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At dry-bulb temperatures above the boiling point of water, with large wet-bulb d and high air

velocities, southern pine

to Y-inch thick can be brought to 10 percent moisture content in 40 to 75 minutes.
thickness, e.g., at dry- and wet-bulb temperatures
quired is 10.4, 15.8, and 20.7 hours for thicknesses of 1.0, 1.5, and 1.9 inches, Under
planks or timbers 2, 3, and 4 inches thick can be dri
in timbers so dried are absent or minor, but in 3- and 4-inch pieces end-checking
] -bulb depression, poles 8 to 10 inches in diameter can
in about 44 hours

ber are lineatly related to

45.3 hours; surface checks
may be moderate to severe. At 225° F., with 500
be reduced to 30 P

It is becoming increasingly apparent that economies
in manufacture can be accomplished by drying south-
ern pine at temperatures above the boiling point of
water. Such drying procedures are standard practice
in the plywood industry, and are gaining consider-
able acceptance by lumber producers. Pole manufac-
turers are also experimenting with the idea.

The purpose of this paper is to note some princi-
ples of high-temperature drying, and then to sum-
marize experimental data specific to southern pine.
Readers desiring further reviews of the literature
on high-temperature drying should consult Lowery
et al. (23) and Salamon (28).

Hart (7) has summarized the difference between
low- and high-temperature drying. His explanation,
somewhat paraphrased, is as follows. When wood is
dried at a dry-bulb temperature exceeding the boiling
point of water, the wet-bulb temperature will be less
than the boiling-point temperature if a steam-—air
(i.c., vapor—air) mixture is used; it will reach its
maximum value, the boiling point, if a pure steam
atmosphere is employed. In either atmosphere, pres-
sure is built up in the wood when the free water
above fiber saturation is heated beyond the boiling
point. The slight steam pressure thus created results
in hydrodynamic flow of water vapor from the wet
line to the wood surface. In low-temperature drying,
by contrast, moisture moves from the wet line to
the wood surface by diffusion. This is the funda-

products can be dried quickly. In an impingement-jet

i kiln at 3000 F., veneer ;-
ing times for lum-

diffusion, become quite adequate as passageways for
pressure flow of vapor (7).

There are two processes of high-temperature dry-
ing. The first uses superheated steam, i.e., steam
above the boiling point of water. In this system, the
steam occupies the kiln to the complete exclusion
of air. The process is controlled solely by manipula-
tion of dry-bulb temperature. Under such circum-
stances, Kauman (8) reported that equilibrium
moisture content (e.m.c.) of the heated wood was
about 20 percent at 212° F., and approximately 5
percent at 240° F., as shown in figure 1. Dauring
World War I, this process was used in the Pacific
Northwest to dry 4/4 softwoods to 10 percent mois-
ture content in about 24 hours. Since the high-
temperature steam reacted with wood of some western
species to cause rapid kiln deterioration, the process
is not used currently in the United States,

The other process of high-temperature drying uses
mixtures of air and steam at atmospheric pressure.
Air is brought into the kiln in the conventional man-
ner; any steam present (apart from low-pressure steam
injected for deliberate humidification) is moisture
expelled from the lumber. The process is controlled
by wet- and dry-bulb thermometers, since e.m.c. of
the heated wood is determined by dry-bulb tempera-
ture and the relative humidity. At any given dry-bulb
temperature, whether above or below the boiling
point of water, the relative humidity is:

100 X (parﬁalprasureofwatcrvaporinthemnosphere

pressure of saturated water vapor

mental difference between low- and high-temperature
drying. Pit pores, which are very ineffective for

The partial pressure of water vapor in an air—vapor
mixture at any dry-bulb temperature (whether above
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or below the boiling point) is the vapor pressure at
the prevailing wet-bulb temperature. For example, at
a dry-bulb temperature of 240° F. and a wet-bulb
temperature of 160° F., the partial water vapor
pressure is 4.739 p.s.i. absolute, and the pressure of
saturated water vapor is 24.97 p.s.i. Therefore, the
relative vapor pressure is 0.19, and the relative hu-
midity is 19 percent.

In 1926 the USDA Forest Products Laboratory
(37) prepared curves which, when mathematically
extrapolated, provided e.m.c. data to 248° F. Kauman
(8, p- 330) has provided graphs showing the e.m.c.
for wood in steam-—air mixtures above the boiling
point of water; from these curves (based on data of
A. J. Stamm, W, K. Loughborough, and R. Keyl-
werth) the Forest Products Laboratories of Canada
have published the data shown in Table 1.

From the table it is seen that, at a dry-bulb tem-
perature of 240° F., e.m.c. values for wood at various
wet-bulb temperatures are about as follows:

Wet-bulb temperature Egunilibrium moisiure content

°F. *C. Percent
168 76 2
189 87 3
203 95 4
212 100 b

By 1954 over a hundred small kilns specifically
designed for this process were in service (25); their
acceptance in Europe prompted research on high-
temperature drying of softwoods at the Forest Prod-
ucts Laboratories of Canada (21, 22, 5, 2, 3, 30, 29,
31), in the United States (13, 14, 15, 16, 17, 11, 12),
and in Australia (4).

There is not complete agreement on the manner
in which moisture moves out of wood during high-
temperature drying. Kollmann and Schneider (20)
classify three stages of drying. The first stage, in
which rate of drying is constant, occurs only if the
initial moisture content is above fiber saturation point;
evaporation takes place at the wood surface. The
second stage occurs when free water is no longer
present over all the surface and the surface tempera-
ture rises above the wet-bulb temperature. During

CONTENT (PERCENT)
n I - o

EQUILIBRIUN BOISTURE

F—

20
o TEMPERATURE (°F)

Figure 1.—Equilibrium Moisture Content of Wood in
Superheated Steam at Atmospheric Pressure. (Drawing
after Kauman 1956.)
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this stage the rate of drying declines. The third and
final stage—also a falling rate period—begins when
the wettest portion of the wood d below fiber
saturation point and continues until all of the wood
is in equilibrium with the drying conditions. Hann
(6) has also described stages two and three. A gen-
eral description [after Hart (7)] of the mechanism
of high-temperature drying is given by Koch (18,
p. 326-328).

With the foregoing in mind, let us review some
data specific to the drying of southern pine in steam—
air mixtures at temperatures above the boiling point.

Thick Veneers

Readers interested in high-temperature drying of
thin southern pine veneers for plywood should con-
sult the review by Koch (18, p. 1004-1009). The
present discussion is limited to veneers at least 34-inch
thick.

Koch (13) studied the drying of sawn southern
pine veneers planed to 7/16-inch thickness. The
veneers ranged in moisture content from 45 to 180
percent and averaged about 117 percent. Three high-
temperature treatments were tried: a conventional
roller-veneer dryer at 300° F.; an impingement-jet
dryer at 300° F.; and the same jet dryer at 350° F.

A 90-minute pass through a conventional roller
dryer at 300° F. brought the moisture content to
an average of 4.4 percent with a range from 0 to 17.6
percent (Fig. 2). The vencer was continuously fed
longitudinally, as in a jet dryer, but the air was
circulated in a counter-flowing horizontal direction
instead of impinging vertically. Nominal air velocity
was 600 f.p.m. Resin exudation was light but solid
over a considerable portion of the veneers.

A 60-minute pass through an impingement-jet
dryer at 300° F. with air velocity of about 3,500
f.p.m. brought the 7/16-inch veneers to an average
moisture content of 5.1 percent with range from
0.2 to 14.3 percent (Fig. 2).

When the impingement-jet dryer was raised to
350° F., all of the veneers were dried to less than
10 percent moisture content in 40 minutes (Fig. 2).
In both the jet dryer trials, resin exudation was heavy
and solid over part of the surface of many of the
veneers.

Kimball (10) made a comparative evaluation of
drying times for sawn and sliced loblolly pine veneers
in the thickness range from 3/16. to 9/16-inch.
Figure 3 shows that the sliced veneer dried somewhat
faster than the sawn veneer in an impingement-jet
dryer at 300° F. Impingement velocity was approxi-
mately 4,000 f.p.m. The 3/16-inch veneer dried to
10 percent average moisture content in about 20
minutes, the 34-inch in about 40 minutes, and the
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Table 1.—Relationship of Equilibrium Moismre Content to Temperature and Relative Humidity of AirSteam
Mixtures at Atmospheric Pressure and Above 212° F, (Data from Ladell 1957)

Wet-bulb Dry-bulb temperature (“F.)
temperature 260 255 250 245 240 235 230 225 220 215 212
(°F.)
——————————— e e P poen f —————————— -
212 432 45 49 53 59 65 70 77 85 94 100
3.1 3.4 8 wr BO BE 6% BT IEG 155 18.5
210 &0 43 47 51 56 6L 67 74 82 =[] 98
2.9 3,3 3.6 4.0 4,7 5.4 6.3 V.0 10.5% 14,0 170
203 36 39 &3 47 '5F 35 61 67 T4 B2 a8
27 3.0 Fh 3B 4,2 4,7 5.5 Bub 8.3 10T 13.0
200 32 36 39 42 46 51 55 62 &7 T4 79
20 2B 3.l 2.4 3.8 43 4.8 5.8 £ .9 8 .7 10.0
195 30 32 35 38 42 46 51 56 61 66 69
2.0 9, 52 B AT F.H5 F.HS O4Y.5 5. 549 Td Tah
190 26 2B i 34 37 40 44 48 52 58 61
ZTL0 22 2,% 2.8 3. 3 3B 4.3 5.0 5e7 B2
185 23 25 28 30 32 35 39 42 47 52 55
e - S+ RS K- L s . R SR AN o R G A 4 .3 8,0 Sl
180 20 22 24 27 28 31 35 38 42 &7 50
16 148 240 243 25 247 3.1 3.4 3 +9 5  4ad
175 19 20 22 24 26 29 32 35 38 43 45
15 148 1B 20 222 Z a5 28 3Ja2 3«05 .0 b, 4
170 17 13 20 22 24 26 28 31 34 318 40
1.3 1.5 1.7 148 Zd 2.3 2.5 2.9 32 3.5 3.8
165 15 16 17 13 21 23 25 28 31 34 36
T2 Ted  1Wl leb 1.9 2.1 208 255 2 .9 3.3 s 5
1640 13 14 16 17 19 21 23 25 27 30 32
I.d 1.2 1.8 1.5 1.9 198 2.1 32:3 2 .8 2 .4 3 .1

tin body of table, the upper Bgure h percent selative humidity, and the lower iy perceat e.m.c.
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9/16-inch in approximately 70 minutes. These times
were averages; to achieve a uniform final moisture
content, Kimball concluded, either the original
(green) moisture content must be uniform, or the
dried veneer must be equalized.
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Figure 2—Drying Curves for 545, 7/16-Inch-Thick
Southern Pine Veneers, Solid Lines Show Average;
Dotted Lines Define Envelope Containing Al Veneers,
{Top) Conventional Roller Veneer Dryer at 300° F. (Bor-
tom) Impingement-Jet Dryer at 300° and 350° F. (Draw-
ings after Koch 1964).
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Figure 3.—irying Curves for 545 (Sawn and Planed)

and Slived Loblolly Pine Veneer in an Impingement Jet
Deyer at 300° F. (Drawing after Kimball 1968).
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Lumber

Koch (14, 15, 16, 17, 18A) has provided data
specific to the drying of southern pine lumber in a
steam—air mixture at 240° F,

Drying at High and Low Temperatures

In the first of two experiments, Koch (15) com-
pared 2 by 4 studs conventionally stacked and kiln-
dried on a mild schedule (temperatures not exceeding
180° F. and air velocity of 500 f.p.m.) with studs
dried on a high-temperature schedule.

The 24-hour, high-temperature schedule was sim-
ple. The green lomber was clamped rigidly in alumi-
oum frames, in almost total mechanical restraint
against crook, bow, and twist (Fig. 4). Still in
frames, the studs were wheeled into the preheated
kiln and dried for 21 hours at a dry-bulb temperature
of 240° F. and & wet-bulb temperature of 160° F.
Then, to relieve case-hardening, they were steamed
for the last 3 hours at a dry-bulb temperature of
195° F. and a wetbulb temperature of 185° F.
Throughout the 24 hours, air was cross-circulated at
1,000 f.p.m.; direction of airflow was reversed every
75 minutes, Weight of charge and energy consump-
tion for heat, humidity control (steam spray), and
fan were continuously charted against time, With
the schedule compleied, the studs were wheeled
from the kiln and cooled under restraint for 48 hours
in an atmosphere that ranged from 40 to 60 percent
relative humidity and 70° to 80° F.

To insure inclusion of juvenile wood in the kiln
charges, half the lumber to be dried was cut from
cores residual from steamed veneer logs and the

Figure 4 —Experimental Setup Provided Rescraint
Against Warp During High-Temperature Drying. Longi-
tudinal Strips Visible Berween 2 by 4's Prevented Ex-
ressive Crook. Spring-Loaded Bolts Running Through
the Strips, from Top to Bottom of the Pile, Prevented
Excessive Twist and Bow, The Studs Were 8 Feet Long,
Aluminum Cross Stickers Were Spaced 2 Feet Apart and
Measured 34-Inch Thick and 114 Inches Wide. (Drawing
after Koch 1971a))
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eemainder cut from very small logs. Lumber from
these two sources was dried separately. Prior to dry-
ing, the green studs were planed to uniform thick-
ness (174 inches) and width (4 inches).

Ending moistute content for the low-temperature
charges averaged 11.8 percent, whereas the high-
temperature charges averaged 9.1 percent at the
finish (Fig. 3).

Moistare content 48 bosrs after

discharge from kiln
High-temperature Low--temperalure

sehedule tebedule
__________ PRt s
Studs from veneer cores
AVETREC, ——raemeenreer FH 11.8
Standnrd devistion --.. 3.3 24
RENEE. cobtmmmmae—= 5.4-21.2 2.1-21.7
Studs from small logs
Avernge w88 1.7
Stapdard deviation —-— 3.2 27
BAGEE: oimsnmme 3.2-21.2 §5:3=21.%

In general, the high-temperature schedule toock less
than one-fourth the time and about one-half the
energy required for the low-temperature schedule
(Table 2).

While cheaper energy sources are available to
most commercial kilns, the electric power used in the
study for both heating and air circulation afforded
valid and convenient comparisons of energy required.
Largely because it took less time, the high-temperature
schedule required less energy. Thus power for fan
motors was about halved, despite the 1,000-f.p.m.
circulation rate. The low-temperature schedule, with
its high initial humidities, required five times as
much energy for humidity control and more than
114 times as much for heat.
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Figure 5—Moisture Content Change and  Kilowatt-
Hour Demand by 24-Stud Charge First Dried 21 Hours
with Dry- and Wet-Bulb Temperawres of 2407 and
160° F., and Then Steamed 3 Hours with Dry- and
Wer-Bulb Temperatures of 195° and 185° F. Air Cross-
Circulated at 1,000 f.p.m. Lumber was 175 Inches Thick.
Maisture Contents Were Caleulated from the Green
and Ovendry Weights of Each Entire Charge. Data from
Three Charges Were Averaged to Derive Fach Curve.
Mumbers lnset in Moisture Content Curves Indicate Time
t0 One-Fourth, Onc-Half, and Three-Fourths of Tonal
Muoisture Loss. (Drawings after Koch 1971a.)

Results with this very small experimental kiln can-
not be scaled directly to a commercial kiln, but the
trends are evident. In Europe, Keylwerth (9) found
that a high-temperature kiln using air-steam mix-
tures required 1.2 to 1.5 kilowatt-hours per kilogram
(2.2 pounds) of water evaporated; this compared
with 2 to 4 kilowatt hours for low-temperature dry-
ing. The lower energy requirements were attributed
to smaller heat loss, lesser heat capacity of the con-
struction materials, and shorter drying time.

Koch (15) found that studs dried under restraint
at high temperature warped significantly less -than

Table 2—Time and Energy Expended to Kiln-Dry Each Charge of 24 Southern Pine Studs
Cut From Veneer Cares and Small Logs' (15)

—____ Wigh temperature ___  _ Tow_tempevatvrd
Expengiture From cores  Trow small Jogs  From cores From sucll Jogs
yime, hours 24 24 1062 133
Erergy, h.w.lhs
Hent— 442 500 700 790
-\'v'}r _ .
Humidity centrol— 54 Bl 2G5 230
Fan 55 57 107 119
Total 551 615 1102 1199

t Egeh figure is the average for three charges

* Mot excesding 180" F.; approximanely L
s Supplied by electric remstance-type heating coils

chedule T12-03 from Rasmussen {27).

¢ it for humidibeatinn was provided by eiectric immerticn heaters in 2 water bath.
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those conventionally stickered and dried at low tem-
perature. Warp was measured 48 hours out of the
kiln, just before planing, after planing, after a 20-day
humid cycle (81° F. dry-bulb and 78° wet-bulb
temperature) during which the studs were individu-
ally and freely suspended from hooks placed in one
end, and after a 20-day dry cycle (130° F. dry-bulb
and near 80° wet-bulb temperature). The differences
charted in Figure 6 were significant at all stages of
manufacture.

Warp measured immediately after planing largely
determines the mill grade and selling price of studs.
Average values at this stage were:

High temperatnre, Low temperature,

Warp restrained snrestrained
Inch

Crook e 0.12 0.23

Bow —— 21 29

Twist it 09 .24

- = = = = UNRESTRAINED, LOW TEMPERATURE
- ~RESTRAINED, HIGH TEMPERATURE

FROM CORES FROM SMALL LOGS
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Figure 6—Warp in 8-Foot Southern Pine 2 by 4's Cut
from Small Logs (Right) and Steamed Veneer Cores
(Left), when Kiln-Dried at High Temperature Under
Restraint and at Low Temperature Stacked Convention-
ally. Each Plotted Point Is the Average for 72 Studs;
Adjacent to Each Point, the Standard Deviation is Printed
Just Above the Maximum Value of Warp Observed at
that Point. (Drawing after Koch 1971a.)
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When studs are incorporated in buildings, they are
frequently exposed to high humidities until the roof
is in place and the heating or air conditioning system
is activated. Exposing planed studs to high humidity
for 20 days simulated this situation; average warp
after exposure was least in wood dried at high
temperature:

High temperature, Low temperature,

Warp restrained unrestrained
i Inch

Crook 0.10 0.17

Bow 15 .18

Twist .08 .14

Studs built into upper walls may first go through
a period of high humidity as described above, and
then be subjected to extremely dry atmospheres when
heat is turned on in winter. At the end of the 20-day
dry cycle following the humid cycle, average warp
was severe in all studs, but less extreme in those
dried under restraint at high temperature:

High temperature, Low temperature,

Warp restrained unrestrained
- Inch

Crook o 0.23 0.35

Bow 42 52

Twist .23 44

When measured just after planing and after the
dry cycle, studs cut from cores twisted significantly
less than those cut from small logs. Pooling data
from both schedules gave average values as follows:

Twist in ssuds  Twist in studs
Time of measuremens from veneer cores from small logs
Inch
Just after planing ——oeooo___ 0.14 0.19
After dry cycle o _._ .28 .39

With these exceptions, warp in studs from cores
did not significantly differ from that in studs from
small logs.

In general, studs dried under restraint at high
temperature graded substantially better after planing
than those dried at low temperature (Table 3). Be-
cause 8-foot 2 by 4's of Stud grade or better have
approximately twice the value of studs in grades
3 and 4, a tabulation is of interest:

SPIB Grade High temperature Low temperature
............ Percent ___ oo
No. 1, No. 2, and Stud ____ - 91 59
No. 3 and No. 4 e 9 41
Total v e e 100 100

With data from both schedules pooled, cores
yielded more No. 1 Common and less No. 3 and 4
Common than small logs:

SPIB Grade Studs from cores  Studs from small log
Percent. ——
No. 1 e 37 19
No. 1, No. 2,
and Stud e 80 70
No. 3 and No. 4 .. ... 20 30
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Table 3.—Grade Distribution of Stads Immediately Following Planing' (15)

High temperature

Low temperature

Grad&y From cores From small logs From cores From small logs

--------- Mipber = = == == == =

NHo. 1 Common 3L 17 22 11
No. 2 Commen 21 17 18 19
Stud Grade 17 28 6 9
No. 3 Common 13/ 64/ 20 23
Ho. &4 Common ?_i"Ir 4&; f 10
Total 72 72 T2 72

L The 72 studs in each category represent three kiln-charge replications of I4 studs spiece.

¥ Southern Fine Inspection Buream (33).
8 Mad crook of O30 inch,

# Thrse of the 10 studs in grades 3 and 4 were within Stud Grade limitabions on warp

" Warp was within
finkle compression wood.

As Table 3 indicates, the higher grade-yield in
studs cut from cores was particularly evident with
the high-temperature schedule; studs from cores
yielded only 4 percent in grades 3 and 4, while studs
from small logs yielded 14 percent.

The 24-hour schedule brought considerable cesin
to the surface of the rough, dry 2 by 4's, but planing
to final thickness removed all traces of resin and
discoloration. All studs dried on the 24-hour schedule
developed end checks that ranged from 1.5 to 2.1
inches in depth. In no case, however, were the checks
& cause for degrade.

Since studs cut from very small logs and wveneer
cores contain juvenile wood of low specific gravity, as
well as defects such as knots and cross grain, they
vary greatly in strength. By analysis of variance,
edgewise bending properties of modulus of elasticity,
proportional limit, and modulus of rupture did not
differ significantly between the two drying treatments,
In all three stﬂ:ngth properties, however, the studs
from veneer cores were stronger than those from
small logs (Table 4).

Studs from small logs had the same specific gravity
as those from cores (0.51, basis of ovendry volume
and weight). It is likely, however, that knots in the
cores were smaller than those in small logs. In the
southern pines, the butt log (source of most veneer
cores) tends to shed its limbs at an early age, whereas
tops of mature southern pines (probably the source

Stud Grade limitatons on baoth of these pieces, but both were

downgraded to No, 4 becasse of readily identi-

of most of the small logs) may have fairly large, live
branches; large knots reduce the strength of studs
containing them.

Toughness and specific gravity of clear wood cut
from the studs did not differ significantly between
the two drying treatments. Each value in the follow-
ing tabulation represents data from 72 studs (two
replications per stud); average moisture content at
test was 8.6 percent with standard deviation of 0.5
and range from 7.1 to 11.4 percent.

High temperature Low temperature

From From
Property From small From small
COTES logs cores log
Toughness, inch-pounds
T ] S e s e e 191 200 18%
Standard deviation —eme—e 71 T3 77 &3
Range e 35402 39333 T9-268 B1-33s
Specific gravity (basiz of vol-
ume af test and ﬂ"fndr'}'
weight)
FITHEEED) o i 52 0.52 0.52 0,52
Standard deviation - i 08 08 <10
BanE? e =70 MR AD-.BS  37-.B9

Clear wood in studs from veneer cores was signifi-
cantly tougher (201 inch-pounds) than clear wood
in studs from small logs (187 inch-pounds). Since
the specific gravities did not differ significantly, an
explanation of this result is not readily seen.

Fffects of Lumber and Kiln Factors

In further experiments, Koch (16, 17) obtained
information about the effects of air velocity, lumber



Table 4—Comparison of Edgewise-Bending Properties of Southern Pine Studs Cut From Small Logs or Veneer Cores When Kiln-Dried for 24 Hours at
Temperatures Not Exceeding 240° F. or For About 100 Hours at Temperatures Not Exceeding 1807 B (15)

3f _ Hizh Fempersture Loy temperature
Proverty From cores From small logs From cores ¥rom gmal. logz
--------------------------------------- FoBolo-m-m-mmmmmmmmmmmmmm—ocm—moooo—mame=

Metulus 9f elasticity

hverage 1,624,000 1.457,000 1,630,000 1,510,000

Standard deviation 393,000 433,000 498,000 494,000

Werge 812,000-2,585,000 5%4,000-2,828,000 550,000-2,652,000 586,00C-2,858.000
Proportional limit

Sverage 5.050 4,650 5,390 b, 74D

Stendard davistion 1,250 1,770 2.180 1,250

[ange 1,499-2,130 1,090-2,500 1.180-10,000 1,100-19,220
Modulus of rupture

Average G, 580 6,520 T, 540 6,560

Stondard deviation 3520 3,020 3,620 3,290

Renge 1, 60017102 1,9260-13,320 1,850-16,725 1,630-18,210

t Each utu?: value shown ;:;]»rumt; data From 72 studs, Average moisture content at fest was 7.6 percent with range from 6.1 to 9.6 percent. .
® Siuds cub from cores or umsll logs, dsied at either high or low femperatores; all averaged 0,51 specibc gravity (basis of ﬁ_\'tﬂﬂfg wolume and "*"El&dt.'”- o

2 Por all three propecties, values for studs from cores were significantly higher than walues for studs from small logs; the kiln schedules, however, did not sigaificantly (0.03 level} affect
values, [nteractions were oot significant.
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thickness and specific gravity, and wet-bulb depres-
sion. A total of 108 kilnloads (24 boards per load)
of southern pine lumber was dried for 24 hours in
an air-steam mixture at 240° F. Boards were 8 fect
long, 4 inches wide, and planed green to exact thick-
nesses of 1.9, 1.5, and 1.0 inches; they were dried
under mechanical restraint, approximately as shown
in Figure 4, Prior to drying, the lumber was stored
in water, and therefore green moisture content was
somewhat shove normal, averaging about 120 percent.

Air velociy—Air velocities tested were 510 and
930 f.p.m. In the early stages of drying, moisture
content was reduced most rapidly at the high velocity
(Fig. 7). For example, at 80° wet-bulb depression
the 1.9-inch lumber (stud thickness) was brought
to about 60 ent moisture content after 5 hours in
high-velocity air. In low-velocity air similar boards
were near 80 percent after 5 hours. This early advan-
tage is reflected in the number of hours required
to reach 10 percent moisture content—that is, 21
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Figure 7.—Efect of Board Thickness and Wet-Bulb
Depression on Moisture Content Changes in 24-Board
Charges of 4-lnch-Wide Southern Pine Lumber Dried
for 24 Hours at 240° F. in Air-Stcam Mixtures Circu-
lated at 510 f.p.m. (Left) and 930 £.p.m. (Right). Circu-
lation Velocities were Measured at 70° F, Each Curve Is
Based on Data from Six Kilnlnads. (Drawing after Koch
1972a.)
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hours at the high velocity and pearly 25 hours at the
low velocity (Fig. 8, bottom right and left).

Since Koch's (17) experiment had only two levels
of circulation velocity (510 and 930 f.p.m.), a mathe-
matical relationship with drying rate could not be
established. On the thicker lumber, high velocity
most effectively reduced drying time at 40° and 80°
depression,

Kollmann and Schneider (20) found that, in the
velocity range from 230 to 2,100 f.p.m., the first-
stage drying rate increased as the 0.5 to 0.6 power
of velocity. In the next stage of falling drying rate,
the effect of flow velocity became steadily smaller
but was still discernible at 20 percent moisture
content.

Board thickness and wet-buib depression.—In
Koch's (17) experiment, time to dry to 10 percent
moisture content was approximately proportional to
board thickness. With high air velocity and large
wet-bulb depressions, the relationship was nearly
linear (Fig. 8, top right).

The relationship between drying time, board thick-
ness, wet-bulb depression, and air velocity is further
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Figure 8.—Effect of Board Thickness and Wet-Bulb
spression on Time Required for 4-Inch-Wide Southern

Pine Lumber o Dry at 240° F. from about 122 w 10

Percent Moisture Content, Data Beyond 24 Hours Were

Obained by Extrapolation of Figure 7. Drying Was in

an Air-Steam Mixture Circulated at 510 Fpm. (Left)

and 930 f.p.m. (Right). Circulation Velocities were Meas-
ured ar 70* F. Each Point Is Based on Dama from 5ix

Kilnloads, (Drawing after Koch 1972a)
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shown by the following tabulation, which shows
hours required for loads to reach 10 percent moisture
content. The experimental design did not permit
measurement of the range and standard deviation
of moisture content within loads.

Wet-bulb depression, degrees F.

Board thickness and 40 80 115
air velocity (f.p.m.) Hours.
1 inch
510 e ceceeaa 170 15.4 132
930 e 155 10.4 103
1.5 inches
510 e 21.7 18.9 188
930 e 18.0 15.8 168
1.9 inches
3510 e 298 245 23.2
930 e 22.7 20.7 214

At both air velocities 2 wet-bulb depression of 80°
caused substantially faster water loss than a depression
of 40°. A depression of 115° was slightly better
than 80° in slow ait, while in fast air it was no better
and may have been slightly inferior (Fig. 8, bottom
left and right).

For drying at 240°, then, the combination of 80°
wet-bulb depression . and the 930-foot air velocity
proved faster than all other schedules tested. The
times required to dry 1-, 1.5- and 1.9-inch lumber to
10 percent moisture content were 10.4, 15.8, and 20.7
hours.

Neither initial moisture content of the kilnloads
(range 90 to 140 percent) nor load specific gravity
was strongly correlated with drying time. The ex-
perimental design did not permit firm conclusions
about the effect of moisture content and specific
gravity as isolated factors. Average initial moisture
contents of the loads in the three gravity classes were:

Moisture comtent

Gravity class Percent
Low (avg. 0.43) 140
Medium (avg. 0.47) 124
High (avg. 0.52) 105

At dry-bulb temperature of 240° F., time to dry
to 10 percent moisture content could be expressed
by regression formulas in terms of air velocity, board
thickness (inches), and wet-bulb depression (° F.):

At air velocity of 510 f.p.m.:

Time in hours = 10.83

+ 11.69 (board thickness).

— 0.1503 (wet-bulb depression)

4 0.0005776 (wet-bulb depression)*
This expression accounted for 84 percent of the
observed variation, with a standard error of the
estimate (square root of the error mean square) of
2.14 hours.

At air velocity of 930 f.p.m.:
Time in hours = 10.77
+ 10.56 (board thickness)
— 0.2354 (wet-pulb depression)
+ 0.001283 (wet-bulb depression)*
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This expression accounted for 83 percent of the
observed variation, with a standard error of the esti-
mate of 1.89 hours.

Boards of low gravity had a greater percentage
of moisture content than those of high gravity, and
they lost water more rapidly during drying. This
generalization was true for boards of all three thick-
nesses at the three humidities and two air velocities
tested; pooled data were as follows:

Initial
water Average waser loss per load
Load specific content after vavions times in the kiln
gravity class  per load 6 bowrs 1)2 bosrs 24 bowrs
P T,
Low —____ 284 156 224 271
Medium ... 275 148 213 260
High .- 258 143 201 243

Energy required to dry %o 10 percent moisture
content—In the electrically powered and heated ex-
petimental kiln, energy was required for three pur-
poses: heat, air circulation, and humidification by
steam spray.

Two factors that significantly affected heat energy—
because they affected time in kiln—were lumber
thickness and wet-bulb depression.

Lumber thickness Average beas energy per 24-boasd load

Inches Kw.-br.
1.0 294
1.5 385
1.9 509
Wer-bulb depression
*F.
40 435
80 366
115 387

There were no significant interactions; i.c., the gen-
eralization that heat energy was minimized with thin
lumber and 80° depression held true for wood of
all three specific gravities dried at both air speeds.

Predictably, fan energy consumed per load was
positively correlated with board thickness and air
velocity, as follows (there were no significant inter-

actions) :
Board thickness  Average fan emergy per 24-board load
Inches Kw.-br.
1.0 23.7
L5 318
1.9 434
Aér velocity
F.p.m
510 26.2
930 39.7

Humidification enetgy was significantly affected
only by wet-bulb depression. At a depression of
115° F., it averaged less than 1 kw.-hr. per load; at
80° depression it averaged 17 kw.-hr, and at 40°
depression it was 83 kw.-hr. There were no significant
interactions.
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When the three energy components were summed,
only board thickness and wet-bulb depression proved
significant by analysis of variance. Total energy re-
quired per load was minimum with 80° wet-bulb
depression:

Wes-bulb depression Total energy per 24-board load
°F. Kw.-br.
40 352
80 415
115 421

Of course, thin lumber required less energy than
thick lumber:

Board thickness Total energy per 24-board load
Inches Kw.-br,
1.0 348
1.5 446
1.9 593

These values are averages for load data with all fac-
tors pooled except the one listed. Load specific
gravity and air velocity proved not significant. There
were no significant interactions.

Shrinkage.—Since the boards emerged from the
kiln at varying moisture contents, there was no basis
for computing relative shrinkage. Sections of the
boards were therefore ovendried and percentages of
shrinkage from green condition noted. In the follow-
ing tabulation all data are pooled except for the factor
of interest; in those categories omitted, values did
not differ significantly. There were no significant
interactions.

Shrinkage from greem 10 ovendry

Factor and level Widith  Thickness  Volume
Specific gravity Percent.
Low 4.5 5.4 98
Medium .. 4.9 5.7 104
High o eimccccaes 5.1 6.0 11.0
Wet-bulb depression, °F.
40 i 3.1 10.6
80 oo 4.9 104
115 oo ececceeceee 47 10.1
Board thickness, inches .
1.0 49 6.0 10.8
15 - 49 3.6 10.3
1. 4.7 5.5 10.0
Air velocity f.p.m.
310 et 5.8 10.5
930 e e 5.6 10.2

From these data it is evident that the greatest
percentage of shrinkage from green to ovendry oc-
curred in dense, thin boards dried in low-velocity
air with a 40° F. wet-bulb depression. Conversely,
least percentage of shrinkage occurred in thick boards
of low density dried in high-velocity air with a
115° F. wet-bulb depression.

Mechanical properties—No significant differences
in modulus of elasticity, proportional limit, modulus
of rupture in bending, or toughness were detected
in clear wood dried by the six schedules (two air
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velocities and three wet-bulb depressions). Pine dried

at 80° F. or 115° F. wet-bulb depression had slightly

greater end hardness than that dried at 40° depres-

sion; side hardness was unaffected by schedule.
Timbers

Published information on high-temperature kiln-
drying of southern pine timbers is limited to that
from a single study by Koch (19A).

In this study, 10 kilnloads of green southern pine
(species unidentified but probably loblolly, Pinus
taeda L.) wete dried in a kiln held at 240° F. with
wet-bulb depression of 80° F. and air-circulation
velocity of 1,000 feet per minute. Direction of air
circulation was reversed every 75 minutes. Kiln
charges were given a top load but were not other-
wise restrained against warp. Stickering was con-
ventional.

Each of the 10 kilnloads was comprised of
cighteen 100-inch-long S4S planks in a replicated
factorial combination of three thicknesses (2, 3, and
4 inches) and three widths (4, 8, and 12 inches).

Specific gravity (basis of green volume and oven-
dry weight) averaged 0.49, and green moisture con-
tent averaged 119 percent.

Drying Rates

Time to dry was positively correlated with both
board width and thickness (figs. 9, 10, and 11).
When data for all widths were pooled, time to dry
to 10 percent moisture content had a near-linear cor-
relation (table 5 and fig. 10). Average times (width
data pooled) to reach 10 percent moisture content
were as follows.

Lumber thickness Time in kiln

Inches Houxss
2.0 224
3.0 35.6
4.0 45.3

These data further confirm results obtained in
carlier experiments (17), which yielded the follow-
ing near-linear relationship between board thickness
and time to dry 4-inch-wide southern pine under
nearly identical conditions (fig. 10).

Lumbey thickness Time in kiln

Inches Houxrs
1.0 10.4
1.5 15.8
1.9 20.7

Analysis of variance, and visual inspection of fig-
ure 10, show that the 4-inch widths differed signifi-
cantly from the 8- and 12-inch widths in the rela-
tionship between thickness and time to dry to 10
petcent moisture content. In brief, 4-inch-thick nar-
row lumber appears to dry mrore quickly than a
linear relationship would suggest. This interaction
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Figure 9.—Moisture content change in three widths of southern pine of 2-, 3-, and 4-inch thickness dried at
240° F. with 80° wet-bulb depression and sir circulation velocity of 1,000 f.p.m. Each daea point is the average

of values from four boards.

Table 5—Time to dry (at 240° F. with 80° wet-bulb
depression) southern pine from green to
10 percent moisture content

Lumber thickness

and widsh (inches) Kiln time

Hownrs
2-inch thickness
4 19.5
8 24.5
12 23.2

X =224

326
34.7
39.6

X=173.¢6

338
4713
33.0

between width and thickness was also evident at
target moisture contents of 15 and 30 percent (fig.
11). With width data pooled, times to dry to vari-
ous moisture contents were as follows:

Drying time
Lumber. thickness To 10% To 15% To 30%
Inches Hounrs
2 224 179 10.7
3 35.6 29.7 183
4 45.3 348 23.7

During the early hours of drying, moisture con-
tents in the core (innermost 0.66 inch of thickness)
were greater than those in the shells (outermost
0.66 inch of thickness at top and bottom surfaces),
but as board averages approached 10 percent, the
core and shell values converged (fig. 9). In 3- and
4-inch pieces, both core and shell dried more slowly
as width increased (table 6). In all thicknesses,
times to dry both core and shell were positively cor-
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related with thickness, as shown in the following
tabulation:

Portion and
lumber thickness Kiln time
(inches) To 10% To 15% To 30%
Hours

Core
2 248 20.3 11.2
3 404 33.4 20.0
4 57.1 45.2 259

Shell
2 21.3 16.3 10.1
3 31.4 26.0 169
4 33.1 29.5 20.1

Shrinkage When Dried From Green To 10 Percent

Width shrinkage from green to 10 percent mois-
ture content differed significantly (0.05 level) with
width, but not with thickness.

Board width, green Width shrinkage

Inches Inch
4 0.13

8 .23

12 .37

Thickness shrinkage varied with both board width
and thickness in 2 significant interaction. Four-inch-
wide boards had less thickness shrinkage than 12-
inch boards.
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Board thickness

and width (inches) Thickness shrinkage

Inch
2.inch thickness

4 0.07

8 .10

12 .10
3-inch thickness

4 14

8 13

12 17
4-inch thickness

4 13

8 .18

12 .19

All boards were 100 inches long when green.
Average length shrinkage in drying to 10 percent
was 0.08 inch, with no significant differences attribut-
able to width or thickness.

Warp in Wood at 10 Percent Moisture Content
Crook averaged 0.20 inch and varied significantly
with board width but not with thickness. Crook was
greater (0.25 inch) in 4-inch widths than in 8- and
12-inch pieces (0.18 and 0.17 inch).
Bow in dry boards also averaged 0.20 inch, but

was not significantly correlated with board thickness
or width.

Table 6.—Time to dry cores and shells (at 240° F. with
80° wet-bulb depression) of southern pine from
green to 10, 15, and 30 percent moisture content

Lumber thickness Kiln time
and width (inches) To 10% To 15% To 30%
............ Hours oo oo
CORE
2-inch thickness
4 19.6 17.2 10.6
8 28.6 229 118
12 26.3 20.7 11.2
3-inch thickness
4 35.2 30.4 18.2
8 40.7 328 199
) 12 45.4 37.1 221
4-inch thickness
4 422 34.6 20.4
8 57.8 465 284
12 7ns3 54.5 28.8
SHELL
2-inch thickness
4 20.0 13.2 9.1
8 229 19.1 109
12 21.7 16.7 10.3
3.inch thickness
4 28.2 23.1 144
8 319 26.3 16.9
12 34.1 28.5 19.3
4-inch thickness
4 29.0 23.7 13.7
8 35.1 318 213
12 35.2 33.1 233
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Twist averaged 0.23; it was not significantly re-
lated to thickness or width. Cup was slight or ab-
sent.

Checking At 10 Percent Moisture Content

Surface checks.—The surface of wood dried to 10
percent moisture content showed few checks; on
average, only one check was observed for each 28
inches of sample line drawn perpendicular to the
grain on the face or back. Frequency of checks was
not significantly related to board thickness or width.

Surface checks averaged 1.4 inches in length and
0.09 inch in depth. Checks were longest and deepest
in thick wide stock as follows:

Board thickness Surface check

and width (inches) Length Depih
_____ Inches____-.
2-inch thickness
4 0.3 0.01
8 0 00
12 1.3 08
3.inch thickness
4 2 01
8 1.7 11
12 2.1 .13
4-inch thickness
4 3 .01
8 2.2 .23
12 4.2 27

End checks.—The most severely checked end of
each board was evaluated to obtain data on fre-
quency of occurrence and length along the grain
(average and maximum length observed). These data
were recorded from checks visible on the outer sur-
face.

One end check was observed for each 9.4 inches
measured across the grain on the top or bottom sur-
face of board ends; this frequency was not signifi-
cantly related to board thickness or width. The
checks averaged 1.6 inches in length; the longest
check in each board averaged 2.4 inches. Visible end
checks were longest in wide thick lumbet:

Board shickness and  Length of end check on board surface

width (inches) Average Maximum
Inches
2-inch thickness
4 0.4 0.3
8 4 3
12 14 1.7
3.inch thickness
4 2 2
8 1.4 1.9
12 3.2 5.7
4-inch thickness
4 4 3
8 20 2.9
12 5.5 7.8

In addition to checks visible on board ends, sub-
stantial checking was found in interiors adjacent to
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Figure 12.—With boards near 10
content, some checks penetrated several inches into the
ends. The numerals on each section indicate distance in
inches from board end. Top: 2 by 12 after 24 hours in
kiln. Center: 3 by 12 after 36 hours. Bottom: 4 by 8
after 48 hours. The specimens illustrated bad the worst
checks observed.
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the ends. In general, the 2-inch-thick lumber had
minor end-checks, although the board pictured (fig.
12, top) had checks extending in 3 to 4 inches.
Three-inch lumber, when dried to 10 percent, had
more severe checks, which in some cases extended
5 or 6 inches (fig. 12, middle). Lumber 4 inches
thick in some cases had checks that extended 7 to 9
inches in from board ends (fig. 12, bottom).

After the main experiment was concluded, three
4 by 8's were dried for 48 hours at 240° F. with
80° wet-bulb depression and then conditioned for
4 hours at 195° with 10° wet-bulb depression to
yield an average moisture content of 10 percent (shell
about 8 percent and core about 11 percent when
the timbers were dissected). After cooling and equil-
ibrating in the laboratory for about a week, checks
were observed to extend about 9 inches into each
end of each timber. Case hardening was minimal.

In the entire experiment, only two internal checks
were observed at a distance from board ends; both
were found in 4 by 4's dried to less than 10 per-
cent moisture content in 48 hours (fig. 13).

Poles

Steaming and vacuum process—When southern
pine poles are not air-dried or kiln-dried prior to
preservative treatments, a steaming and vacuum proc-
ess is frequently used to condition them under limi-
tations stipulated by the American Wood-Preservers’
Association. Southern pine poles and piles are steamed
in a treating cylinder, at a maximum permitted
temperature of 245° F. (about 12.5 ps.i.). The
temperature must be reached in less than 1 hour.

k:i..._s i) FE, trrd A P, A o A

Figure 13.—One of two observed internal checks in
4 by 4's dried to less than 10 percent moisture content
in 48 hours. When first dissected, the check was limited
by the ink marks; by the time it was photographed 2
days later, it had extended considerably.
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During the steaming period, usually 6 to 15 houss,
water condenses on the surface of the poles and
there is practically no loss in moisture content. Whea
the steam pressure is released, moisture at tempera-
tures above 212° F. moves rapidly under slight pres-
sure from the wet line to the wood surface.

Vacuum is then applied to lower the boiling point
and speed the flow of moisture to the surface. The
wood is cooled rapidly by the evaporating moisture.
When green, round, southetn pine poles are subjected
to 2 5- to 6-hour vacuum after steaming, 50 to 60
percent of the total moisture removed is taken out
during the first hour and 70 to 80 percent during
the first 2 hours (24). Approximately 5 to 6 pounds
of water are removed per cubic foot of sapwood by
the average steaming and vacuum treatment; smaller
amounts ate removed from timbers, particularly if
they contain considerable heartwood. Little, if any,
water will be withdrawn from partially seasoned
wood (24).

Steaming affects the properties of wood. In brief,
wood subjected to prolonged exposure in a steam
atmosphere loses weight and strength, becomes dis-
colored, and undergoes chemical degradation. It is
for these reasons that limitations are placed on the
severity of steam-drying schedules.

The steaming and vacuum process has several dis-
advantages. It requires a retort—thus reducing retort
time available for treating. It removes only a limited
amount of water from the poles, and may adversely
affect wood mechanical properties. Moreover, the
water removed from poles by this method poses a
pollution problem. For these reasons, there is sub-
stantial interest in development of accelerated sched-
ules for kiln-drying southern pine poles.

Kiln-drying in steam-—air mixtures.—Schedules for
rapid kiln-drying of southern pine poles prior to
creosoting were tested around 1940 by Segelken
(33). To dry class 5 poles (25 and 40 feet in length)
to 25 percent moisture content in 130 hours, the
initial dry-bulb temperature of 140° F. was increased
more or less linearly to 195° F. during the first 95
hours and then maintained at 195° F. for the final
35 hours; relative humidity was raised to 90 percent
in the first 24 hours and then decreased more or less
linearly to 30 percent by the end of the 130-hour
run, During this time moisture content dropped from
66 percent to 25 percent. Weight per cubic foot
dropped from about 54 pounds to about 41 pounds,
i, water loss per cubic foot was 0.10 pound per
hour. In this particular test, 5 pounds of steam were
required to evaporate 1 pound of water. The dry
poles were a dark straw color and free of gummy
deposits. Checking was uniform over the whole
surface, individual checks measuring 0.10 to 0.15
inch in width and 12 to 36 inches in length.
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The following year, Segelken (34) used a different
kiln to dry a mixture of shortleaf and longleaf pine
poles of classes 1 to 7 in lengths from 20 to 45 feet.
The poles were brought from about 83 to 30 percent
moisture content in 100 hours by bolding the dry-
bulb temperature constant at 232° F. and the wet-
bulb constant at 142° F. During the 100 hours,
weight per cubic foot dropped from about 55 to 40
pounds, i.e., a weight loss per cubic foot of 0.15
pound per hour. In this well-insulated, cross-
circulating kiln, only 2 to 21, pounds of steam
were required to evaporate one pound of water from
the poles. Both stickered and unstickered charges
were dried; evidence of faster drying in stickered
loads was not conclusive, Checks in the dry poles
averaged 30 inches long, 0.12 inch wide, and 1.75
inches deep. The poles were successfully treated with
creosote. No evaluation of strength loss was made;
however, it is probable that pole temperature did
not exceed 212° during most of the drying period.

More recently, Thompson and Stevens (36) re-
ported on accelerated drying of green loblolly and
longleaf pine poles averaging 8 to 10 inches in
diameter and about 60 percent moisture content. In
air circulated at 300 f.p.m. with dry-bulb temperatures
of 225°, 212°, and 160° F. (with corresponding
wet-bulb depressions of 50°, 42°, and 40° F.) poles
required about 44, 66, and 90 hours, respectively, to
reach 30 percent moisture content. These times were
substantially less than the 177 hours required with
the low-temperature control, a conventional schedule
utilizing a wet-bulb temperature of 120° F. and
initial and final dry-bulb temperatures of 130° and
160° F., with the latter reading attained in 10°
increments over several days.

Maximum wood temperatures, reached at radial
depths of 1 to 3 inches, were approximately equal
to the average of the wet- and dry-bulb temperatures.
Modulus of rupture of clear wood samples taken
from poles dried at 225° F. was 14 percent lower
than that of control samples. Strength of clear wood
from poles dried at 212° F. was not significantly
reduced.

When the poles were pressure-treated, penetration

‘and retention of creosote were adequate (36).

Discussion

It is virtually certain that the technology of high-
temperature drying will be increasingly applied by
manufacture of southern pine. The nature and the
rate of application will vary somewhat by product.

Thick veneers—Techniques ate being developed
for laminating dimension lumber from thick veneers
(1, 19, 26, 32). Methods for drying such pieces
are accordingly receiving considerable attention. Al-
though some will probably be press-dried, it is also
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quite practical to use impingement-type roller veneer
dryers at temperatures ranging from 300° to perhaps
400° F. Resin exudation may or may not be trouble-
some. Koch (13) observed severe exudation, while
Kimball (10) did not. In thicknesses less than
%-inch, time in the dryer is of such short duration
(approximately an hour) that diminution of strength
should not be a problem.

Lumber—Most published research on high-
temperature drying of southern pine lumber has been
restricted to 4-inch widths. In a kiln providing a
cross-circulation velocity of 1,000 f.p.m. at dry- and
wet-bulb temperatures of 240° and 160° F., drying
time to 10 percent moisture content is linear with
thickness. Thus, for thicknesses of 1.0, 1.5, and 1.9
inches, drying time is 10.4, 15.8, and 20.7 hours.
Case-hardening can be relieved by steaming for 1 to
3 hours at dry- and wet-bulb temperatures of 195°
and 185° F.

If the lumber is held under mechanical restraint
during drying, conditioning, and cooling, warp will
be less than in low-temperature operations. High-
temperature schedules take only about one-fourth
the time and half the energy required by conventional
methods, and normal planing procedures remove all
resin exudation and surface discoloration.

Eventually this new technology is likely to alter
industry drying practices. At preseat, manufacturers
grade and ship southem pine studs at moisture con-
tents of 12 or 13 percent. Most of the studs find use
in air-conditioned or heated buildings, however, and
in service their moisture content declines to 9 or 10
percent. Experience and research have shown con-
clusively that the additional drying causes studs to
deform considerably. High-temperature drying under
restraint would enable manufacturers to reach the

desired 10 percent moisture level without undue

degrade from warp.

Timbers—High-temperature kilns have not yet
been widely adopted for drying southern pine thicker
than two inches. As with thinner lumber, time re-
quired to dry at 10 percent moisture is linearly re-
lated to thickness. With 240° F. dry-bulb tempera-
ture, 80° wet-bulb depression, and air cross-circu-
lated at 1,000 f.p.m., thicknesses of 2, 3, and 4
inches attained 10 t moisture content in 22.4,
35.6, and 45.3 hours. Although surface checks were
absent or minor, end-checking may be moderate to
severe in pieces 3 and 4 inches thick. End coating
of such timbers may be desirable. Shrinkage and
warp do not appear to present difficulties, and case-
hardening can be relieved by a 3- or 4-hour condi-
tioning period. In some pieces, resin exudation may
cover a substantial portion of the timber surface;
when objectionable, it can be removed by light plan-
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ing. Minor strength losses are likely but have not
been quantitatively appraised in southern pine tim-
bers dried at 240°.

Poles.—Because of the short drying times achiev-
able, high-temperature schedules will probably find
increased use in the pole industry. Evidence to date
is that checking patterns and treatability are accept-
able in poles so dried. Some loss in strength is likely
to occur, however. Additional research is needed to
establish maximum permissible dry-bulb temperature,
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