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Reduction in energy consumption is a prime consideration of
the forest products industry. Since drying consumes up to 70 per-
cent of the total energy in manufacturing most wood products,
savings in energy during drying would have a significant impact
on the total energy required to produce wood products.

Lumber is usually dried in large kilns at temperatures below
180°F. Energy is provided indirectly by steam or directly by fuel
fired in the kiln. Humidity is controlled in these kilns by vent-
ing the humid air directly to the atmosphere. This vented air
contains considerable energy, but because of its low temperature
only limited attempts have been made to recover energy from it.

At the Forestry Sciences Laboratory in Carbondale, Illinois,
we have been investigating new methods for drying lumber. One
such method, jet drying, uses impinging jets of air at high
temperatures to rapidly remove moisture from wood (6). This paper
will discuss a drying method whereby green lumber is jet-dried at

a high temperature for a short "predrying" period before it is
kiln-dried to a final desired moisture content. We will show how
heat from the vent air of the jet predryer can be recovered in the
kiln to save energy in the drying process.

Predrying of wood (the removal of moisture from green lumber
prior to kiln drying) has generally been done at temperatures be-
low 100°F. The simplest type of predrying is air drying, which is
slow and unpredictable and necessitates keeping large lumber inven-
tories. Several companies have installed predryers, which are
basically large sheds with a circulation fan and sufficient heat
capacity to keep the temperature from falling below 70 to 80°F in
the shed (1,4). In some cases these sheds are heated by exhaust
from conventional kilns.

The lumber of certain species such as soft maple, yellow-
poplar, and southern pine is capable of being jet-dried at
temperatures above 250°F for a short time without significant
degrade to the wood (6). A typical drying curve for 1.75-inch-
thick southern pine dried at 300°F (Figure 1) shows that almost
half of the moisture in the wood is removed in only 1 hour. The
rapid rate of moisture removal from the wood enables the wet-bulb
temperature of the air in the jet dryer to be maintained at a
high level (above 180°F). Thus, vent air from the jet dryer with
temperature above 250°F and a high wet-bulb temperature is a good
source from which to recover energy.

Experimental

Cottonwood (Populus deltoides) and sugar maple (Acer

saccharum) lumber was obtained from trees 14 to 18 inches d.b.h.
found locally in southern Illinois. Boards were cut to 40 inches
long by 6 inches wide and 1-1/16 inches thick (4/4), wrapped in
plastic, and stored in a refrigerated room until required for

drying.
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Boards were predried in a prototype jet dryer (7) two boards
at a time. A short time before placement in the jet dryer, the
boards were trimmed to 30-inch lengths by cutting 5 inches from
each end. Sugar maple boards were then endcoated with asphalt
mastic, whereas cottonwood boards were not endcoated. Sugar maple
was predried at 250°F dry bulb temperature (DBT), 180°F wet bulb
temperature (WBT), and 3,000 fpm air velocity for 1 hour; cotton-
wood, at 300°F DBT, 190°F WBT, and 3,000 fpm also for 1 hour.
After jet drying, the boards were wrapped in plastic and stored
at room temperature until enough boards (114 for cottonwood and
88 for sugar maple) were accumulated for each lumber type for
separate charges to a 1,500 bf capacity, steam-heated conventional
kiln. Standard kiln schedules T10F5 for cottonwood and T8C3 for
sugar maple followed by equalization and conditioning periods were
applied to the lumber as recommended by Rasmussen (5).

Cottonwood was dried to 12 percent moisture content and sugar
maple to 9 percent moisture content. Several boards from each of
the two kiln charges were cut up for standard evaluation of case-
hardening. Boards were stored in a room at constant temperature
and humidity for several months to allow the boards to reach an
equilibrium moisture content of 7 percent. Measurements of weight
to 0.01 pound, thickness and width to 0.001 inch, and warpage
(twist, bow, crook, and cup) to 0.01 inch were made at each step
in the drying and storage. Overall recovery, based on percent
volume of clear wood without defects, was evaluated after storage.

Results and Discussion

Cottonwood

Cottonwood is a relatively easy wood to kiln dry but is sus-
ceptible to collapse when dried under severe conditions. Wet
pockets can lead to steep moisture gradients in the dried wood and
eventually to honeycomb and collapse in these wet areas. The jet
dryer removed over half of the moisture in the cottonwood after
only 1 hour (Table 1). Although the moisture content was well
above fiber saturation point after jet drying, a volumetric
shrinkage of 3.4 percent occurred. A drop in moisture content of
3 percent occurred in the boards during the waiting period between
predrying and kiln drying. Kiln drying to a final moisture con-
tent of 12.3 percent took a total of 91 hours--56 hours for dry-
ing, 12 hours for equalizing, and 23 hours for conditioning.

There is no standard method for evaluating drying degrade for
30-inch-length boards. Qualitative statements and overall recovery
(which includes defects in the green wood and degrade due to dry-
ing) are presented to describe the condition of the dried lumber.
Collapse and end checking were the two major defects in the dried
lumber. Although several of the boards were severely damaged by
collapse, overall recovery was 73 percent. Surface darkening,
normally found in high temperature dried wood, was not observed in
the cottonwood. Casehardening was found in 3 of 15 test sections;
thus, an extension of the conditioning period would be required to
fully relieve casehardening. The small standard deviation about
the moisture content after kiln drying indicates that wet pockets
were not present in the dried wood to any significant extent. The
extremes in shrinkage resulted from collapse in the wood. Warpage
was not extensive.
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Table 1.	 Drying Data for 4/4 Cottonwood.1

Mean
Standard
deviation Range

Moisture content, percent
Green 135.6 24.4 225	 -95

After jet Rredryer
2 66.8 14.1 123	 -33

After kiln 12.3 1.7 18.8-10.5

After storage4 7.1

Shrinkage, percent
After jet predryer-width 1.2 0.6 4.8- 0.2

-thickness 2.2 1.1 5.8- 0.2

-volumetric 3.4 1.2 7.5- 1.0

After kiln-width 4.5 1.7 6.2- 1.5

-thickness 4.0 1.9 13.9- 1.3

-volumetric 8.4 2.2 18.3- 4.2

After storage-width 5.8 1.9 11.9- 2.7

-thickness 5.3 2.2 14.8- 1.8

-volumetric 10.8 2.5 20.6- 6.4

Specific gravity, ovendry 0.38 0.02 0.42-0.28

Warpage after storage, inches
Twist 0.04 0.06 0.28- 0.0

Bow 0.03 0.06 0.30- 0.0

Crook 0.04 0.06 0.30- 0.0

Cup 0.03 0.04 0.15- 0.0

1Based on 114 boards.
2One hour at 300°F DBT, 190°F WBT, and 3,000 fmp air velocity.

3Schedule T10F5 followed by equalization and conditioning (5).

4Four months at 86°F DBT and 70°F WBT.

Sugar Maple

Sugar maple is a moderately easy wood to kiln dry and is sus-
ceptible to end checking during drying. The endcoating was applied
to sugar maple boards to reduce the end checking. Jet drying of
sugar maple at 300°F for short periods of time caused significant
degrade in the wood. The quality of the wood predried at 250°F was
good, so predrying was done at this temperature. At 250°F, the jet
dryer removed about 40 percent of the moisture in the wood in 1
hour (Table 2). Moisture content dropped 2 percent during the
waiting period between predrying and kiln drying. Kiln drying to
a final moisture content of 9.3 percent took a total of 92 hours--
68 hours for drying,8 hour for equalizing, and 16 hours for condi-

tioning.
Small end checks and surface checks around knots and mineral

streaked areas in the wood were the defects observed in the sugar
maple lumber. The quality of the lumber was excellent and 90 per-
cent recoverable as clear and without defects. Surface darkening
did not occur. Variation in shrinkage was less for sugar maple
than for cottonwood, even though overall shrinkage was greatest
for the sugar maple. Sugar maple boards had no casehardening and

minimal warpage.
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Table 2.	 Drying Data for 4/4 Sugar Maple.'

Mean
Standard
deviation Range

Moisture content, percent
Green 67.2 4.6 80	 -58
After jet predryer 2 38.9 4.0 50	 -32
After kiln 9.3 0.5 11.5 - 8.6
After storage4 7.1

Shrinkage, percent
After jet predryer-width 0.7 0.2 1.3 - 0.4

-thickness 1.6 0.6 3.5 - 0.5
-volumetric 2.5 1.2 4.3 - 0.9

After kiln-width 6.5 0.8 7.7 - 3.3
-thickness 5.8 1.4 8.7 - 3.1
-volumetric 12.2 1.1 14.6 - 9.4

After storage-width 7.2 0.9 8.7 - 4.0
-thickness 6.8 1.6 9.5 - 3.3
-volumetric 13.7 1.3 17.5 -10.9

Specific gravity, ovendry 0.55 0.33 0.61- 0.50

Warpage after storage, inches
Twist 0.11 0.11 0.45- 0.0
Bow 0.08 0.07 0.24- 0.0
Crook 0.08 0.05 0.25- 0.0
Cup 0.07 0.04 0.17- 0.0

'Based on 84 boards.
2One hour at 250°F DBT, 190°F WBT, and 3,000 fpm air velocity.
3Schedule T8C3 followed by equalization and conditioning (5).
4Three months at 86°F DBT and 70°F WBT.

Heat Recovery Schemes

Figure 2 shows the layout of a jet dryer and standard kiln
used in tandem to dry lumber. Green lumber is continuously fed
into the jet predryer, whereas lumber is fed into the kiln in
large batches at fixed time intervals. Heat is supplied to both
jet predryer and kiln by steam. The vent air from the jet pre-
dryer flows through a recovery heater in the kiln and is then
vented to the atmosphere. Heat transferred by the recovery heater
lessens the load required of the steam heater in the kiln.

Energy recovery from two drying schemes described below
demonstrate the benefits of high temperature predrying. Scheme I
shows energy recoveries when the lumber dried in the predryer is
subsequently dried in the kiln. In this case, lumber leaving the
jet predryer is stacked until enough lumber is ready to charge the
kiln. As this charge is drying in the kiln, lumber that is pre-
drying in the jet dryer for the next kiln charge provides the vent
air to the kiln's recovery heater. Scheme II shows energy recovery
when one type of lumber is predried in the jet predryer and another
type is dried in the kiln.

Several assumptions are made in calculating energy consumption
when drying with the system in Figure 2 compared with a conven-
tional kiln. Overall energy requirements are assumed to be 2,200
Btu per pound of water evaporated in the jet predryer and 3,000 Btu
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per pound of water evaporated in the kiln (2,3). Losses of 10 per-
cent of the vent air due to leakage in the predryer as well as heat
loss in a 50-foot vent duct connecting the predryer and kiln are
taken into account. Heat losses of the lumber during storage be-
tween predrying and kiln drying are assumed to be compensated by
the loss of moisture from the boards during this period. The re-
covery heater is assumed to be capable of a 120°F temperature
drop. To simplify the calculations and comparisons, lumber out-
put and heat and mass balances are placed on an hourly basis.

Scheme I - One Lumber Type

Cottonwood and sugar maple are assumed to be produced at a
rate of 7,500 bf per day (313 bf/hr) in a combined jet predryer
and kiln under the conditions of the predrying and kiln drying
tests discussed previously. Four to 5 hours are allowed to load
and unload the kiln between charges. Dryer conditions, wood pro-
perties, and heat and mass flows are shown in Table 3. Kiln
energy savings (the reduction of energy use in the kiln when
utilizing the recovery heater) and overall energy savings (reduc-
tion in energy when drying lumber with a predryer and kiln in
tandem as compared to conventional kiln drying) are calculated
from quantities in Table 3 as shown below for cottonwood:

a. Kiln energy savings

= 
100 x heat recovery from jet predryer vent air 

heat required for kiln drying

1.55 x 105 
= 100 x- 14.7%
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b. Overall energy savings

heat required from steam in jet predryer and kiln)
= 100 x [1 heat required for conventional kiln drying

where,

heat required for conventional kiln total water
removed x Btu required per pound of water evaporated

overall energy savings

(9.37 + 9.01) x 10
5

]	 21.3%= 100 x (1 (4.26 + 352) x 3000

Scheme II - Two Lumber Types

Southern pine, 1.75-inches thick, is dried at the rate of
19,400 bf per day to provide supplementary energy to a kiln dry-
ing 30,000 bf of 4/4 red oak boards in 14 days. Savings in the
kiln are substantial because of the large volume of wood handled
in the predryer compared to the kiln. Almost five times more
water per hour is evaporated in the jet predryer than in the

kiln.
The benefit of maintaining a high WBT in the jet predryer

is shown in Figure 3. Heat recovery in the kiln will be highest
with pure superheated steam (212°F) and will drop as WBT decreases
to a point where the dew point is equal to the temperature of the
vent air leaving the kiln heat exchanger, i.e., 300 - 120 = 180°F.
At 180°F dew point, the WBT is 182°F. Above 182°F WBT, sensible

10.56 x 10
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as well as latent heat is removed from the vent air; but below
182°F, only sensible heat is removed. 	 The slight rise in heat
recovery with decreasing WBT below 182°F reflects the sensible
heat recovery from increases in the jet predryer vent air rate
(Figure 3) necessary to maintain the WBT. Since the latent heat
of the vent air is considerably greater than the sensible heat,
maximum energy recovery occurs when the vent air from the jet
predryer drops below the dew point temperature as it passes
through the recovery heater in the kiln. For example, by raising
the WBT of the vent air when drying cottonwood (Table 3, Scheme
I) from 190 to 200°F, the overall energy savings increase from
21.3 to 26.3 percent.

These few examples illustrate the energy savings one may
make by predrying lumber at high temperatures. Other dryer com-
binations, such as a veneer dryer in tandem with a lumber kiln,
might also provide schemes for energy conservation. Not all
wood species can be predried at high temperatures. Based on our
work at Carbondale, porous woods such as the maples, yellow-
poplar, and southern pine can, whereas refractory woods such as
cherry, the oaks, and black walnut cannot without considerable
degrade.

Work is continuing in the area of heat recovery from lumber
dryers at our Carbondale Laboratory with the help of the Thermal
and Environmental Engineering Department of Southern Illinois
University. We are testing different kinds of heat exchangers
for recovering energy from vent air of wood dryers and should
have results in the near future.
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Sensible heat is that evolved as a result of temperature change,
and latent heat is that evolved as a result of condensation of
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Table 3. Summary Data Sheet for Jet Predryer in Tandem with Kiln.

Scheme I Scheme II
Sugar
maple Cottonwood

Southern
pine Oak

Wood properties
Thickness, inch
Specific gravity, ovendry

1.1
0.55

1.1
0.38

1.75
0.43

1.06
0Z2

Green moisture content, percent 67.2 135.6 105 80

Conditions in jet predryer
Dry bulb temperature, °F 250 300 300
Wet bulb temperature, °F 180 190 190
Dew point temperature, °F 178 189 189
Air velocity, fpm 3,000 3,000 6,000

Time, hr 1 1 1
Wood moisture content, percent 38.9 66.8 55

Conditions in kiln
Schedule (5) T8C3 T10F5 T4D2

Time, hr 96 96 336

Wood moisture content, percent 9.3 12.3 8.0

Heat and mass flows in jet dryer
Wood

bf/hr 313 313 810
lb/hr (green wood) 1,522 1,457 3,713
lb/hr (ovendry wood) 910 617 1,811
water loss, lb/hr 258 426 996

Air
intake @ 70°F, cfm 93.5 94.1 219
vent, cfm 250 450 827
vent water vapor volume, percent 49.6 61.8 61.8

Heat required from steam for drying,
Btu/hr x 10- 5 1 5.68 9.37 21.9

Heat and mass flows in kiln
Wood

bf/hr	 313 313 89.3

water loss, lb/hr	 2992
352 179

Heat required for drying, Btu/hr x 10
-5 8.97

from steam	 8.12
10.56
9.01

5.37
1.52

from jet predryer vent air 	 0.85 1.55 3.85

Energy savings, percent
Kiln	 9.5 14.7 71.8

Overall	 17.5 21.3 14.1

1Based on 2,200 Btu per pound water evaporated (2).
2Based on 3,000 Btu per pound water evaporated (2).
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Figure 1. Moisture content versus time for 1.75-inch by 3.75-inch
southern pine jet-dried at 300°F and 6,000 fpm air velo-
city. (Unpublished data on file at North Central Forest
Exp. Stn., Carbondale, Illinois.)
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Figure 2. Layout of combined jet predryer and kiln with major
material streams and heat sources indicated.    
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Figure 3. Jet predryer air vent rate and heat recovery in the kiln
as a function of WBT in the jet predryer. Southern pine
is dried in the jet predryer at 300°F DST and the
temperature drop of the jet predryer vent air is 120°F
as it passes through the recovery heater in the kiln.
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