2.2.4.8 using the drying conditions in Table 2.2.4.1 for a flat-sawn section of a board. 
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Table 2.2.4.1 Drying conditions and initial material property data used in the 

simulations. 

 

 

 

 

 

Figure 2.2.4.5 Central plane moisture content for homogeneous model using low 

temperature drying conditions. (Perre and Turner 2002). 

 Thickness [m] 
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Figure 2.2.4.6 Central plane moisture content for heterogeneous model using low 

temperature drying conditions. (Perre and Turner 2002). 

 

 

Figure 2.2.4.7 Central plane moisture content for homogeneous model using high 

temperature drying conditions. (Perre and Turner 2002). 

Thickness 

Thickness [m] 

[m] 
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Figure 2.2.4.8 Central plane moisture content for heterogeneous model using high 

temperature drying conditions. (Perre and Turner 2002). 

 

As it can be seen from the Figures 2.2.4.5-2.2.4.8, there were considerable 

differences in the moisture profiles generated by the two models. The moisture 

content curve within of a board obtained by the homogeneous model was 

symmetrical, with fairly smooth change in moisture content from the exchange 

surfaces to the core. 

On the other hand, the moisture profile created by the heterogeneous model is 

significantly different. The strong influence of the density variation across the 

growth rings can be clearly observed. The moisture content was highest for the low 

density regions (earlywood) and lowest for the high density regions (latewood). It is 

in agreement with the moisture profiles reported by Baettig et al. (2006) and Pang 

and Herritsch (2005). It can also be seen that the rates at which the earlywood and 

Thickness [m] 
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latewood were losing their moisture differed substantially. It is especially noticeable 

early in the drying where the earlywood was losing moisture at higher rates than the 

latewood. 

 

A very important aspect in terms of permeability of earlywood and latewood 

was observed by Milota et al. (1995). The authors investigated the gas permeability 

of loblolly pine sapwood as a function of several factors (Table 2.2.4.2). 

 

Table 2.2.4.2 Permeability as a function of wood type, ring position, and drying 

method. 

 

 

The earlywood had higher permeability while the samples were in the green 

state whereas the latewood had higher permeability after the samples were dried. The 

reason may be the fact that latewood which is denser than earlywood has cells that 

have thicker walls and whose pit membranes between tracheids are usually not 

differentiated into a torus and margo (Barnett and Jeronimidis 2003). This results in 

more rigid pit structure of latewood pits. Therefore, a greater force is required to 

deflect the pit membranes making the latewood pits aspirate less than the ones in 

earlywood.  

 

The difference in structures and therefore in the permeability change during 

drying comes from the different roles earlywood and latewood serve in a tree. 

Earlywood serves primarily for conduction of sap resulting in higher permeability in 



34 

the green state whereas latewood with lower permeability in the green state serves as 

support. 

 

It was shown that the difference between physical properties of earlywood 

and latewood did affect the drying rate. Therefore, these impacts should be taken into 

account when investigating effect of wood properties on a drying rate.  

 

2.2.5 Growth ring angle 

 

 Diameter growth of a tree results in the formation of one growth ring 

annually and more or less distinct layers of early- and late-formed wood within each 

ring (Simpson 1991; Bowyer et al. 2003). They appear as concentric circles around 

the pith. The closer the rings are to the pith, the smaller their radii of curvature. 

 

 The angle of growth rings to the wider faces of a board depends on how 

lumber is cut from a log. The angle between the wide face and the annual rings 

ranges from 0 to 90 degrees. Measuring of this angle can be done by using a 

transparent template with arcs on it (Booker 1987). If a board is sawn tangentially to 

the annual rings it is called a flatsawn board. Sawing perpendicular to the annual 

rings produces quartersawn lumber. Both flatsawn and quartersawn lumber are 

generally suitable for most purposes. However, each type of sawn lumber responds 

differently in drying. 

 

McCurdy and Keey (2002) measured and calculated moisture saturation 

profiles for the flatsawn boards and moisture content levels for the quartersawn 

boards in different board layers by cutting and slicing the samples as shown in 

Figure 2.2.5.1. The authors found that the initial saturation profiles for flatsawn 

boards and moisture content profiles for quartersawn boards differed substantially 

before as well as during drying (Fig. 2.2.5.2 and 2.2.5.3). The difference in the 

variation of the moisture saturation profiles for flatsawn and moisture content 

profiles for quartersawn boards with respect to the distance from the surface came 
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from different densities of earlywood and latewood layers within rings. The flatsawn 

boards had a very variable density profile while the quarter sawn boards’ density 

profile was uniformly distributed with respect to the distance from the surface. The 

less dense earlywood was high and denser latewood was low in moisture saturation 

percentage. As suggested by Cabardo et al. (2006) this phenomenon may be 

associated with the fact that less wood material results in more space for water in the 

green timber. The same results were reported by Michel et al. (1987), Perre and 

Turner (2001), and Pang (2002B). 

 

Michel et al. (1987) found that quarter-sawn boards showed a relatively 

uniform moisture content profile compared to flat-sawn boards in the green state as 

well as during drying (2.2.5.4). The ring geometry could probably be associated with 

this observation (Fig. 2.2.5.5). Slicing a quarter-sawn board produces layers 

relatively uniform in average density (earlywood/latewood) and therefore uniform in 

moisture content among each other. On the other hand, slicing a flat-sawn board will 

produce layers which will capture portions of the board with different ratios of 

earlywood and latewood causing the layer average densities to vary substantially and 

thus the moisture content profile will vary considerable from the board upper to the 

board lower face. The average density and therefore the initial moisture content 

profile would be dependent on the ring size. 

 

McCurdy and Keey (2002) found that there were also differences in the 

moisture profiles near the surface during drying. Early in drying, the surface 

moisture content of a flatsawn board decreases quickly and falls below fiber 

saturation point, while there was a small change in the moisture level of the core. 

With a quarter-sawn board, both the surface and core moisture contents decrease 

almost equally early in drying resulting in the uniform core moisture level decrease 

with only a small gradient at the surface. This observation is in agreement with the 

moisture content profiles of a flatsawn and quartersawn board in Figure 2.2.5.4b 

obtained by Michel et al. (1987). The orientation of the growth rings with respect to 

the drying surface was attributed to this difference in the moisture content profiles. 
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In a flat-sawn board the growth rings are in series with respect to moisture 

movement. The moisture movement early in drying is likely disrupted by the less 

permeable latewood bands in the core. This results in higher moisture levels in the 

board’s core and lower in growth rings closer to the surface, with a sharp drop in 

moisture level over the outermost growth ring. They also concluded that moisture 

probably evaporated over this growth ring until the bordered pits have aspirated 

enough to disable the liquid water movement. On the other hand, in a quarter-sawn 

board, the growth rings are parallel to the moisture flow. Because the layers in a 

quarter-sawn board are more uniform in amount of earlywood/latewood they capture, 

the mean permeability is approximately uniform normal to the surface and therefore 

the moisture gradient is smoother than in a flat-sawn board, with a less pronounced 

dry surface zone. However, the flatsawn board was found to dry at higher rates than 

the quarter-sawn (2.2.5.4a).  

 

 

 

Figure 2.2.5.1 Diagram showing the cutting and measurement of samples and 

slices. (McCurdy and Keey 2002). 
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Figure 2.2.5.2 Moisture saturation profiles for flat-sawn radiata pine boards 

(McCurdy and Keey 2002). 

 

 

 

 

Figure 2.2.5.3 Moisture saturation profiles for quarter-sawn radiata pine boards 

(McCurdy and Keey 2002). 
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Figure 2.2.5.4 Comparison between radial and tangential flows: a) local kinetics b) 

internal profiles (Michel et al. 1987). 

 

  

Figure 2.2.5.5 Ring geometry in a) quarter-sawn board b) flat-sawn board. 

 

 

Keey and Nijdam (2002) found that flatsawn timber dried at higher rates than 

quartersawn timber. The authors explained this observation by the presence of the 

latewood paths from one to the opposite board drying face in quartersawn lumber. 

b a 
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They concluded that due to different latewood bands arrangement and the diminished 

permeability of the latewood paths caused the quartersawn lumber to dry more 

slowly than the flatsawn one. This observation about the difference in drying rates 

between these two types of boards was also established in Forest Products 

Laboratory (1991). 

 

According to Pang (2002A), this is partially true due to underlying drying 

mechanism. The difference in the drying rates may reverse between low and high 

temperature drying. Namely, wood permeability is different in the tangential and 

radial directions. For high temperature drying the gas permeability in the radial 

direction through ray cells is increased which results in the increased moisture vapor 

flow in the radial direction. However, the liquid flow is greater in tangential direction 

because the bordered pits are mainly located on the radial–longitudinal faces. 

 

Due to the permeability differences, quarter-sawn boards will dry faster early 

in drying when the liquid flow through pits is the prevailing process of mass transfer 

but flatsawn boards will dry faster in later stages of drying when the vapor flow 

controls mass transfer. However, this difference may reverse for low temperature 

drying because the gas permeability in radial direction is lower than in the case of the 

high temperature drying. 

 

Pang (2002A) investigated the effects of sawing pattern on lumber drying and 

found that for the drying schedules with the dry-bulb temperature below the boiling 

point there was no apparent difference in drying rates among the quarter- and flat-

sawn boards until they reached around 60% moisture content (Fig. 2.2.5.6 – 2.2.5.8,). 

Starting from 60% moisture content, a trend appeared that the moisture content was 

higher for higher growth-ring angle. This indicates that once the boards reached 

about 60% moisture content, the quarter-sawn boards started to dry slower than the 

flat-sawn boards (Fig. 2.2.5.6 and 2.2.5.7). It was due to the fact that the gas 

permeability in the radial direction is greater than the one in the tangential direction 
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and started affecting the drying rate once the board surface fell below the fiber 

saturation point. 

 

However, no significant trend in the drying differences between the flat-sawn 

and the quarter-sawn boards was observed when the dry-bulb temperature was higher 

than the boiling point (Fig. 2.2.5.8). In addition, the moisture content was more 

variable than in the cases with the dry-bulb temperature lower than the boiling point, 

indicating that the air condition variation through the stack may have had more 

impact in the case of the drying with the air at dry-bulb temperature above the 

boiling point. 

 

The wood temperature in high temperature drying reached and exceeded the 

boiling point causing a great vapor pressure rise with a slight increase in the wood 

temperature. Therefore, the pressure rise due to high wood temperature was more 

important than the wood gas permeability in this case. 

 

 

 

Figure 2.2.5.6 Moisture content of individual boards as a function of growth ring 

angle with conventional drying (TDB=70°C, TWB=50°C). (Pang 2002A). 
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Figure 2.2.5.7 Moisture content of individual boards as a function of growth ring 

angle with accelerated conventional drying (TDB=90°C, TWB=60°C). (Pang 2002A). 

 

 
 

Figure 2.2.5.8 Moisture content of individual boards as a function of growth ring 

angle with high temperature drying (TDB=140 °C, TWB=90°C). (Pang 2002A). 

 

 It was shown that quarter-sawn and flat-sawn boards dried at different drying 

rates. Furthermore, the current moisture content level of a board during drying also 
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had a big influence on this difference and therefore it should be taken into account 

when investigating the effect of growth-ring angle on the drying rate. 

 

2.2.6 Distance from the pith 

 

Wood properties can vary from the pith to the bark. This occurs because the 

cambium, a layer from which new cells are formed, changes as it ages (Bowyer et al. 

2003). 

The cambium which encompasses the tree must expand in circumference to 

remain unbroken as a tree expands in diameter. Due to the way the cambium divides 

and availability of adequate nutrition during anticlinal or periclinal division, the new 

formed cells may not survive (Fig. 2.2.6.1). A cell may die during the cambial 

division if it is not close enough to other cells and therefore has inadequate (non-

continuous) nutrition. In addition, in older trees the rate of anticlinal division was 

found to be slower and the survival rate lower (Bowyer et al. 2003). 

 

 

Figure 2.2.6.1 Cambial cell division. (Bowyer et al. 2003). 

 

Moreover, the cambium not only expands in circumference but its cells also 

increase in length. The length increases over time causing a substantial difference in 

lengths of cells of the stem parts closer and further to the pith.  

 

It has been also found that the cambial age and tree age have an effect on the 

duration of cambial activity. Both ages showed the same trend in terms of duration of 
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cambial activity. It has been reported that in both cases, the greater the age is, the 

shorter the duration of cambial activity is (Bowyer et al. 2003). 

 

Wood tissue elements which undergo postcambial elongation such as fibers 

and tracheids are especially affected by the pith-to-bark variation (Panshin and De 

Zeeuw 1980) (Fig. 2.2.6.2). In softwood tracheids and hardwood fibers where 

postcambial elongation is significant, the curves that describe the change of length of 

tracheids or fibers with the number of annual increments from the pith are steeper 

near the pith and exhibit flatter slopes towards the bark. Cells which undergo limited 

postcambial elongation such as vessel elements show less change in cell length near 

the pith (Fig. 2.2.6.3). 

 

Tracheid cell wall thickness and diameters in the softwoods increase from 

pith-to bark but much less compared to tracheid lengths (Fig. 2.2.6.4). The change in 

wall thickness and fiber diameters in hardwoods are usually similar to those in 

softwoods but are not as consistent as in softwoods. 

 

 

 

Figure 2.2.6.2 Typical curves for cell length variation from pith to bark. Softwood 

tracheid lengths are shown above and hardwood fibers below. (Panshin and De 

Zeeuw 1980). 
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Figure 2.2.6.3 Variation in fiber and vessel element lengths from pith to bark.                  

a) Liriodendron tulipifera L., a diffuse-porous wood,A1-fiber lengths, A2-vessel 

element lengths. b) Fraxinus Pennsylvania Marsh., a ring-porous hardwood, B1-

fibers, B2-latewood vessel elements, and B3-earlywood vessel elements. (Panshin and 

De Zeeuw 1980). 

 

 

 

Figure 2.2.6.4 Variation in tracheid dimensions from pith-to-bark in young trees of 

Pinus radiata D. Don. EW-earlywood, LW-latewood. R-radial, T-tangential. 

(Panshin and De Zeeuw 1980). 
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In the majority of softwoods, average specific gravity generally increases 

from pith to bark (Panshin and De Zeeuw 1980; Cabardo et al. 2006). This is due to 

increased percentage of dense latewood in consecutive increments from the pith to 

bark (Fig. 2.2.6.5). A consequence of the density variation is that initial moisture 

content level also changes from pith to bark (Pang and Herritsch 2005; Cabardo et al. 

2006). While Cabardo et al. (2006) found that the initial moisture content decreased 

from pith to bark, Pang and Herritsch (2005) reported an increase in the initial 

moisture content at a certain distance from the pith. The difference probably occurs 

because that Cabardo et al. (2006) used a hardwood species which, as they reported, 

predominately consists of one type of wood tissue, heartwood, whereas Pang and 

Herritsch (2005) used softwood boards with both hardwood and sapwood. The large 

increase in initial moisture content was measured at the heartwood/sapwood 

interface (Fig 2.2.6.6) 

 

 

 

 

Figure 2.2.6.5 Ring width, latewood percentage, and specific-gravity variation from 

pith to bark in Pinus echinata Mill. ( Panshin and De Zeeuw 1980). 
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Figure 2.2.6.6 Variation of green moisture content of earlywood and 

latewood with growth ring. (Pang and Herritsch 2005). 

 

The transition from juvenile wood formation near the pith to mature wood 

also causes the pith-to-bark variation (Bao et al. 2001; Simpson 1991; Panshin and 

De Zeeuw 1980). Namely, a stem may be divided into two zones based on 

fundamental differences in the structure and properties. Juvenile wood occurs in a 

cylinder around the pith and is usually produced in the first 5 to 20 years of growth 

depending on species. It never matures once it is formed. As the growth progresses, 

the production of the mature wood stops and the wood with different properties 

called mature wood is formed. 

 

The structural and physical properties of juvenile wood are said to be inferior 

to those in the mature wood of the same tree.  As far as drying is concerned, the main 

issue is that juvenile wood shrinks more along the grain than mature wood which 

causes warping during drying which, in turn, decreases the quality of a dried product.  
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Bao et al. (2001) investigated differences in wood properties between 

juvenile and mature wood in 10 species grown in China. They reported that juvenile 

and mature wood differed in moisture absorption capacity as well as longitudinal gas 

permeability and radial moisture diffusivity coefficient (Table 2.2.6.1.). Juvenile and 

mature wood also differed in wood density which may be one of the reasons for the 

difference in moisture absorption, longitudinal gas permeability and radial moisture 

diffusion coefficient. They reported aspirated pits in the juvenile wood which may be 

another possible reason for the difference in gas permeability.  

 

Table 2.2.6.1 Differences in wood physical properties between juvenile and mature 

wood. (Bao et al. 2001). 

 

 

 

It was shown that due to all the variability of wood structural and physical 

properties in the radial direction of a tree (pith-to-bark variation), a position where a 

board is sawn from or the distance from the pith plays an important role in terms of 

wood drying characteristics. 
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2.2.7 Different moisture content levels 

 

It was shown from the literature that variable wood properties cause wood 

boards to dry at different drying rates. However, some research showed that wood 

properties had different impacts at different moisture levels. 

 

Pang (2002A) showed that for the drying schedules with the dry-bulb 

temperature below the boiling point, the sawing pattern had influence on the drying 

rate only below 60 % moisture content (Fig. 2.2.5.6 - 2.2.5.8). 

 

Milota et al. (1995) observed that the earlywood had higher permeability for 

the wood samples in the green state whereas the latewood had higher permeability 

after the samples were dried (Table 2.2.4.2). 

 

It can also be seen from the work of Berberovic (2007) that at different 

moisture levels the drying rates of different boards were quite variable early in 

drying but became much less variable equal towards the end of the drying process 

(Fig. 2.2.7.1). Each point represents drying rate for an individual board dried in the 

experiment. A large deviation of the points around the straight line 

(predicted=experiment) for the higher values of the drying rate at higher moisture 

content, shows a great impact of wood variability on drying rate. This feature can 

also be seen from the drying rate curves reported by Sun et al. (1996), Pang (2002B), 

and Davis et al. (2002) (Fig. 2.2.7.2 - 2.2.7.4, respectively). 
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Figure 2.2.7.1 Comparison of drying fluxes for both drying periods predicted by 

drying rate function to that measured. (Berberovic 2007). 

 

 

 

Figure 2.2.7.2 Drying curve for Pinus radiata sapwood boards of 40 mm 

thickness together with data points from sample measurements taken during 

dehumidifier kiln drying trials. (Sun et al. 1996). 
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Figure 2.2.7.3 Relative drying rate curve of Pinus radiata sapwood boards. (Pang 

2002B). 

 

 

 

Figure 2.2.7.4 Drying rate curve for samples from board 30 in run 3. (Davis et al. 

2002). 
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The possible reason for such a great difference in the drying rates at the 

beginning of drying may be the fact that the kiln and boards were still reaching 

steady state in terms of heat and mass transfer processes (clearly observed in Fig. 

2.2.7.4). However, variations in the drying rate could also be observed for the rest of 

the drying process with a tendency to diminish as the wood approached the 

equilibrium moisture content. 

 

 The moisture transport mechanism in a board changes during drying and 

therefore, the greater difference among drying rates early in drying and less at the 

later stages may be evidence that different wood properties affect the drying rate 

differently at different moisture levels. 

 

2.2.8 Chemical composition of wood volatile compounds 

 

Heartwood formation during tree growth is accompanied by infiltration of 

wood tissue with many chemical compounds called extractives. Two major groups of 

organic chemicals in terms of quantity are polyphenols and oleoresin. Polyphenols 

include chemicals such as tannins, anthocyanins, flavones, catechins, kinos and 

lignans whereas oleoresin includes turpentine, tall oil, and rosin.  Gums, tropolones, 

fats, fatty acids, waxes, and volatile hydrocarbons are also present in wood. 

Inorganic compounds that occur in wood are silicates, carbonates, and phosphates 

(Panshin and De Zeeuw 1980; Bowyer et al. 2003). 

 

The extractives are mainly deposited within the cell wall but they also can be 

found as surface deposits or in cell cavities. They are present in both sapwood and 

heartwood but since these compounds are mostly accumulated during heartwood 

formation, heartwood is higher in extractive concentration than sapwood. 

 

The extractive content is variable and is usually a few percent of the ovendry 

weight of wood. However, the amount may vary substantially, from less than 3 up to 

40 percent of the ovendry weight. Therefore, the effect that amount of extractives 
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and kinds of extractives present in wood has upon the wood density can not be 

neglected. Wood density was already found to have an impact on the drying rate 

(Chapter  2.2.1), and thus the amount and chemical composition of extractives may 

play an important role in predicting how fast or slow a board will dry. 

In addition to aspiration, heartwood pits get plugged with the extractives 

altering the permeability of heartwood which may affect the drying rate at the 

beginning of the drying process when free water is being removed from a board. 

 

An electronic nose (e-nose) system can be used for determining the level 

volatile organic compounds (VOC) in the headspace over wood. The e-nose is a 

device consisting of chemical sensors with pattern recognition which form an array 

(Pearce et al. 2003; James et al. 2005).  The sensors are capable of reacting 

differently on different chemical compounds. Based on the underlying mechanisms 

the sensors can be categorized into several groups and subgroups (Fig. 2.2.8.1).  

 

 

 

Figure 2.2.8.1 Principle of sensors utilized in E-nose sensing. (Garneaul et al. 

2004). 

 

Garneaul et al. 2004 discovered that the Cyranose 320 model of an e-nose 

could be used for a rapid differentiation of sapwood and heartwood of black spruce 

(Picea mariana), balsam fir (Abies balsamea), and jack pine (Pinus banksiana). 
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They tested it on both laboratory-made woodchips and woodchips from a sawmill. 

Some of the samples were used for training based on which the e-nose created a 

database of odors. The training was followed by identification. During the 

identification of samples, the computer compared their smell-prints with ones 

already stored in the database in order to find their match. After the smell-prints had 

been collected, the data were analyzed to see if there was statistically significant 

difference among them. The sampling conditions can be seen in Table 2.2.8.1 and 

2.2.8.2. 

 

Using the e-nose system, it was possible to discriminate the different levels of 

VOC in both the sapwood and heartwood chips of the three species used in the 

experiment (Fig. 2.2.8.2 and 2.2.8.3). Based on the measurements of VOC, the 

authors were able to differentiate the species. To the authors’ knowledge, that was 

the first time that an e-nose was used to rapidly differentiate sapwood among these 

conifers. 

 

Table 2.2.8.1 Cyranose 320 sampling conditions. Laboratory-made wood chips.    

(Garneaul et al. 2004). 

 

 

 

Table 2.2.8.2 Cyranose 320 sampling conditions. Sawmill wood chips 

(Garneaul et al. 2004). 
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Figure 2.2.8.2 Principal Component Analysis plot of laboratory-made 

sapwood samples. Jack pine (♦), black spruce (▲), balsam fir (■). (Garneaul et al. 

2004). 

 

 

 

Figure 2.2.8.3 Canonical Discriminant Analysis plot of sawmill sapwood 

samples. Jack pine (♦), black spruce (▲), balsam fir (■). (Garneaul et al. 2004). 



55 

2.2.9 Earlywood/latewood coverage of board faces  

 

When a board is cut from a trunk, the earlywood and latewood form a 

characteristic stripped pattern on the wide board faces (Fig. 2.2.9.1). These faces 

represent boundaries at which the heat and mass transfer processes between the 

drying air and board take place during drying. 

 

A thin film of water is usually present at the faces of a board at the beginning 

of drying (Mujumdar and Devahastin 2000). When exposed to drying air, the film 

starts to evaporate. The evaporation sets up the capillary forces that pull the moisture 

(free water) out of the board during drying (Simpson 1991). 

 

Latewood tissue has cells with thicker walls which makes latewood denser 

than earlywood. The pit membranes between tracheids in the latewood usually do not 

develop a torus and margo which is related to the latewood’s primarily supporting 

function in a tree (Barnett and Jeronimidis 2003). This causes earlywood and 

latewood to differ in permeability. While earlywood is more permeable than 

latewood in the green state, latewood may become more permeable than earlywood 

as wood dries as the result of the more rigid pit membrane structure and therefore the 

greater resistance to pit membrane deflection (aspiration). 

 

The differences in density and permeability between earlywood and latewood 

could affect the moisture content at the board surface and, in turn, affect the 

boundary conditions during the initial phase of drying. Density of material affects its 

thermal conductivity. The higher the density is, the higher the thermal conductivity 

of material is (Pang 2002A; Milinčić and Voronjec 1991). Different permeabilities 

cause different moisture flow rates which impacts the temperature of material 

because the mass and heat transfer processes are coupled during drying. Therefore, 

differences in both density and permeability between earlywood and latewood could 

affect the temperature of the board surface layer. This could have an impact on the 

rate of water evaporation from the surface which may result in different magnitudes 
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of capillary forces set up during the initial stage of drying. Since the magnitude of 

capillary forces directly affect the free water flow rate, this could lead to a 

conclusion that the distribution of earlywood and latewood zones on faces of a board 

may also cause different drying rates at the initial stage of drying.  

 

 

Figure 2.2.9.1 Growth-ring pattern on a wide board face. 

 

2.2.10 Conclusion 

 

Past research has shown that wood properties have a big influence on how 

moisture moves through wood during drying and that boards with different wood 

properties dry at different rates. In addition, it was shown that the moisture level at 

which a board is during drying has an important influence on the effect of wood 

properties on the drying rate. Some wood properties may have a strong influence 

only for a certain range of moisture content while may disappear for moisture levels 

out of that range (i.e growth-ring angle). On the other hand, some effects of wood 

properties may even reverse their influence on the drying rate (i.e. 

earlywood/latewood permeability). 

 

 

 

 

Growth-ring pattern 
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3. Procedure (Materials and methods) 

 
Green 2x6 nominal 1014 mm long hemlock (Tsuga hterophylla) boards were 

convectively dried using two drying schedules. Board weights were recorded during 

drying and they were used to calculate initial moisture contents and drying rates of 

individual boards. Wood properties and board geometric features related to the 

position within its parental log were measured and related to the drying rate to 

investigate if they had any effect on the rate at which the boards dried. The design 

variables related to wood and board geometric features related to the position within 

its parental log were basic density, initial moisture content, percentage of sapwood 

and heartwood in a board, position of heartwood within a board, ring count, distance 

from the pith, growth ring angle, chemical composition of wood volatile compounds, 

and earlywood and latewood coverage of board faces. The design variables related to 

drying regime were a dry-bulb temperature, wet-bulb temperature, and drying air 

velocity. All the factors related to wood and board geometric features related to the 

position within its parental log except the position of heartwood within a board were 

treated as continuous variables. 

 

 All the design variables related to wood properties and board geometric 

features related to the position within its parental log except the chemical 

composition of wood volatile compounds and earlywood/latewood coverage were 

assigned a certain number of levels in order to keep track of how much of the 

variability in wood properties was covered during the experiment. The main goal 

was to have boards uniformly distributed across different levels in order to cover as 

much of the variation in properties as possible. These levels were particularly used to 

tailor the sample procurement between two consecutive lumber acquisitions. The 

levels of the properties related to wood, board geometric features related to the 

position within its parental log, and different drying regimes can be seen in Tables 

3.1 and 3.2. 
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Table 3.1 Summary of the factor levels related to wood and board geometric features 

related to the position within its parental log. 

Property Levels 

Basic Density 

very low (<350 kg/m3) 

low (351 – 400 kg/m3) 

medium (401-450 kg/m3) 

high (451-500 kg/m3) 

very high (>500 kg/m3) 

Initial Moisture Content 

very low (<60%) 

low (60-80%) 

medium (81%-100%) 

high (>100%) 

Percentage of sapwood and 

heartwood  

low (0-10% heartwood) 

medium (11-50% heartwood) 

high (51-90% heartwood) 

very high (91-100% heartwood) 

Position of heartwood within a 

board 

“T” – mixed* flat-sawn board with less than 

30% of heartwood on one face 

“F” - other cases of mixed* boards 
*-Containing both sapwood and heartwood 

Ring Count 

low (<10 rings per in) 

medium (10-15 rings per in) 

high (>15 rings per in) 

Distance from the pith 

low (<15 rings from pith) 

medium (15-30 rings from pith) 

high (31-45 rings from pith) 

very high (>45 rings from pith) 

Growth ring angle 

low (0°-30°) (flat-sawn) 

medium (31°-60°) 

high (61-90°) (quarter-sawn) 
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Table 3.2 Summary of the factor levels related to different drying regimes. 

Property Levels 

Drying Schedule 

Lower temperature drying regime: 
 

          The initial 3hours: 

- TDB   : 43.3 °C - 80 °C (110 F - 176 F) 

- TWB   : 35 °C - 70 °C (95 F - 158 F) 

- v      : 3.8 m/s (750 ft/min) 

 

           Until the wettest board reaches 12% MC (∼50h): 

- TDB   : 80 °C (176 °F) 

- TWB  : 70 °C (158 °F) 

- v      : 3.8 m/s (750 ft/min) 

 

Higher temperature drying regime: 
 

           The initial 3hours: 

- TDB   : 43.3 °C - 115 °C (110 F - 239 F) 

- TWB   : 35 °C - 85 °C (95 F - 185 F) 

- v      : 5.08 m/s (1000 ft/min) 

 
 

           Until the wettest board reaches 12% MC (∼15h): 

- TDB   : 115 °C (239 °F) 

- TWB  : 85 °C (185 °F) 

- v      : 5.08 m/s (1000 ft/min) 

 

Four drying moisture content levels were used in this analysis. They were 

chosen based on the measurements obtained from the experiment and the 

observations found in Berberovic (2007).  These four levels were arranged in the 

way so one would represent the high drying moisture content level and remain three 

would be distributed as evenly as possible throughout the medium and low drying 
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moisture content levels. Slightly different drying moisture content ranges were 

chosen for testing the boards belonging to the low and high temperature drying group 

due to different initial and ending moisture contents of individual boards. Moisture 

content ranges of 140% - 90%, 90% - 60%, 60% - 40% and 40% - 16% were used as 

testing ranges for the boards that were exposed to the low temperature drying 

schedule. Moisture content ranges defined as 120% - 80%, 80% - 60%, 60% - 30% 

and 30% - 10% were used as testing ranges for the boards that were exposed to the 

high temperature drying schedule. 

 

A statistical analysis for a certain moisture content range was conducted 

using sample boards that had initial moisture content that was higher than the drying 

moisture content range they were tested for. Adjustment for serial correlation was 

also done using a special transformation called filtering because the board drying 

rate versus moisture content characteristic represented a time series (Ramsey and 

Schafer 2002). 

 

3.1 The experiment flow 

 

3.1.1 Green lumber procurement 

 

Rough, 2x6 nominal, 8 foot long hemlock (Tsuga heterophylla) lumber was 

obtained from the green chain at a sawmill and used for making the boards for the 

experiment. The total number of boards used in the study was 300, 150 for each 

drying schedule. Due to the fact that wood is prone to decaying at moisture content 

greater than the fiber saturation point, not all of the 2x6 green lumber required for 

the study was obtained at once. Four trips were made during which 35, 50, 60, and 

20 pieces were acquired. The number of drying charges prepared with lumber from 

each trip was 6, 9, 11, and 4, respectively. The next procurement of 8-foot green 

lumber was done after all the boards from the previous acquisition had been dried. 

The first two batches were obtained in September-October 2009 while the last two in 

January-February 2010. The 8-foot green lumber pieces for the experiment were 
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randomly chosen from lumber packages at the sawmill. This ensured that the sample 

boards which will be used in statistical tests would meet the requirements of being 

independent and randomly selected. 

 

3.1.2 Preparation of boards for the experiment 

  

The 8-foot pieces were cut in half upon their arrival to the lab (Fig. 3.1.2.1). 

Ten 8-foot pieces were used for making two charges containing 10 boards each. The 

boards were labeled and randomly assigned to different positions in the kiln while 

the charges were randomly assigned to the experimental treatments (low and high 

temperature drying schedules). The boards belonging to the same charge were 

bundled together with a plastic sheet and placed in a cooler at 3°C. The boards were 

stored in the cooler for 24h before the first charge was dried.  

 

 

 

 

Figure 3.1.2.1 Sample cutting diagram. 
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3.1.3 Measurements taken before drying 

 

The next charge for drying was taken out of the cooler. Four 10-mm-thick 

(0.4in) samples were cut from each end of the boards using a circular saw after 

removing a thin layer of wood from each end which was often damaged and dirty. 

The end samples were used for obtaining the sapwood and heartwood percentage, 

heartwood position, growth-ring angle, distance from the pith, ring count and 

chemical composition of sample volatile compounds (Fig. 3.1.2.1). They were 

labeled and the end samples that will be used for future work and determining the 

chemical composition of sample volatile compounds were wrapped with aluminum 

foil placed in a plastic bag and stored in a freezer at -10°C (14°F). The end samples 

for determining the percentage of sapwood and heartwood and heartwood position 

were dried at 80°C for 4 hours in an oven.  

 

 The properties which were measured using the end samples were sapwood 

and heartwood percentage, ring count, growth-ring angle, distance of a board from 

the pith, and position of heartwood within a board. 

 

Percentage of sapwood and heartwood of a board was determined by 

applying the chemical solutions based on ferric nitrate (solution 1) and ferrous 

ammonium sulfate (solution 2) on opposite end sample faces. The solution 1 was 

made up of 1.346 grams of ferric nitrate and 100 ml of distilled water. The solution 2 

consisted of 1.96 grams of ferrous ammonium sulfate, 0.1 ml of sulfuric acid and 100 

ml of distilled water (Kutcha and Sachs 1962). After the sapwood and heartwood 

portions turned different colors, pictures of samples were taken. The pictures were 

then loaded into the ImageJ program where their respective areas were calculated 

based on the pixels’ colors using the selection tool (ImageJ Internet Resource 2010). 

Areas were used to determine the percent of heartwood in the cross section. The 

individual results for both ends were averaged to obtain the heartwood percentage 

within a board. 
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 Ring count was determined using scanned pictures of end samples. The 

images were saved as 8-bit bitmaps in a resolution of 100dpi (dots per inch). They 

were loaded into the ImageJ program where the width of two consecutive growth 

rings was measured in pixels and converted to inches (Figure 3.1.3.1, d). Two such 

measurements were taken along each of the three dashed lines. The six widths were 

then averaged to calculate the ring count or number of growth rings per inch 

representing the end sample. The ring count was determined for both end samples 

separately after which they were averaged to obtain the ring count for the whole 

sample board. 

 

 

 

Figure 3.1.3.1 Ring count measurements. 

 

 

 Scanned images of end samples’ cross-section used for determining the ring 

count were also used in an image processing program for determining the growth 

ring angle and distance from the pith. The program had been originally developed by 

Adin Berberovic for other purposes but it was adapted so it could also be used to 

speed up the measuring process in this research. The program output was the 

distance from the pith and the averaged value of several calculated growth-ring 

angles from different locations on the board (Fig. 3.1.3.2). A transparent template 

method of measuring the growth-ring angle and distance from the pith was used to 

validate the results from the image processing program (Booker 1987). 

Measurements from both end samples were averaged to represent the whole board. 

 

d 



64 

 

 

 

 

Figure 3.1.3.2 The output from the image processing program used for calculations 

of the growth-ring angle and distance from the pith. 

 

The position of heartwood within a board property was determined by two 

parameters, the growth ring angle and heartwood percentage. Boards containing both 

heartwood and sapwood (mixed boards) with the growth ring angle less than 30º and 

the heartwood percentage covering one face less than 30% were denoted as “T”. The 

rest of the boards were denoted as “F” (Fig. 3.1.3.3).     
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Fig. 3.1.3.3 Examples of end samples for determining the heartwood position. 

 

 The boards were then cut to 1014mm. A large plastic sheet was used as a 

cover while processing boards to prevent drying prior to loading the kiln. After all 

the boards were cut to length, they were placed on a cart where pictures of both the 

upper and lower faces were taken for determining the earlywood and latewood face 

coverage. Each board was then weighed with a digital scale with accuracy of ±0.01 

“T”  

“T”  

“F”  

“F”  
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lb and its width and thickness were measured using a calipers. The measurements 

were taken at the middle of the board. The measuring location was marked with a 

crayon before drying in order to take the measurements at the same location after 

drying. Ten boards were then loaded into the kiln. The appropriate drying schedule 

was loaded into the computer that controlled the kiln. The kiln was started after 

starting data acquisition on a second computer. 

 

Earlywood and latewood coverage of board faces was determined using 

images of sample board faces taken by a 3.2 megapixel digital camera during the 

board preparation for drying. The images were loaded into the ImageJ program 

where their respective areas were calculated based on the pixels’ colors using the 

selection tool (Fig. 3.1.3.4). The obtained areas were used to calculate what portion 

of the faces was covered with earlywood and latewood. The individual results for 

both faces were averaged and that number represented the whole board.  

 

 
 

Figure 3.1.3.4 Earlywood and latewood coverage measurements. 
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3.1.4 Measurements taken during drying 

 

 The parameters that were measured during the process of drying were dry-

bulb temperature (TDB), wet-bulb temperature (TWB), and current board weights.  

 

The dry-bulb temperature was measured using four type-T thermocouples 

placed in the air flow on the perforated metal screen after the heating coils and 

before the sample boards (Fig 3.1.4.1, 6). The thermocouples were connected to the 

kiln computer which was controlling and running the kiln. The computer saved the 

averaged readings as the current dry-bulb temperature during the drying process.  

 

 The wet-bulb temperature was measured with two type-T thermocouples the 

ends of which were wrapped with a cotton sock that was maintained wet during 

drying. The thermocouples were placed in the air flow on the perforated metal screen 

after the heating coils and before the boards (Fig 3.1.4.1, 6). The thermocouples were 

connected to the kiln computer which saved the averaged readings as the current 

wet-bulb temperature during the drying process.  

 

Current board weights were continuously measured during drying. Ten 

boards were drying at once. The sample boards were hung in the kiln by stainless 

steel rods using special brackets (Fig. 3.1.4.1 and 3.1.4.2). A bracket had two 

functions, to keep a board attached to the rod and prevent the board from rotatiing 

due to difference in the mass between the sapwood and heartwood parts due to 

different moisture content. The rods were also attached to 4.54kg (10lb) capacity 

full-bridge thin-beam load cells placed on the top of the kiln. Two load cells per 

board were used for the weight calculation. All twenty load cells were connected to 

the acquisition computer which was reading the load cell output signals 

corresponding to the current weight of the boards and equipment that was used to 

hold the boards (rods, brackets and nuts on the rods). The boards were offset in the 

kiln to allow for drying ten boards simultaneously. 
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The drying process was stopped after the wettest board had reached 

approximately 12% moisture content. This moment was estimated by how much the 

boards were loosing moisture per time based on the signals from the load cells. 

 

 

 

 

 

 

Fig 3.1.4.1 The interior of the kiln loaded with boards whose weights are measured 

during drying 

 (1-Load cell, 2-Rod attached to load cell for holding the board, 3-Bracket screwed in 

the board for connecting the board and rod, 4-Board, 5-Drying air direction, 6- 

Perforated metal screen ). 
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Fig 3.1.4.2 Bracket used for connecting a board and rod (1) and preventing the board 

from rotating due to mass difference between the sapwood and heartwood parts (2). 

 

 

3.1.5 Measurements taken after drying 

 

Each board was weighed with a digital scale with accuracy of ±0.01 lb and its 

width and thickness were measured using a calipers  after the boards were unloaded 

from the kiln. The measurements were taken at the same location where the 

thickness and width were measured before drying. 

  

 After ovendrying the boards according to the ASTM secondary method D 

4442 (ASTM 1997), the boards were weighed with a digital scale with accuracy of 

±0.01 lb to obtain the ovendry weights. 

 

One hundred and twenty frozen end samples were selected for headspace 

hydrocarbon testing.  These were in four groups.  The frozen end samples were 

1 

2 
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selected based on the ending board moisture content after all of the 300 sample 

boards were dried. The ending moisture content of boards within a charge was 

chosen when the average moisture content of a charge was approximately 12%.  Two 

groups per drying schedule were formed where one group contained end samples 

whose sample boards reached lower and the other group included end samples whose 

sample boards achieved higher ending moisture content. 

 

The ending moisture content for the low temperature drying schedule group 

ranged from 9.7% to 14.6% for the sample boards reaching low ending moisture 

content and 20.21% to 39.4% to for the sample boards achieving high ending 

moisture content. The ending moisture content for the high temperature drying 

schedule group ranged from 5.0% to 8.9% for the sample boards reaching low 

ending moisture content and 14.0% to 27.2% for the sample boards achieving high 

ending moisture content. 

 

Each group included 30 frozen end samples coming from 15 sample boards 

and therefore 120 end samples in total were sent to the USDA Forest Service 

Southern Hardwoods Laboratory, Stoneville, MS for the chemical analysis.  A 14-

sensor e-nose was exposed to the headspace gas in a vial containing the sample.  

Principle components analysis was used on the e-nose response to determine 

differences in the chemical signature of the boards that reached high or low moisture 

content.   

 

3.1.6 Calculations 

 

 The sample board initial and final moisture contents were calculated as: 
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The basic density was calculated as: 

 

 OD
B

G,C

m

V
ρ =   

 

The green volume (VG) was calculated as G I IV TH WH L= ⋅ ⋅  where LB is 

the length of a board which was 1014mm (39.9”). The special attention was paid to 

the specimens where wane was present when calculating the green volume (Fig. 

3.1.6.1). 

 

 

 

 

 

 

 

 

Figure 3.1.6.1 Missing wood in a board (wane) 

 

 After measuring the dimensions of the wane with calipers (a, b, h) and 

calculating the wane volume as a volume of a pyramid (Vwane) or a triangular prism, 

the corrected green volume of the board was calculated as:  

 

 
G,C G waneV V V= −   

 

 The fraction of sapwood and heartwood within a board was approximated by 

their coverage areas calculated as: 

 

 HW
HW

CS

A
CA

A
=   

 
SW HWCA 1 CA= −   

a 

b 

h 



72 

 The ring count was calculated based on the width of two consecutive growth 

rings as follows: 

 

 
2GRWH

RC 2 /  
100

 =  
 

 
 

 

 where the number 100 represents the image resolution. 

 

 The earlywood and latewood board face coverage was expressed as the 

fraction of latewood covering the face of a board. It was calculated as: 
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The current moisture content during drying was obtained using the current 

weight throughout drying and ovendry mass of a sample board. It was calculated as: 
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 The board shrinkage was obtained using the measured thicknesses and widths 

before and after drying. It was calculated as: 
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The drying rate over a moisture content range was calculated as the quotient 

of the amount of removed moisture and the time it took to remove that amount of 

moisture: 
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3.2 Data analysis 

 

The collected data were inspected for possible signal irregularities due to 

electrical noise and possible board interaction during drying before the analysis was 

conducted. The analysis was performed on the raw data due to problems with fitting 

the data using various types of curves. 

 

The aim of the analysis was to answer the following questions: 

 

a) Was there any significant difference in the basic density, initial 

moisture content and heartwood percentage between the two large 

groups of lumber separated by more than a month in terms of 

procurement time? 

 

b) Which wood properties, if any, affected the drying rate at different 

moisture content levels during drying and by how much? 

 

c) What was the impact of the drying temperature below and above 

the water boiling point on the relationship between the wood 

properties and board geometric features related to the position 

within its parental log on the drying rate? 

 

d) Were there any correlations among wood properties? 
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A two-sample t-test was conducted over two large groups of lumber for each 

of the three wood properties. The null hypothesis was that there was no statistically 

significant difference in the mean values (H0:µ=0) while the alternative hypothesis 

stated that the mean values of the properties were statistically different (HA:µ≠0). 

The Anderson-Darling test was used to test the sample population for the normality 

assumption. 

 

Linear regression was used to test the effect of individual wood properties on 

the drying rate calculated over a range from high to low drying moisture content 

range. Linear multiple regression was used for testing the impact of linear 

combination of more wood properties as independent variables on the drying rate. 

The independent variables were basic density, initial moisture content, heartwood 

percentage, ring count, distance from the pith, growth ring angle, and latewood 

coverage of board faces. The dependent variable was the average value of drying rate 

calculated over the drying moisture content range currently analyzed. The Anderson-

Darling test was used to check the normal distribution assumption of the regressions’ 

residuals. Coefficients of determination (R2), regression line coefficients and 

corresponding p-values were observed. Coefficient of determination was used as the 

indicator of how much of the variation in drying rate was accounted for by variations 

in tested wood properties. The analysis was conducted separately for the drying 

schedules with dry-bulb temperature below and above the water boiling point. The 

result from the test for the normal distribution assumption, coefficient of 

determination, and regression curve equations were reported as the analysis output. 

 

A two-sample t-test was conducted to estimate the effect of the heartwood 

position on the drying rate. The boards denoted by “T” and “F” were used in the test. 

The null hypothesis was that there was no statistically significant difference in the 

mean values (H0:µ=0) between these two groups while the alternative hypothesis 

stated that the mean values of the drying rate were statistically different (HA:µ≠0). 

The Anderson-Darling test was used to test the sample population for the normality 

assumption.  
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A paired t-test was used to estimate the effect of different drying schedules 

on the drying rate. The test was conducted on the differences in the drying rates 

between “twin” boards that came from the same large lumber piece which were 

exposed to different drying conditions. Based on available data and initial moisture 

content ranges of boards dried at the low and high temperature schedules, the paired 

t-test was conducted over the range of initial to 25% moisture content. The initial 

moisture content used for the test was different for every pair of sample boards that 

came from a large board (“twin” sample boards). Due to the fact that green moisture 

contents of “twin” boards were not exactly the same, the test was conducted starting 

with the initial moisture content of the “twin” sample board that had lower initial 

moisture content. The null hypothesis was that the mean difference equaled zero 

(H0:∆µ=0) and the alternative hypothesis was that the mean difference was different 

than zero (HA:∆µ≠0). The 95% confidence interval was calculated to estimate the 

level of the impact of different drying schedules on the drying rate. The Anderson-

Darling test was used to test the population of differences in the drying rates between 

“twin” boards for the normality assumption. The boards were also ranked based on 

their drying rates within their belonging drying schedule groups. Linear regression 

test was conducted over the ranks of the boards exposed to high versus the ranks of 

the boards that were exposed to low temperature drying. 

 

Drying without and with presorting was tested and compared for the final 

moisture content distribution using the drying rate equations obtained from the 

analysis. In addition, coefficients of determination were calculated for linear 

regressions applied on the board ranks based on drying time of individual board 

calculated using the drying rate equations from the analysis and board ranks based on 

wood properties to calculate how much each property accounted for variations in 

drying time. Boards that were dried using the low temperature drying schedule were 

used for the tests.  
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4. Results 

 

 The lumber acquired in September and October was compared to that 

acquired in January and February for significant differences in the mean values of 

basic density, initial moisture content and heartwood percentage. A two-sample t-test 

yielded p-values which did not show a statistically significant difference in the 

properties’ mean values among the groups (Fig. 4.1-4.3). The number of boards for 

each group was 150. The Anderson-Darling normality test conducted for the basic 

density, initial moisture content, and amount of heartwood indicated that the sample 

population distribution could be assumed normal. The p-values of the two-sample t-

tests for all three properties are given in Table 4.1.  
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Figure 4.1 Box plot of basic density for two large groups of samples obtained at 

different times. 
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Figure 4.2 Box plot of initial moisture content for two large groups of samples 

obtained at different times. 
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Figure 4.3 Box plot heartwood percentage for two large groups of samples obtained 

at different times. 
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Table 4.1 P-values obtained from two-sample t-tests conducted on basic density, 

initial moisture content and amount of heartwood 

Property Two-sample t-test p-values (H0:µ1-µ2=0) 

Basic density 0.641 

Initial moisture content 0.790 

Heartwood percentage 0.415 

 

 

 4.1 Effect of wood properties on the drying rate using the low temperature 

drying schedule 

 

 The effects of wood properties on drying rate for the low temperature drying 

schedule were determined for four moisture content ranges, 140% - 90%, 90% - 

60%, 60% - 40% and 40% - 16%. Multiple linear regression and regression inference 

about the regression parameters were conducted for the basic density, initial moisture 

content, heartwood percentage, ring count, distance from the pith and growth ring 

angle, and latewood coverage of board faces as the independent variables. The 

dependent variable was the average value of drying rate calculated over the moisture 

content range currently analyzed. A two-sample t-test was conducted to estimate if 

there was a statistically significant difference in the drying rate between the boards 

denoted by “T” and “F” based on the position of heartwood within a board, 

 

 

4.1.1 Moisture content range of 140% to 90% 

 

 Multiple linear regression indicated that 64% of the variation in drying rate 

was accounted for by initial moisture content and heartwood percentage. The number 

of boards was 40. The regression coefficient tests yielded p-values which indicated 

that their mean values were not equal to zero. The Anderson-Darling normality test 

on the regression indicated that the residuals distribution could be assumed normal.  
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Figure 4.1.1.1 shows the measured versus predicted drying rate calculated based on 

the regression equation that was defined as follows: 

 

 -3 -3 3
calculatedDR =21 10  + 0.265 10 IMC - 0.081 10 HW−⋅ ⋅ ⋅ ⋅ ⋅  (4.1.1) 

 

When tested separately, the initial moisture content accounted for 55% and 

the heartwood percentage 20% of the variation in drying rate (Fig 4.1.1.2 and 

4.1.1.3). 

 

 

 

Figure 4.1.1.1 Experimental (measured) versus calculated (predicted) drying rate at 

low temperature for drying between 140% and 90% moisture content. Predicted 

drying rate was calculated using the initial moisture content and heartwood 

percentage as independent variables. 
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Figure 4.1.1.2 Drying rate versus initial moisture content at low temperature for 

drying between 140% and 90% moisture content. 

 

 

  
 

Figure 4.1.1.3 Drying rate versus heartwood percentage at low temperature for 

drying between 140% and 90% moisture content. 
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A two-sample t-test that was conducted on the boards denoted by “T” and 

“F” indicated that the heartwood position within a board did not affect the drying 

rate. The calculated p-value was much higher than 0.05 for the confidence level of 

95% (Table 4.1.2).  

 

4.1.2 Moisture content range of 90% to 60% 

 

 Multiple linear regression indicated that three parameters had a statistically 

significant impact on drying rate. The variation in basic density, initial moisture 

content and heartwood percentage explained 42% of the variation in drying rate. The 

number of boards was 73. The regression coefficient tests yielded p-values which 

indicated that their mean values were different than zero. The Anderson-Darling 

normality test on the regression indicated that the residuals distribution could be 

assumed normal.  Figure 4.1.1.3 shows the measured versus predicted drying rate 

calculated based on the regression equation that was defined as follows: 

 

 -3 -3 -3 3
calculatedDR =93.9 10  - 0.115 10 BD + 0.004 10 IMC - 0.076 10 HW−⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅  (4.1.2) 

 

When tested separately, the basic density explained 35%, the initial moisture content 

16% and the heartwood percentage 24% of the variation in drying rate (Fig. 4.1.2.2, 

4.1.2.3 and 4.1.2.4).  
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Figure 4.1.2.1 Experimental (measured) versus calculated (predicted) drying rate at 

low temperature for drying between 90% and 60% moisture content. Predicted 

drying rate was calculated using the basic density, initial moisture content, and 

heartwood percentage as independent variables. 
 

 
 

Figure 4.1.2.2 Drying rate versus basic density at low temperature for drying 

between 90% and 60% moisture content. 
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Figure 4.1.2.3 Drying rate versus initial moisture content at low temperature for 

drying between 90% and 60% moisture content. 

 

 

 
 

Figure 4.1.2.4 Drying rate versus heartwood percentage at low temperature for 

drying between 90% and 60% moisture content. 
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A two-sample t-test that was conducted on the boards denoted by “T” and 

“F” indicated that the heartwood position within a board did not affect the drying 

rate. The calculated p-value was much higher than 0.05 for the confidence level of 

95% (Table 4.1.2). 

 

4.1.3 Moisture content range of 60% to 40% 

 

 Multiple linear regression indicated that 42% of the variation in drying rate 

was accounted for by basic density and heartwood percentage. The number of boards 

was 91. The regression coefficient tests yielded p-values which indicated that their 

mean values were not equal to zero. The Anderson-Darling normality test on the 

regression indicated that the residuals distribution could be assumed normal. Fig 

4.1.3.1 shows the measured versus predicted drying rate calculated based on the 

regression equation that was defined as follows: 

 

 -3 -3 -3
calculatedDR =70.1 10  - 0.094 10 BD - 0.089 10 HW⋅ ⋅ ⋅ ⋅ ⋅  (4.1.3) 

 

When tested separately, the basic density and heartwood percentage 

accounted for 32% and 21% of the variation in drying rate respectively (Fig 4.1.3.2 

and 4.1.3.3). 
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Figure 4.1.3.1 Experimental(measured) versus calculated(predicted) drying rate at 

low temperature for drying between 60% and 40% moisture content. Predicted 

drying rate was calculated using the basic density and heartwood percentage as 

independent variables. 

 

 
 

Figure 4.1.3.2 Drying rate versus basic density at low temperature for drying 

between 60% and 40% moisture content. 
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Figure 4.1.3.3 Drying rate versus heartwood percentage at low temperature for 

drying between 60% and 40% moisture content. 

 

A two-sample t-test that was conducted on the boards denoted by “T” and 

“F” indicated that the heartwood position within a board did not affect the drying 

rate. The calculated p-value was much higher than 0.05 for the confidence level of 

95% (Table 4.1.2). 

 

4.1.4 Moisture content range of 40% to 16% 

 

 Multiple linear regression indicated that 69% of the variation in drying rate 

was explained by the variation of basic density, initial moisture content, and growth 

ring angle. The number of boards was 127. The regression coefficient tests yielded p-

values which indicated that their mean values were not equal to zero. The Anderson-

Darling normality test on the regression indicated that the residuals distribution could 

be assumed normal. Fig 4.1.4.1shows the measured versus predicted drying rate 

calculated based on the regression equation that was defined as follows: 

 

 -3 -3 -3 -3
calculatedDR =16 10  - 0.021 10 BD + 0.033 10 IMC-0.037 10GRA⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅  (4.1.4) 
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When tested separately, the basic density accounted for 38%, initial moisture content 

for 57%, and growth ring angle for 21% of the variation in drying rate (Fig 4.1.4.2, 

4.1.4.3, and 4.1.4.4). 

 

 

 

 

Figure 4.1.4.1 Experimental (measured) versus calculated (predicted) drying rate at 

low temperature for drying between 40% and 16% moisture content. Predicted 

drying rate was calculated using the basic density, initial moisture content, and 

growth ring angle as independent variables. 
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Figure 4.1.4.2 Drying rate versus basic density at low temperature for drying 

between 40% and 16% moisture content. 

 

 

 

 Figure 4.1.4.3 Drying rate versus initial moisture content at low temperature for 

drying between 40% and 16% moisture content. 
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Figure 4.1.4.4 Drying rate versus growth ring angle at low temperature for drying 

between 40% and 16% moisture content. 

 

A two-sample t-test that was conducted on the boards denoted by “T” and 

“F” indicated that the heartwood position within a board did not affect the drying 

rate. The calculated p-value was much higher than 0.05 for the confidence level of 

95% (Table 4.1.2). 

 

A summary of the effect of wood and board properties on the drying rate at 

low temperature for the drying ranges from 140% to 16% moisture content is given 

in Tables 4.1.1 and 4.1.2. Using the mean value and standard error obtained for 

coefficients and degrees of freedom for a particular multiple linear regression, 95% 

confidence intervals were calculated for the coefficients which were found to be 

different than zero (Fig. 4.1.4.5-4.1.4.8). 
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 A result from the preliminary analysis on the relation between the chemical 

composition of wood volatile compounds and the drying rate for low temperature 

drying is presented in the appendix A. 

 

Table 4.1.1 Effects of tested wood properties and board geometric features related to 

the position within its parental log on the drying rate indicated by multiple linear 

regression for drying at low temperature (“0” - no effect, “+” - effect with a positive 

slope, “−” - effect with a negative slope). 

 Moisture content ranges [%] 

Property 140 - 90 90 - 60 60 - 40 40 - 16 

Basic density [kg/m3] 0 
− 

-1.15⋅10-4 

− 

-9.4⋅10-5 

− 

-2.1⋅10-5 

Initial moisture content [%] 
+ 

2.65⋅10-4 

+ 

4⋅10-6 
0 

+ 

3.3⋅10-5 

Heartwood percentage [%] 
 − 

-8.1⋅10-5 

− 

-7.6⋅10-5 

− 

-8.9⋅10-5 
0 

Ring count [# of rings/inch] 0 0 0 0 

Distance from the pith [# of rings] 0 0 0 0 

Growth ring angle [°]  0 0 0 
− 

-3.7⋅10-5 

Early/latewood coverage of board faces [%] 0 0 0 0 

Constant [kgH2O/kgOD⋅h] 2.1⋅10-2 -9.3⋅10-2 -7⋅10-2 1.6⋅10--2 

 Eq. 4.1.1 Eq. 4.1.2 Eq. 4.1.3 Eq. 4.1.4 

 

 

Table 4.1.2 P-values obtained from the two-sample t-tests conducted on the 

difference in the mean drying rate between the boards denoted by “F” and “T” based 

on the heartwood position within a board for drying at low temperature. 

 Moisture content ranges [%] 

Property 140 - 90 90 - 60 60 - 40 40 - 16 

Heartwood position within a board 0.421 0.894 0.863 0.120 
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Figure 4.1.4.5 Basic density regression coefficients and their corresponding 95% 

confidence intervals for different moisture content ranges at low temperature drying. 

 

 
 

Figure 4.1.4.6 Initial moisture content regression coefficients and their 

corresponding 95% confidence intervals for different moisture content ranges at low 

temperature drying. 
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Figure 4.1.4.7 Heartwood percentage regression coefficients and their corresponding 

95% confidence intervals for different moisture content ranges at low temperature 

drying. 

 

 

Figure 4.1.4.8 Growth ring angle regression coefficients and their corresponding 

95% confidence intervals for different moisture content ranges at low temperature 

drying. 
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 4.2 Effect of wood properties on the drying rate using the high temperature 

drying schedule 

 

 The effects of wood properties on drying rate for the high temperature drying 

schedule were determined for four drying moisture content ranges, 120% - 80%, 

80% - 60%, 60% - 30% and 30% - 10%. They were slightly different that the levels 

chosen for the low temperature drying schedule due to different initial and ending 

moisture contents of “twin” boards that came from the same large lumber piece. 

Multiple linear regression method and regression inference about the regression 

parameters were conducted for the basic density, initial moisture content, heartwood 

percentage, ring count, distance from the pith, and growth ring angle and latewood 

coverage of board faces as the independent variables. The dependent variable was 

the average value of drying rate calculated over the drying moisture content range 

currently analyzed. A two-sample t-test was conducted to estimate if there was a 

statistically significant difference in the drying rate between the boards denoted by 

“T” and “F” based on the position of heartwood within a board. 

 

4.2.1 Moisture content range of 120% to 80% 

 

 Multiple linear regression indicated that 55% of the variation in drying rate 

was accounted for by initial moisture content (Fig 4.2.1.1 and 4.2.1.2). The 

regression coefficient test yielded a p-value which indicated that its mean value was 

not equal to zero. The other independent parameters did not have any impact on 

drying rate. The number of boards was 39. The Anderson-Darling normality test on 

the regression indicated that the residuals distribution could be assumed normal. 

Figures 4.2.1.1 and 4.2.1.2 show the measured versus predicted drying rate and 

drying rate versus initial moisture content correlation, respectively. The regression 

equation used for calculating the predicted drying rate was defined as follows: 

 

 -4 -4
calculatedDR =4·10  + 9.36 10 IMC ⋅ ⋅  (4.2.1) 
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Figure 4.2.1.1 Experimental (measured) versus calculated (predicted) drying rate at 

high temperature for drying between 120% and 80% moisture content. Predicted 

drying rate was calculated using the initial moisture content as the independent 

variable. 

 

 
 

Figure 4.2.1.2 Drying rate versus initial moisture content at high temperature for 

drying between 120% and 80% moisture content. 

 

A two-sample t-test that was conducted on the boards denoted by “T” and 

“F” indicated that the heartwood position within a board did not affect the drying 
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rate. The calculated p-value was much higher than 0.05 for the confidence level of 

95% (Table 4.2.2). 

 

4.2.2 Moisture content range of 80% to 60% 

 

 Multiple linear regression indicated that 58% of the variation in drying rate 

was accounted for by initial moisture content (Fig 4.2.2.1 and 4.2.2.2). The 

regression coefficient test yielded a p-value which indicated that its mean value was 

not equal to zero. The other independent parameters did not have any impact on 

drying rate. The number of boards was 79. The Anderson-Darling normality test on 

the regression indicated that the residuals distribution could be assumed normal. 

Figures 4.2.2.1 and 4.2.2.2 show the measured versus predicted drying rate and 

drying rate versus initial moisture content correlation, respectively. The regression 

equation used for calculating the predicted drying rate was defined as follows:  

 

 -3 -4
calculatedDR =4.6·10  + 8.1 10 IMC ⋅ ⋅  (4.2.2) 

 

 
 

Figure 4.2.2.1 Experimental (measured) versus calculated (predicted) drying rate at 

high temperature for drying between 80% and 60% moisture content. Predicted 

drying rate was calculated using the initial moisture content as the independent 

variable. 
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Figure 4.2.2.2 Drying rate versus initial moisture content at high temperature for 

drying between 80% and 60% moisture content. 

 

A two-sample t-test that was conducted on the boards denoted by “T” and 

“F” indicated that the heartwood position within a board did not affect the drying 

rate. The calculated p-value was much higher than 0.05 for the confidence level of 

95% (Table 4.2.2). 

 

4.2.3 Moisture content range of 60% to 30% 

 

 Multiple linear regression indicated that 33% of the variation in drying rate 

was accounted for by initial moisture content (Fig 4.2.3.1 and 4.2.3.2). The 

regression coefficient test yielded a p-value which indicated that its mean value was 

not equal to zero. The other independent parameters did not have any impact on 

drying rate. The number of boards was 95. The Anderson-Darling normality test on 

the regression indicated that the residuals distribution could be assumed normal. 

Figures 4.2.3.1 and 4.2.3.2 show the measured versus predicted drying rate and 
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drying rate versus initial moisture content correlation, respectively. The regression 

equation used for calculating the predicted drying rate was defined as follows:  

 

 -2 -4
calculatedDR = 2.69·10  + 2.22 10 IMC ⋅ ⋅  (4.2.3) 

  

 

 
 

Figure 4.2.3.1 Experimental (measured) versus calculated (predicted) drying rate at 

high temperature for drying between 60% and 30% moisture content. Predicted 

drying rate was calculated using the initial moisture content as the independent 

variable. 
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Figure 4.2.3.2 Drying rate versus initial moisture content at high temperature for 

drying between 60% and 30% moisture content. 

 

A two-sample t-test that was conducted on the boards denoted by “T” and 

“F” indicated that the heartwood position within a board did not affect the drying 

rate. The calculated p-value was much higher than 0.05 for the confidence level of 

95% (Table 4.2.2). 

 

4.2.4 Moisture content range of 30% to 10% 

 

 Multiple linear regression indicated that 57% of the variation in drying rate 

was accounted for by initial moisture content (Fig 4.2.4.1 and 4.2.4.2). The 

regression coefficient test yielded a p-value which indicated that its mean value was 

not equal to zero. The linear regression between the growth ring angle and drying 

rate resulted in the coefficient of determination of 15% but when included in the 

multiple regression with the initial moisture content as independent and drying rate 

as dependent variable, a p-value for the growth ring angle regression coefficient was 

0.1. This implied that the growth ring angle did not affect the drying rate enough to 

be included in the correlation. The other independent parameters did not have any 
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impact on drying rate as well. The number of boards was 120. The Anderson-Darling 

normality test on the regression indicated that the residuals distribution could be 

assumed normal. Figures 4.2.4.1 and 4.2.4.2 show the measured versus predicted 

drying rate and drying rate versus initial moisture content correlation, respectively. 

The regression equation used for calculating the predicted drying rate was defined as 

follows: 

 

 -3 -4
calculatedDR = 10.6·10  + 0.79 10 IMC ⋅ ⋅  (4.2.4) 

  

 

 
 

Figure 4.2.4.1 Experimental (measured) versus calculated (predicted) drying rate at 

high temperature for drying between 30% and 10% moisture content. Predicted 

drying rate was calculated using the initial moisture content as the independent 

variable. 
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Figure 4.2.4.2 Drying rate versus initial moisture content at high temperature for 

drying between 30% and 10% moisture content. 

 

A two-sample t-test that was conducted on the boards denoted by “T” and 

“F” indicated that the heartwood position within a board did not affect the drying 

rate. The calculated p-value was much higher than 0.05 for the confidence level of 

95% (Table 4.2.2). 

 

A summary of the effect of wood and board properties on the drying rate at 

high temperature for the drying ranges from 120% to 10% moisture content is given 

in Tables 4.2.1 and 4.2.2. Using the mean value and standard error obtained for 

coefficients and degrees of freedom for a particular multiple linear regression, 95% 

confidence intervals were calculated for the coefficients which were found to be 

different than zero (Fig. 4.2.4.3). 

 

A result from the preliminary analysis on the relation between the chemical 

composition of wood volatile compounds and the drying rate for high temperature 

drying is presented in the appendix A. 
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Table 4.2.1 Effects of tested wood properties and board geometric features related to 

the position within its parental log on the drying rate for indicated by multiple linear 

regression for drying at high temperature (“0” - no effect, “+” - effect with a positive 

slope, “−” - effect with a negative slope). 

 Moisture content ranges [%] 

Property 120 - 80 80 - 60 60 - 30 30 - 10 

Basic density [kg/m3] 0 0 0 0 

Initial moisture content [%] 
+ 

9.36⋅10-4 

+ 

8.1⋅10-4 

+ 

2.22⋅10-4 

+ 

7.9⋅10-5 

Heartwood percentage [%] 0 0 0 0 

Ring count [# of rings/inch] 0 0 0 0 

Distance from the pith [# of rings] 0 0 0 0 

Growth ring angle [°] 0 0 0 0 

Early/latewood coverage of board faces [%] 0 0 0 0 

Constant [kgH2O/kgOD⋅h] 4⋅10-4 4.6⋅10-3 2.69⋅10-2 1.06⋅10-2 

 Eq. 4.2.1 Eq. 4.2.2 Eq. 4.2.3 Eq. 4.2.4 

 

 

Table 4.2.2 P-values obtained from the two-sample t-tests conducted on the 

difference in the mean drying rate between the boards denoted by “F” and “T” based 

on the heartwood position within a board for drying at high temperature. 

 Moisture content ranges [%] 

Property 140 - 90 90 - 60 60 - 40 40 - 16 

Heartwood position within a board 0.462 0.470 0.259 0.129 
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Figure 4.2.4.3 Initial moisture content regression coefficients and their 

corresponding 95% confidence intervals for different moisture content ranges at high 

temperature drying. 

 

 

 4.3 Comparison of drying rates obtained at the low and high temperature 

drying schedules 

 

 A paired t-test indicated that the samples dried using the high temperature 

schedule had a higher mean drying rate with corresponding 95% confidence range of 

0.03453 to 0.03962 [kgH2O/kgOD⋅h] (Figure 4.3.1). This 95% confidence interval 

corresponds to 46% to 67% higher mean drying rate in the case of sample boards 

dried at high temperature compared to those dried at lower temperature. The number 

of boards used for the test was 270 (135 pairs). The Anderson-Darling normality test 

conducted over differences in the drying rates between “twin” boards indicated that 

the differences distribution could be assumed normal. 

  

The boards dried at high and low temperature were also sorted and ranked by 

their corresponding drying rates. Figure 4.3.2 shows the high temperature drying 

ranks versus low temperature drying ranks where the values of the high temperature 
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drying ranks (Rank HT) were plotted on the y and the values of the low temperature 

drying ranks (Rank LT) on the x axis. 

 

0.080.070.060.050.040.030.020.010.00

X
_

Ho

DRHT-DRLT [kgH2O/kgOD h]

Boxplot of DRHT-DRLT
(with Ho and 95% t-confidence interval for the mean)

 
 

Figure 4.3.1 Paired t-test of difference in drying rates for boards dried at high and 

low temperatures (DR HT-Drying rate of boards dried at high temperature, DR LT-

Drying rate of boards dried at lower temperature). 

 

 
 

Figure 4.3.2 High temperature drying ranks versus low temperature drying ranks. 
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 4.4 Relationships between wood properties 

 

  4.4.1 Basic density and initial moisture content 

 

 Basic density and initial moisture content averaged over all boards were 

401kg/m3 and 107% respectively. Applying a linear regression test on all the boards 

resulted in a fit with a very low coefficient of determination of 0.12 (Fig. 4.4.1.1). 

The number of boards was 300. P-values of the tests on the regression coefficients 

indicated that their mean values were not equal to zero. The Anderson-Darling 

normality test on the regression indicated that the residuals distribution could be 

assumed normal.  

 

The regression test was also applied on sample boards with no heartwood 

(Fig 4.4.1.2). The number of samples was 27. It caused the coefficient of 

determination to increase substantially. P-values of the tests on the regression 

coefficients indicated that their mean values were not equal to zero. The Anderson-

Darling normality test on the regression indicated that the residuals distribution could 

be assumed normal. The histogram of initial moisture content and basic density of all 

the boards used in the experiment can be seen in Figure 4.4.1.3 and 4.4.1.4, 

respectively. 
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Figure 4.4.1.1 Linear regression fit between the basic density and initial moisture 

content (all samples). 

 

 
 

Figure 4.4.1.2 Linear regression fit between the basic density and initial moisture 

content (samples with no heartwood). 
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Figure 4.4.1.3 Histogram of initial moisture content. 
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Figure 4.4.1.4 Histogram of basic density. 
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  4.4.2 Initial moisture content and heartwood percentage 

 

 A linear regression was conducted over two sets of data. The first set 

included all the data. The second set did not contain the data whose percentage of 

heartwood and sapwood could not be calculated based only on the test coloration but 

also using properties such as presence of pith, growth ring angle and presence of 

wane (Fig. 4.4.2.1 and 4.4.2.2). 

In both cases the linear regression resulted in a relatively high coefficient of 

determination between the initial moisture content and heartwood percentage 

indicated that more than 40% of the variation in initial moisture content was 

explained by the variation in the heartwood percentage. The number of boards used 

for the test was 300 for the first and 233 for the second set. P-values of the tests on 

the regression coefficients indicated that their mean values were not equal to zero. 

The Anderson-Darling normality test on the regression indicated that the residuals 

distribution could be assumed normal. 

 

 
 

Figure 4.4.2.1 Linear regression fit between the initial moisture content and 

heartwood percentage (test group containing all the boards). 
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Figure 4.4.2.2 Linear regression fit between the initial moisture content and 

heartwood percentage (test group that did not contain all the boards). 

 

 

  4.4.3 Basic density and ring count 

 

 A linear regression resulted in a fit with a moderately high coefficient of 

determination of 0.34 between the basic density and ring count (Fig. 4.4.3.1). The 

number of board was 300. P-values of the tests on the regression coefficients 

indicated that their mean values were not equal to zero. The Anderson-Darling 

normality test on the regression indicated that the residuals distribution could be 

assumed normal. 

 



109 

  

 

Figure 4.4.3.1 Linear regression fit between the basic density and ring count. 

 

 

 

  4.4.4 Ring count and distance from the pith 

 

 A linear regression resulted in a fit with a high coefficient of determination of 

0.75 between the ring count and distance from the pith (Fig. 4.4.4.1). The number of 

board samples was 300. P-values of the tests on the regression coefficients indicated 

that their mean values were not equal to zero. The Anderson-Darling normality test 

on the regression indicated that the residuals distribution could be assumed normal 
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Figure 4.4.4.1 Linear regression fit between the ring count and distance from the 

pith. 

 

 

4.4.5 Ending moisture content and growth ring angle’s effect on 

shrinkage in width 

 

 Multiple linear regression indicated that 55% of the variation in shrinkage in 

width was explained by the variation of ending moisture content and growth ring 

angle. The number of board was 300. P-values of the tests on the regression 

coefficients indicated that their mean values were not equal to zero. The Anderson-

Darling normality test on the regression indicated that the residuals distribution could 

be assumed normal. Fig 4.4.5.1 shows the measured versus predicted shrinkage in 

width. The regression equation used for calculating the predicted shrinkage in width 

was defined as follows: 

 

 
calculated FDWH =7.85 - 0.0637 GRA - 0.155 MC⋅ ⋅   
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When tested separately, the ending moisture content accounted for 31% and 

growth ring angle for 24% of the variation in shrinkage in width (Fig 4.4.5.2 and 

4.4.5.3). 

 

 

 

Figure 4.4.5.1 Experimental (measured) versus calculated (predicted) shrinkage in 

width. Predicted shrinkage in width calculated using the ending moisture content and 

growth ring angle as independent variables. 
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Figure 4.4.5.2 Shrinkage in width versus ending moisture content. 

 

 
 

Figure 4.4.5.3 Shrinkage in width versus growth ring angle. 
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Multiple linear regression indicated that 55% of the variation in shrinkage in 

width was explained by the variation of ending moisture content and growth ring 

angle for the boards dried at low temperature and 41% for the boards dried at high 

temperature (Fig. 4.4.5.4 and 4.4.5.5). P-values of the tests on the regression 

coefficients indicated that their mean values were not equal to zero. The Anderson-

Darling normality test on the regressions indicated that the residuals distributions 

could be assumed normal. Fig 4.4.5.4 and 4.4.5.5 show the measured versus 

predicted shrinkage in width. The regression equations used for calculating the 

predicted shrinkage in width for the boards dried at low temperature was defined as: 

 

 
calculated FDWH =6.9 - 0.0548 GRA - 0.12 MC⋅ ⋅   

 

and for the boards dried at high temperature: 

 

 
calculated FDWH =8.47 - 0.0757 GRA - 0.161 MC⋅ ⋅   

 

 

 

Figure 4.4.5.4 Shrinkage in width versus growth ring angle for the boards dried at 

low temperature. 
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Figure 4.4.5.5 Shrinkage in width versus growth ring angle for the boards dried at 

high temperature. 
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5. Discussion 

 

The chapter first reviews and evaluates the methods and equipment that were 

used for measuring some of the factors in the experiment. It then describes and 

evaluates the format in which the data were used for the statistical tests conducted in 

the project after which it focuses on the actual results that were obtained from the 

analysis. 

 

5.1 Evaluation of the measuring methods and equipment used in the 

experiment 

 

Two different chemical stains were applied to sample end grain to determine 

the amount of sapwood and heartwood present. The amounts were based on the color 

differences between the two wood types. Not all of the end samples turned into 

colors as described in Kutcha and Sachs (1962). Some developed a uniform color 

with no distinction between sapwood and heartwood. In addition, stains that were 

colored differently than their surrounding tissue appeared on some end samples. 

Kutcha and Sachs rated the chemical solutions used in the experiment as “B” 

or fairly good. Better solutions might have been obtained with two solutions rated 

“A” that could be used on hemlock. However, the chemicals for these solutions are 

very caustic, degrade wood and were not deemed safe on a large number of samples..  

 

The image processing program that had been developed earlier by Adin 

Berberovic was adapted to measure the growth ring angle and distance from the pith 

based on scanned images of end samples. It was validated by comparing the program 

output with the method published by Booker (1987). They are both based on the 

assumption that growth rings are perfect circles. The difference between these two 

techniques was less than 1%. Two problems were observed using these methods. 

Growth rings of the end samples used in the experiment were not perfectly circular 

and other features, such as knots, had a distorting effect on the growth ring geometry 

(Fig. 5.1.1). The difference in distances from the pith and growth ring angles 



116 

calculated using geometric characteristics of different locations of an end sample 

with irregular growth ring geometry could go up to 20%.  However, less than 5% of 

all end samples exhibited such a highly irregularity. 

 

 

Figure 5.1.1 Irregularity of growth ring geometry. 

 

 

Earlywood and latewood coverage of sample boards’ faces were calculated 

using an image processing method where pixels were separated based on their color. 

Thresholding did not accurately separate the earlywood and latewood pixels due to 

the small difference in color between earlywood and latewood with samples at 

higher moisture content. The results were evaluated by overlapping and visually 

comparing the tresholded and original images. 

 

Therefore, ImageJ program was used to visually assess and manually separate 

the earlywood and latewood pixels based on their color using the selection tool 

(ImageJ Internet Resource 2010). Although it was easier to distinguish earlywood 

and latewood pixels by the visual assessment, time required to process images 

increased substantially. It took approximately two hours per board to manually select 

and separate earlywood and latewood pixels. 

 

The twenty 101.6 cm (40 in) long and 6.3 mm (1/4 in) in diameter rods were 

connected to load cells at the top of the kiln passed through holes drilled in the kiln 

top. The holes were just big enough for the rods to run through to prevent air 

leakage. A possible problem with this kind of a setup was the interaction between a 

rod and hole. Based on the full range of the load cell deflection of 1.27 mm, any kind 
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of interaction such as friction or jamming could affect the force sensed by the load 

cell. However, it was noted during the experiment that small vibrations coming from 

two fans inside the kiln during drying eliminated possible negative effect of the rod-

hole interaction. 

 

A problem that was noted with sample boards that warped excessively was 

the interaction between the bracket extensions (Fig. 3.1.3.1) and neighboring rods. 

This especially applies to high temperature drying where sample boards tended to 

warp more than the sample boards dried at lower temperature. One of the solutions 

could be to make the bracket extensions as narrow as possible and chose an 

appropriate thickness of the bracket sheet metal so it can withstand bending and 

shear stresses due to sample board load. 

 

 5.2 Collected drying data format for statistical tests 

   

After the inspection, the moisture content versus time data were fit by the 

following equation (Milota 2008): 

 

 S t
I EMC EMCX (X X ) e X− ⋅= − ⋅ +   

 

where S is the slope of the drying rate function (1/h) 

 

 Not all of the data yielded a good fit. While some of the data fit excellent 

some of the sample boards showed a poor fit (Fig. 5.2.1 and 5.2.2). Fitting with cubic 

and functions with higher powers was not used due to the loss of physical context of 

drying process. For example, functions with higher powers fail to capture the 

constant drying rate period because it is represented by a linear relationship in the 

moisture content versus time coordinate system. Functions with higher powers also 

do not have the horizontal asymptote denoting the equilibrium moisture content 

which a board may reach towards the end of drying process. Therefore, the collected 

data were kept in the raw format. 
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Fig. 5.2.1 Example of a good exponential fit. 

 

 

 

 

Fig. 5.2.2 Example of a poor exponential fit. 
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5.3 Relationships between wood properties 

 

There was no statistically significant difference in the mean value of basic 

density, initial moisture content and amount of heartwood between two large groups 

of lumber obtained at different times (Fig. 4.1 – 4.3 and Table 4.1). This proved that 

all the boards came from the same population which allowed the analysis to be 

conducted with boards from both groups treated as a single group. 

  

The average value of the initial moisture content calculated over all the 

boards was 107%. It is in a good agreement with the average initial moisture content 

of 108% reported by Pong et al. (1986). The histogram of initial moisture content 

showed in Figure 4.4.1.3 reveals a normal distribution with a little positive skewness. 

 

The average value of the amount of heartwood calculated over all the sample 

boards was 53.1%. The linear regression of the initial moisture content and the 

amount of heartwood resulted in the coefficient of determination of 0.46 for all 

samples and 0.44 when some of the samples were removed due to uncertainty in 

determining the amount of sapwood and heartwood with the chemical coloration test 

(Fig. 4.4.2.1 and 4.4.2.2). The result indicated that the higher the amount of 

heartwood the lower the initial moisture content of a green board. However, a 

moderate value of the coefficient of determination may indicate a presence of 

heartwood containing wet pockets called wetwood. It may have caused the 

heartwood of some samples to be higher in moisture content compared to samples 

with heartwood containing no wetwood. The difference in moisture content between 

heartwood containing wetwood and heartwood with no wetwood was reported by 

Dreistadt (2004), Forest Products Laboratory (2003), Brashaw et al. (2000), Forest 

Product Laboratory (1993), and Kozlik 1970. 

 

The average value of basic density of all of the sample boards was 401 kg/m3. 

It is in a good agreement with the average basic density of 408 kg/m3 reported by 
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Pong et al. (1986). Jozsa et al. (1998) and Simpson (1991) obtained the average basic 

density of 420 kg/m3. The histogram of basic density showed in Figure 4.4.1.4 

reveals a normal distribution. There was a weak relationship found between basic 

density and initial moisture content with the coefficient of determination of 0.12 

when analysis was applied on all the samples (Fig. 4.4.1.1). However, when analysis 

was conducted using only sample boards with no heartwood the coefficient of 

determination increased substantially and reached 0.46 (Fig. 4.4.1.2). This could be 

explained by the fact that heartwood which was removed from the analysis contains 

dead cells which do not transport fluids in a living tree and are low in moisture 

content. Therefore, moisture content of heartwood may not be as strong function of 

basic density as moisture content of sapwood is. 

 

The coefficient of determination of 0.34 for the linear regression of the basic 

density and ring count indicated that the samples with higher ring count (narrower 

growth rings) had a higher basic density. This trend, although weak, was also 

reported by Jozsa et al. (1998). Considering that earlywood and latewood differ 

substantially in density, the effect that the ring count had on the basic density might 

be related to the impact of the growth ring width on the ratio of earlywood and 

latewood amount. The percentage of the earlywood and latewood face coverage 

measured in this project could not be used in this case because it might not represent 

the percentage of earlywood and latewood throughout the volume of a board. 

 

The relationship between the ring count and distance from the pith can be 

seen in Figure 4.4.4.1. The coefficient of determination of 0.75 confirmed the trend 

where the samples further from the pith had higher ring count (narrower growth 

rings). This may be related to the fact that the growth rate (growth ring width) 

declines with tree age (distance from the pith) which could be caused by effects such 

as the change in respiration over time, hydraulic limitations, tissue maturation, 

increased circumference of a tree around which the new wood tissue is produced and 

external factors such as temperature, competition with other trees or drought 

occurrence. 
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5.4 Impact of wood properties and board geometric features related to the 

position within its parental log on the drying rate 

 

Basic density, amount of heartwood, initial moisture content, and growth ring 

angle affected the drying rate at lower temperature (Fig. 4.1.1.1 – 4.1.4.4, Table 

4.1.1). Basic density was negatively correlated with drying rate within the drying 

range of 90% to 16%. The fact that no effect of basic density on the drying rate was 

found at high moisture content (140% to 90%) could suggest that basic density 

started affecting the drying rate when diffusion started occurring in layers close to 

the board surface which were at lower moisture content due to drying physics which 

results in a receding evaporative plane in a board during drying. The 95% confidence 

intervals of the basic density regression coefficients and indicated overlap suggest 

there is no statistically significant difference between the mean values of the 

coefficients for 90%-60% and 60%-40% moisture content ranges (Figure 4.1.4.5). 

The mean value of the regression coefficient for 40%-16% drying moisture content 

range was statistically different than those calculated for higher drying moisture 

content ranges. 

 

The amount of heartwood was negatively correlated with drying rate over the 

moisture content range of 140% to 40% (Fig. 4.1.1.1 – 4.1.4.4). Similar results were 

obtained by Morrell et al. (2003), Keey and Nijdam (2002) and Perre and Turner 

(1997). The lower permeability of heartwood to free water may be attributed to 

aspirated pits and pits encrusted with extractives present in heartwood. The effect of 

the amount of heartwood on the drying rate occurred only at the drying moisture 

content higher than the fiber saturation point (30%), probably due to lack of free 

water at moisture contents lower than the fiber saturation point. In addition, as a 

board dries, the pits in the sapwood aspirate whereas those in the heartwood were 

aspirated prior to drying which could also reduce the difference in permeability 

between sapwood and heartwood thereby reducing the negative effect of heartwood 

on drying rate. The 95% confidence intervals of the heartwood percentage regression 

coefficients and indicated overlaps suggest there is no statistically significant 
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difference between the mean values of the coefficients for all three moisture content 

ranges where the heartwood percentage was found to affect drying rate (Figure 

4.1.4.7). 

 

 Initial moisture content was positively correlated with drying rate within all 

moisture content ranges (Fig. 4.1.1.1 – 4.1.4.4). Cabardo (2006) and Innes and 

Redman (2003) presented similar results. A possible reason for this behavior could 

be the coupled effect of the initial moisture content and basic density where the 

samples with lower density had higher initial moisture content and vice versa. There 

was no relationship between the basic density and initial moisture content found in 

this research (Fig. 4.4.1.1) as opposed to what was found by Pang (2000), Oliveira 

and Zhang (1994), and Walker (1993), however, it can be seen from the Figure 

4.4.1.2 that there was a fairly strong correlation between the basic density and initial 

moisture content for the samples that contained only sapwood. Considering that 

wetwood with higher moisture content occurs only in heartwood, this could be an 

evidence of wetwood presence in the boards containing heartwood which could mask 

the relationship between the initial moisture content and basic density thereby 

masking the indirect effect of initial moisture content on the drying rate. The 95% 

confidence intervals of the initial moisture content regression coefficients without 

overlapping suggest there is statistically significant difference between the mean 

values of the coefficients for all three moisture content ranges where the initial 

moisture content was found to affect drying rate (Figure 4.1.4.6). 

 

To test for an interactive effect of moisture content and heartwood percentage 

on drying rate, a multiple linear regression with the initial moisture content, amount 

of heartwood and an interaction term as the independent variables and the drying rate 

as dependent variable was conducted over the moisture content of 140%-90% and 

90%-60%. The interaction term was the product of initial moisture content and 

amount of heartwood. The interaction term did not have a significant effect which 

suggested that the drying rate change with initial moisture content was independent 

of the heartwood percentage. 
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The growth ring angle was negatively correlated with drying rate in the 

moisture content range of 40%-16% (Fig. 4.1.4.4). The same behavior was found by 

Hao and Avramidis (2004) and Pang (2002A). Diffusion is the main mechanism of 

moisture transport within wood at low moisture content and hence it has a significant 

influence on drying rate. In addition, the gas diffusion in wood in the tangential 

direction is lower than that in the radial direction. Drying mainly occurs along the 

thickness direction of a board and therefore the sample boards with the lower growth 

ring angle (flatsawn) dried faster than the sample boards with the higher growth ring 

angle (quartersawn). The 95% confidence interval of the growth ring angle 

regression coefficient for the moisture content range of 40%-16% can be seen on 

Figure 4.1.4.8. 

 

Initial moisture content was the only property that affected the drying rate 

during high temperature drying (Fig. 4.2.1.1 – 4.2.4.2).  It had an effect over the 

entire moisture content range of 120% to 10%. This result contrasts what was found 

by Keey and Nijdam (2002), and Perre and Turner (1997). The authors reported that 

sapwood and heartwood percentage affected drying rate at high temperature drying. 

The wood temperature during high temperature drying can reach and exceed the 

water boiling point.  The vapor pressure is a strong function of temperature so small 

changes in temperature can lead to significant changes in pressure inside the wood. 

At 115°C, the increase in vapor pressure within the boards may mask possible effects 

from other wood properties on the drying rate. This was observed by Pang (2002A) 

who found a clear effect of sawing pattern on drying rate with the temperature lower 

than the water boiling point and no effect with the temperature greater than the 

boiling point. (Fig. 2.2.5.6 – 2.2.5.8). The 95% confidence intervals of the initial 

moisture content regression coefficients and indicated overlap suggest there is no 

statistically significant difference between the mean values of the coefficients for 

120%-80% and 80%-60% moisture content ranges (Fig. 4.2.4.3). The mean values of 

the regression coefficients for 60%-30% and 30%-10% moisture content ranges were 

statistically different than those calculated for other moisture content ranges. 
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The boards dried using the high temperature schedule dried at rates 46% to 

67% greater than the boards dried using the low temperature schedule (Fig. 4.3.1). 

Besides the higher dry-bulb temperature used in one of the drying schedules, this 

result could also suggest that boiling of moisture that occurs at dry-bulb temperatures 

higher than the water boiling point may have additionally driven the moisture 

through the wood resulting in the higher drying rate. 

 

A strong linear relationship was found between the drying rate ranks of 

boards dried at high and low temperature (Figure 4.3.2). It showed that the boards 

which dried at higher drying rates using the high temperature drying tended to dry at 

higher drying rates at the low temperature drying and vice versa. This could indicate 

that more properties besides the initial moisture content might have affected the 

drying rate at high temperature drying and that there might have been an effect that 

masked these effects.  

 

A sensitivity analysis using the multiple linear regression equations obtained 

from the statistical analysis (Eq. 4.1.1 - 4.1.4 and 4.2.1 - 4.2.4) was performed on 

basic density, initial moisture content, amount of heartwood, and growth ring angle 

in order to see how they affect the final moisture content distribution. Slightly 

different values were of properties were chosen for the low and high temperature 

drying due to the moisture content ranges captured by the drying rate equations. 

Basic density of 400 kg/m3, initial moisture content of 110 %, heartwood percentage 

of 50 %, and growth ring angle of 45° were chosen to be the base case for the 

sensitivity analysis of the low temperature drying. Initial moisture content of 90% 

was picked as the base case to analyze the high temperature drying. These properties 

were changed and their impact on the drying time was observed. Drying times for 

different combinations of properties were compared to that of the base case (Table 

5.4.1 and 5.4.2). 

 



125 

Table 5.4.1 Impact of wood properties and board geometric features related to the 

position within its parental log on drying time for low temperature drying (*-Base 

case). 

Basic 
Density Initial MC Heartwood  

Growth ring 
angle Ending MC 

Drying 
time 

Compared to 
base case 
drying time 

[kg/m3] [%] [%] [°] [%] [h] [h] 

400* 110* 50* 45* 16 43.3 0 

450 110 50 45 16 48.8 5.5 
420 110 50 45 16 45.3 2.0 
380 110 50 45 16 41.5 -1.8 
350 110 50 45 16 39.0 -4.3 
400 140 50 45 16 45.8 2.5 
400 120 50 45 16 44.3 1.0 
400 100 50 45 16 42.2 -1.1 
400 80 50 45 16 39.6 -3.7 
400 110 100 45 16 45.7 2.4 
400 110 75 45 16 44.4 1.1 
400 110 25 45 16 42.3 -1.0 
400 110 0 45 16 41.4 -1.9 
400 110 50 90 16 48.6 5.3 
400 110 50 60 16 44.8 1.5 
400 110 50 30 16 41.9 -1.4 
400 110 50 0 16 39.6 -3.7 

 

 

Table 5.4.2 Impact of initial moisture content on drying time for high temperature 

drying (*-Base case). 

Initial MC Ending 
MC 

Drying 
time 

Compared to base 
case drying time 

[%] [%] [h] [h] 

90* 16 18.1 0 

120 16 18.1 0.0 
110 16 18.1 0.0 
80 16 17.9 -0.2 
60 16 16.6 -1.5 

 

 

The table 5.4.1 shows that an increase of any of the four properties with 

respect to the base case resulted in an increase of the drying time. This outcome was 

expected for the basic density, heartwood percentage, and growth ring angle which 
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were found to be negatively correlated the drying rate. However, the initial moisture 

content exhibited the same effect on the drying time, although, it was found to be 

positively correlated to the drying rate. This means that the change of drying rate 

caused by an initial moisture content change is not great enough to offset the time 

change caused by a greater change in initial moisture content. 

 

Based on the ranges within which the properties and their corresponding 

drying times were changed, it can be calculated that one hour drying time increase is 

caused by 10.2 kg/m3 increase in basic density, 9.7 % increase in initial moisture 

content, 23.3 % increase in heartwood percentage, or a 10° increase in the growth 

ring angle. 

 

The table 5.4.2 shows that an increase of initial moisture content above 90% 

did not caused an increase in drying time. This means that the positive correlation 

between the initial moisture content and drying rate caused the drying rate to 

increase enough to compensate for the additional amount of moisture that has to be 

removed. It was not the case with initial moisture content below 90 % and based on 

the ranges within which initial moisture content and its corresponding drying times 

were changed, it can be calculated that one hour drying time increase is caused by 

17.6 % increase in initial moisture content. 

 

The drying times calculated from the sensitivity analysis for the low 

temperature drying were compared to drying times obtained by using the average 

drying rate function from Berberovic (2007) (Table 5.4.3). The function was defined 

for the dry-bulb temperature range of 71.1°C to 106.7°C (160°F to 224°F) and wet-

bulb temperature range of 48.9°C to 83.3°C (120°F to 182°F). The average drying 

rate function was based on the drying flux which was defined as: 

 

 db( 2404.2 /T ) 16.64
D EMC

1
16.64 16.64

db wb

w {[(3.6033 e ) (X X )]

          +(0.0157 (T T ) 0.0663) }

− −

−−

= ⋅ ⋅ − +

⋅ − +
 (5.4.1) 
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The equation 5.4.1 predicted a drying time for the base case which was 3.8 

hours longer than a drying time obtained using the drying rate equations obtained in 

this study (Eq. 4.1.1 - 4.1.4). The relative error was 8.8%. The only wood property 

describing wood variability that is taken into account by the equation 5.4.1 is initial 

moisture content and hence it can not describe how other wood properties affect 

drying rate.  Therefore, the relative error between the predicted drying time using the 

drying rate equations from this work and average drying rate function from 

Berberovic (2007) ranged from 0.25% to 21% depending on the combination of 

wood properties that were found to affect the drying rate. 

 

 

Table 5.4.3 Comparison of drying times obtained using the drying rate equations 

from this work and drying rate function from Berberovic (2007) for low temperature 

drying (*-Base case, **-This work, ***-Berberovic (2007)). 

Basic 
Density 

Initial MC Heartwood  Growth ring 
angle 

Ending 
MC 

Drying 
time** 

Drying time***  

[kg/m3] [%] [%] [°] [%] [h] [h] 

400* 110* 50* 45* 16 43.3 39.5 

450 110 50 45 16 48.8 39.5 

420 110 50 45 16 45.3 39.5 
380 110 50 45 16 41.5 39.5 

350 110 50 45 16 39.0 39.5 

400 140 50 45 16 45.8 47.6 
400 120 50 45 16 44.3 42.2 
400 100 50 45 16 42.2 36.8 
400 80 50 45 16 39.6 31.4 
400 110 100 45 16 45.7 39.5 

400 110 75 45 16 44.4 39.5 

400 110 25 45 16 42.3 39.5 

400 110 0 45 16 41.4 39.5 

400 110 50 90 16 48.6 39.5 

400 110 50 60 16 44.8 39.5 

400 110 50 30 16 41.9 39.5 

400 110 50 0 16 39.6 39.5 
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One way to incorporate the impact of properties that were found to affect the 

drying rate in the simulation by Berberovic (2007) would be to: 

 

1) Use the simulation code to generate an average drying rate curve based 

on the drying conditions and stack geometry. It would be associated with 

each board in the stack 

 

2) Generate drying rates using the equations 4.1.1 - 4.1.4 based on the 

individual properties of each board and the drying conditions the boards 

were exposed to during drying simulation 

 

3) Use the drying rates that account for the wood properties calculated using 

the equations 4.1.1-4.1.4 to correct the average drying rate function that 

was generated in the step 1 

 

4) Use the simulation code with the drying rate functions corrected for wood 

variability to simulate the drying process 

 

5) Go to the step two if the deviation between the drying rate function from 

the steps two and four is larger than the predefined convergence criterion 

or else finish the simulation and show the drying curve and board 

temperature profiles 

 

This approach requires that the drying rate equations that account for wood 

variability (Eq. 4.1.1-4.1.4) are defined over the range of drying conditions that is 

used to simulate the drying process. 
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5.5. Test of the presorting concept 

 

The first test simulated drying without  presorting.  Four charges were created 

randomly from 88 boards that were dried using the low temperature drying schedule. 

Using board properties found to affect the drying rate, every charge was dried using 

a simulation based on the obtained equations from the regression analysis (Eq. 4.1.1 

- 4.1.4). The drying time was the same for all the charges and final average moisture 

content for all charges combined was 20% (Fig. 5.5.1). The charge target moisture 

content was chosen in the way so none of the boards dried below 16% because that 

the drying rate equations 4.1.1 – 4.1.4 are defined over the range of 140%-16% 

moisture content.  

 

The next step was to presort boards prior to drying. The same 88 boards that 

were used in the simulation without presorting were presorted based on predicted 

board drying time to 20% moisture content using equations 4.1.1 - 4.1.4. (Fig. 5.5.1).  

Four charges were formed based on expected drying time. Each charge was then 

dried to and average of 20% moisture content using equations 4.1.1 - 4.1.4. Each 

charge was dried for a slightly different time to achive this average. 

 

The final moisture content distributions for simulated drying with and 

without presorting can be seen in Figures 5.5.3 and 5.5.4. The results suggest that 

presorting reduced the variation in the final moisture content distributions withinn 

individual charges as well as between charges. The overall final moisture contentfor 

all 88 boards was 20% in both cases but the standard deviation was decreased by 

65% when presorting (Fig. 5.5.4). 

 

The standard deviation of final moisture content of 3.7% for the charge 

average final moisture content of 20% was calculated for drying with no presorting 

using the drying rate equations 4.1.1 - 4.1.4 For a similar drying schedule, 

experiments on non-presorted hemlock lumber drying conducted by Berberovic 

(2007) resulted in a standard deviation of 4.4 % for an average final moisture content 
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of 14%. The fact that the drying rate equations (Eq. 4.1.1 - 4.1.4 ) do not account for 

100% of variation in drying rate, based on their corresponding coefficients of 

determination obtained in the analysis, could explain the lower final moisture content 

deviation predicted by the equations compared to that of obtained by experiments 

conducted by Berberovic (2007). 

 

 

 

 

Figure 5.5.1 Drying simulation without using the presorting concept. 

 

 

 

 

 

Figure 5.5.2 Drying simulation using the presorting concept (DT-drying 

time). 
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Figure 5.5.3 The final moisture content distribution of individual charges for drying 

with and without presorting. 

 

 

 

Figure 5.5.4 Final moisture content distribution of all the boards for drying with and 

without presorting. 
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The boards used for testing the presorting concept were ranked based on the 

presorting criterion where the board whose predicted drying time was the shortest 

was ranked the first and so on. The boards were than sorted and ranked based on 

basic density, initial moisture content, heartwood percentage, and growth ring angle. 

Coefficients of determination were calculated for linear regressions applied on the 

drying time ranks and wood property ranks to calculate how much each property 

accounted for variations in drying time. The regressions resulted in that basic density 

and initial moisture content explained 23% and 20% of drying time variations, 

respectively. Heartwood percentage and growth ring angle showed a very weak 

impact on the drying time based on their low coefficients of determination of 0.1% 

and 1.4%, respectively. Two reasons could be behind this behavior. One is the fact 

that both basic density and initial moisture content accounted for more of drying rate 

variability than heartwood percentage and growth ring angle based on their 

corresponding coefficients of determination. In addition, initial moisture content has 

a considerable impact on drying time because it directly determines how much 

moisture has to be removed to reach the target final moisture content. The average 

value and standard deviation of the initial moisture content of the boards used in the 

test were 93.1% and 25.8%, respectively. Therefore, this wide range of board initial 

moisture contents could have caused the heartwood percentage and growth ring 

angle not to have any impact on drying time. 

   

 

 

 

 

 

 

 

 

 

 



133 

6. Conclusions 

 

 The main result of this study was to quantify relationships between the wood 

properties and drying behavior of western hemlock (Tsuga heterophylla) at different 

moisture content levels.  The results can be used to sort lumber prior to drying so that 

it may be dried more efficiently and achieve higher product quality. Employing 

different aspects and approaches on the drying problem imposed by wood variability 

resulted in the following conclusions: 

 

1) Wood properties and board geometric features related to the position within 

its parental log had a strong impact on drying rate during the convective 

drying of hemlock for both low and high temperature drying. 

 

2) Different properties had different impacts on drying rate at different moisture 

content levels. 

 

3) Initial wood moisture content affects drying rate during both low and high 

temperature drying. 

 

4) Boards that dried at higher rates at low temperature also dried at higher rates 

at high temperature drying. 

 

5) Drying times calculated using wood properties and board geometric features 

related to the position within its parental log can be used to predict drying 

time. 

 

6) Presorting based on predicted drying times can result in more uniform final 

moisture content distributions at the end of drying. 

 

It was found that basic density, initial moisture content, heartwood percentage, 

and growth ring angle affected drying rate at low temperature and only initial 
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moisture content affected it at high temperature drying.  Initial moisture content was 

positively correlated to drying rate while basic density, heartwood percentage, and 

growth ring angle were negatively correlated. 

 

The properties did not have the same impact on the drying rate throughout the 

whole drying range that was observed in the analysis of low temperature drying. 

Basic density was found to affect the drying rate from 90% to 16%, initial moisture 

content from 140% to 60% and 40% to 16%, heartwood percentage from 140% to 

40%, and growth ring angle from 40% to 16% moisture content. For high 

temperature drying, initial moisture content was found to affect the drying rate 

throughout the range from 120% to 10% moisture content. 

 

Boards with similar properties exhibited similar drying behavior at low and high 

temperature. Boards which dried at higher rates at low temperature also dried at 

higher rates at high temperature. This means that wood properties had similar effects 

on drying rate even though the mechanisms for drying differ above and below the 

boiling point.  

 

It is possible to predict a drying time of a piece of lumber using its properties 

and a given drying schedule. The drying time calculated using the drying rate 

equations obtained from this work can be used as an indicator of rates at which the 

lumber will dry. The predicted drying time can also be used as a presorting criterion 

for sorting different pieces of lumber prior to drying in order to have boards that dry 

similarly within the same package. Presorting reduces the final moisture content 

distribution compared to the usual procedure in industry where packages of lumber 

are formed of randomly chosen pieces of lumber. Although basic density, initial 

moisture content, heartwood percentage, and growth ring angle were all found to 

affect drying rate, only basic density and initial moisture content had a significant 

effect on a drying time. This indicates that only basic density and initial moisture 

content could be used as the presorting criteria to dry boards to similar final moisture 

content. 
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It can be concluded from this entire work that it is possible to predict rate at 

which a piece of lumber will dry based on its properties and drying schedule. 

However, the drying rate itself can not be used to achieve the important goal in 

lumber drying industry which is to dry lumber to similar final moisture content. A 

simulation of the whole drying process based on the drying rate equation is required 

to predict the drying time which can be utilized in industry to presort boards in order 

to dry them to similar moisture content. Using science to help industry is the only 

way to make industrial procedures more effective which, in turn, will result in 

preserving natural resources and making them more sustainable by using them more 

efficiently. 
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Nomenclature 

 

Symbols: 

 

A - Surface area [# of pixels] or [m2] 

BD – Basic density [kg/m3] 

CA - Coverage area [/] 

D - Diffusion coefficient [m2/s] 

DFP - Distance from the pith [# of rings] 

DTH - Shrinkage in thickness [/] 

DWH - Shrinkage in width [/] 

DR – Drying rate [kgH2O/kgOD⋅h] 

EA - Activation energy for diffusion as a quotient of activation energy and gas 

constant [K] 

GRA - Growth ring angle [°] 

HP - Heartwood position [/] 

HW – Heartwood percentage [%] 

IMC – Initial moisture content [%] 

L - Length [m] 

m - Mass [kg] 

MC – Moisture content [%] 

RC - Ring count [/] 

S - Slope of the drying rate function [1/h] 

SG - Specific gravity [/] 

TH - Thickness [m] 

T - Temperature [K] 

t - Time [s] 

V - Volume [m3] 

v - Velocity [m/s] 

WH - Width [m] 

wD - Drying flux from board surface [kgH20/m2·s] 
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X - Moisture content [/] 

z - Distance from the surface [m] 

 

Greek symbols: 

 

µ - Mean value [/] 

ρ - Density [kg/m3] 

 

Subscripts: 

 

B - Board 

B - Basic  

C - Corrected 

C - Current 

CS - Cross section 

DB - Dry-bulb 

EMC - Equilibrium moisture content 

EW - Early wood 

F - Face 

F - Final 

G - Green 

HW - Heartwood 

I - Initial 

LW - Late wood 

OD - Ovendry 

r - Reference 

SW - Sapwood 

WB -Wet-bulb 

W - Water 
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Appendix A 

 

 A preliminary analysis on the relation between the chemical composition of 

wood volatile compounds and the drying rate for low and high temperature drying 

was completed after the body of the thesis was written.  These results are presented 

here. 

 

The green end samples were removed from the freezer at -20°C and allowed 

to thaw. A single wood sample (25 mm x 40 mm) was cut from one end of each of 

the original end sample using a plunge table saw. The sample was placed into the air-

purged glass sampling bottle in the Aromascan A32S e-nose with 14 sensors in the 

sensor array. The sampling bottles were then sealed and allowed to equilibrate for 30 

minutes before each analysis. The data analysis was conducted by making statistical 

comparisons based on three-dimensional principal component analysis (PCA) using 

normalized sensor-intensity data from the sensor array. Fifteen replicate samples per 

each combination of drying temperature and final moisture content were used in the 

PCA analysis. 

 

The preliminary results from the PCA indicates that the e-nose sensor 

responded differently to boards that reached low ending moisture content compared 

to boards that reached high ending moisture content at high temperature drying 

(Figure A.1).  This is most evident for the first principle component as shown in 

Figure A.1 (View 1, upside down versus right side up triangles). The samples dried 

at low temperature appear to be better separated by the second principle component 

as shown in Figure A.1 (View 2, diamonds versus squares).  These differences 

suggest that boards might be separated based on expected drying time using the 

response of an e-nose sensor. 
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Table A.1 Low temperature drying samples used in the chemical analysis 

HIGH END MOISTURE CONTENT SAMPLES LOW END MOISTURE CONTENT SAMPLES 

Charge 
# 

Board 
# 

Green 
MC 

End 
MC 

Drying 
Schedule  

Charge 
# 

Board 
# 

Green 
MC 

End 
MC 

Drying 
Schedule 

[/] [/] [%] [%] [/]  [/] [/] [%] [%] [/] 

8 40R 85.44 39.42 LT  5 30L 93.04 14.58 LT 
21 107L 108.40 34.35 LT  23 119L 85.74 14.07 LT 
23 112L 100.87 29.82 LT  8 36R 102.16 14.04 LT 
27 131L 114.86 28.62 LT  16 73R 144.64 14.00 LT 
12 53L 73.43 27.50 LT  3 15L 121.01 13.70 LT 
18 87L 98.53 25.60 LT  3 14R 121.35 13.31 LT 
3 20L 91.58 24.82 LT  29 143R 118.10 13.13 LT 
26 125L 95.81 23.19 LT  10 41R 86.83 13.11 LT 
2 8L 92.44 22.95 LT  21 106R 106.23 12.64 LT 
12 58R 73.00 22.68 LT  20 99R 87.57 12.30 LT 
26 121R 95.07 22.05 LT  18 85L 98.14 12.22 LT 
18 84R 77.64 21.90 LT  16 72L 78.75 12.20 LT 
2 6R 91.01 21.46 LT  16 79L 105.07 10.97 LT 
8 35R 67.47 20.69 LT  27 137L 133.08 10.43 LT 
23 114L 79.91 20.21 LT  14 62R 97.51 9.69 LT 

 

 

 

Table A.2 High temperature drying samples used in the chemical analysis 

HIGH END MOISTURE CONTENT SAMPLES  LOW END MOISTURE CONTENT SAMPLES 

Charge 
# 

Board 
# 

Green 
MC 

End 
MC 

Drying 
Schedule  

Charge 
# 

Board 
# 

Green 
MC 

End 
MC 

Drying 
Schedule 

[/] [/] [%] [%] [/]  [/] [/] [%] [%] [/] 

19 95L 116.50 27.17 HT  1 2L 94.84 8.91 HT 
22 107R 76.48 25.10 HT  6 24R 160.72 8.76 HT 
1 5L 98.18 22.66 HT  7 36L 101.05 8.49 HT 
11 58L 85.42 20.21 HT  28 134R 151.16 8.23 HT 
25 126R 101.31 17.75 HT  25 128L 109.66 8.15 HT 
13 67R 70.24 17.55 HT  30 150L 160.75 8.08 HT 
25 127R 79.68 17.53 HT  9 48R 80.05 7.98 HT 
15 78R 90.07 16.52 HT  4 14L 98.68 7.98 HT 
6 29L 97.35 15.39 HT  13 64R 85.31 7.96 HT 
30 141R 119.14 14.79 HT  22 110L 122.25 7.41 HT 
9 49L 102.38 14.74 HT  30 144R 117.65 6.89 HT 
17 81R 104.78 14.59 HT  6 21R 83.45 6.54 HT 
24 119R 78.46 14.55 HT  24 112R 91.41 5.79 HT 
25 121L 112.74 14.39 HT  22 109R 118.01 5.78 HT 
22 102L 94.98 14.04 HT  19 96L 148.45 4.98 HT 
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Figure A.1 Principal component analysis plot of headspace volatile mixtures from 

the 4 sample types (LT-low temperature drying, HT-high temperature drying, 

LEMC-low ending moisture content, HEMC-high ending moisture content).

View 1 

View 2 
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Appendix B 

 

Table B.1 Summary of experimental boards’ properties and fitted exponential drying curves.   

 
Board 

# 
BD Green 

MC 
End 
MC 

HW HW 
pos. 

Ring 
Count 

DFP GRA 
EW/LW 

face 
cover. 

Thick
ness 

Shrinkage 
in width 

Shrinkage 
in 

thickness 

Drying 
Schedule 

MC = a⋅e(b⋅t) + c 
(MC[%], t[h]) 

[/] [kgOD/m3] [%] [%] [%] [/] [#/in] [in] [º] [%] [mm] [%] [%] [/] a b c 

1R 363.8 117.2 7.8 36 F 4.1 2.0 47.8 34 45.2 3.7 5.6 HT N/A N/A N/A 

2L 439.2 109.4 10.7 100 F 9.1 2.4 33.6 15 44.1 4.3 6.0 HT 91.9 -0.0861 2.94 

3R 438.7 96.4 7.9 29 F 6.9 2.7 36.4 35 45.1 4.6 3.7 HT 80.51 -0.1017 2.94 

4L 367.4 69.3 5.0 81 F 6.6 3.2 28.6 14 43.9 3.9 5.8 HT 50.94 -0.1144 2.94 

5L 316.8 117.4 6.5 24 T 6.0 3.2 26.7 25 41.4 5.4 4.1 HT 95.24 -0.1139 2.94 

6L 375.3 64.7 6.2 70 F 5.6 2.6 53.2 29 45.3 4.4 3.8 HT 49.21 -0.093 2.94 

7R 390.3 63.5 5.5 0 F 8.3 3.8 23.3 13 41.2 5.5 4.8 HT 47.51 -0.0983 2.94 

8R 327.8 89.1 7.0 80 F 5.3 2.6 46.1 39 45.6 3.5 2.7 HT 67.98 -0.1021 2.94 

9L 537.8 36.2 4.2 0 F 9.5 3.8 21.9 22 34.4 6.2 4.0 HT 28.73 -0.0962 2.94 

10L 421.0 149.5 6.5 0 F 11.0 3.4 25.1 26 41.2 6.8 4.4 HT 126.21 -0.1344 2.94 

1L 384.8 123.1 20.7 48 F 4.5 1.7 57.8 19 44.8 2.5 2.8 LT 109.06 -0.0481 8.29 

2R 429.5 115.5 21.1 69 F 8.9 3.0 27.2 9 43.7 3.1 3.6 LT 101.66 -0.047 8.29 

3L 409.9 118.9 23.9 62 F 5.6 3.1 38.6 19 44.7 2.1 2.1 LT 106.01 -0.0422 8.29 

4R 377.2 79.3 16.6 73 F 6.1 2.9 30.4 35 43.4 2.8 2.2 LT 64.25 -0.0482 8.29 

5R 300.4 97.5 17.3 58 F 4.7 3.1 29.4 24 41.3 3.5 3.4 LT 77.45 -0.051 8.29 

6R 353.6 98.3 21.5 64 F 6.3 2.4 48.7 36 45.8 2.9 1.6 LT 82.72 -0.0429 8.29 

7L 370.4 67.5 14.8 23 T 10.1 3.5 24.0 33 41.4 4.7 2.7 LT 51.08 -0.0479 8.29 

8L 303.5 104.6 22.9 88 F 5.3 2.2 47.3 16 46.2 1.4 4.2 LT 84.15 -0.0406 8.29 

9R 388.3 42.2 14.8 44 F 9.9 3.1 28.2 40 44.2 4.2 3.1 LT 28.92 -0.0323 8.29 

10R 407.0 140.0 19.0 61 F 8.2 2.9 32.9 11 41.6 3.7 3.0 LT 123.93 -0.0535 8.29 

11R 380.3 167.6 14.7 0 F 4.3 4.2 23.9 18 39.5 3.7 2.2 LT 150.66 -0.0621 8.29 

12R 382.0 64.7 12.6 100 F 4.5 2.9 30.3 15 41.8 2.6 3.2 LT 47.55 -0.0402 8.29 

13L 348.1 112.1 20.2 69 F 4.6 3.8 31.4 22 45.1 1.6 2.9 LT 96.52 -0.0461 8.29 

14R 388.0 125.9 12.7 0 F 4.2 3.8 23.3 26 40.7 3.9 2.9 LT 113.06 -0.0625 8.29 

15L 395.7 129.5 12.9 0 F 4.5 3.2 32.5 15 41.3 4.2 2.4 LT 112.72 -0.0644 8.29 

16L 423.4 52.6 15.2 89 F 7.1 1.9 64.4 24 45.8 1.3 4.2 LT 39.64 -0.0361 8.29 
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Table B.1 Summary of experimental boards’ properties and fitted exponential drying curves (Continued). 

 
Board 

# 
BD Green 

MC 
End 
MC 

HW HW 
pos. 

Ring 
Count 

DFP GRA 
EW/LW 

face 
cover. 

Thick
ness 

Shrinkage 
in width 

Shrinkage 
in 

thickness 

Drying 
Schedule 

MC = a⋅e(b⋅t) + c 
(MC[%], t[h]) 

[/] [kgOD/m3] [%] [%] [%] [/] [#/in] [in] [º] [%] [mm] [%] [%] [/] a b c 

17L 384.9 68.1 8.5 100 F 6.3 2.7 30.5 19 41.7 3.8 2.1 LT 53.41 -0.072 8.29 

18L 358.1 82.6 11.9 85 F 7.3 3.3 26.2 19 45.5 3.2 2.4 LT 66.97 -0.0587 8.29 

19R 416.2 125.6 17.9 100 F 5.4 2.0 37.3 21 44.7 2.1 3.0 LT 105.81 -0.0479 8.29 

20L 437.3 96.8 23.8 72 F 5.5 0.8 63.9 29 41.2 0.9 4.6 LT 83.29 -0.0365 8.29 

11L 389.4 129.4 1.1 0 F 3.9 4.6 20.4 18 39.1 6.2 4.2 HT 101.05 -0.1569 2.94 

12L 380.4 69.2 1.3 68 F 3.9 4.5 21.6 32 41.1 4.9 4.4 HT 52.43 -0.1228 2.94 

13R 342.4 109.4 2.7 59 F 5.1 3.6 33.0 8 44.6 4.6 3.7 HT 89.1 -0.1177 2.94 

14L 370.3 122.9 0.2 4 F 4.4 3.9 24.2 24 41.3 6.6 4.2 HT 95.74 -0.1543 2.94 

15R 401.1 153.1 0.8 0 F 4.6 5.6 17.9 9 41.5 4.8 4.2 HT 123.19 -0.1584 2.94 

16R 409.3 60.7 1.5 84 F 6.4 2.5 53.4 38 45.4 4.0 3.1 HT 45.48 -0.1111 2.94 

17R 412.4 66.5 0.8 54 F 7.2 1.6 49.7 9 41.2 5.3 6.0 HT 50.17 -0.1451 2.94 

18R 349.4 73.4 0.2 22 T 7.4 3.4 25.8 28 44.8 5.9 4.9 HT 50.97 -0.1422 2.94 

19L 428.3 102.1 1.6 100 F 5.3 2.0 43.1 37 44.4 5.7 5.6 HT 80.11 -0.1407 2.94 

20R 385.4 83.9 0.0 81 F 4.3 0.7 60.8 23 41.2 3.3 7.2 HT 61.01 -0.1174 2.94 

21L 464.7 100.7 15.8 90 F 4.8 4.9 20.8 10 41.3 4.5 3.1 LT 84.51 -0.0455 8.29 

22L 322.0 70.4 12.7 90 F 4.5 2.2 40.1 30 45.1 2.3 1.3 LT 53.65 -0.0448 8.29 

23R 434.3 81.1 15.0 37 F 4.7 2.8 30.7 21 44.3 2.7 4.0 LT 65.84 -0.043 8.29 

24L 369.3 188.2 17.6 100 F 4.8 2.3 33.9 8 43.7 3.0 3.0 LT 172.39 -0.0493 8.29 

25L 426.8 155.0 12.2 0 F 5.5 5.1 19.8 17 38.4 4.3 2.1 LT 137.99 -0.0633 8.29 

26R 327.9 120.6 12.1 31 F 4.1 3.7 45.6 22 43.9 3.2 2.2 LT 105.08 -0.0584 8.29 

27R 362.6 65.1 10.3 31 F 5.8 2.6 32.1 39 45.1 4.3 2.4 LT 47.13 -0.0518 8.29 

28R 453.0 58.2 10.7 30 F 5.2 2.2 36.0 39 44.6 3.0 1.8 LT 42.36 -0.0491 8.29 

29R 370.6 131.2 14.6 0 F 7.0 2.6 29.7 14 43.8 3.3 3.5 LT 112.58 -0.0542 8.29 

30L 442.1 103.4 12.5 100 F 10.7 5.0 18.4 17 38.8 4.3 2.9 LT 84.75 -0.0559 8.29 

21R 388.0 102.1 7.8 88 F 4.6 4.6 21.1 17 41.8 4.1 3.3 HT 80.51 -0.1172 2.94 

22R 319.7 82.4 6.9 76 F 4.7 2.4 41.2 16 46.1 3.7 5.4 HT 63.77 -0.114 2.94 



Table B.1 Summary of experimental boards’ properties and fitted exponential drying curves (Continued). 

 
Board 

# 
BD Green 

MC 
End 
MC 

HW HW 
pos. 

Ring 
Count 

DFP GRA 
EW/LW 

face 
cover. 

Thick
ness 

Shrinkage 
in width 

Shrinkage 
in 

thickness 

Drying 
Schedule 

MC = a⋅e(b⋅t) + c 
(MC[%], t[h]) 

[/] [kgOD/m3] [%] [%] [%] [/] [#/in] [in] [º] [%] [mm] [%] [%] [/] a b c 

23L 418.8 82.3 11.5 56 F 5.2 2.6 31.9 34 44.2 3.1 4.5 HT 64.55 -0.0812 2.94 

24R 365.6 183.2 11.5 39 F 4.4 2.4 33.9 17 43.2 6.4 4.8 HT 157.78 -0.1267 2.94 

25R 386.0 174.4 13.5 0 F 5.6 4.9 19.4 14 39.2 4.3 3.5 HT 144.43 -0.1042 2.94 

26L 328.0 87.9 3.9 43 F 4.1 4.1 49.0 29 44.5 4.1 2.4 HT 64.94 -0.1638 2.94 

27L 369.2 70.3 4.7 31 F 5.3 2.5 32.5 20 45.2 5.8 4.5 HT 52.26 -0.128 2.94 

28L 434.8 71.1 6.2 38 F 6.0 2.8 30.0 39 45.5 6.2 4.9 HT 55.75 -0.1206 2.94 

29L 364.2 124.5 9.2 13 T 5.4 3.2 25.9 37 43.7 5.3 3.6 HT 94.41 -0.1187 2.94 

30R 427.5 95.5 5.9 0 F 9.4 5.2 17.5 21 39.1 4.6 2.8 HT 74.23 -0.1337 2.94 

31L 452.2 82.1 6.1 49 F 20.0 3.4 23.9 35 42.6 5.6 3.8 HT 66.18 -0.1306 2.94 

32L 371.6 64.5 6.1 74 F 15.9 4.2 25.9 13 44.8 3.9 3.9 HT 45.62 -0.1189 2.94 

33R 488.2 61.7 12.5 96 F 15.7 1.3 59.8 23 42.1 1.8 4.2 HT 52.45 -0.0709 2.94 

34L 419.1 52.9 9.5 97 F 11.5 2.1 40.0 31 40.3 2.1 2.3 HT 42.74 -0.0757 2.94 

35L 445.8 70.9 11.3 47 F 18.8 6.6 15.4 16 43 4.6 3.3 HT 55.2 -0.0862 2.94 

36L 436.6 117.2 7.9 71 F 12.7 2.9 31.0 19 42.7 5.3 3.3 HT 98.11 -0.1361 2.94 

37L 393.7 48.6 8.1 97 F 11.8 1.8 49.2 13 43.2 3.2 5.3 HT 39.24 -0.0858 2.94 

38L 428.0 108.0 8.0 69 F 12.4 2.5 34.5 32 44.9 4.5 5.1 HT 90.28 -0.129 2.94 

39R 393.7 41.7 6.6 86 F 12.1 1.9 44.3 19 44.5 3.8 2.9 HT 31.47 -0.0872 2.94 

40L 443.9 86.3 22.7 100 F 17.5 3.2 27.6 31 41.4 2.7 3.1 HT 74.94 -0.0586 2.94 

31R 471.7 89.8 12.5 43 F 28.7 3.7 24.4 28 42.3 4.0 2.5 LT 75.62 -0.0572 8.29 

32R 398.9 69.0 11.9 51 F 14.9 3.0 30.5 39 44.5 4.0 2.0 LT 54.31 -0.0521 8.29 

33L 454.3 62.0 21.0 100 F 11.9 1.4 60.2 12 41.1 1.3 3.7 LT 49.64 -0.027 8.29 

34R 466.1 50.3 16.0 98 F 13.8 1.8 43.4 23 40.2 1.4 2.4 LT 38.38 -0.0293 8.29 

35R 451.0 73.2 18.5 49 F 23.7 5.0 19.9 20 42.7 3.8 3.0 LT 59.18 -0.0365 8.29 

36R 432.1 108.5 11.9 58 F 17.5 3.0 26.7 30 43.7 4.6 4.7 LT 93.87 -0.0635 8.29 

37R 489.6 69.4 20.9 92 F 12.0 1.7 52.7 39 41.1 1.4 3.4 LT 57.42 -0.029 8.29 

38R 447.8 100.7 12.1 83 F 11.4 2.1 41.9 31 43.3 3.4 4.0 LT 87.4 -0.0605 8.29 
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Table B.1 Summary of experimental boards’ properties and fitted exponential drying curves (Continued). 

 
Board 

# 
BD Green 

MC 
End 
MC 

HW HW 
pos. 

Ring 
Count 

DFP GRA 
EW/LW 

face 
cover. 

Thick
ness 

Shrinkage 
in width 

Shrinkage 
in 

thickness 

Drying 
Schedule 

MC = a⋅e(b⋅t) + c 
(MC[%], t[h]) 

[/] [kgOD/m3] [%] [%] [%] [/] [#/in] [in] [º] [%] [mm] [%] [%] [/] a b c 

39L 394.4 33.3 8.9 97 F 12.1 2.5 37.9 39 44.1 2.7 2.3 LT 19.39 -0.0446 8.29 

40R 454.1 91.3 33.0 63 F 15.7 4.0 22.1 37 41.4 1.4 0.6 LT 77.15 -0.0207 8.29 

41L 408.3 104.2 6.0 76 F 15.3 4.3 24.5 40 42 6.3 4.7 HT 81.86 -0.1406 2.94 

42R 471.7 54.7 6.6 60 F 12.1 3.6 27.9 11 41.9 3.4 4.2 HT 39.58 -0.0977 2.94 

43R 373.8 75.9 3.9 100 F 2.6 2.4 37.4 38 41 5.8 6.1 HT 55.57 -0.149 2.94 

44L 445.8 79.1 6.8 43 F 22.7 4.4 21.1 10 42.5 3.2 2.9 HT 60.61 -0.115 2.94 

45L 383.1 100.6 7.3 63 F 2.9 4.2 22.8 16 40.9 4.8 4.4 HT 82.04 -0.1136 2.94 

46L 414.4 59.4 5.9 91 F 11.7 2.4 39.2 14 45.1 4.2 3.1 HT 42.79 -0.1145 2.94 

47R 420.8 86.2 5.6 77 F 11.7 3.9 27.0 26 43.5 4.1 2.1 HT 66.21 -0.1357 2.94 

48R 407.5 96.9 5.4 43 F 21.2 3.4 27.8 19 42.8 5.7 4.2 HT 77.11 -0.1395 2.94 

49L 446.7 119.3 7.3 50 F 37.1 4.0 21.7 37 43.9 4.4 2.7 HT 99.44 -0.1334 2.94 

50R 424.8 34.4 7.6 100 F 16.2 1.9 43.3 9 41 3.1 4.2 HT 27.69 -0.0705 2.94 

41R 404.4 94.6 11.6 85 F 16.1 3.7 24.4 28 43.6 4.2 4.1 LT 78.54 -0.0627 8.29 

42L 431.5 48.3 10.5 92 F 14.4 2.2 36.2 25 42.5 3.0 4.1 LT 34.81 -0.0471 8.29 

43L 384.5 90.7 12.7 97 F 3.0 2.3 37.7 17 41.4 3.9 5.5 LT 72.91 -0.0505 8.29 

44R 444.1 63.6 14.0 52 F 26.1 4.0 23.7 36 43.2 1.6 3.2 LT 49.59 -0.044 8.29 

45R 369.1 90.9 12.4 61 F 2.9 4.8 20.9 26 40.8 4.8 3.4 LT 74.72 -0.05 8.29 

46R 436.0 58.8 10.2 98 F 13.2 2.1 41.3 21 42.4 3.7 5.5 LT 46.5 -0.0588 8.29 

47L 390.5 80.7 10.9 74 F 10.6 3.0 31.5 15 45.3 3.4 5.3 LT 64.28 -0.0612 8.29 

48L 399.5 73.7 11.3 59 F 25.5 3.0 29.1 20 42.8 4.1 3.0 LT 58.41 -0.0574 8.29 

49R 462.4 93.9 12.5 63 F 27.5 4.0 22.5 8 43.7 3.4 3.1 LT 77.3 -0.0558 8.29 

50L 410.5 32.0 8.7 100 F 18.1 1.9 42.4 18 40.7 2.7 3.9 LT 21.31 -0.0547 8.29 

51L 414.7 152.8 8.9 46 F 18.7 3.5 24.1 48 43.1 5.9 5.1 HT 141.37 -0.1322 2.94 

52R 470.2 38.9 6.5 88 F 21.3 2.5 41.2 37 43.1 4.1 3.4 HT 26.86 -0.087 2.94 

53R 379.3 83.2 9.6 100 F 8.0 3.0 31.3 10 40 2.8 2.8 HT 65.79 -0.089 2.94 

54L 428.8 56.3 11.5 93 F 18.2 1.9 46.6 31 40.9 2.7 1.9 HT 42.58 -0.0696 2.94 
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Table B.1 Summary of experimental boards’ properties and fitted exponential drying curves (Continued). 

 
Board 

# 
BD Gree

n MC 
End 
MC 

HW HW 
pos. 

Ring 
Count 

DFP GRA 
EW/LW 

face 
cover. 

Thick
ness 

Shrinkage 
in width 

Shrinkage 
in 

thickness 

Drying 
Schedule 

MC = a⋅e(b⋅t) + c 
(MC[%], t[h]) 

[/] [kgOD/m3] [%] [%] [%] [/] [#/in] [in] [º] [%] [mm] [%] [%] [/] a b c 

55L 327.3 48.4 2.5 92 F 3.6 2.8 37.7 11 40.9 4.6 5.4 HT 32.99 -0.1481 2.94 

56R 382.4 59.1 4.6 100 F 4.2 0.7 61.0 31 42.3 2.1 5.1 HT 43.81 -0.1243 2.94 

57R 369.8 74.4 9.4 100 F 7.2 2.4 34.6 22 40.9 2.6 1.8 HT 59.47 -0.0928 2.94 

58L 367.8 104.5 22.1 73 F 4.2 2.9 37.8 20 45.4 1.8 4.4 HT 82.48 -0.0654 2.94 

59R 425.5 35.5 8.3 100 F 15.4 1.7 48.1 26 42.4 2.5 4.9 HT 29.95 -0.0669 2.94 

60R 426.1 78.3 5.2 81 F 14.4 3.4 36.4 28 44.5 4.4 3.3 HT 57 -0.1366 2.94 

51R 450.1 141.3 14.8 33 F 19.0 3.0 29.0 31 42.8 4.0 3.3 LT 126.45 -0.0544 8.29 

52L 508.7 49.2 12.3 80 F 23.4 2.8 53.4 24 44.5 1.7 2.3 LT 36.4 -0.0429 8.29 

53L 400.0 80.3 24.0 100 F 10.2 2.6 34.3 26 39.9 1.3 1.6 LT 65.14 -0.0276 8.29 

54R 470.1 51.4 16.1 89 F 15.9 1.4 48.1 21 40.9 3.0 1.9 LT 37.87 -0.0301 8.29 

55R 313.4 55.4 6.5 82 F 4.3 2.3 37.1 15 41.6 4.2 4.7 LT 37.97 -0.0868 8.29 

56L 352.2 52.6 9.3 100 F 3.8 1.0 59.7 31 42.4 2.2 4.6 LT 37.88 -0.0588 8.29 

57L 366.0 64.8 16.2 100 F 7.0 2.3 35.2 11 40.4 2.5 2.2 LT 49.9 -0.0347 8.29 

58R 355.6 80.5 19.5 69 F 5.0 2.6 36.7 39 45.6 1.8 4.4 LT 64.71 -0.0337 8.29 

59L 404.1 33.3 9.2 100 F 15.4 1.5 49.9 37 42.7 2.8 5.0 LT 19.1 -0.0385 8.29 

60L 414.9 72.3 9.6 80 F 11.9 2.9 36.1 9 45.1 3.6 5.4 LT 57.7 -0.0675 8.29 

61L 437.6 85.1 4.5 62 F 22.9 3.3 26.0 36 43.4 6.5 3.9 HT 72.68 -0.1221 2.94 

62L 309.3 108.6 2.6 59 F 4.3 4.8 19.7 36 42 6.0 4.0 HT 72.89 -0.1903 2.94 

63L 449.1 63.1 8.2 77 F 26.2 4.2 25.5 31 42.2 4.2 5.1 HT 47.43 -0.0773 2.94 

64R 394.8 107.0 3.7 67 F 16.2 2.6 30.8 27 44.4 6.6 4.7 HT 82.37 -0.1718 2.94 

65L 440.0 140.4 4.7 33 F 16.5 3.0 28.8 21 43.5 7.0 5.9 HT 115.52 -0.1424 2.94 

66L 423.4 35.2 5.1 100 F 16.1 0.7 62.1 36 41.1 2.4 4.8 HT 26.54 -0.0856 2.94 

67R 453.2 83.6 9.0 66 F 18.0 2.5 58.4 27 44.2 3.9 5.4 HT 67.3 -0.0824 2.94 

68L 389.0 77.1 4.7 74 F 18.3 3.2 35.3 19 46.6 4.7 7.8 HT 52.96 -0.1137 2.94 

69R 411.9 34.8 6.0 100 F 15.2 1.3 56.4 36 42.3 3.2 6.1 HT 26.25 -0.074 2.94 

70R 462.7 64.8 11.3 35 F 20.4 5.4 17.4 40 41.4 2.9 2.0 HT 55.01 -0.065 2.94 
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Table B.1 Summary of experimental boards’ properties and fitted exponential drying curves (Continued). 

 
Board 

# 
BD Gree

n MC 
End 
MC 

HW HW 
pos. 

Ring 
Count 

DFP GRA 
EW/LW 

face 
cover. 

Thick
ness 

Shrinkage 
in width 

Shrinkage 
in 

thickness 

Drying 
Schedule 

MC = a⋅e(b⋅t) + c 
(MC[%], t[h]) 

[/] [kgOD/m3] [%] [%] [%] [/] [#/in] [in] [º] [%] [mm] [%] [%] [/] a b c 

61R 411.5 109.4 13.3 43 F 22.0 3.3 23.3 39 43 3.4 2.1 LT 92.6 -0.0548 8.29 

62R 335.8 107.8 8.0 52 F 4.3 4.0 22.4 11 41.2 4.3 1.9 LT 89.22 -0.0874 8.29 

63R 470.3 67.0 16.6 68 F 17.3 4.6 24.1 23 42.2 2.1 2.7 LT 51.97 -0.0376 8.29 

64L 383.6 122.5 12.5 65 F 14.4 2.6 31.8 34 44.5 4.2 4.7 LT 108.52 -0.062 8.29 

65R 443.1 130.0 13.7 42 F 15.8 3.4 25.0 38 43.4 4.7 4.4 LT 115.36 -0.0596 8.29 

66R 428.0 33.3 9.6 100 F 15.2 1.2 59.7 24 40.4 2.3 5.1 LT 22.78 -0.046 8.29 

67L 469.0 57.6 17.4 73 F 15.5 2.6 48.6 13 44 2.4 1.0 LT 43.79 -0.0331 8.29 

68R 390.4 58.8 10.2 78 F 13.1 2.8 40.6 15 46.3 3.7 4.7 LT 45.72 -0.0561 8.29 

69L 419.7 35.1 9.8 100 F 15.4 1.3 54.4 21 42.6 3.4 5.0 LT 22.85 -0.042 8.29 

70L 459.7 56.8 17.2 52 F 26.1 4.0 22.4 14 42.4 2.5 1.5 LT 43.43 -0.0318 8.29 

71L 393.4 80.9 3.8 33 F 7.2 4.4 23.7 8 40.9 6.4 3.7 HT 59.3 -0.1693 2.94 

72R 431.8 91.8 5.7 29 T 22.2 3.5 25.4 37 43 5.3 3.7 HT 70.42 -0.1388 2.94 

73L 385.0 162.8 6.1 36 F 10.5 4.2 23.4 14 42.9 8.2 4.5 HT 133.3 -0.1605 2.94 

74R 467.5 74.6 5.6 57 F 18.2 3.5 43.3 12 44.3 5.2 4.3 HT 59.53 -0.1314 2.94 

75R 460.7 48.1 6.3 81 F 17.4 2.5 38.3 29 43.4 3.2 3.9 HT 33.01 -0.0978 2.94 

76R 448.8 79.2 4.0 44 F 19.9 3.7 26.1 16 42.8 4.3 4.4 HT 57.83 -0.1755 2.94 

77L 335.0 131.3 3.9 40 F 4.8 3.6 27.9 12 44.1 8.3 7.4 HT 100.88 -0.1851 2.94 

78R 448.1 108.4 5.4 56 F 16.0 4.6 23.8 12 42.3 4.5 5.2 HT 87.13 -0.1472 2.94 

79R 391.2 68.0 3.9 74 F 15.4 5.7 17.5 26 40.3 5.3 3.4 HT 44.17 -0.1553 2.94 

80L 341.5 106.2 4.1 56 F 3.5 2.7 36.7 14 43.5 5.2 5.8 HT 76.3 -0.1665 2.94 

71R 383.9 57.4 8.9 95 F 5.4 3.5 27.4 30 40.8 4.0 4.5 LT 41.22 -0.063 8.29 

72L 431.9 87.0 10.5 41 F 19.0 2.4 36.2 9 43.9 4.7 3.4 LT 70.46 -0.0671 8.29 

73R 414.9 153.3 11.3 21 T 12.5 4.5 22.3 20 41.4 5.3 3.8 LT 136.35 -0.0715 8.29 

74L 516.5 77.0 11.1 47 F 16.6 4.3 41.1 16 42.2 2.7 2.6 LT 62.25 -0.0596 8.29 

75L 528.2 62.4 21.8 87 F 17.4 2.9 32.3 28 44.4 1.1 0.9 LT 48.76 -0.0256 8.29 

76L 461.1 109.5 15.6 46 F 17.4 3.8 26.9 26 43.4 1.7 3.4 LT 93.85 -0.0512 8.29 
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Table B.1 Summary of experimental boards’ properties and fitted exponential drying curves (Continued). 

 
Board 

# 
BD Green 

MC 
End 
MC 

HW HW 
pos. 

Ring 
Count 

DFP GRA 
EW/LW 

face 
cover. 

Thick
ness 

Shrinkage 
in width 

Shrinkage 
in 

thickness 

Drying 
Schedule 

MC = a⋅e(b⋅t) + c 
(MC[%], t[h]) 

[/] [kgOD/m3] [%] [%] [%] [/] [#/in] [in] [º] [%] [mm] [%] [%] [/] a b c 

77R 344.5 166.1 12.1 40 F 4.3 3.6 35.5 14 43.2 6.1 2.4 LT 147.39 -0.0649 8.29 

78L 474.0 112.2 12.2 57 F 12.5 3.0 34.1 29 42.1 2.9 4.8 LT 97.72 -0.0624 8.29 

79L 398.8 114.2 9.1 42 F 18.1 5.0 19.4 12 38.5 4.1 2.9 LT 96.78 -0.0835 8.29 

80R 341.2 154.4 13.0 12 F 3.1 4.0 30.3 24 44.1 3.3 3.6 LT 131.78 -0.0616 8.29 

81R 398.3 124.7 5.2 29 T 15.4 5.3 18.3 14 42.2 7.1 3.4 HT 101.84 -0.1538 2.94 

82R 399.9 159.3 4.9 23 T 11.1 4.0 23.3 15 38.1 6.9 3.4 HT 128.26 -0.1654 2.94 

83L 402.9 96.1 3.7 57 F 5.6 4.4 21.6 24 40.6 4.8 3.9 HT 70.95 -0.1947 2.94 

84L 373.1 82.7 5.7 64 F 5.3 1.0 59.5 29 46 1.8 5.2 HT 61.97 -0.1256 2.94 

85R 339.5 105.2 3.1 62 F 4.3 4.5 26.5 17 43.7 5.6 7.7 HT N/A N/A N/A 

86R 481.0 55.8 5.9 92 F 6.0 0.2 55.8 9 41.4 2.3 5.8 HT N/A N/A N/A 

87R 410.3 54.3 3.2 100 F 4.9 2.2 42.6 29 41.1 5.0 3.4 HT N/A N/A N/A 

88L 383.6 42.0 5.2 0 F 12.5 4.8 21.0 21 41.2 5.1 3.8 HT N/A N/A N/A 

89R 462.3 85.8 5.6 93 F 4.2 0.9 64.4 38 41 3.4 4.9 HT 69.25 -0.1195 2.94 

90L 390.5 172.1 6.2 0 F 5.6 3.2 29.9 24 44 7.0 5.9 HT 143.5 -0.1461 2.94 

81L 389.8 151.3 13.4 18 T 14.8 5.3 18.0 36 42.5 4.2 1.6 LT 134.46 -0.0594 8.29 

82L 398.8 163.3 13.0 12 T 13.8 4.7 20.9 18 40.1 6.2 3.6 LT 145.94 -0.0652 8.29 

83R 390.2 72.5 9.4 100 F 5.0 3.8 24.8 29 40.8 3.4 2.2 LT 55.15 -0.0635 8.29 

84R 455.5 85.3 19.3 88 F 5.0 1.6 58.2 16 41.9 1.0 3.9 LT 69.35 -0.0381 8.29 

85L 336.9 106.8 9.4 66 F 4.9 3.5 29.7 16 42.3 4.6 1.9 LT 89.85 -0.071 8.29 

86L 453.0 64.9 13.3 82 F 6.6 0.2 55.2 34 44.3 1.6 5.7 LT 49.2 -0.0483 8.29 

87L 456.0 106.0 21.1 100 F 6.1 1.2 55.7 40 40.8 1.5 4.3 LT 90.24 -0.039 8.29 

88R 400.7 39.7 10.0 100 F 16.0 4.8 19.6 36 40.9 4.6 2.8 LT 25.89 -0.0437 8.29 

89L 448.3 64.5 12.8 100 F 5.9 1.4 59.7 18 40.8 1.7 4.0 LT 49.18 -0.0422 8.29 

90R 366.1 199.8 19.2 0 F 6.2 4.2 23.1 13 42.7 3.8 1.3 LT 182.36 -0.0475 8.29 

91L 399.4 97.9 5.4 34 F 6.5 3.8 26.2 27 41.1 6.3 3.6 HT 75.65 -0.1448 2.94 

92R 358.0 197.8 10.3 0 F 4.5 4.3 22.3 14 44 9.2 3.3 HT 170.1 -0.1266 2.94 
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Table B.1 Summary of experimental boards’ properties and fitted exponential drying curves (Continued). 

 
Board 

# 
BD Green 

MC 
End 
MC 

HW HW 
pos. 

Ring 
Count 

DFP GRA 
EW/LW 

face 
cover 

Thick
ness 

Shrinkage 
in width 

Shrinkage 
in 

thickness 

Drying 
Schedule 

MC = a⋅e(b⋅t) + c 
(MC[%], t[h]) 

[/] [kgOD/m3] [%] [%] [%] [/] [#/in] [in] [º] [%] [mm] [%] [%] [/] a b c 

93R 364.5 186.1 9.4 9 F 4.0 4.1 24.0 18 43 5.7 3.9 HT 157.42 -0.1353 2.94 

94R 383.0 117.4 4.9 41 F 3.7 2.8 32.9 13 41.6 5.0 2.8 HT 92.25 -0.1542 2.94 

95L 446.6 143.9 6.3 0 F 7.3 4.9 19.5 27 38.4 4.2 3.0 HT 113.56 -0.1405 2.94 

96L 389.5 175.3 5.3 0 F 4.6 4.2 22.8 14 41.4 5.9 3.7 HT 145.51 -0.1662 2.94 

97R 394.2 176.1 13.2 12 T 7.4 4.9 20.0 26 42.1 5.0 3.6 HT 150.9 -0.1107 2.94 

98L 442.7 130.0 10.5 15 F 6.3 3.4 32.9 20 43.6 3.8 5.0 HT 107.47 -0.1123 2.94 

99L 386.7 109.9 5.8 44 F 16.6 4.4 21.3 29 40.9 6.2 3.0 HT 87.45 -0.1474 2.94 

100L 434.6 98.7 3.8 56 F 4.1 1.8 47.1 11 40.8 7.6 4.9 HT 72.29 -0.2345 2.94 

91R 427.7 144.3 14.6 20 T 7.4 4.5 22.0 22 41.3 4.1 2.5 LT 127.77 -0.0539 8.29 

92L 404.6 163.5 14.3 13 T 4.4 4.5 23.5 21 42.9 4.9 2.0 LT 148.55 -0.0581 8.29 

93L 356.5 205.9 18.3 0 F 6.4 4.5 21.9 20 43.2 3.2 2.1 LT 189.9 -0.0486 8.29 

94L 419.0 137.1 12.8 18 T 3.7 3.3 28.8 36 41.2 5.0 2.7 LT 121.58 -0.0609 8.29 

95R 398.5 168.7 14.9 37 F 8.0 5.2 18.4 25 39.9 3.4 1.5 LT 151.07 -0.0553 8.29 

96R 358.2 191.0 15.0 0 F 4.1 3.9 24.1 9 41.1 4.9 1.9 LT 173.34 -0.0568 8.29 

97L 399.5 158.1 18.1 21 T 6.9 5.3 18.0 32 43.2 3.3 2.5 LT 142.78 -0.0477 8.29 

98R 404.1 162.8 17.5 30 F 6.0 3.1 30.4 19 44.1 3.5 2.4 LT 147.94 -0.0507 8.29 

99R 383.3 95.6 10.3 42 F 16.7 4.8 19.7 9 40.7 3.7 2.7 LT 79.28 -0.0705 8.29 

100R 413.4 126.8 12.5 20 F 4.1 2.5 35.7 9 40.8 3.8 3.5 LT 108.91 -0.0584 8.29 

101R 389.3 32.5 8.1 72 F 18.2 4.2 23.1 12 40.7 4.1 3.7 LT 19.3 -0.0615 8.29 

102R 408.9 97.3 9.9 38 F 18.2 5.7 17.4 13 40 5.2 2.9 LT 80.46 -0.0737 8.29 

103R 389.3 160.3 13.8 16 T 17.4 6.6 14.3 22 42.4 4.5 0.8 LT 143.59 -0.0591 8.29 

104L 399.7 37.9 8.6 65 F 18.2 4.0 23.2 28 41.1 3.9 3.0 LT 24.39 -0.058 8.29 

105R 356.5 212.1 12.1 0 F 5.0 4.7 20.4 10 34.9 5.0 2.6 LT 191.92 -0.0645 8.29 

106R 342.1 118.2 9.6 27 F 5.0 2.9 32.6 20 40.9 5.8 2.5 LT 97.94 -0.072 8.29 

107L 458.5 116.8 29.9 43 F 21.1 4.4 21.3 33 42.8 3.1 3.3 LT 100.11 -0.0325 8.29 

108L 357.2 200.0 17.6 32 F 6.2 1.9 40.3 17 41.3 4.4 3.7 LT 177.1 -0.0502 8.29 
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Table B.1 Summary of experimental boards’ properties and fitted exponential drying curves (Continued). 

 
Board 

# 
BD Green 

MC 
End 
MC 

HW HW 
pos. 

Ring 
Count 

DFP GRA 
EW/LW 

face 
cover. 

Thick
ness 

Shrinkage 
in width 

Shrinkage 
in 

thickness 

Drying 
Schedule 

MC = a⋅e(b⋅t) + c 
(MC[%], t[h]) 

[/] [kgOD/m3] [%] [%] [%] [/] [#/in] [in] [º] [%] [mm] [%] [%] [/] a b c 

109L 421.7 107.1 12.6 60 F 11.8 2.1 42.3 31 43.7 3.0 3.3 LT 91.72 -0.0596 8.29 

110R 423.3 147.1 14.2 33 F 13.3 4.4 22.2 20 41.9 5.3 4.4 LT 130.3 -0.058 8.29 

101L 388.0 33.5 4.8 0 F 15.4 4.3 22.5 22 40.5 4.4 4.2 HT 24.7 -0.0974 2.94 

102L 408.1 117.9 5.5 33 F 18.2 5.1 19.6 26 38.2 6.9 4.1 HT 92.04 -0.1514 2.94 

103L 376.6 152.8 10.7 24 T 18.2 6.7 15.1 31 44 4.2 3.2 HT 129.07 -0.1095 2.94 

104R 430.4 105.5 6.7 21 T 19.0 5.2 19.1 21 41.3 3.7 3.5 HT 85.33 -0.124 2.94 

105L 364.0 194.8 3.9 0 F 6.7 4.3 22.4 14 35.6 8.3 3.6 HT 152.99 -0.1508 2.94 

106L 329.8 133.2 4.0 23 T 5.1 4.7 22.1 23 40.8 6.1 3.4 HT 98.99 -0.1744 2.94 

107R 439.2 91.6 12.7 59 F 17.4 3.4 27.7 25 42.6 2.8 4.0 HT 73.54 -0.1159 2.94 

108R 371.5 198.4 8.9 13 T 6.8 3.4 26.3 19 41 6.0 5.9 HT 166.62 -0.1573 2.94 

109R 411.7 139.7 7.5 52 F 14.3 2.9 33.1 29 44.5 5.1 6.5 HT 115.07 -0.133 2.94 

110L 419.5 147.3 8.7 15 T 14.3 4.5 21.0 30 42.2 7.3 4.3 HT 119.31 -0.134 2.94 

111R 429.0 146.9 16.9 9 F 16.7 4.4 24.4 23 40.5 4.2 3.3 LT 128.96 -0.0502 8.29 

112L 412.3 107.2 26.9 41 F 19.1 4.6 23.1 36 43.3 3.2 1.4 LT 92.58 -0.0352 8.29 

113R 434.5 157.3 17.5 26 F 19.1 2.5 35.1 39 44 2.4 2.6 LT 141.59 -0.0518 8.29 

114L 422.2 86.7 17.5 83 F 6.5 0.6 59.2 16 45.1 1.1 4.7 LT 71.62 -0.0426 8.29 

115L 366.4 127.6 14.0 33 F 5.6 1.8 42.9 34 44.1 2.4 3.9 LT 107.6 -0.0579 8.29 

116L 365.2 175.9 14.7 0 F 4.2 4.2 26.8 36 43.3 2.9 2.2 LT 157.08 -0.0588 8.29 

117R 502.2 65.4 11.6 85 F 14.8 1.5 57.5 21 42.5 2.1 4.6 LT 51.53 -0.0525 8.29 

118R 358.1 165.0 20.5 0 F 5.6 5.0 20.8 9 42.4 2.0 0.9 LT 147.2 -0.0457 8.29 

119L 428.8 92.4 12.3 68 F 16.7 2.7 49.3 21 44.1 3.1 2.2 LT 77.45 -0.0589 8.29 

120L 347.5 183.7 21.5 17 T 4.2 4.3 23.5 14 43.8 2.1 1.8 LT 165.63 -0.0445 8.29 

111L 478.9 132.9 10.8 17 T 16.7 4.6 21.2 22 38.6 5.7 3.4 HT 108.23 -0.1086 2.94 

112R 425.2 108.9 19.8 39 F 15.4 4.0 25.1 22 42.1 3.0 2.4 HT 88.47 -0.0791 2.94 

113L 452.7 140.2 8.8 19 F 13.3 3.4 30.4 36 44.7 3.1 4.3 HT 118.41 -0.1315 2.94 

114R 446.9 80.0 9.1 83 F 7.2 0.4 56.7 35 42.2 2.2 7.1 HT 60.2 -0.114 2.94 
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Table B.1 Summary of experimental boards’ properties and fitted exponential drying curves (Continued). 

 
Board 

# 
BD Green 

MC 
End 
MC 

HW HW 
pos. 

Ring 
Count 

DFP GRA 
EW/LW 

face 
cover. 

Thick
ness 

Shrinkage 
in width 

Shrinkage 
in 

thickness 

Drying 
Schedule 

MC = a⋅e(b⋅t) + c 
(MC[%], t[h]) 

[/] [kgOD/m3] [%] [%] [%] [/] [#/in] [in] [º] [%] [mm] [%] [%] [/] a b c 

115R 359.3 129.6 7.1 18 F 5.3 2.0 40.1 11 44.7 3.1 4.8 HT 97.01 -0.1293 2.94 

116R 358.8 183.3 9.4 0 F 3.4 2.4 35.2 8 43.9 5.7 4.7 HT 148.89 -0.1323 2.94 

117L 482.4 87.1 6.5 72 F 18.2 2.0 60.1 39 43.2 2.3 3.8 HT 69.34 -0.1326 2.94 

118L 340.9 168.2 18.9 7 F 5.6 5.7 17.9 13 42.3 4.3 2.3 HT 138.86 -0.089 2.94 

119R 423.3 94.4 7.1 68 F 14.9 3.0 47.5 30 44.2 3.2 2.5 HT 75.52 -0.1304 2.94 

120R 355.6 178.9 13.3 13 T 3.8 3.4 27.7 15 43.6 4.4 4.2 HT 147.97 -0.1121 2.94 

121L 381.5 136.7 8.7 59 F 6.2 3.0 29.9 10 40.9 6.5 4.6 HT 109.8 -0.1343 2.94 

122R 370.7 150.2 7.9 36 F 5.1 2.1 38.9 16 43.5 8.2 4.5 HT 123.84 -0.1411 2.94 

123R 346.6 216.1 16.5 0 F 5.6 4.5 21.2 15 42.2 5.2 2.6 HT 185.57 -0.1165 2.94 

124L 383.3 120.0 11.4 67 F 7.1 2.7 37.3 13 43.6 3.7 5.3 HT 97.12 -0.1129 2.94 

125R 452.2 73.2 6.5 87 F 12.6 1.6 48.6 21 41.5 3.0 4.4 HT 55.62 -0.1198 2.94 

126R 399.7 122.7 7.5 28 F 8.6 1.4 47.5 33 42.9 4.3 6.3 HT 98.37 -0.1147 2.94 

127R 484.7 96.0 8.6 65 F 10.6 2.0 45.2 12 39.7 2.9 3.7 HT 76.74 -0.1275 2.94 

128L 402.6 125.8 10.7 43 F 5.4 2.5 43.0 12 44.2 3.1 5.4 HT 106.72 -0.1087 2.94 

129R 410.5 93.2 6.6 62 F 7.1 0.6 59.9 17 42.5 3.1 7.0 HT 70.47 -0.1241 2.94 

130R 355.9 199.1 13.7 32 F 5.8 4.4 34.0 14 43.8 5.3 3.5 HT 168.81 -0.125 2.94 

121R 416.2 102.5 18.0 90 F 6.0 1.3 52.7 30 41.6 2.8 3.0 LT 86.78 -0.0424 8.29 

122L 390.0 146.8 19.3 37 F 6.2 3.5 26.8 31 43.2 2.5 4.2 LT 131.09 -0.0482 8.29 

123L 385.4 190.9 15.8 2 F 6.7 3.6 28.4 23 42.6 3.9 2.5 LT 175.95 -0.0564 8.29 

124R 361.3 158.2 24.5 69 F 6.4 2.2 44.4 16 43.3 2.4 1.3 LT 143.35 -0.0394 8.29 

125L 386.6 103.9 19.2 82 F 11.4 2.8 36.3 26 40.6 2.5 2.4 LT 87.52 -0.0417 8.29 

126L 403.2 120.4 15.4 26 F 7.8 1.5 46.6 39 42.4 2.0 2.4 LT 103.62 -0.05 8.29 

127L 429.1 57.4 14.6 56 F 15.4 1.5 46.0 15 41 1.8 3.7 LT 42.74 -0.0366 8.29 

128R 353.6 134.2 16.5 60 F 5.4 3.6 32.2 14 44.2 2.2 3.6 LT 117.47 -0.0496 8.29 

129L 425.8 87.7 14.4 74 F 7.8 0.3 56.5 25 41.2 1.6 4.8 LT 72.11 -0.0515 8.29 

130L 371.6 200.6 26.5 29 F 5.4 3.1 35.2 14 42.3 3.1 1.9 LT 184.19 -0.0396 8.29 
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Table B.1 Summary of experimental boards’ properties and fitted exponential drying curves (Continued). 

 
Board 

# 
BD Green 

MC 
End 
MC 

HW HW 
pos. 

Ring 
Count 

DFP GRA 
EW/LW 

face 
cover. 

Thick
ness 

Shrinkage 
in width 

Shrinkage 
in 

thickness 

Drying 
Schedule 

MC = a⋅e(b⋅t) + c 
(MC[%], t[h]) 

[/] [kgOD/m3] [%] [%] [%] [/] [#/in] [in] [º] [%] [mm] [%] [%] [/] a b c 

131L 367.2 123.7 23.0 92 F 3.9 3.3 28.0 9 41 2.7 1.2 LT 106.57 -0.0371 8.29 

132L 342.5 179.7 10.9 40 F 3.4 4.0 26.7 7 40.6 6.2 4.5 LT 160.94 -0.0701 8.29 

133R 343.8 83.7 7.7 56 F 3.6 3.3 26.9 16 40.5 5.7 3.8 LT 65.09 -0.0808 8.29 

134L 415.4 169.1 12.5 48 F 4.2 1.6 46.7 14 43.4 3.8 3.0 LT 153.41 -0.064 8.29 

135R 364.3 52.7 8.0 100 F 3.4 2.6 33.6 9 43.2 4.5 5.0 LT 36.58 -0.07 8.29 

136R 395.9 53.7 12.4 100 F 3.5 0.2 55.4 25 43.1 1.3 4.7 LT 39.23 -0.039 8.29 

137L 356.8 143.3 9.4 24 T 4.5 5.5 18.1 20 38.1 4.1 2.5 LT 124.79 -0.0866 8.29 

138R 416.2 125.3 12.8 38 F 4.6 2.3 44.3 21 42.7 3.6 3.3 LT 110.24 -0.0599 8.29 

139R 403.8 152.0 27.4 95 F 4.0 3.8 26.3 16 41.1 1.1 2.9 LT 136.34 -0.036 8.29 

140R 395.2 143.9 13.2 10 F 6.3 3.2 28.6 23 42.4 4.1 2.5 LT 126.61 -0.0612 8.29 

131R 353.6 65.0 4.6 77 F 3.4 3.2 29.2 9 40.8 5.6 3.2 HT N/A N/A N/A 

132R 352.7 180.2 5.8 7 F 3.3 3.8 31.2 13 40.8 8.6 3.7 HT N/A N/A N/A 

133L 356.3 101.1 12.5 62 F 3.5 3.4 27.0 20 41.3 3.7 3.0 HT 80.55 -0.0994 2.94 

134R 405.6 175.6 10.0 9 F 4.0 2.6 35.8 18 43.3 5.0 6.2 HT 148.22 -0.156 2.94 

135L 373.6 57.6 3.6 63 F 3.5 1.9 39.8 20 42.7 4.1 4.6 HT 39.32 -0.1648 2.94 

136L 397.2 60.0 8.3 100 F 3.3 0.3 55.2 22 42.6 2.0 5.0 HT 45.21 -0.1062 2.94 

137R 343.5 188.7 5.8 20 T 4.9 5.4 18.9 12 38.5 7.6 3.4 HT 159.16 -0.199 2.94 

138L 380.5 123.5 7.4 37 F 4.9 2.2 44.9 21 43.3 4.8 4.1 HT 99.55 -0.1629 2.94 

139L 382.9 103.2 10.2 100 F 3.7 3.1 31.2 8 41.1 3.4 3.8 HT 81.77 -0.1151 2.94 

140L 416.4 146.2 11.8 4 F 5.5 4.3 22.6 37 42.4 4.8 2.6 HT 117.84 -0.1321 2.94 

141L 343.4 107.1 13.6 52 F 3.8 4.4 22.5 10 40.7 3.8 3.1 LT 87.93 -0.0496 8.29 

142L 360.1 85.9 12.5 81 F 3.7 3.5 30.8 13 40.8 2.9 2.1 LT 70.1 -0.0466 8.29 

143R 353.0 127.4 9.9 52 F 3.7 2.7 35.8 24 43 3.6 2.6 LT 109.81 -0.0718 8.29 

144L 376.1 170.0 13.0 30 F 3.7 2.5 47.1 19 43.2 3.8 3.0 LT 153.17 -0.0609 8.29 

145L 359.8 187.2 13.2 0 F 3.7 2.7 36.2 9 43.3 4.8 3.8 LT 169.36 -0.0625 8.29 

146R 429.2 57.6 13.7 100 F 4.0 0.7 59.5 32 42.2 1.2 5.4 LT 44.06 -0.0365 8.29 
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Table B.1 Summary of experimental boards’ properties and fitted exponential drying curves (Continued). 

 
Board 

# 
BD Green 

MC 
End 
MC 

HW HW 
pos. 

Ring 
Count 

DFP GRA 
EW/LW 

face 
cover. 

Thick
ness 

Shrinkage 
in width 

Shrinkage 
in 

thickness 

Drying 
Schedule 

MC = a⋅e(b⋅t) + c 
(MC[%], t[h]) 

[/] [kgOD/m3] [%] [%] [%] [/] [#/in] [in] [º] [%] [mm] [%] [%] [/] a b c 

147R 364.2 166.9 11.8 47 F 3.4 2.8 33.0 10 40.5 4.0 2.4 LT 148.8 -0.0632 8.29 

148L 376.3 174.1 12.3 51 F 4.6 3.2 28.5 11 40.7 4.8 5.1 LT 157.44 -0.0621 8.29 

149L 402.1 119.4 11.6 28 F 5.1 2.4 35.3 18 42.3 3.9 4.8 LT 99.79 -0.062 8.29 

150R 394.6 182.8 12.8 0 F 4.3 5.3 20.2 12 41.4 4.8 3.0 LT 165.83 -0.0615 8.29 

141R 366.0 140.0 22.6 77 F 3.5 3.5 28.5 13 40.4 2.9 4.4 HT 116.2 -0.0884 2.94 

142R 370.6 92.2 10.4 100 F 3.3 2.0 44.0 30 40.5 2.3 5.1 HT 71.55 -0.1094 2.94 

143L 362.9 95.0 4.8 49 F 3.4 2.8 34.7 16 43.2 4.1 8.1 HT 70.09 -0.1745 2.94 

144R 377.5 143.1 6.5 24 F 3.5 2.5 52.8 19 43 5.2 3.6 HT 114.71 -0.1858 2.94 

145R 371.4 182.8 9.6 0 F 4.2 3.6 29.2 8 43.7 5.3 3.6 HT 152.87 -0.1549 2.94 

146L 428.2 59.2 6.1 100 F 3.8 0.5 58.9 27 42.2 2.6 5.1 HT 42.85 -0.1183 2.94 

147L 356.2 207.3 10.3 37 F 3.9 3.8 26.5 12 41.1 7.0 3.3 HT 174.65 -0.1541 2.94 

148R 371.6 133.6 7.8 33 F 4.0 3.6 27.0 19 40.5 5.0 4.0 HT 106.05 -0.1514 2.94 

149R 383.3 119.0 6.5 22 F 5.0 2.3 35.1 39 43.3 5.7 5.7 HT 91.61 -0.1674 2.94 

150L 395.2 187.7 8.5 0 F 4.0 4.2 23.0 20 41.2 8.5 5.1 HT 157.81 -0.1646 2.94 

 


