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Drying Performance of 8/4-inch Hard Maple in Superheated Steam/Vacuum and Conventional Kilns - A Comparative Study

Summary

The objective of this project was to provide the information required by Canadian lumber producers to 
evaluate the superheated steam/vacuum (SS/V) drying process as applied to 8/4-inch red oak with respect 
to productivity, final product quality, efficiency and energy consumption. Another objective was to 
compare SS/V drying with conventional drying in terms of productivity and wood quality.

Two homogeneous test loads were prepared from a single lumber lot for the SS/V and conventional tests. 
Initial lumber moisture content in the two loads averaged 28%. The tests involved measuring drying time 
as well as wood quality before and after the drying operation, including: distortion, drying checks and 
splits, final moisture content gradient, dimensional shrinkage, and residual stresses (prong tests). In 
addition, the tests included measurements of energy consumption, both thermal and electrical, with 
meters. The schedule used for conventional drying was drawn from Boone et al. (1993) and that for SS/V 
drying was supplied by Iwotech, the equipment manufacturer. In both cases, the drying cycle was 
terminated when the all boards used for control had reached the 7 ± 1.5% moisture content range.

Drying was achieved in 7.6 days with the SS/V process, representing a significant reduction (by a factor 
of 2.2) relative to the time required with the conventional method; and wood quality after drying was 
comparable. The results obtained with respect to distortion, checking, moisture content gradients, and 
residual stresses attest to the quality of the drying operation with both processes. Total energy 
consumption for the SS/V process was 11,307 kJ/kg of evaporated water with 58% as thermal energy and 
42% as electrical energy.
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Drying Performance of 8/4-inch Hard Maple in Superheated Steam/Vacuum and Conventional Kilns - A Comparative Study

1 Introduction

To be economically successful, Canadian wood product manufacturers need to extract maximum value 
from the resource available to them, and the manufacture of value-added products is one of the strategies 
used to achieve this objective at the same time as it responds to market demand. Canadian wood species 
are highly suitable for the manufacture of value-added products.

Secondary manufacturing processes demand quality drying. The required quality may be achieved 
through a number of methods, but those using vacuum drying appear particularly appealing. The major 
peculiarity of vacuum drying is that it operates at pressures lower than atmospheric pressure. The 
principles of vacuum drying are as follows: a) under a vacuum, the boiling point of water is lowered, 
which accelerates surface evaporation; b) internal mass transfer is increased due to a favourable pressure 
gradient inside the wood; c) hydraulic conductivity is increased due to lower pressure, which allows for 
improved mass transfer under a vacuum; and d) the vacuum leads to reduced resistance to mass transfer at 
the wood surface (surface evaporation) (Defo, 1999).

The various vacuum drying techniques that have been developed can be divided into two categories: those 
using continuous vacuum, i.e. the vacuum is maintained throughout the drying cycle; and those using 
discontinuous vacuum, with alternating phases of vacuum and forced convection heating under 
atmospheric pressure. The continuous vacuum method has been applied with heating platens, radio 
frequency and superheated steam. In superheated steam/vacuum (SS/V) kilns, heat is transferred to the 
wood by forced steam convection. The system operates above the boiling point of water, which is in the 
order of 40-50°C at the 7-25 kPa operating pressure. The water vapour extracted from the wood is 
condensed in a separate system, usually located outside the kiln. Usable SS/V kiln capacity can be as high 
as 200 m3.

Compared to conventional drying methods, vacuum drying cuts drying times by a factor of two to five, 
depending on species and lumber thickness (Aléon et al. 1990). According to the literature, wood quality 
is usually superior as final moisture content distribution is more uniform throughout the lumber. In 
addition, the absence of oxygen in vacuum SS/V (continuous) drying tends to minimize discolouration 
problems associated with tannin oxidation. Previous studies also showed that SS/V drying had the 
potential to reduce thermal energy consumption by as much as 50% by comparison with conventional 
drying processes (Skovmand, 1995).

Projects dealing with the development of secondary manufacturing in British Columbia and Quebec have 
demonstrated the need to evaluate non-conventional drying so that wood product manufacturers may gain 
access to more drying options and select the techniques best suited to their particular products. To meet 
this objective, Forintek’s Eastern Division acquired an SS/V kiln in 1998. The information presented in 
this report will help Canadian wood product manufacturers to evaluate the economic feasibility of 
adopting the SS/V process to dry 8/4-inch hard maple lumber in terms of productivity, final product 
quality, and energy consumption.
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2 Objectives

• To provide Canadian wood product manufacturers with the information required to evaluate the 
superheated steam vacuum (SS/V) drying technique as it applies to 8/4-inch hard maple.

• To compare SS/V and conventional drying processes with respect to productivity and quality as 
applied to 8/4-inch hard maple.

3 Personnel

Marc Savard 
Vincent Lavoie 
Carl Tremblay 
Guy Labrecque 
Yves Lavoie 
Laurent Jaudoin 
Francis Tanguay

4 Test Methods

4.1 Test Material

4.1.1 Lumber

The lumber used in the tests was 5.5 cm (8/4-inch) air-dried hard maple. Board widths ranged from 14 to 
29 cm and the length was 2.44 m. The lumber was supplied free-of-charge by Foresbec inc., of 
Drummondville, QC. It was delivered stacked on square-section stickers. Board ends had been coated 
with wax to prevent excessive end drying. Initial lumber moisture content (MC) before drying was 28%.

4.1.2 Kilns

The two kilns used in this study have individual capacities of about 2.5 m3 (1,000 fbm). Forintek 
purchased its SS/V kiln from Iwotech Ltd. (IWT), a Danish supplier, in 1998. The kiln is equipped with a 
dual-speed, 4.1-kW vacuum pump. Circulation of superheated steam is achieved by three 0.75-kW fans. 
The required heat is provided to the kiln through a 30-kW hot water system

The Cathild brand conventional dryer is heated indirectly with low pressure (20 psi) steam. Air circulation 
is achieved through two 3-kW internal-motor fans with adjustable speed drives. It uses atmospheric 
venting. Humidification is provided by low-pressure steam.

Project Leader 
Industry Advisor 
Scientist
Technology Specialist 
Technology Specialist 
Trainee, Wood Engineering 
Trainee, Forest Products Conversion

, Equipment and Material
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4.2 Methods

4.2.1 Test Load Preparation

Boards from the same lot were randomly assigned so as to form two test loads with identical 
characteristics. In the two loads (2.4 m3 for the conventional kiln and l .8 m3 for the SS/V kiln) the boards 
were stacked on square-section stickers at a 30-cm spacing (Figure 1). Both test loads included 30 test 
boards, randomly distributed in the load, which were used to evaluate final product quality. Board widths 
and thicknesses were measured at the centre of each board with a vernier calliper. Initial distortion in all 
three planes (bow, spring, twist, and cupping) was measured to the nearest millimetre, and maximum 
distortion was recorded. In the measurements of bow and spring, a 23 kg-load was applied to each end of 
the board to stabilize it. A similar set-up was used for twist measurements, with one load used to keep one 
end flat on the bench, and the other to stabilize one comer at the other end while the other corner was free 
for twist measurement..

Figure 1. SS/V Kiln Load (After Drying)

Surface checks in the 30 sample boards were measured and recorded with respect to numbers and lengths. 
Checks extending to one end of a board were identified as end checks, while others were recorded as 
surface checks. Each check was identified with a marker so it could be easily traced after drying. Finally, 
each of the sample boards was weighed so its moisture content could be determined before its re-insertion 
into the load.
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Electrical resistance moisture probes were inserted half-way through the thickness of eight of the 30 
sample boards; of these eight boards, two also had probes inserted through to a quarter of the thickness to 
monitor moisture gradients throughout the drying process. Similarly, eight boards from the conventional 
test load carried resistance moisture probes; the eight probes were inserted through to a quarter of the 
thickness to monitor average moisture gradients, and two were inserted half-way through the thickness to 
monitor moisture gradient throughout the drying process. In the conventional kiln, the probes were only 
used for information purposes as control of the kiln was based on two control boards included in the load. 
A dead load of 1,360 kg was applied to each of the test loads before its introduction into the kiln in order 
to limit drying-induced distortion.

4.2.2 Schedule Selection and Kiln Control

The drying schedule used in the conventional test was as suggested by Boone et al. (1993). It is shown in 
Table 1. Equalizing and conditioning phases were added at the end of the cycle. This being the first SS/V 
test on maple, the schedule proposed by Iwotech was used (Table 2).

Table 1. Conventional Drying Schedule

Steps M oisture  
content (%)

Dry-bulb
tem peratu re

(°C )

W et-bu lb
tem perature

(°C )

Equilibrium  
m oisture  content 

(% )

Relative
hum idity

(% )
1 >40 4 5 .5 4 3 .5 17 .5 88

2 40  to  35 4 6 .5 4 3 .5 15.1 82
3 35 to  30 4 7 .5 4 3 .5 13.4 76
4 30 to  28 5 0 .0 4 3 .5 11 .0 67
5 28 to  25 5 2 .5 4 3 .5 9 .0 57

6 25 to  22 5 5 .5 4 3 .5 7 .6 48
7 22 to  18 6 0 .0 4 3 .5 5 .8 38

8 18 to  15 6 5 .5 4 3 .5 4 .2 28
9 15 to  fin a l 7 1 .0 4 9 .0 4 .3 31

E q u a liz in g n.d. 7 1 .0 5 5 .0 5 .5 45
C o n d itio n in g n.d. 7 1 .0 6 2 .0 9 .0 64

Table 2. SS/V Drying Schedule

S teps T im e o r m oisture  
con ten t

Dry-bulb
tem peratu re

(°C )

Relative hum idity
(% )

P re -h e a tin g n.d. 59 90
1 > 4 0 % 59 86
2 4 0  to  2 8% 59  to  64 86 to  76
3 2 8  to  2 0% 64  to  69 76 to  59
4 2 0  to  6% 69  to  74 59 to  34
E q u a liz in g 5h. 64 50

(I> Above 40% RH, temperature and humidity were kept at constant set points
®  From 40% RH down, temperature and RH were set by the kiln controller according to lumber moisture content
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Conventional kiln control and step changes were based on the average moisture contents of the control 
boards. In the SS/V kiln, control relied on average readings of the moisture content probes at board 
centre. Temperature and relative humidity set points were ramped according to decreasing moisture 
contents. The drying process was considered complete when lumber moisture contents reached 7 ± 1.5%.

4.2.3 Data Collection after Drying

Once the drying cycle was completed, the sample boards were measured again with respect to 
dimensions, distortion, and checks. They were also weighed to calculate initial moisture contents. The 
results are discussed in Section 5.

A total of 42 specimens, 25 mm in length, were cut from eight boards (five specimens per board in six 
boards, and six specimens each in the other two) selected from the 30-board sample identified before 
drying. In each of these boards, two or three specimens were used to determine final moisture contents by 
the gravimetric method; two to determine final moisture content gradients and the last one to evaluate 
residual stresses through a prong test.

The SS/V process was also evaluated for energy performance. Energy consumption was measured with 
two electric meters; one for the thermal energy produced by the electrically-heated water boiler used to 
provide heat to the kiln and the second for the power required to run the various motors of the kiln, i.e. the 
three fans circulating the steam, the vacuum pump, the condenser fan, and the air compressor for the 
pneumatic valves.

5 Results and Discussion

5.1 General Results and Productivity

Table 3 presents the results obtained from both tests with respect to moisture contents lumber volume 
dried, and test drying time.

Table 3. General Results and Productivity

SS/V C onventional
Initial m oisture content (%) 2 8 .3 2 7 .6
Final m oisture content (%) 6 .3 6.1
Test load volume (m 3) 1.84 2 .4 4
Basic density (kg/m 3) 5 9 7 1 5 9 7 1
Drying tim e (hours) 178 313
Equalizing tim e (hours) 5 89
Conditioning tim e (hours) 0 6
Total cycle time (hours) 183 408
Drying tim e (days) 7.6 17.0
Nominal basic density (Jessome 1977)
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Low initial moisture contents in the two loads are attributable to the fact that the lumber had previously 
been air-dried. Final moisture contents were in the targeted 7 ±1.5% range for both processes.

The SS/V process required five hours’ conditioning as compared to 89 hours for the conventional process. 
Lumber dried in the SS/V kiln was not conditioned, while the conventionally dried load required six 
hours’ conditioning.

Total drying time was 2.2 times shorter with SS/V than with conventional drying. According to 
Skovmand (1995), the Moldrup drying process (process used in our kiln) is two to five times faster than 
conventional drying, depending on species and board thickness.

5.2 Wood Quality

The results obtained with respect to distortion, splits and checks, internal checks, final moisture content 
gradient, and shrinkage are shown in Table 4. Wood quality measurements showed that all distortion 
defects had increased by the same ratio with the exception of bow, which was slightly higher with SS/V. 
Distortion after drying remained relatively mild and unlikely to cause problems in subsequent 
manufacturing operations.

With both processes, the number and length of checks increased slightly as a result of the drying process. 
Total check length increase due to drying was less than 0.1% for the SS/V process, and approximately 
0.2% for the conventional process.

Final moisture content gradients were also low with both processes. Moisture content differentials 
between face and core were less than 1%, which illustrates final moisture content uniformity considering 
the lumber thickness. With the SS/V process, the gradient was negative, indicating that face moisture 
contents were, on average, higher than core moisture contents.

Table 4. Wood Quality

SS/V C onventional
B ef. A fte r D iff. B ef. A fte r D iff.

D istortion '1* (m m )
Bow 0 .9 3.5 2.6 1.7 2.7 1.0
Spring 0.2 5.3 5.1 0.7 4 .7 4.0
Twist 1.1 6 .7 5.6 1.3 6 .8 5.5
Cupping 0.0 2.9 2.9 0.2 3.3 3.1

Splits and ch eck s'1*
Average number per board 4 0 .5 4 0 .8 0.3 36.2 36 .3 0.1
Average length per board (mm) 1 4 21 .2 142 2 .5 1.3 1137 .9 1140 .2 2.3

A verage M C  gradient*2* -0 .74 0 .57

A verage d im en sion s'1* (m m )
Width 2 0 5 .3 192 .5 12.8 20 2 .2 190 .2 12.0
Thickness 5 5 .5 53 .3 2.2 55.0 52 .9 2.1

A verage transverse sh rink age, 30 -0 % (1* (% ) 13.8 13.6
1 Average of 30 boards
2 Average of 8 boards
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The transverse shrinkage value shown in Table 4 corresponds to total shrinkage (30-0% MC) in both 
directions of a cross-section. It was calculated by subtracting the product of the measured shrinkage 
values for width and thickness from the total of the two measurements. Transverse shrinkage was 
comparable with the two processes, with 13.8% for SS/V, and 13.6% for conventional drying. Transverse 
shrinkage calculated from the radial and tangential shrinkage values provided by Jessome (1977) was 
13.0%.

The prong tests conducted after drying to evaluate residual stresses indicated similar residual stress with 
both processes. Very little case-hardening was observed in a majority of the boards. It should be 
remembered that the SS/V drying schedule included no conditioning phase while the boards dried by the 
conventional process were conditioned for six hours.

The results shown in Table 4 testify to the quality of the results obtained with both processes. For 
comparable wood quality results, the SS/V process reduced the drying time by a factor of 2.2. The drying 
schedules used in both kilns provided very satisfactory results. The schedule suggested by IWT may 
therefore be used successfully to kiln-dry previously air-dried 8/4-inch hard maple, although additional 
testing would lead to further optimization of the schedule.

5.3 Energy Consumption

Table 5 provides energy consumption results for the SS/V kiln, based on measurements with two power 
meters throughout the drying test. The first meter measured power used to produce heat while the second 
measured power used by the fans and the vacuum pump.

Thermal energy consumption was higher by 36% than electrical energy consumption. This may be 
attributed to the short duration of the schedule and the resulting effect on electrical energy usage. Thermal 
energy consumed amounted to 58% of total energy consumption, as compared to 42% for electrical 
energy.

Table 5. Energy Consumption

SS/V
Initial moisture content (%) 28.3
Final moisture content (%) 6.3
Test load volume (m3) 1.84
Bone-dry weight of load (kg) 
Evaporated water (kg)

1,098
242

Thermal energy consumption (kWh)
Thermal energy consumption (kJ)
Unit thermal energy consumption (kJ/kg of evaporated water)

438
1,576,800

6,525
Power consumption (kWh)
Power consumption (kJ)
Unit power consumption (kJ/kg of evaporated water)

321
1,155,600

4,782
Total energy consumption (kJ)
Total energy consumption (kJ/kg of evaporated water)) 
Total energy consumption (kJ/m3)

2,732,400
11,307

1,485,000
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For a given species and a given initial lumber moisture content, power consumption, expressed in kJ/kg 
of evaporated water, increases with drying time; for example, it is greater for 8/4-inch lumber than for 
4/4-inch lumber. As for thermal energy consumption, also expressed in kJ/kg of evaporated water, it is 
expected to remain the same irrespective of thickness as long as initial and final moisture contents are 
respectively comparable.

6 Conclusions

Total drying time with SS/V drying was 2.2 times shorter that with conventional drying for comparable 
lumber quality levels after drying. Lumber quality results obtained from both processes were good with 
respect to distortion, checking and splitting, moisture content gradient, and residual stresses. The SS/V 
schedule suggested by IWT for 8/4-inch hard maple proved adequate to produce quality lumber in a short 
drying time. Without conditioning, SS/V dried lumber had no more residual stresses than lumber dried in 
a conventional kiln with a conditioning phase. Energy consumption for the SS/V test was 11,307 kJ/kg of 
evaporated water, with 58% for thermal energy and 42% for electrical energy. It would be desirable to 
repeat this test with green maple lumber.
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