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1 Introduction 

1.1 Needs and Objectives 

In British Columbia, due to the decline of lodgepole pine, mills should expect higher volumes of sub-
alpine fir in their species mix. The impact on drying is significant. For example, drying times for green 
SPF (spruce, pine, sub-alpine fir) vary from 24 to 36 hours whereas drying times for sub-alpine fir can 
easily exceed 70 hours. In addition to longer drying times, the drying of species such as sub-alpine fir 
using current procedures often results in wet lumber and value loss can be higher than $100 per Mfbm.  
The potential annual impact for a typical BC mill is estimated to be in the range $1,000,000 to 
$1,500,000. 
 
Along the years, sawmills have invested millions of dollars in drying technology (conventional drying 
and green sorting systems) which, for the most part are efficient and relatively low cost.  Thus, under 
the circumstances outlined above, sawmills urgently need to find ways to minimize the problems 
associated with the drying of sub-alpine fir that is, new procedures or combination of methods, to 
ensure maximum grade recovery at the end of drying and reduce drying times (increase productivity 
and lower processing costs).  In addition, the pressure exerted by typical longer drying times for sub-
alpine fir will impact the drying of spruce and pine.  Thus, strategies to speed the drying for those two 
species are needed to maintain annual production targets. 
 
The main objective of this project is to evaluate several strategies using existing technology so that 
sawmills can readily implement them throughout their drying operations dealing with larger volumes of 
sub-alpine fir and for mills with kiln capacity constraints which could compromise their production 
targets. 

1.2 Benefits 

Potential increase in annual revenue by $1,000,000 to $1,500,000 (based on current market prices for 
SPF dimension lumber) due to improvement in grade recovery is expected. A reduction in drying times 
(20 to 30% faster) will result in a proportional reduction in energy consumption and greenhouse gases 
(reduction of drying times and over-drying). 
 

2 Materials and Methods  

2.1 Hypothesis and Reasons for the Approach 

The hypothesis for the present study is: “if significant high stresses are created by the drying schedule 
during the early stages of the conventional drying by lowering relative humidity (RH) then those 
stresses will hold the lumber flat during subsequent stages of the drying process. 
 
Some researchers (Simpson 1983, Tomad et al. 2012) suggested that drying can be accelerated and 
the quality of the final product improved by a drop in temperature and relative humidity (RH) of air at the 
beginning of the drying process. Low initial RH will increase the drying rate and cause a large tension 
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set in the outer shell before the average MC is significantly reduced. This, in turn, helps to hold the 
lumber flat in the later stages of drying. The increase in drying rate will also result in an additional 
cooling down of the surface (Simpson 2002) and this additional drop has an impact on mechanical 
properties because modulus of elasticity (MOE) tends to increase a lower temperatures. Thus, a higher 
MOE for the outer wood and a lower one for the core of the wood has been found to be a phenomenon 
more evident at low temperatures (Lenth and Sargent 2008).  
 
Since the first layer of fibers has a more open structure than the rest due to the anatomic elements 
present here (Tremblay et al. 2000) a thin dry layer will form in a relatively short period of time with the 
hygroscopic range expected to increase slowly (Remond et al. 2005). A protection mechanism, called 
hygroelastic effect and described in detail by Skaar (1988), helps in maintaining the wood at a higher 
equilibrium moisture content (EMC) for this thin layer than the one provided by the environment. This 
effect correlated with a reasonable assumption that the restraining action of the higher moisture content 
layers is not efficient enough to totally constrain the shrinkage should protect the wood from serious 
drying degrade generated by a low wet-bulb value.  

2.2 Drying Schedules 

The research was planned to evaluate a conservative drying schedule for SPF then use the above 
illustrated strategies to reduce the drying time without compromising the quality of the final product. The 
control drying schedule used in this study is listed in Table 1. For all runs the fan speed was constant at 
600 feet/min. 
 

Table 1. Drying parameters for the control run 

Step # Description 
Ramp 
time 
(hrs) 

Step 
duration 

(hrs) 
Elapsed 

time (hrs) DBT (F) 
WBT 
(F) 

EMC 
(%) 

Fan 
reversal 

(hrs) 

1 heat-up 6 
 

6 140 140 25 3 

2 d1 10 
 

16 160 155 16 3 

3 d2 8 
 

24 180 172 12 3 

4 d3 1 
 

25 190 174 9 3 

5 d4 
 

11 36 190 174 9 3 

6 d5 12 
 

48 195 168 6 3 
 
A number of three experimental runs were performed. Details for Run 1 are shown in Table 2. For Run 
1 the temperature was slightly increased towards the end of the drying process and the EMC drastically 
dropped during all drying steps. Based on the knowledge accumulated during these two runs and 
aiming lower times and better quality several other changes were introduced in Runs 2 and 3 (Table 3 
and 4).  
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Table 2. Drying parameters for Run 1 

Step # Description 
Ramp 
time 
(hrs) 

Step 
duration 

(hrs) 
Elapsed 

time (hrs) DBT (F) 
WBT 
(F) 

EMC 
(%) 

Fan 
reversal 

(hrs) 

1 heat-up 4 
 

4 140 135 16 2 

2 d1 8 
 

12 140 126 10 2 

3 d2 8 
 

20 180 162 8 
12 

4 d3 1 
 

21 195 178 8 

5 d4 
 

7 28 195 178 8 12 

6 d5 9 
 

37 200 174 6 9 
 

Table 3. Drying parameters for Run 2 

Step # Description 
Ramp 
time 
(hrs) 

Step 
duration 

(hrs) 
Elapsed 

time (hrs) 
DBT 
(F) 

WBT 
(F) 

EMC 
(%) 

Fan 
reversal 

(hrs) 

1 heat-up 4 
 

4 140 135 16 2 

2 d1 8 
 

12 140 116 7 2 

3 d2 8 
 

20 180 145 5 
4 

4 d3 1 
 

21 195 161 5 

5 d4 
 

7 28 195 161 5 4 

6 d5 8 
 

40 200 167 5 4 
 

Table 4. Drying parameters for Run 3 

Step # Description 
Ramp 
time 
(hrs) 

Step 
duration 

(hrs) 

Elapsed 
time 
(hrs) 

DBT 
(F) 

WBT 
(F) 

EMC 
(%) 

Fan 
reversal 

(hrs) 

1 heat-up 4 
 

4 140 135 16 2 

2 d1 8 
 

12 140 116 7 2 

3 d2 8 
 

20 180 145 5 
4 

4 d3 1 
 

21 190 156 5 

5 d4 
 

7 28 190 156 5 4 

6 d5 8 
 

36 195 161 5 4 
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2.3 Kiln and Material Description 

One shipment of eight hundred and thirty six (836), 8 feet long (2.44 meters), pieces of green “wet sort” 
Engelmann's Spruce (Picea engelmannii) and lodgepole pine (Pinus contorta) mix was obtained from a  
sawmill in the Cariboo region of British Columbia. The cross section dimensions of each lumber piece 
were 96x42 mm a generic dimension called ‘2x4’ in industry. All experiments were performed in a kiln 
located at FPInnovations in Vancouver capable of holding two, 4’ high x 4’ wide x 8’ long 
(1.22x1.22x2.44 m) wood stickered packages (~2.4 Mfbm) (Figure 1). The charge rests on a scale so 
that the change of weight and therefore, MC of the whole charge, could be monitored over time. The 
stickers were ¾ inches thick (19 mm). 
 

 
Figure 1. Front view of the fully loaded kiln  

 
Few details about the species mix used in this study: 

• Engelmann's Spruce has an average MC of 55% and a specific gravity of 0.3 – 0.4. It dries 
faster than lodgepole pine but lower temperatures (between 130 and 170F) are recommended 
for obtaining high quality at the end of drying. In relation to drying defects, cupping can be an 
issue because of the large differential between radial (4.2%) and tangential shrinkage (8.2%); 

• Average MC of lodgepole pine is 50% with a specific gravity slightly higher than spruce 0.33 – 
0.47. Pine cupping is not a concern because of the small differential between radial (4.6%) and 
tangential shrinkage (6.8%). As drying related problems usually lodgepole pine has a higher 
variability in final MC. It can be dried at higher temperatures without significant degrade 
(between 170 and 200F).  
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2.4 Experimental Measurements 

At the beginning and completions of each run, each specimen was weighed and visually evaluated for 
surface and end- checking and shape distortions. After drying, MC for each specimen was evaluated at 
three positions (1ft, 4ft and 7ft) using a capacitive moisture meter from Wagner. Initial moisture content 
MCo (in %) was estimated by: 
 

kd

kdkd

W
WWMCMC −⋅+

= 0
0

)1(           (1) 

 
where MCkd is the average MC (based on measured positions) at the end of drying (%), Wo initial 
specimen weight (kg) and Wkd  specimen weight at the end of drying (kg). 
 
In terms of evaluating the drying stresses at the end of the drying process there are several methods 
available; these can be either destructive tests, like measuring the deformation of a prong or small 
wood slices and correlating the released strain with a stress value (Peck 1940, Kuebler 1960) or 
internal stress sensors (Kang et al. 2007). Under short time loading, stresses below a certain limit 
(called the proportional limit) produce strains which substantially disappear when the load is released. It 
the stress is higher and for a longer period of time the final shrinkage value will give an indication of the 
stress level (Lazarescu et al. 2010). While it is difficult and time consuming to calculate the exact stress 
values the method may be used as a comparison tool when one only wants to compare several drying 
schedules in terms of drying stresses i.e. the higher the shrinkage value the lower the stress during 
drying. 
 
The apparent thickness and width of 110 flat sawn specimens, roughly evenly distributed among the 
runs, were measured before and after drying with a pair of digital caliper (±0.01 mm). The shrinkage in 
both tangential and radial directions was calculated by dividing the difference between green and dry 
dimensions ( dL , in mm) to the initial green dimension ( L , in mm):  
 

100⋅=
L
dLSkd             (2) 

 
Since the measured lumbers ended at different MC’s normalization to 15% was made using a well-
known empirical equation:  
 

)
28

28(0,
kd

RT
MCss −

= (USDA 1999)         (3) 

 
where RTs ,  (%) is the shrinkage from green conditions to 28<M  (%) and 0s   is the total shrinkage for 

a particular structural direction specific to each species (%).  
 



FPInnovations  Page 8 

Since the species were mixed instead of using a theoretical 0s  coefficient, calculations were done for 
every individual lumber using the following equation: 
 

kd

kd
kd MC

Ss
−
⋅

=
28
13

15            (4) 

 
where Skd15 represents the shrinkage estimation at 15% MC. 
 
Drying rate was modelled using a diffusion equation developed by Crank (1975): 
 

)(1 MCMCt
dt
dMC

kd −⋅⋅⋅= −ββα          (5) 

 
where α  (1/min) and β  (dimensionless) are regression coefficients. 
 
The two regression coefficients were determined using a non-linear fitting Levenberg–Marquardt 
algorithm (Marquardt 1963) and SAS/STAT® software for programming.  
 
At the end of the experimental drying run if the measured MC was below or above the Control (15.5%) 
the drying times were adjusted based on the drying rate – the reported times are the times required to 
reach exactly the MC of the Control. 
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3 Results 

3.1 Moisture Content Distribution 

The estimated average initial MC (IMC) for all specimens was 93.6% with a standard deviation of 33 %. 
Figure 2 illustrates the distribution of these values. Numerical data and final MC (FMC) distributions for 
all runs are depicted in Figure 3 and Table 5. 
 

 
Figure 2. Distribution of initial moisture content for all runs 

The IMC was higher than expected for a spruce-pine population, possible explanations including either 
a very high percentage of sapwood – high quality wood from the tree core was used for larger cross 
sections and the remaining was used for 2x4’s – or balsam fir was present in the mix.  
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Figure 3. Distribution of initial and final MC in each run 
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Table 5. Moisture content data for all runs 

Drying 
run 

Actual 
time [h] 

Adjusted 
time* [h] 

IMC 
[%] SD** FMC 

[F] SD Drying defects/all 
lumbers (%) 

Time 
reduction [%] 

Control 48 48 73.6 39.4 15.5 3.9 3/209 (1.4) 0 

Run1 37 39 89.2 44.3 18.1 6.1 6/209 (2.8) 18.7 

Run2 40 38 99.3 47.9 13.9 3.2 14/209 (6.7) 20.8 

Run3 36 38.5 80.2 43 19.9 5.7 10/209 (4.8) 20.8 
* Time estimated to reach the Control average MC=15.5% 
** Standard deviation 
 
Decreases in drying times and increases in drying defects appear to be correlated. In Run 2, when a 
decrease in air EMC (equilibrium moisture content) and an increase in temperature were tested, more 
defects were noticed. This high number may be attributed also to overdrying and a higher value, when 
compared with the other runs, in IMC. Standard deviation was very small for this run which implies a 
more homogeneous FMC distribution. Nevertheless, the results show that a reduction of minimum 15% 
in drying times may be achieved without compromising quality. 
 
In order to exclude the drying time difference caused by the initial MC and final MC variability between 
runs, the drying rate functions were fitted for a readjusted initial MC of around 72% (± 2%) and final MC 
of 15.5%. The results are shown in Figure 3. 
 

 
Figure 4. Distribution of initial and final MC in each run 
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The regression coefficients used to model the drying rate calculated with eq. (5) are displayed in Table 
6. 

Table 6. Regression coefficients used to model the drying rate 

Drying run Alpha (1/min) Beta 

Control 4.66E-06 1.703 

Run 1 3.76E-06 1.785 

Run 2 1.38E-04 1.298 

Run 3 3.36E-05 1.479 
 
Between the two regression coefficients, alpha characterizes the slope of fitting function while beta 
compensates for the beginning of the process. High values for alpha results in sharp curves which ends 
in a small period of time while small values represent a smooth dehydration process. Run 2, the most 
aggressive tested drying schedules, had an alpha coefficient 100 times higher than Control and Run 1. 
Alpha has also shown to be significantly influenced by temperature and the EMC of the environment 
(Lazarescu et al. 2009) while little difference may be noticed between beta coefficients. A compromise 
between a slower drying process (Control) and a very aggressive one (Run 2) was attained in Run 3, 
the regression coefficients reflecting the change. 

3.2 Shrinkage Measurements  

The average dimensions of the cross sections were 96.41x41.98 with a SD of 2.03 in width and 0.97 in 
thickness. Average tangential and radial values for all runs are illustrated in Figure 5. 

 
Figure 5. Average tangential (TG) and radial (RD) values (± 1SD) for all runs 

There was a significant difference in shrinkage values between the drying runs in both structural 
directions, radial and tangential. One-way ANOVA test results are shown in Table 7.  
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Table 7. ANOVA test for shrinkage measurements  

ANOVA one-way Tangential Radial 

Source of Variation df F P-value F crit F P-value F crit 

Between Groups 3 4.67 0.004 2.69 9.99 7.45E-06 2.69 

Within Groups 106       
 
According to these results the tension set created in the outer shell at the beginning of the drying 
process restricted the shrinkage process throughout the entire drying process. This stress is reflected in 
reduced shrinkage values. The shrinkage restriction may lead to a potential decrease in green 
dimensions by approximatively 1%. 
 

4 Conclusions and Recommendations 

Based on the experience gained through several drying tests on a 2x4 population of spruce and pine, 
the following observations can be made:  

• A drop in the equilibrium moisture content at the beginning of the drying resulted in a tension set 
which restricted the shrinkage process throughout the entire drying process; 

• The tension set allowed tougher drying conditions for all drying steps without a significant 
increase in drying defects; 

• The analysis of drying rate function revealed that the process is characterized by a combination 
between a constant parameter and one activated by a combination between equilibrium 
moisture content provided by the environment and temperature; 

• There was a relatively small increase in the drying defects a small price to pay for an overall 
reduction in drying times of 18 to 21%;  

• Shrinkage restriction may lead to a potential decrease in green dimensions by approximatively 
1%.  
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