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Abstract

Eighteen-hundred grand fir (Abies grandis) studs, curve sawn from small-diameter

[approximately 4-7 inches (102-178 mm)] sawlogs, were kiln dried to determine effects

of drying schedule and restraint on energy consumption, drying time, and warp (bow,

crook, and twist). The experimental design included 18 kiln charges with three replications

of three kiln schedules.  Nine of the kiln charges were restrained and nine were

unrestrained.  Kiln schedules were high-temperature [240/ F (116/ C) dry bulb with no

venting or steam spray], elevated [190-220/ F (88-104/ C) dry bulb and 190-165/ F (88-

74/ C) wet bulb], and conventional [180/ F (82/ C) dry bulb and 170-145/ F (77-63/ C) wet

bulb].  Restraint loading was 200 pounds per square foot (psf) (976 kg/m ).  2

Results showed that the high-temperature schedule consumed approximately one-third

and one-half of the energy of the elevated and conventional schedules, respectively.  In

addition, drying time averaged 21.1 hours with the high-temperature schedule, 42.0 hours

with the elevated schedule, and 50.3 hours with the conventional schedule.  Although

there were several significant differences in bow, crook, and twist in lumber dried by the

three schedules, no schedule showed significantly lower warp.  Results also showed that

restraint reduced warp in lumber in the high-temperature and elevated schedules, and

much of the warp reduction was in lumber within the top six courses of the stack.  In

addition, restraint reduced the variance of warp in lumber dried by all three schedules. 

Introduction

According to forest inventory data for the U.S. Inland Northwest, grand fir (Abies grandis)

is a predominant species in the forests of this region.  Grand fir lumber represented

approximately 35 percent (approximately 1 billion board feet) of all softwood lumber

produced in the U.S. Inland Northwest region in 2003 (W W PA 2004).  This lumber had

a market value of more than $600 million (wholesale f.o.b. mill) in 2003.  Since grand fir

is a shade-tolerant species, it is often found in the understory of crowded, mixed-conifer

stands where diameter growth is slow.  It also naturally regenerates after fire to form

dense, even-aged, young stands.  Stand conditions often result in small-diameter trees

with a high proportion of juvenile wood, excesses in growth rate (both slow and fast),

spiral grain, numerous small-live knots, and wet pockets (Haygreen and Bowyer 1996).

At U.S. Inland Northwest sawmills, grand fir lumber is considered one of the most difficult

species to dry.  Drying times are often more than 60 hours, and variable moisture content

in dried lumber is common.  This resource paints a challenging picture for wood products

manufacturers.  

High-temperature drying [above 212/ F (100/ C)] has been utilized in the southern pine

(Pinus sp.) lumber industry for more than 30 years, and Australian sawmills have used

restraint systems and high temperature schedules to dry radiata pine (Pinus radiata)
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lumber for more than 30 years as well (Anon 1976).  However, these techniques have not

been widely utilized for grand fir lumber in the U.S. Inland Northwest.  This study

examined the impacts of a high-temperature schedule and restraint upon drying time,

energy consumption, and warp in lumber curve sawn from small-diameter grand fir trees.

Background

Much research has been conducted on the effects of high-temperature and restraint

drying of softwood lumber.  Research by Koch (1971, 1974) more than 30 years ago

showed that high-temperature schedules [240 /F (116/C)] and restraint significantly

reduced warp (crook, bow, and twist) in southern pine lumber sawn from veneer cores

and small-diameter logs.  High-temperature schedules also reduced energy consumption

by one-half and drying time by one-fourth when compared to conventional schedules.

Other early research with radiata pine studs incorporating restraint and high-temperature

schedules [240/ F (116/ C)] reduced bow and twist, but it did not reduce crook (Mackay

and Rumball 1972).  The investigators concluded that warp reductions with restraint and

high temperatures could have resulted from the wood becoming more plastic at high

temperatures and moisture content.  

Early drying studies on red pine (Pinus resinosa) lumber also investigated the effect of

restraint on warp (W eckstein and Rice 1970; Smith and Siau 1979).  Restraint resulted

in lumber with less warp than in unrestrained charges.  Drying times were reduced by as

much as 75 percent with high-temperature schedules, and energy consumption was one-

half that of the conventional schedule.

The impacts of restraint and high-temperature schedules on ponderosa pine (Pinus

ponderosa) lumber sawn from small-diameter trees have also been investigated

(Arganbright et al. 1978; Simpson and Green 2001).  In one study, results showed that

restraint reduced warp and that twist was most significantly reduced (Arganbright et al.

1978).  The best drying method for warp reduction was a conventional schedule with

restraint.  In the other study, results showed that the high-temperature schedule reduced

drying time by one-half, but restraint resulted in only a slight reduction of warp (Simpson

and Green 2001).  

Spruce, balsam fir, and jack pine were dried using conventional and high-temperature

schedules with top-load restraint (Cech and Huffman 1974).  They found that the high-

temperature schedule produced less twist in the spruce and jack pine lumber.  However,

they also found a large amount of surface checking and honey combing in the balsam fir

dried with the high-temperature schedule.  The effects of restraint on twist in Sitka spruce

(Picea sitchensis) lumber were also investigated (Stevens 1961).  The system applied

restraint with a seven-degree left-handed twist to counteract the twisting of the lumber.

The lumber was dried with a dry-bulb temperature of 180/ F (82/ C).  Results showed 72

percent less twist in the samples dried with restraint.  W hen the samples were measured

for twist 2 ½ weeks later, the results were the same.  

W arp in kiln-dried Douglas-fir lumber has also been investigated (Shelly and Simpson

2000; Milota 1992).  In one study, eight drying schedules were investigated with the

highest dry bulb temperature of 180/ F (82/ C) (Shelly and Simpson 2000).  They used a

top-load restraint of 200 psf (976 kg/m ).  Restraint reduced warp in all schedules.  In the2

other study, eight charges of Douglas-fir lumber were dried with both conventional and

high-temperature schedules (Milota 1992).  Results showed that warp was not highly

influenced by drying schedule, percent of juvenile wood, ring count, or moisture content

in boards.  
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Perhaps most relevant to this study, were two investigations involving hem-fir lumber

(Dedrick and Ziegler 1984; Milota 2000).  In one study, a 250 psf (1,221 kg/m ) leaf-spring2  

restraint system was evaluated for effects upon warp in hem-fir lumber (Dedrick and

Ziegler 1984).  They also measured juvenile wood and examined its effects upon warp

and moisture content.  Results showed 30 percent degrade in lumber in top packages

without restraint.  High percentages of juvenile wood resulted in greater than 50 percent

degrade due to warp.  W ith no juvenile wood, less than 15 percent of the lumber was

degraded due to warp.  In the other study, a 45 psf (220 kg/m ) top-load restraint was2

used in all charges to simulate a commercial kiln charge (adding top weight equal to nine

courses) (Milota 2000).  The drying schedules ranged from conventional [180/ F (82/ C)]

up to high temperature [270/ F (132/ C)].  The high-temperature schedule [270/ F (132/

C)] dried the lumber in 50 percent of the time of the conventional schedule, and bow,

crook, and twist were not statistically different between schedules.

Methods

Eighteen charges of grand fir 2 x 4 inch 8-foot (50.8 x 101.6 mm  2.438-m) lumber sawn

from small-diameter Inland grand fir logs on a high-speed, small-log, curve-sawing

sawmill were kiln dried in this study.  Each charge contained 100 pieces, or approximately

533 board feet (1.26 m ).  Each charge contained 10 courses with 10 pieces per course.3

Stickers were Douglas-fir (Pseudotsuga menziesii) and were 18 inches (45.7 cm) apart,

1.4-inches (3.6 cm) wide, and 0.7 inches (1.8 cm) thick.  Boards were measured for bow

in the green condition prior to drying by placing each board on a warp table (W agner et

al. 2001).  During stacking, the course and location within the course were recorded for

each board to determine if position was correlated with warp and/or moisture content.  

The research kiln was an Irvington-Moore, steam heated, cabinet dryer with a computer-

control system (Kiln Control 32 version 2.0) by Automated Control Systems.  Three drying

schedules (high temperature, elevated, and conventional) were selected.  Drying

schedules are shown in Table 1 and include: 1) high-temperature with a dry-bulb

temperature of 240/ F (116/ C) and with no venting and no spray, 2) elevated with dry bulb

temperatures from 190/ F (88/ C) to 220/ F (104/ C) and wet bulb temperatures from 190/

F (88/ C) to 165/ F (74/ C), and 3) a conventional schedule with a dry bulb temperature

of 180/ F (82/ C) and wet bulb temperatures from 170/ F (77/ C) to 145/ F (63/ C).  Each

schedule included air velocity of 900 fpm (4.57 meters/sec.) that reversed directions every

4 hours.  Six replications of each schedule were run.  Three of the replications of each

schedule were restrained and three were unrestrained.  Restraint consisted of large steel

plates totaling 5,000 pounds (2268 kg) creating an evenly distributed top-load weight of

200 psf (976 kg/m ).  The weights were laid upon stickers via a magnetic hoist.  2

A W agner L612 digital moisture meter with a stack probe was used to determine when

the charge had reached the target moisture content.  W hen the average of the readings

from the meter were 15 to 19 percent moisture content, the charge was pulled from the

kiln, weights were immediately removed from the restrained charges, and the lumber was

allowed to cool for three hours.  Following the cooling period, each board was evaluated

for warp, number of growth rings, presence/absence of pith, and moisture content.  W arp

measurements consisted of bow, crook, and twist and were measured on a warp table

(W agner et al. 2001).

For each charge, steam consumption was recorded with a Sparling/Oval steam flowmeter.

The meter measured steam consumption in pounds (kg), and one pound (0.45 kg) of

steam was converted to 1,000 Btu’s (1,055,056 J) of energy.
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After drying, moisture content of each board was measured with a W agner L612 digital

moisture meter.  Measurements were taken one foot (0.30 m) from each end and at mid-

length of each board, and average moisture content for each board was recorded.

TABLE 1. Three kiln schedules used in study.

High-Temperature Schedule a

Time

(hr)

Dry-Bulb

Temperature

(/F)

W et-Bulb

Temperature

(/F)

0-24 240 Not Controlled

Elevated Schedule

Time

(hr)

Dry-Bulb

Temperature

(/F)

W et-Bulb

Temperature

(/F)

W et-Bulb

Depression

(/F)

0-10 190 190 0

10-20 200 180 20

20-30 205 175 30

30-40 210 170 40

40-48 215 165 50

48-56 220 190 30

Conventional Schedule

Time

(hr)

Dry-Bulb

Temperature

(/F)

W et-Bulb

Temperature

(/F)

W et-Bulb

Depression

(/F)

0-12 180 170 10

12-36 180 165 15

36-60 180 155 25

60-84 180 145 35

 Spray and vents closed.a   

Data were analyzed using regression and other correlation techniques to assess

statistically significant differences in warp as a function of drying schedules and restraint.

The experimental design consisted of eighteen charges of lumber, each containing 100

boards stacked in ten courses.  

Results

Average drying times were 21.1 hours for the high-temperature schedule, 42.0 hours for

the elevated schedule, and 50.3 hours for the conventional schedule.  Thus drying times

for the high-temperature schedule were one-half that of the elevated schedule and two-

fifths that of the conventional schedule.  Besides substantially reducing drying times, the

high-temperature schedule used just one-third the energy of the elevated schedule and

two-fifths the energy of the conventional schedule (Table 2).  Lower energy use in the

high-temperature schedule may have been due to lack of venting in that schedule and to

reduced energy loss through the kiln walls, ceiling, doors and leaks because of shorter

drying times.  Charges with restraint consumed more energy, because energy was

needed to heat the steel plates.

Of the 300 boards dried with restraint for each schedule, 256, 242, and 246 boards met

the warp restrictions for the stud grade (W W PA 1998) for the high-temperature, elevated,
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and conventional schedules, respectively.  Of the 300 boards dried without restraint for

each schedule, 174, 176, and 206 boards met the warp restriction for the stud grade for

the high-temperature, elevated, and conventional schedules, respectively.  Other boards

graded economy due to warp.  Therefore, stud grade recovery from charges dried with

restraint were 47.1, 35.5, and 19.4 percent higher for the high-temperature, elevated, and

conventional schedules, respectively, than in charges dried without restraint.  These

percentages were equivalent to gains of $68, $55, and $33 per thousand board feet (Mbf)

for the high-temperature, elevated, and conventional schedules, respectively (Random

Lengths 2003).

TABLE 2. Mean energy consumption per schedule.

Kiln Energy Consumption

Schedule Btu/Bf Total Btu

Mean Btu

per schedule

High Temperature 375 200,000 263,000

High Temperature – R 611 326,000a

Elevated 1148 612,000 754,000

Elevated - R 1680 896,000

Conventional 1129 602,000 612,500

Conventional - R 1168 623,000

R represents restrained kiln charges.a 

Means and standard deviations for bow, crook, twist, and final moisture content are shown

in Table 3.  W ith the elevated schedule, mean bow was significantly lower for lumber dried

with restraint compared to unrestrained.  However with the high-temperature and

conventional schedule, bow was not significantly lower for lumber dried with restraint

compared to unrestrained. Twist and crook were significantly lower for lumber dried with

restraint in all three schedules compared to unrestrained.  Mean final moisture content

was significantly higher for lumber dried by all three restrained schedules.  This could

have accounted for at least part of the lower mean values for warp in lumber dried with

restraint.  

TABLE 3. Mean bow, crook, twist and moisture by kiln schedule.

Mean and Standard Deviation a

Schedule

Bow

(mm)

Twist

(mm)

Crook

(mm)

Moisture

Content

(percent)

High Temp 4.7 (4.3) 9.3 (9.4) 2.9 (2.0) b 12.9 (5.5)

High Temp –R  4.5 (3.5)c 3.7 (4.0) 2.1 (2.3) 16.0 (5.9)

Elevated 4.4 (3.6) 8.1 (7.2) 2.8 (2.0) 12.4 (4.8)

Elevated – R 3.5 (2.5) 4.9 (4.5) 2.4 (1.9) 15.1 (5.2)

Conventional 4.8 (4.2) 6.3 (6.6) 3.3 (2.0) 16.1 (5.7)

Conventional –R 4.3 (2.9) 4.4 (4.1) 2.8 (1.4) 16.9 (8.3)

Numbers in parentheses are standard deviations.a 

Numbers in bolded italics indicate statistically significant differences betweenb 

unrestrained and restrained charges.

R represents restrained kiln charges.c 
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TABLE 4. Change in variance from unrestrained to restrained for bow, twist, and crook

for the three schedules.

Change in Variance

Schedule

Bow

(%) 

Twist

(%)

Crook

(%)

High-temperature 31.3 81.4 -34.3

Elevated 53.0 60.1 11.1

Conventional 54.3 60.4 53.6

Table 4 shows change in variance of bow, twist, and crook in lumber from unrestrained

to restrained kiln schedules.  Variance is a measure of the consistency of measured

values within a kiln charge.  Lower variance indicated that the consistency of lumber within

the kiln charge was more uniform.  There were 31.3, 53.0, and 54.3 percent lower

variances in bow of lumber from restrained high-temperature, elevated, and conventional

schedules, respectively, compare to unrestrained.  Thus, even though restrained/

conventional and restrained/high-temperature schedules did not result in significantly

lower bow in lumber, variance in bow was substantially lower.  Variance in twist of lumber

dried with restraint was 81.4, 60.1, and 60.4 percent lower in the high-temperature,

elevated, and conventional schedules, respectively, than in unrestrained schedules.

Variance in crook of lumber dried with restraint was lower by 11.1 percent with the

elevated schedule and a 53.6 percent with the conventional schedule.  However, there

was 34.3 percent greater variance in crook of lumber dried with the restrained/ high-

temperature schedule.  

A comparison of bow from wet to dry is shown in Table 5.  All schedules with and without

restraint showed significantly lower bow in the dry condition than in the wet condition   Bow

in wet lumber was likely caused by curve sawing along the sweep of logs, and this wet

bow tended to straighten during kiln drying.  Additionally, variance in dry bow was

significantly lower variance than in wet bow for all three schedules.  For unrestrained

charges, bow decreased from wet to dry in all courses except the top course.  

Bow, twist, crook, and moisture content by course for high-temperature, elevated, and

conventional schedules are shown in Table 6, Table 7, and Table 8.  Results showed that

lower warp in lumber dried with restraint was largely in the top six courses.  This was likely

due to courses nearer the bottom of the stack having sufficient restraint from the weight

of lumber above.  

TABLE 5. W et bow, dry bow, and change in variance of bow in lumber.

Mean and Standard Deviation a
Change in

Variance of Bow

Schedule (%)

W et Bow

(mm) 

Dry Bow

(mm) 

High Temp 6.8 (5.0) 4.7 (4.3) b 28.0

High Temperature –R  c 7.4 (5.5) 4.5 (3.5) 58.0

Elevated 8.2 (5.4) 4.5 (3.6) 54.0

Elevated – R 8.1 (5.4) 3.5 (2.5) 78.0

Conventional 7.9 (5.4) 4.8 (4.2) 38.0

Conventional – R 8.4 (5.5) 4.3 (2.9) 73.0

Numbers in parentheses are standard deviations.a 

Numbers in bolded italics indicate statistically significant differences between wet bowb 

and dry bow.

R represents restrained kiln charges.c 
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TABLE 6. Bow, twist, crook, and moisture content in lumber by course for the high-

temperature schedule.

Mean and Standard Deviation a

Course

Bow

(mm) 

Twist

(mm)

Crook

(mm)

Moisture Content

(percent)

1 7.0 (5.5) c 15.8 (11.6) 3.3 (1.9) 13.4 (6.3) b

1R 4.6 (4.3)d 3.2 (3.7) 2.0 (2.0) 23.6 (6.3)

2 5.6 (4.0) 10.0 (10.4) 3.3 (2.1) 12.2 (3.0)

2R 5.7 (3.6) 4.1 (4.1) 1.8 (1.9) 15.1 (4.1)

3 5.5 (4.4) 10.3 (9.1) 3.4 (1.9) 14.4 (5.2)

3R 4.8 (5.1) 4.3 (3.4) 2.9 (4.7) 14.8 (4.7)

4 3.9 (2.5) 9.7 (7.8) 2.6 (1.3) 12.5 (5.6)

4R 5.5 (4.2) 4.0 (4.7) 2.9 (2.2) 13.5 (3.7)

5 4.8 (5.2) 8.8 (7.5) 2.9 (1.9) 13.5 (5.9)

5R 4.0 (2.1) 4.0 (5.3) 1.6 (1.7) 15.1 (4.8)

6 4.7 (5.3) 15.4 (11.1) 3.3 (2.0) 11.7 (5.6)

6R 3.1 (2.3) 3.2 (3.5) 2.0 (2.0) 14.7 (4.8)

7 4.5 (4.1) 8.4 (9.4) 2.9 (1.9) 12.9 (4.8)

7R 4.3 (3.1) 3.8 (3.3) 2.2 (1.8) 15.7 (5.9)

8 2.9 (3.2) 5.7 (6.0) 2.3 (2.0) 13.5 (7.1)

8R 4.3 (2.2) 4.5 (3.7) 1.7 (1.6) 15.7 (5.1)

9 3.5 (3.0) 4.3 (5.2) 2.5 (2.0) 12.7 (4.9)

9R 4.2 (3.2) 2.7 (3.9) 2.0 (1.7) 16.6 (6.6)

10 4.2 (3.6) 4.5 (6.7) 2.8 (2.5) 12.4 (5.7)

10R 4.7 (3.8) 3.6 (4.7) 2.0 (1.2) 15.5 (6.7)

Numbers in parentheses are standard deviations.a 

Numbers in bolded italics indicate statistically significant differences between warp andb 

course location.

c Course one indicates the top of the charge and course 10 indicates the bottom of the

charge.

d R represents restrained kiln charges.

W ith the high-temperature schedule, twist was significantly lower in courses one through

six, and dry crook was significantly lower in courses one, two, five, and six in restrained

charges than in unrestrained charges (Table 6).  However, bow was not significantly lower

in any of the ten courses in the restrained/high-temperature schedule.  Mean moisture

content was significantly higher with restraint in courses one, two, six, and nine.  However,

moisture difference showed no trend, and it likely had little impact upon warp difference

by course.

W ith the elevated schedule, bow in courses one, two, and three, and dry twist in courses

two, three, four, six, and seven were significantly lower in restrained charges than in

unrestrained charges (Table 7).  Crook was also significantly lower in courses one and

four.  However, mean moisture content of lumber was significantly higher in courses one,

two, three, four, six, and seven in the restrained/elevated schedule.  Thus, higher moisture

content in the upper courses of restrained charges could have contributed to lower warp.



W estern Dry Kiln Association May, 200685

TABLE 7. Bow, twist, crook, and moisture content in lumber by course for the elevated

schedule.

Mean and Standard Deviation a

Course

Bow

(mm) 

Twist

(mm)

Crook

(mm)

Moisture

Content

(percent)

1  c 9.0 (4.6) b 6.7 (5.5) 3.4 (2.0) 12.1 (5.0)

1Rd 4.6 (2.5) 4.8 (4.5) 1.9 (1.5) 15.1 (6.7)

2 5.9 (4.4) 10.7 (7.8) 2.8 (1.9) 11.7 (4.7)

2R 3.5 (1.7) 5.6 (4.0) 2.4 (1.3) 14.0 (4.2)

3 4.4 (3.6) 9.9 (8.6) 3.2 (2.6) 11.8 (4.2)

3R 2.3 (1.1) 6.0 (5.5) 2.4 (1.5) 15.9 (6.1)

4 3.4 (2.5) 10.8 (8.7) 3.2 (2.7) 11.2 (4.0)

4R 3.0 (2.7) 5.5 (4.9) 1.9 (1.2) 14.4 (4.2)

5 4.1 (2.7) 9.9 (8.6) 2.9 (1.4) 12.7 (5.7)

5R 3.9 (2.5) 6.2 (5.8) 2.8 (1.8) 14.4 (4.3)

6 3.2 (3.2) 8.1 (8.9) 2.5 (2.3) 12.8 (5.0)

6R 3.4 (1.9) 3.7 (3.9) 2.8 (2.4) 16.2 (4.8)

7 2.9 (2.7) 7.8 (5.7) 2.3 (1.3) 11.9 (3.9)

7R 2.9 (1.6) 3.9 (3.6) 1.9 (1.5) 17.3 (5.3)

8 3.2 (2.0) 6.3 (4.9) 2.8 (1.2) 13.0 (5.4)

8R 3.3 (2.1) 4.3 (3.6) 2.9 (1.6) 14.3 (5.8)

9 3.8 (3.1) 6.1 (4.6) 2.1 (1.8) 13.4 (5.9)

9R 4.3 (3.9) 4.4 (3.9) 2.0 (1.4) 14.7 (4.5)

10 4.7 (2.9) 4.8 (4.2) 3.3 (2.5) 13.3 (4.5)

10R 4.0 (3.2) 4.5 (4.9) 2.8 (3.5) 14.5 (5.1)

Numbers in parentheses are standard deviations.a 

Numbers in bolded italics indicate statistically significant differences between warp andb 

course location.

Course one indicates the top of the charge and course 10 indicates the bottom of thec 

charge.

R represents restrained kiln charges.d 

W ith the conventional schedule, bow in course one was significantly lower in the

restrained charges compared to unrestrained charges (Table 8).  Twist was significantly

lower in courses one, four, and eight, crook was significantly lower in lumber in courses

six and nine in the restrained charges compared to unrestrained charges.  Mean moisture

content was not significantly different by course between the restrained and unrestrained

charges.  

Results showed significant correlation between twist and number of growth rings in lumber

dried by all three schedules.  Pearson bivariate correlation results are shown in Table 9.

As the number of growth rings increased, twist decreased in lumber dried by all restrained

and unrestrained schedules.  However, as the number of rings increased, bow and crook

increased in three of the six restrained and unrestrained schedules.  
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TABLE 8.  Bow, twist, crook, and moisture content in lumber for the conventional

schedule.

Mean and Standard Deviation a

Course

Bow

(mm) 

Twist

(mm)

Crook

(mm)

Moisture

Content

(percent)

1c 9.2 (8.7) 9.8 (8.7) b 3.5 (2.2) 16.6 (7.1)

1Rd 4.9 (2.4) 5.0 (4.6) 2.7 (1.0) 16.4 (6.2)

2 5.2 (3.3) 6.9 (6.6) 3.5 (3.1) 18.0 (5.9)

2R 4.6 (2.8) 4.2 (4.1) 3.4 (2.0) 17.4 (7.1)

3 5.2 (2.6) 7.2 (8.3) 3.3 (2.0) 14.8 (4.5)

3R 5.0 (3.3) 4.2 (3.9) 2.8 (1.4) 16.8 (4.7)

4 3.8 (2.3) 8.8 (7.7) 3.3 (1.8) 15.1 (3.9)

4R 4.2 (2.3) 4.0 (3.7) 2.9 (1.5) 16.9 (5.6)

5 4.0 (2.7) 6.5 (6.9) 3.2 (1.9) 16.7 (5.4)

5R 4.4 (2.5) 5.0 (4.5) 3.2 (1.6) 16.5 (5.4)

6 4.9 (3.5) 4.2 (5.6) 3.6 (1.9) 16.1 (6.5)

6R 5.2 (3.1) 5.5 (5.2) 2.6 (1.0) 16.9 (5.6)

7 3.1 (2.5) 5.8 (4.5) 3.1 (2.5) 16.4 (5.1)

7R 3.9 (3.0) 4.5 (4.9) 2.8 (1.6) 17.4 (5.6)

8 4.6 (3.0) 5.8 (4.7) 3.4 (1.8) 17.5 (7.2)

8R 3.3 (2.8) 3.6 (2.7) 2.7 (1.0) 17.2 (5.3)

9 4.3 (4.2) 4.3 (4.7) 2.8 (1.6) 15.5 (4.4)

9R 3.1 (1.5) 3.9 (4.2) 2.2 (1.0) 13.9 (4.5)

10 3.9 (3.1) 3.9 (4.8) 2.8 (1.3) 14.6 (5.1)

10R 4.0 (4.0) 4.3 (3.2) 2.6 (1.2) 16.8 (5.7)

Numbers in parentheses are standard deviations.a 

Numbers in bolded italics indicate statistically significant differences between warp andb 

course location.

Course one indicates the top of the charge and course 10 indicates the bottom of thec 

charge.

R represents restrained kiln charges.d 

Multiple regression analyses were conducted by regressing growth rings and the presence

of pith on bow, twist, and crook.  Results of the analysis are shown in Table 10.  Twist had

the most significant relationship with number of rings and the presence of pith.  In all

schedules when pith was present, twist in lumber was significantly higher.  Lumber from

the conventional schedules averaged 0.4 mm (.016 inch) higher twist when there was pith

present.  Lumber from high-temperature and elevated schedules averaged 0.3 mm (.012

inch) higher twist when the pith was present.  All schedules resulted in lumber with

significantly less twist for every growth ring added to a board.  Lumber from the high-

temperature, elevated, and conventional schedules averaged 0.3 mm (.012 inch), 0.4 mm

(.016 inch), and 0.3 mm (.012 inch) lower twist, respectively, with the addition of each

growth ring.  Crook had much lower R  values with growth rings than did twist, and there2

were few significant parameters.  Bow was not significantly affected by the presence of

pith, but the addition of growth rings did have an effect.  Although the R  values were low2

(at times negative) there were significant differences in bow with the addition of growth 

rings in the restrained and unrestrained conventional schedule [0.2 mm (.008 inch)] as

well as the restrained/high-temperature schedule [0.1 mm (.004 inch)].
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TABLE 9. Pearson bivariate correlations for warp and number of rings for kiln dried small

diameter, curve sawn grand fir lumber.

Pearson Correlation

Number of

Rings Bow Twist Crook

Conventional

Rings per Inch 1.00 - - -

Bow .186 1.00 - - a

Twist -.355 .003 1.00 -

Crook -.046 .190 .206 1.00

Conventional – R 

Rings per Inch 1.00 - - -

Bow .149 1.00 - -

Twist -.390 -.109 1.00 -

Crook -.015 -.004 .205 1.00

High Temperature

Rings per Inch 1.00 - - -

Bow .024 1.00 - -

Twist -.464 .075 1.00 -

Crook .138 .283 .123 1.00

High Temperature – R 

Rings per Inch 1.00 - - -

Bow .138 1.00 - -

Twist -.216 .107 1.00 -

Crook .162 .207 .140 1.00

Elevated

Rings per Inch 1.00 - - -

Bow -.018 1.00 - -

Twist -.410 -.031 1.00 -

Crook .061 .220 .086 1.00

Elevated – R 

Rings per Inch 1.00 - - -

Bow .109 1.00 - -

Twist -.419 .024 1.00 -

Crook .132 .180 .026 1.00

Numbers in bolded italics are statistically significant at the alpha level of 0.05.a 

Conclusions

At sawmills in the U.S. Inland Northwest region, drying times are typically long for grand

fir lumber, and dried grand fir lumber often exhibits inconsistent moisture content.  Grand

fir lumber curve sawn from small-diameter trees poses additional drying difficulties

because it is often sawn with bow present in the green condition.  In this study, grand fir

lumber curve sawn from small-diameter trees was dried in restrained and unrestrained

charges using three drying schedules.  The high-temperature drying schedule resulted in

less drying time and less energy consumption than did the elevated and conventional

drying schedules. The high-temperature schedule reduced drying time by one-half relative

to the elevated schedule and by 67 percent compared to the conventional schedule.  The

high-temperature schedule also reduced energy consumption by 60 percent relative to the

elevated schedule and by 57 percent relative to the conventional schedule.  In addition,

warp in lumber dried with the high-temperature schedule was approximately the same as

in lumber dried with the elevated and conventional schedules.
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TABLE 10. Results of multiple regression of growth rings and presence of pith on bow,

twist, and crook in lumber.

Standardized Beta Coefficient d

Pith # of Rings Adjusted R    b  c 2 e

Conventional

Bow -.029 .180 .029 a

Twist .378 -.273 .257

Crook .083 -.028 .002

Conventional – R  f

Bow .053 .158 .018

Twist .397 -.320 .300

Crook .293 .037 .077

High Temperature

Bow -.045 .023 -.004

Twist .203 -.456 .251

Crook .041 .140 .014

High Temperature – R 

Bow .070 .142 .017

Twist .374 -.190 .180

Crook .040 .165 .021

Elevated

Bow .019 -.016 -.006

Twist .376 -.375 .304

Crook .177 .078 .028

Elevated – R 

Bow .039 .112 .007

Twist .284 -.395 .251

Crook .083 .139 .018

Numbers in bolded italics are statistically significant at the alpha level of 0.05.a 

Pith was acknowledged if any portion was visible in the cross section or flat surface ofb 

the board.

Rings were totaled for the entire depth of the board (2 inches)c 

The regression coefficient that would result from data that have been standardized (i.e.,d 

unitless).

A correction to the computed correlation coefficient to adjust for the number of predictorse 

relative to the sample size.

R represents restrained kiln charges.f 

Lower warp in restrained charges largely occurred down to the sixth course from the top.

Stud grade recovery with restraint was 47.1 percent higher in the high-temperature

charges, 35.5 percent higher in the elevated charges, and 19.4 percent higher in the

conventional charges.  These percentages were equivalent to increased value of $68/Mbf

for the high-temperature schedule, $55/Mbf for the elevated schedule, and $33/Mbf for

the conventional schedule.  Thus, lumber dried with the high-temperature schedule

benefitted more from restraint than did lumber dried with the elevated and conventional

schedules.  This could have been due to the plastic effect that high temperature has on

wet wood.

This research demonstrated that small-diameter curve-sawing sawmills in the U.S. Inland

Northwest could benefit from utilizing both high-temperature and restraint for kiln drying

grand fir lumber.  Even with restraint, drying time and energy consumption could be

greatly reduced, and warp in lumber would be comparable to that dried by lower-

temperature schedules.   
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