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Summary 
Continuous drying is still in its relatively early stages and mills are currently dealing with process 
adjustments to obtain desired throughput and quality of the final product. Field measurement carried 
out in 2015-16 illustrated a number of opportunities for process optimization involving each of the three 
main stages of current continuous kilns. Simulations of industrial continuous drying at laboratory level 
performed in 2016-17 were successful and allowed the evaluation of each of the drying stages to be 
fully characterized (lumber temperatures, drying schedule conditions of dry and wet bulb temperatures). 
Thus, different drying schedules provided an excellent opportunity to examine the impact of schedule 
conditions on drying defects, drying rates and kiln residence times. 

The main objectives of the project for 2017-18 were to simulate continuous drying in laboratory 
conditions for different products, products mix, species and green sort groups. In addition, a detailed 
evaluation of potential technologies was carried out to explore the concept of dynamically adjusting 
speed (push rates), based on drying rates and moisture content. 

Piecewise regression was used to identify the optimum push rate and suggest design modifications of 
continuous kilns. This method proved to be efficient in identifying potential reductions in drying time for 
different sorts of sprue/pine (SP) lumber without compromising the quality of the final product. 
Simulations also allowed identifying the push rate of 2 feet/h to satisfactorily dry green hem-fir 2-inch 
lumber.  

Initial tests showed that mid-sort sub-alpine (moisture content below approximately 70%)  could not  be 
mixed with wet sort SP  in a continuous kiln operating at push rate of 4.2 feet/hr because only 73% of 
the sub-alpine sort dried below 21%. Decreases in push rate will reduce the percentage of sub-alpine fir 
wets but will also increase the amount of over-dried lumber. Changes in kiln configuration may reduce 
the drying time but increase the percentage of over-dried lumber. 

The results indicated that additional laboratory tests are required to develop drying schedules and 
temperature profiles in the main drying zone of continuous kilns, drying times and final moisture content 
distribution.    
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1 Introduction 
Continuous drying systems were introduced in Canada in 2013. It is expected that by the end of 2018 
there will be more than twenty industrial operations across Canada. Continuous drying is still in its 
relatively early stages and mills are currently dealing with process adjustments to obtain desired 
throughput and quality of the final product. Once kiln production objectives for green sorts, species and 
products are established, mills will need to concentrate their efforts to optimize the drying process by 
designing strategies to produce desirable drying rates, final moisture content uniformity, quality of the 
final product and fulfill phytosanitary requirements. Field measurement carried out in 2015-16 illustrated 
a number of opportunities for process optimization involving each of the three main stages of current 
continuous kilns. 

Simulations of industrial continuous drying at laboratory level performed in 2016-17 were successful 
and allowed the evaluation of each of the drying stages to be fully characterized (lumber temperatures, 
drying schedule conditions of dry and wet bulb temperatures). Thus, different drying schedules 
provided an excellent opportunity to examine the impact of schedule conditions on drying defects, 
drying rates and kiln residence times. Furthermore, the detailed examination of drying and equalizing 
conditions in each of the drying stages of continuous drying allowed to explore control strategies and 
equipment optimization so that future changes to the current process can transform continuous drying 
towards in-line operation. 

2 Objectives 
The main objectives of the project for 2017-18 were to simulate continuous drying in laboratory 
conditions for different products, products mix, species and green sort groups so that operators can 
take into account all process variables when designing and/or modifying drying schedules. In addition, 
a detailed evaluation of potential technologies will be carried out to explore the concept of dynamically 
adjusting speed (push rates), based on drying rates and moisture content.  

3 Approach 

The approach will be as follows: 

• Carry out simulation studies to evaluate continuous drying for different species, species mix, 
products mix and different green sorting groups; 

• Carry out simulation studies to examine the opportunities for drying lumber with wet pockets 
(sub-alpine fir). 

4 Summary of Continuous Drying Simulations 
Drying tests were carried out to attempt the simulation of industrial continuous drying using freshly-cut 
2-inch unsorted hem-fir lumber and “mid” and “wet” sorted SP (Spruce-Pine) lumber. The current North 
American continuous kiln design consists of three zones, namely: two equalization zones at each end 
and one central drying zone. Industrial schedule conditions of temperature and relative humidity for 
each zone were accurately simulated. 
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Lumber coming into the kiln at both ends is pre-heated by the lumber exiting the kiln. The core wood 
temperature in the equalization zones is approximately equal to the wet-bulb temperature of the 
ambient air. Measurements during field tests showed that the gradual exposure of the lumber packages 
to higher temperatures in the drying zone created a transition zone throughout wood core temperature 
which was still approximately equal to the wet-bulb temperature. In order to simplify the interpretation of 
the results, the continuous drying kiln was divided into three Segments which do not reflect the physical 
boundaries of the continuous kiln zones. The length of the transition zones (12.3 feet) was determined 
based on lumber core temperature field measurements. Moisture content (MC) measurements for 
species and sorts tested in the laboratory confirmed the length of the segments (Figure 2). 

 

Figure 1. The location of the segments along the continuous drying kiln 

 

 

Figure 2. Experimental average MC values for hem-fir and SP sorts (mid and wet) 
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5 Part 1 – Tests involving Different Species Mix 

5.1 Materials and Methods 

One shipment of 100, 2” x 6” x 16’, specimens of freshly-sawn “mid sort” sub-alpine fir lumber was 
delivered from a mill in Prince George, B.C. l. Another shipment of 100, 2” x 6” x 16’, pieces of freshly-
cut “wet” sorted SP (Spruce-Pine) lumber was supplied by a mill north of Prince George. The lumber 
was cut to 2” x 6” x 2.8’ specimens and the ends were coated with two-part epoxy wood sealer to avoid 
excessive drying through the ends. 

Two runs were carried out to see the influence of species mix in industrial conditions of continuous 
drying – one test with wet SP and one test with an evenly mix of wet SP and mid sub-alpine fir. Sixty 
(60) end-sealed specimens were dried in each run using a push rate of 4.2 ft/hour. Stickers were ¾ 
inch-thick and fans wet set to reverse every three hours. The simulation parameters are given in Table 
1. 

Table 1. Drying parameters used to simulate continuous drying of either SP or mix of SP and sub-alpine 
fir 

Step Ramp time 
(hrs) 

Elapsed Time 
(hrs) 

DBT 
(°F) 

WBT 
(°F) 

EMC 
(%) 

Air Velocity 
(feet/min) 

1 14.0 14.0 120 115 16.4 500 

2 4.0 18.0 140 136 17.3 

1000 3 6.0 24.0 200 150 3.4 

4 17.0 41.0 207 160 3.6 

5 14.0 55.0 100 93 14.2 500 
 

After drying, the MC for each specimen was evaluated close to the ends and in the middle region (three 
positions). Initial moisture content MCo (%) was estimated by: 

kdkdkd WWWMCMC /])1[( 00 −⋅+=         (1) 

where MCkd is average MC at the end of drying (%) (Average based on measured positions), Wo is 

initial specimen weight (kg) and Wkd is specimen weight at the end of drying (kg). 

The modelling technique, used to fit the experimentally collected data, is illustrated in Appendix 1. 

5.2 Results 

The wet SP sort component was successfully dried and all the specimens dried below 21%. 
Experimental and curve fitted average MC values for the wet SP are shown in Figure 3. Only 73% of 
the mid sub-alpine sort component dried below 21% and therefore this push rate (4.2 feet/hr) did not 
meet the expectations for a uniform drying. Average initial and final MC, percentages of wets (>21%), 
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to target (between 21 and 10%) and over-dried (<10%) are shown in Table 2. No visible defects were 
noted in either runs. 

Table 2. Drying result for 2x6 wet SP and mix of 2x6 wet SP and mid sub-alpine 

Run 
# Wood Species 

Drying 
Time 
(hrs) 

Initial MC 
(± 1SD*) 

Final MC 
(± 1SD) 

Final MC Distribution 
 (%) 

Wets To target Over-dried 

1 Wet SP 
55 

93.9 (40.6) 11.5 (1.6) 0 85 15 

2 Wet SP (50%) 114.8 (44.8) 11.5 (1.1) 0 93 7 

 Mid sub-alpine (50%) 59.7 (13.9) 17.4 (5.6) 27 70 3 
*Standard Deviation 

 

Figure 3. Experimental and piecewise curve fitted average MC values for hem-fir and SP sorts  
(mid and wet) 

Since the wet SP sort had a relatively high percentage of over-dried lumber (15%) opportunities 
associated with reducing kiln residence time can be explored. However, past tests for this sort showed 
that changing in push rate from 4.2 to 4.6 feet/hr increased the percentage of wets.  

6 Part 2 – examine the opportunities for drying mid sort sub-
alpine fir lumber in continuous kilns  

6.1 Materials and Methods 

The next task was to identify the optimum push rate for the mid sort sub-alpine fir lumber. Following the 
results for 4.2 feet/hr, the push rate was reduced to 3.6, 3 and 2 feet/hr (Table 3). One test was also 
carried out at 3 feet/hr for a different design configuration – the two 60 foot-long heating up/equalization 
zones and the 100 foot-long central drying zone was modified to two 40 foot-long heating 
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up/equalization zones and a 140 foot-long drying zone. The configuration change resulted in an 
increased residence time in Segment 2 from 25 to 38 hrs for a push rate of 3 feet/hr. The drying 
parameters for the modified configuration are shown in Table 3. 

Table 3. Drying parameters used to simulate continuous drying of sub-alpine fir at different push rates 

Step # 
Push 
rate 

(feet/hr) 

Ramp 
time 
(hrs) 

Elapsed 
time 
(hrs) 

DBT 
(°F) 

WBT 
(°F) 

EMC 
(%) 

Air 
velocity 
(fee/min) 

1 3.6 16.4 16.4 

120 115 16.4 500 3 20 20 

2 30 30 

2 3.6 4.6 21 

140 136 17.3 

1000 

3 5 25 

2 7.5 37.5 

3 

3.6 7 28 

200 150 3.4 3 7.5 32.5 

2 11.2 48.7 

4 

3.6 19.8 47.8 

207 160 3.6 3 20.8 53.3 

2 31.2 79.9 

5 

3.6 16.4 64.2 

100 93 14.2 500 3 20 73.3 

2 30 110 
 

6.2 Results 

A summary of the results for all tested push rates is presented below (Table 5). 

Table 4. Summary of all mid sort sub-alpine continuous drying experiments  

Push rate Time Initial MC (± 1SD) Final MC (± 1SD) Final MC distribution (%) 

(ft/hr) (hr) (%) (%) Wets To target Over-dried 

3.6 64.2 56.6 (17.2) 16.3 (5.0) 17 78 5 

3.0 73.3 58.8 (12.7) 15.3 (5.0) 13 75 12 

2.0 110 64.4 (12.1) 12.3 (3.7) 2 70 27 

3.0 (NC*) 73.3 61.1 (12.4) 10.8 (3.2) 0 43 57 

* New Configuration 
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The results above do indicate that decreases in push rate will reduce the percentage of wets but this is 
accompanied with an increase in the amount of over-dried lumber. The change in kiln configuration 
reduced drying time and resulted in all specimens being dried to moisture contents below 21% but 
there were excessive over-drying (more than 50%). Apparently for this particular sort (mid sub-alpine 
fir) the heat-up/equalization zones have to be longer than the tested design. 

 

 
Figure 4. Average MC drop for different push rates and a new configuration (NC) 

7 Conclusions & Recommendations 
Based on the results of this study the following conclusions and recommendations can be made:  

1. Piecewise regression can be used to identify the optimum push rate or the design of the 
continuous kilns; 

2. Potential reductions in drying time without compromising the quality of the final products can be 
achieved through sorting the SP lumber; 

3. Based on lab simulations green hem-fir lumber can be dried using a push rate of 2 feet/hr which 
for a 220 foot - long continuous kiln is equivalent to 110 hrs of kiln residence time; 

4. Mid sub-alpine sort cannot be mixed with SP wet sort in a continuous kiln operating at a feed 
(push) rate of 4.2 feet/hr. While all the tested lumber of the latter sort dried below 21% only 73% 
of the former sort dried below 21%; 

5. Decreases in push rate in continuous drying will reduce the percentage of sub-alpine fir wets but 
will also increase the amount of over-dried lumber. Changes in kiln configuration may reduce 
the drying time but increase the percentage of over-dried lumber.  
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Appendix I: Modelling the Push Rates in Continuous Drying 
In Segment 1, where wood is exposed to high relative humidity and consequently high equilibrium 
moisture content (EMC), a linear drying rate was observed for all simulation runs. The higher intensity 
drying process in Segment 2 generated a non-linear fast drying rate. The end of the drying process 
(Segment 3) is characterized by a gradual slow-down over the remaining kiln residence time. As the 
MC is lower, the drying rate at the beginning of this stage is not as intense as in Segment 1 albeit 
similar drying conditions are provided. A non-linear slow drying rate was recorded in this segment for all 
simulation runs. 

The modelling technique (piecewise regression), used to simulate the continuous drying process, 
consisted of individually fitting the data  for each segment and then combining  the parts to allow a 
complete simulation of the drying process continuous kilns. Detailed description of piecewise 
regression is presented in numerous publications, e.g., Edwards et al. 2005 and James et al. 2013. The 
regression functions used for each segment are shown in Table 6. 

Variables that are set as input parameters are initial MC, push rate and the length of each segment. 
The length of the segments can be re-adjusted if the configuration of the continuous kiln is changed, 
i.e., if the length of equalization zones is extended or decreased and if heat exchangers are added to 
the drying zone. 

An example of the proposed piecewise regression for a push rate of 4.2 feet/hour is displayed in Figure 
5. The regression results compared well with the experimental measurements.  

 

 

Figure 5. Experimental and piecewise curve fitted average MC values for hem-fir and SP sorts (mid and 
wet) 
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Table 5. Piecewise regression functions for each segment  

Segment 
Length 

Regression function* Regression 
coefficients (feet) 

1 72.3 initialMCtAMC +⋅=  A  

2 75.4 
βα t

emcinitialemc eMCMCMCMC 1)( ⋅−⋅−+=  βα ,1  

3 72.3 t
emcinitialemc eMCMCMCMC 2)( ⋅−⋅−+= α  2α  

*Where t is time, in hrs, MCemc is the equilibrium MC, in % and MCinitial  is the  
initial MC at the beginning of the drying segment, in %. 

 

The first step in testing the model was to examine the impact of two of the input parameters, namely, 
the initial MC and the push rate. Since the hem-fir was the only species which could not be satisfactory 
dried to a target MC of 15% an experimental test was designed for a 30% reduced push rate (3 feet/hr) 
and a different initial MC. The results are shown in Figure 6. The model predicted correctly Segment 1 
and Segment 3 and slightly underestimated the middle segment. Overall the final moisture content was 
underestimated by the model by 1.8% mainly because of the regression in Segment 2. No other push 
rates were tested at lab level. However, the simulations showed that in the current configuration, a push 
rate of 2 feet/hr, equivalent with 110 hrs of drying for a 220 ft long continuous kiln, would bring the final 
MC of hem-fir to the same target as wet and mid SP sorts. The graphs are included in Appendix II. 

 

Figure 6. Piecewise curves for 3 feet/hr (experimental and model)  

The second step in testing the model was to examine the impact of different design configurations 
related to each segment length. The configuration of the continuous kiln was modified to two 40 foot-
long heating up/equalization zones and a 140 foot-long drying zone. The configuration change resulted 
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in a forty percent (40%) increase in residence time in Segment 2. The total drying time (73.3 hrs) was 
similar with the reduced (30% less) push rate experiment. The results are shown in Figure 7. The 
model overestimated the final MC by 1.5%. 

 

 

Figure 7. Piecewise curves for 3 feet/hr for a different kiln configuration 

Similar simulations were also performed for mid and wet SP specimens. For the SP mid sort the best 
push rate (quality and economics) is 4.6 feet/hr which results in an overall residence time reduction 
from 55.0 to 47.8 hrs without producing noticeable drying defects. Further increases in push rate (5 
feet/hr), coupled with a slightly higher initial MC, may produce MC above target (wet lumber), (Figure 
8). All the other graphs for SP mid sort are included in Appendix II. 
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Figure 8. Piecewise curves for 4.6 feet/hr (tested at lab level) and 5 feet/hr (simulated) for SP mid sort  

A similar reduction in drying times, by increasing the push rate from 4.2 to 4.6 feet/hr, was also targeted 
for the SP wet sort. However, the results were not satisfactory as the percentage of lumber dried below 
21.0% was only 83.8%. A new kiln design, similar to the one proposed for hem-fir, can also reduce the 
drying time from 55.0 to 47.8 hrs for this sort. The simulation showed that this configuration can reduce 
final average MC even for higher initial MC (Figure 9). The findings were supported by two laboratory 
experiments at the end of which between 97.5 and 98.8 % of the lumber dried below 21%. 

 

Figure 9. Piecewise curves for SP wet sort at 4.6 feet/hr for a regular and modified configuration (tested at 
lab level)  
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Piecewise regression coefficients and additional fitting graphs are included in Appendix II. Details about 
how much moisture is lost and the drying rates in various sections of the continuous kilns are included 
in Appendix III. 
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Appendix II: Piecewise Regression Coefficients and Fitting 
Graphs 

Wood 
species 

Regression 
coefficients Push rate 

Hem-fir 

A=-0.817 
B=Minitial 
α1=0.045 
β=1.088 
α2=0.053 
 

3 feet/hr (tested and simulated in lab) 2 feet/hr (simulated) 

  

Mid SP 
 

A=-0.755 
B= Minitial 
α1=0.035 
β=1.420 
α2=0.300 

4.2 feet/hr (tested and simulated in lab) 4.6 (tested and simulated in lab) 

  

5.0 (tested and simulated in lab)  
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Wood 
species 

Regression 
coefficients Push rate 

Wet SP 
 

A=-0.755 
B= Minitial 
α1=0.035 
β=1.420 
α2=0.300 

4.2 feet/hr (tested and simulated in lab) 4.6 (tested and simulated in lab) 

  

5.0 (tested and simulated in lab)  
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Appendix II: Moisture Content Variation in Different Kiln Areas 
Table 6. Moisture content variation in different continuous kiln areas after hem-fir lab simulations 

Wood 
species 

Drying 
schedule 

% MC lost in: Average drying rate [%/hr] % of dried 
lumber 

Heat-up Drying Equalization Heat-up Drying Equalization < 21% < 19% 

Hem-fir 

Control 17.4 62.4 16.6 1.01 3.48 0.96 28.4 20.5 

30% Reduced 20.9 62.4 11.7 0.87 2.48 0.49 63.6 52.3 

30% Reduced 
modified (R*) 

14.0 
(13.4) 

82.9 
(89.6) 

0.8 
(1.8) 

0.80 
(0.77) 

2.16 
(2.33) 

0.05 
(0.10) 

90.9 
(70.5) 

84.1 
(63.6) 

* Results for a replication run 
 

Table 7. Moisture content variation in different continuous kiln areas after SP mid sort lab simulations 

Wood 
species 

Drying 
schedule 

% MC lost in: Average drying rate [%/hr] % of dried 
lumber 

Heat-up Drying Equalization Heat-up Drying Equalization < 21% < 19% 

SP mid 
sort 

Control 16.9 35.9 5.5 0.98 2.00 0.32 100.0 97.5 

10% More 17.1 38.8 6.9 1.09 2.37 0.44 95.0 93.8 

20% More 
(R) 

21.2 
(17.9) 

42.0 
(42.7) 

7.9 
(7.7) 

1.47 
(1.24) 

2.79 
(2.83) 

0.55 
(0.53) 

97.5  
(92.5) 

88.8 
(90.0) 

Table 8. Moisture content variation in different continuous kiln areas after SP wet sort lab simulations 

Wood 
species 

Drying 
schedule 

% MC lost in: Average drying rate [%/hr] % of dried 
lumber 

Heat-up Drying Equalization Heat-up Drying Equalization < 21% < 19% 

SP wet 
sort 

Control 19.4 55.0 8.6 1.13 3.06 0.50 98.8 97.5 

10% More 20.3 61.0 10.5 1.29 3.72 0.67 83.8 75.0 

10% More 
modified (R) 

21.5 
(20.2) 

81.3 
(82) 

1.6 
(1.9) 

1.89 
(1.78) 

3.24 
(3.27) 

0.14 
(0.17) 

97.5 
(98.8) 

97.5 
(97.5) 
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