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ABSTRACT

  This study was conducted to find the relationship between the moisture content and basic density of 

green lumber and the final moisture content of kiln dried lumber. The possibility of using a ultrasonic 

nondestructive testing technology was investigated. Four matched 2-foot long boards were kiln-dried for 

12, 24, 36 and 48 hours. Twenty three slices were cut to examine the distribution of moisture content 

along the length. It was revealed that the green weight was a better estimator of the final moisture content 

of the kiln-dried board than the green moisture content. The standard deviations of the moisture contents 

of the slices were not correlated with the final moisture contents of the kiln-dried boards. The two ultra-

sonic devices used for this study were apparently good tools for NDT.
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1. INTRODUCTION

  Western hemlock, one of major imported spe-

cies from the United States, is dried with a 

wide range in final moisture content (Kozlik 

and Ward, 1981). Non-uniform final moisture 

content of lumbers results in losses of energy 

and higher manufacturing costs. This study was 

conducted to find any physical properties of 

green lumber correlated to the final moisture 

content. Lumbers, sorted on the grain chain by 

a certain criterion, could result in an uniform fi-

nal moisture content.

  The presence of wetwood  is a principal fac-

tor influencing the non-uniform final moisture 

content. Visual sorting can be accomplished 

with a high degree of accuracy on the green 

chain, but not always practical in high-pro-

duction mills (Ward and Kozlik, 1975). Weigh-

ing would be useful but not helpful when sort-

ing wetwood from sapwood. Wetwood was 

lower in electric resistance than green sapwood 

and normal heartwood due to extractives. Mixed 

wetwood have lower resistance values but not 
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as low as the adjacent wetwood.

  A strong relationship between ultrasonic pro-

perties of green lumber and wetwood was found 

(Ross et al., 1994; Kabir et al., 2006). In addi-

tion to wetwood, the other influencing physical 

properties can be green weight and moisture 

content, density and slope of grain. The green 

weight of lumber are related to both the green 

moisture content and density, which affect the 

ultrasonic velocity transmitting lumber (Gerhards, 

1975; Sakai et al., 1990; Ross and Pellerin, 

1991; Smulski, 1991; Sandoz, 1993; Booker et 

al., 1996; Mishiro, 1996). 

  The purpose of this study was to find the re-

lationship between the moisture content and ba-

sic density of green lumber and the final mois-

ture content of kiln-dried lumber. The possi-

bility of using a ultrasonic nondestructive test-

ing technology was investigated.

 

2. MATERIALS and METHODS

  Twelve green western hemlock boards of 

50.8 mm (2-inch) by 101.6 mm (4-inch) in 

cross section and 2,878.5 mm (9.5-foot) in 

length were obtained from a local saw mill. 

Four 50.8 mm (2-foot) test boards were cut 

from each 2,727 mm (9-foot) board (Fig. 1). 

The four matched boards were allocated to four 

drying times: 12, 24, 36 and 48 hours. They 

were end-coated with a rubber based paint to 

prevent the ends from moisture transmitting. 

  A laboratory kiln with a chamber of 812.8 

mm (32-inch) width, 685.8 mm (27-inch) height 

and 1,117.6 mm (44-inch) length was used for 

drying the boards in this study. A single drying 

condition of 89.8°C (190°F) dry-bulb and 65.6 

°C (150°F) wet bulb was set and ran for 48 

hours. Forty eight 606 mm (2-foot) boards were 

stacked with 19.05 mm (3/4-inch)-thick stickers 

in the kiln. During drying each of the four 

matching boards was taken out of the kiln every 

Fig. 1. Diagram of the sample boards and test speci-

mens for the experiment of longitudinal moi-

sture distribution

12 hours. After cooling down in big plastic 

bags, the boards were cross-cut into twenty 

three 25.4 mm (1-inch) slice samples (Fig. 1). 

The slice samples were weighed and dried in an 

oven. Their moisture contents were retrospec-

tively calculated based on the oven dry weights.

  In this study a commercial ultrasonic devices 

known as PUNDIT and STEINKAMP BP5 (BP5) 

were used. Each of them consists of a timer 

(including a pulse generator) and pairs of tuned 

piezoelectric transducers. The resonance tras-

ducers of 35 and 130 kHz were used for 

PUNDIT, while two of 50 kHz for BP5. The 

transmitter transducers are activated by the 

pulse generators every 1/10 and 1.0 second for 

PUNDIT and BP5, respectively.

  Transit time was measured at two points of 

each 606 mm (2-foot) green boards. The points 

with knots and defects were avoided. Time of 

Flight (TOF) was calculated from the transit 

time and traveling distance using Eq. (1).

  TOF = t/L x 1,000 (1)

  Where, 

  TOF : Time of Flight (us /m)

  L : traveling distance (mm)

  t : transit time (us)

  A coupling medium is used to increase the 

intimacy between the transducers and the speci-

men and to reduce the delay as an ultrasonic 
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Fig. 2. The plots of the moisture contents measured 

every 12 hours against their green moisture 

contents, and their four linear regressions.

signal passes them. A liquid coupling agent is 

popular, but can be absorbed by wood, resulting 

in changing its property. In this study no cou-

pling medium were applied to lumber in most 

experiments, which may increase the transit 

time. However for the evaluation of the cou-

pling effect, thin rubber membranes were in-

serted between the transducer and the specimen 

instead of a liquid coupling agent. Their thick-

ness was 0.52 mm.

  As delays occur along the cables and in the 

transducer itself, a zeroing calibration is carried 

out by placing a calibration bar with a known 

delay time between the transmitting and receiv-

ing transducers.

3. RESULTS and DISCUSSION

  The green moisture contents of 48 matched 

specimens widely ranged from 35.7 to 154.9% 

as usual western hemlock boards. Their moi-

sture contents measured every 12 hours are 

plotted against their green moisture contents in 

Fig. 2. The slopes of the four linear regressions 

represent the variation of the moisture contents 

of twelve 606 mm (2-foot) boards. It shows the 

variation between the boards decreases with 

Fig. 3. A plot of the moisture contents of 12 boards 

at 36 hours against their green moisture 

contents. The line represents their average 

moisture content. 

Fig. 4. A plot of the moisture contents of 12 boards 

at 36 hours against their green weights and a 

linear regression

drying time regardless of their initial moisture 

contents.

  The tarket moisture content of the boards was 

10% and the average moisture content at 36 

hours were 9.7%. Fig. 3 shows the distribution 

of the moisture contents of 12 boards at 36 

hours. Among 12 boards, five had higher mois-

ture contents than the target one (the line in 

Fig. 3). It is noticeable that two boards of low 

green moisture contents were included. Thus the 

final moisture content is unable to be predicted 

directly by the green moisture content.

  In stead of the green moisture contents, the 

green weights of the boards were plotted in Fig. 

4. It shows a better relationship between two 
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Fig. 5. Plots of moisture content distribution along the length of typical fast and slow drying western hemlock

boards.

Fig. 6. A plot of the sample standard deviations of 

the slices against the moisture contents of 

the 12 boards at 36 hours.

Fig. 7. A plot of TOF’s measured by the two ultra-

sonic devices, PUNDIT and BP5, and a linear

regression.

parameters. Thus it could be postulated the 

green weights would be a strong predictor of 

the final moisture contents of western hemlock 

boards.

  Two typical plots of moisture content dis-

tribution along the length are shown in Fig. 5. 

These two boards had high green moisture con-

tents around 100%, but their drying rates were 

different. In Fig. 5, the board on the left dried 

faster than that on the right. It was expected 

that some wet slices were detected in the slow 

drying boards. However non of markedly heavy 

slices were found in any boards dried for this 

experiment. The presence of wetwood must be 

a principal factor influencing the non-uniform 

final moisture content, but not the only one. 

  It could be guessed that the variations of the 

moisture contents between the slices increases 

as the moisture contents of the boards increase. 

It was investigated by calculating the standard 

deviations of the moisture contents of the slices. 

They are plotted in Fig. 6, which does not show 

any relationship between the two parameters.

  The TOF’s measured by PUNDIT and BP5 

were compared to improve the accuracy of 

ultrasonic NDT technology. Despite of different 

times and transducers, there is a good agree-

ment between the measurements of the two 

ultrasonic devices (Fig. 7). The TOF’s measured 

by BP5 are slightly higher than those by 

PUNDIT. It may be attributed to the amplitude 

of a transmitted signal (Kang and Booker, 
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Fig. 8. A plot of the TOF’s of the green boards and 

the final moisture contents and a linea 

regression.

2002), which is affected by the intimacy be-

tween a transducer and board surface. The di-

ameter of the BP5 transducers was 28 mm 

while those of the PUNDIT transducers were 50 

and 15 mm.

  The relationship between the TOF’s of the 

green boards and the final moisture contents 

were examined. As shown in Fig. 8 it is hard 

to say any correlation between two parameter. 

Thus the TOF’s of the green boards could not 

be an estimator of the final moisture contents.

4. CONCLUSIONS

  This study was conducted to predict the final 

moisture contents of kiln dried western hemlock 

boards. The moisture content distributions along 

the length of the boards were examined during 

kiln drying. An ultrasonic NDT technology was 

used to improve accuracy. Followings are the 

conclusions obtained from this study.

  1) The presence of wetwood in the slow dry-

ing boards was not confirmed by conducting the 

tests of the moisture content distribution along 

the length.

  2) It was found that the green weight is a 

better estimator of the final moisture content of 

the kiln-dried board than the green moisture 

content.

  3) The standard deviations of the moisture 

contents of the slices were not correlated with 

the final moisture contents of the kiln-dried 

boards.

  4) The two ultrasonic devices used for this 

study were apparently a good tool for NDT, but 

no relationship was reveled between the TOF's 

of the green boards and the final moisture con-

tents of the kiln-dried boards.
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