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Sonic, boiling, and steaming pretreatments were analyzed to determine their

effects on radial and longitudinal liquid permeability, drying rate, and the overall

dimensional change of Pacific madrone during kiln drying. Twelve days of drying at

temperatures ranging from 110 °F to 140 °F and seven days of equalization were

used to dry 1-inch by 1-inch Pacific madrone from green to 12 % MC.

A paired comparison t-test showed that two hours of steaming increases the

radial permeability of Pacific madrone, while sonic and boiling treatments did not

affect permeability. Drying rate was significantly increased after two hours of sonic

treatment at 15,400 Hz and also this treatment tended to make permeability and

moisture content more homogeneous among the samples. Significant reductions of

33% and 27% were observed on the overall dimensional change after boiling and

steaming treatment, respectively, compared to samples dried without pretreatment.

Industrial application of a steaming treatment to increase radial permeability

and reduce the overall dimensional change would be possible and practical for
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Pacific madrone. Although a reduction of drying rate occurred after steaming, it

could be improved by controlling steam pressure and steam temperature.
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Effects of Sonic, Boiling, and Steaming Pretreatments on the Drying
of Pacific Madrone

INTRODUCTION

Lumber drying is one of the most important steps in processing wood

products. The efficiency of this process is reduced when the wood to be dried has

low permeability and is difficult to dry without exacerbating defects. Time and

energy consumption at the dry kiln and excessive degrade of the wood causes

millions of dollars in lost value and lost volume by poor product performance every

year.

Pacific madrone (Arbutus menziesii) is one of the hardwoods that is difficult

to dry, mainly because it has the tendency to collapse. This is an abnormal form of

shrinkage occurring above the fiber saturation point and manifested by the

distortion and/or checking of drying lumber. A treatment that reduces collapse

certainly would be well received by the industry.

Pre treatments as steaming and boiling have been studied in species

susceptible to collapse. The common assumption is that these increase permeability

and will make the wood easier to dry without collapse. These two treatments are

studied in this work, along with the use of sonic energy at low frequency to

determine their effect on permeability, drying rate, and overall dimensional change.

The overall dimensional change, measured between green and 12 % MC includes

contributions of both collapse and shrinkage.



The objectives of this project are:

- Evaluate the effects of sonic, boiling, and steaming treatments on the liquid

permeability in undried Pacific madrone wood.

- Evaluate the effects of sonic, boiling, and steaming pretreatments on drying rate

and overall dimensional change of Pacific madrone.
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LITERATURE REVIEW

Water movement in wood

Wood is continually changing in moisture content (MC) due to changes in

atmospheric humidity and temperature. Moisture in wood exists in two basic forms:

bound water within the cell wall and free water in liquid form in the voids of the

wood (Siau, 1984). These have been also described by Skaar (1988) as three general

forms, hygroscopically bound water in the cell walls, capillary water in the cell

cavities and possibly in the cell wall, and vapor in the cell cavities. When wood is

above fiber saturation, liquid water is present in the cell lumen, as in green wood.

Tiemann (1906) has defined the fiber saturation point (fsp) as the moisture content at

which the cell wall is saturated while the voids are empty. Vapor movement through

the cell cavities in response to partial pressure and total pressure gradients may also

be important in moisture movement, especially when temperature and wood

permeability are high. Bound water movement through the cell is the most important

mechanism of transport in the hygroscopic moisture range. Fick's law has been the

main analysis technique for moisture transport in wood and other materials below

fiber saturation (Skaar, 1988).

Above the fsp capillary forces and related thermodynamic potential gradients

operate to cause liquid flow. Capillary forces and wood permeability determine the

flow rate, particularly between cells. Capillary forces, also known as capillary

tension, have been recognized as the principal cause of collapse (Kauman, 1958 cited

by Siau, 1984).
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Collapse in Pacific madrone

Collapse is generally considered to be one of the worst kinds of damage in

wood. It usually occurs artificially rather than naturally in wood. Collapse, or

flattening of the cells, is an abnormal form of shrinkage occurring above fiber

saturation point manifested by gross distortion and/or checking of the wood (Wilkes

and Wilkins, 1987). The causes of collapse are well discussed in the literature (Skaar

1972, Ilic and Hillis 1986, Chafe 1986, 1987). The most widely accepted explanation

for this phenomenon is the hydrostatic tension (or capillary tension) produced

throughout the liquid water content of the cells by the menisci (not in vessels with

opened ends) during evaporation. Siau (1984) reported that it is important to

understand the movement of capillary water during drying process as it relates to the

onset of capillary tension with the wood. He also presented a description of the

mechanism of collapse, showing that species with low permeability are more

susceptible to collapse. Differential shrinkage, induced by moisture gradients,

between the shell and core of lumber also cause collapse. This occurs during the early

stages of drying generated when the surface layers shrink and exert a compressive

stress on the moist interior of lumber. These compressive stresses also tend to

collapse cells in the moist interior.

The collapse defect generally affects woody plants. There are around 10

softwood and more than 30 hardwood genera reported to show damage caused by

collapse (Bariska, 1992). Pacific madrone (Arbutus menziesii Pursh) is one of the

Pacific Northwest hardwood species most recognized for its collapse development



during drying. Pacific madrone is a relatively abundant hardwood species in this

region of the United States. The wood is very attractive, heavy, with a fine grain

texture, and has good strength properties. It seems to be well suited for face veneer,

solid furniture stock, flooring material, and other high quality uses. But, Pacific

madrone requires special care during drying because of the problems related to

growth stresses, which contribute to collapse (Niemiec et al, 1995)

Methods to reduce collapse

Many methods to prevent and reduce collapse have been applied before,

during and after drying.

One of the efficient methods before drying is the replacement of water by an

organic liquid with lower surface tension (Ellwood and Ecklund 1963). The most

common method is drying with low temperatures, mainly during the removal of

capillary water (Newmann 1989), but it means long drying times. After drying, a

treatment with high humidity and temperature (reconditioning) has been successfully

used to recover collapsed wood and relieve drying stresses (Campbell, 1978 cited by

Jankowsky and Cavalcante, 1992, Alexiou et al. 1990). However, the reconditioning

process can recover volume from collapsed boards, it cannot remove the checks that

have formed (Chafe 1992).

During the 90's, there are new techniques and re-studied techniques to reduce

collapse such as presteaming (Chafe 1990), preboiling before reconditioning (Chafe
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1993), gradual heating (Chafe 1994), preheating (Chafe 1995) and prefreezing (Ilic

1995).

Chafe (1990) found that brief presteaming (30 minutes at 100 C) resulted in a

decrease in residual collapse and increase in recoverable collapse. Chafe (1993) found

that recoverable collapse was greatly increased through preboiling. It was shown for

Eucalyptus regnans that collapse recovery in the heartwood could be increased by

more than one third by preboiling for 8 minutes. Chafe (1994) reported that gradual

heating was most successful in reducing shrinkage on Eucalypstus regnans, followed

by sudden heating and gradual heating extended. Later Chafe (1995) showed that

when sections of Eucalyptus regnans were preheated at different temperatures some

reduction in initial shrinkage was achieved, but most significant was the reduction in

internal checking where best results were obtained in young material using a method

of gradual heating. Ilic (1995) found that prefreezing produced marked reductions in

shrinkage, collapse and drying degrade of the heartwood in many species. He said

that the main mechanism responsible for reduced shrinkage is due to the migration of

moisture from the cell wall into frozen lumen water. Also Ilic found some evidence

that certain types of wood extractives migrate into the cell wall during freezing and

may play a role in the reinforcement of the wall.

Sonic treatment

The use of sonic energy as a non-invasive technique (nothing is taken from the

material) has been recently studied in wood processing. Sonic energy is a sound wave

6



7

that imposes a sinusoidal varying pressure on the steady ambient pressure. The

frequency range from 500 to 20,000 Hz is the audible range of the human ear The

application of sonic waves at high frequency (MHz), has been used effectively for

multiple purposes: cleaning, sterilization, flotation, drying, degassing, filtration,

homogenization and many other chemical reactions (Pandit and Moholkar, 1996).

Chen and Simpson (1994) said that "one potential way to increase the permeability of

wood and reduce drying time is ultrasonic cavitation, the rapid formation and collapse

of gas bubbles in a liquid at a rate corresponding to the frequency of ultrasonic

waves." Formally, cavitation can be defined as the formation, growth, and implosive

collapse of bubbles. These bubbles or cavities are formed when large negative

pressure is applied to a continuous liquid medium. They may contain gas, vapor, or a

mixture of both.

Factors that affect cavitation are the intensity of the ultrasound field, i.e., its

frequency and amplitude of irradiation, the physical properties of the solvent, i.e., the

cavitation medium (viscosity, surface tension, and vapor pressure), the temperature,

and the presence of dissolved gas. For example, an increase in intensity, which causes

the generation of a large number of bubbles during cavitation, dampens the

transmission of sound through the medium, hence the efficient conversion of

ultrasound energy to cavitation effect. One specific problem reported by Nair and

Simonsen (1995) with sonic treatment was the possibility of air or gas bubbles in the

cylinder. When bubbles are in the cylinder, most of the sonic energy is used in

compressing and expanding then. A small volume of bubbles is sufficient to severely
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retard the treatment. This is known as attenuation and needs to be avoided if sonic

pressure is to be utilized. Bucur and Feeney (1992) noted that the attenuation

measurement is strongly connected with ultrasonic velocity measurement. A method

of evaluating the attenuation of ultrasound in wood over a range of frequencies (100

kHz to 1.5 MHz) showed that attenuation can be described as a ratio of the amplitude

of the received signal to the amplitude of the transmitted signal.

The use of sonic energy at high frequency has been used to evaluate

properties and treatments in wood. For example, the anisotropy of wood is a negative

feature that shows the highest attenuation in the transverse direction, in which no

continuous structural elements exist (Buck and Bohnke, 1994). Neylon (1978)

reported that drying of refractory species by application of ultrasonic energy in

Australia was initiated by Kauman and Pankevicius in 1964. The results of their work

were not encouraging. However, a similar study conducted by Fung in 1977 (cited by

Neylon 1978) showed some promise. Kauman's hypothesis (1964), based upon

earlier research, was that the surface tension effect could be offset by the formation of

a bubble in the cell lumen. The application of ultrasonic energy to a liquid was

considered positive in wood treatment because it reduced the surface tension in the

liquid within the cell lumen. An additional feature of ultrasonic energy is the

generation of heat within the wood. This heating effect, which is attributed to friction,

raises the temperature of the wood to a high level to provide a significant drying

potential. The experiment done by Neylon (1978) showed that ultrasonic energy

could be used as a drying system in an on-line process. Recently sawed green timber
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was treated until it reached a suitable low moisture content. It showed that a sample

board of Eucalyptus delegatensis (25 mm x 10 mm x 300 mm) was able to be dried

from green to 20 percent MC in approximately one hour. But, the degrade was

excessive as a result of high temperatures generated within the sample board during

the ultrasonic treatment. Measurement indicated that temperatures involved were in

the range in which wood is plasticized (around 150 °C). The use of ultrasonic energy

as a pre-treatment was more effective than the drying system in an on-line process

treatment described above. Shorter times of application mean that less heat was

generated within board (Kotok, 1971, Neylon, 1978).

Erickson et al. (1970) found a small but consistent reduction in volumetric

shrinkage due to ultrasonic irradiation prior to kiln-drying when a redwood sample

was subjected to continuous vacuum during irradiation. Chen and Simpson (1992)

explained how heat propagates in wood under ultrasonic cavitation, and they

concluded that the rate of heat propagation in wood of sugar maple, black walnut,

and white oak under ultrasonic cavitation appeared to depend on the permeability of

the wood. They transmitted the ultrasonic energy into wood directly without a

coupling agent as did Neylon (1978). In a second study Chen and Simpson (1994)

evaluated the hypothesis that the combined effects of a wetting agent and ultrasonic

cavitation would lower the bonding between wood and water, enhance the disruption

and dissolution of extractives encrusted on pit membranes, and improve the

permeability and subsequent drying characteristics of the same three US hardwoods

mentioned above. Soaking in a wetting agent for one week increased the subsequent
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drying rates of sugar maple and black walnut heartwood, but not white oak, around

and below the fiber saturation point. They conclude that ultrasonic cavitation did not

increase the subsequent drying rate and shrinkage of sugar maple or white oak.

Soaking in wetting agent for one week increased thickness shrinkage of black walnut

and white oak heartwood, and increased width shrinkage of sugar maple,and white

oak heartwood upon subsequent drying. In this experiment the coupling agent

between transducer and wood was water (solution). Erickson et al. (1970) used two

methods for ultrasonic coupling of the wood sample to the transducer: 10% aqueous

cellulose gum (Hercules OHC-7H) was spread over the face of the transducer, and

the sample was held in place on the gum by a 1.5 kg weight; the transducer and

sample were immersed in a water bath with the sample again held in place on the

radiating face of the transducer by a 1.5 kg weight. No difference in sample

irradiation was detected between the methods. However, with cellulose gum

coupling, the possibility existed that at least part of the shrinkage reduction, measured

in the study, was due to a bulking effect. The partial or total elimination of shrinkage

by keeping the wood in partial or total swollen condition is known as bulking

treatment (Tsoumis, 1991). Consequently, to eliminate this confounding factor, they

decided to use the water bath coupling for all subsequent test. The water bath also

served as a heat sink helping to keep the sample temperature relatively constant.
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Boiling treatment

Chafe (1993) conducted exhaustive research using core segments of

Eucalyptus regnans (F. MIA) and determined that preboiling increased the shrinkage

during drying as a linear function of the logarithm of boiling time. In sapwood it

decreased. Chafe interpreted this response as being due to changes in green

permeability through extractives modification which, for the sapwood, were sufficient

to overcome any weakening of the cell walls through heat effects. In the heartwood,

however, cell wall degradation apparently overshadowed any collateral increase in

permeability, thus causing an increase in collapse. These and previous results were

interpreted as follows: "while heating green material increases permeability, the

associated weakening of the material through cell wall degradation disallows

realization of this improvement in terms of reduced collapse. In fact, collapse is

increased, thus suggesting that in terms of the severity of initial shrinkage during

drying, it is better not to apply heat to green wood." The critical preheating time

observed was between 8 to 16 minutes of boiling.

Chafe (1993) reported that extensive research has shown that heat applied by

steaming, hot water and other means, increases permeability in wood and reduces

drying time. However, such treatment also may reduce the strength of wood and

increase shrinkage and collapse due to changes in chemical bonding of cell wall

constituents or heat degradation of hemicelluloses and lignin. Chafe (1995)

demonstrated that shrinkage and collapse generally were increased due to the

preheating of Eucalyptus regnans. These results were thought to derive from the



reduction in strength of the wood, thereby rendering the cell walls less able to

withstand drying stress and causing collapse to increase despite an increase in

permeability.

Glossop (1994) shows that hot-water soaking reduced drying time

substantially without further degrade in red beech (Nothofagus fusca (Hook. f.)

Oerst.).

Steaming treatment

The steaming of wood has been practiced for sterilization, color improvement,

accelerated drying, reduction in drying degrade, improvement in machining

properties, and wood stability. Steaming is used to heat wood through to the center

and to stimulate transfusion before any drying takes place. Tiemann (1917) shows

that green oak given preliminary steaming treatments for 4 hours at 20 psig or 24

hours at 0 psig dried to 20 % MC in about two-thirds of the time required by the

unsteamed pieces. He stated that this was due only to the extra heat added to the

wood in the steaming process. Campbell (1961) found that reductions in drying time

of 20 to 35 percent of that required for unsteamed material could be obtained by

presteaming green material from 2 to 4 hours. Longer treatments failed to cause any

further improvement in drying rate, but tended to accentuate collapse. This needs to

be emphasized on green collapse-susceptible lumber.

Simpson (1975) reported that "a number of more recent studies have

indicated there are effects of presteaming that are relevant to drying. Greater

12
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longitudinal permeability after steaming has been reported by several workers. While

longitudinal permeability may not be as important in drying as transverse

permeability, its increase does indicate that steaming has "opened up" the structure

and suggests that transverse permeability may also be increased."

Mackay (1971) steamed two Australian hardwoods in the green condition, or

at 20 percent MC, or at both MCs. Both the steady-state (constant flow with time)

and unsteady-state diffusion coefficients were increased by steaming. One of these

species was collapse-susceptible; its diffusion coefficient was lower than the species

not susceptible to collapse. He attributed the lower diffusion rate in the collapsed

wood to densification due to collapse.

Campbell (1961) reported a 28 percent reduction in kiln-drying time for 1-

inch Australian eucalyptus from green to 20 percent MC by steaming for 2 hours.

The reduction was 35 percent from green to 15 percent MC. He also found evidence

that surface checking was reduced. Ellwood and Erickson (1962) steamed redwood

for 4 hours and found a 20 percent reduction in the time required for kiln-drying from

green to 8 percent and a 40 percent reduction in air-drying time to 25 percent MC.

Sharma and Bali (1969) investigated the effects of presteatning on the drying

rate of two species of Indian hardwoods. They appear to be among the few who have

analyzed their drying results in terms of increased drying rate and not just reduced

drying time. Results here can be confounded by the fact that the steamed material

begins drying at a temperature higher than that of the unsteatned material. Sharma

and Bali found that steaming at 100 °C increased the drying rate and that steaming at
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127 °C increased the rate even more. Little work has been reported on the mechanism

by which steaming increases the drying rate of wood. Kininmonth (1971a) showed

that steaming changed the nature of extractives lining cell lumina and pit membranes.

Before steaming these extractives formed a continuous layer; after steaming, the layer

appeared cracked, blistered, and generally discontinuous. His interpretation was that

the cell walls become more accessible to water and thus moisture movement is

enhanced. Similarly Jiatudong et al. (1994) found an increase in permeability of

steamed wood due to cracks in the pit membrane and torus after steaming. They also

showed that the effect of steaming on permeability of wood is variable because the

change of wood structure and chemical composition caused by steaming is not the

same in different wood species with different properties.

Permeability of wood

Wood is a highly porous but not a very permeable material. The permeability

of wood has been the subject of numerous studies because of its importance in

preservation, drying, pulping processes (Comstock, 1965, Choong et al. 1974). Siau

(1995) defines permeability as a measure of the ease with which fluids move through

a porous solid under the influence of a pressure gradient. Clearly, a solid must be

porous to be permeable, but it does not necessarily follow that all porous bodies are

permeable. For example, a body with a closed-cell structure would have low or zero

permeability. Therefore, permeability can only exist if the void spaces are

interconnected by openings such as the pits between the tracheid lumens of a



15

softwood. Western red cedar (Thuja plicata Donn ex D. Don) is an example of a

species with low permeability and low specific gravity or high fractional void volume.

Siau (1984) cites a study reported by Nicholas and Thomas (1968) in which

presteaming at atmospheric pressure for four hours resulted in a 30-fold increase in

the permeability of dry Pinus taeda sapwood. Transmission electron micrographs of

pit membranes of the steamed wood indicated hydrolysis of the membranes which

would weaken both the membrane and the bond between the torus and the border,

resulting in deaspiration of the pits. While such a process may be applied relatively

inexpensively to lumber, great care must be exercised to prevent mechanical

degradation due to hydrolysis of the constituents of the cell wall.

Methods to measure permeability

The usual method of measuring permeability is to put a section of wood into a

holder and, depending upon its moisture content, pass gas or liquid through it under a

measured pressure differential. Gas permeability is often steady-state and liquid

permeability tends to be unsteady-state. For gas permeability there are no problems

associated with surface-tension forces and particulates; however care must be taken

to remove moisture and particulates by an adequate desiccant and microfiltration. The

determination of permeability with a liquid is greatly complicated by capillary forces

caused by entrapped air which may be much greater than those of viscous resistance.

The presence of particulates in the liquid may plug small openings (Kelso et al.,

1963). Chen and Hossfeld (1964) described a means of deareation by evacuation and
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subsequent cavitation by mechanical shock to alleviate the former problem. But,

Comstock (1967) confirmed experimentally that permeability is a property of the

porous structure of a body and is independent of the viscosity of the medium.

Kininmonth (1971a) showed the need of microfiltered water and for special care in

cleaning the apparatus to avoid contamination. Green wood permeability can be

accurately measured with liquid or gas can be used to measure the permeability of

green wood after removing the water by a method that does not aspirate the pits,

such as solvent -or critical-point drying (Milota et al. 1995).

Flow of fluids through wood is usually converted to a permeability value

according to Darcy's Law which expresses the permeability (k) of liquids in terms of.

k=(QxrixL/AxAP) (Equation 1)

where Q = flow rate (ml/sec)
= Viscosity of water (1.0019 centipoise)

L = Thickness (cm)
A = Area of flow (cm2)
A P = Pressure difference (atm)
k = Permeability in Darcy Units.

Permeability of wood and its relation with wood drying.

Permeability strongly affects the wood drying process (Cote, 1963;

Comstock, 1965). Wood is anisotropic in permeability as well as other properties and

permeability should be measured in different directions (longitudinal, radial and

tangential), to be appropriate to the various processes. The ratio between longitudinal
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and transverse flow of fluids through wood may provide a useful comparative

measure of its permeability. To predict the contribution of free water movement in

drying, measurement of transverse permeability of green wood seems more

appropriate (Kininmonth, 1971 b).

Wood above the fiber saturation point would be expected to have a very low

permeability because the high capillary pressure must be overcome to the force air

bubbles through the minute pit openings. Comstock (1967) investigated the effect of

liquid viscosity, surface tension, and moisture content below the fiber saturation

point on the permeability of several softwoods and hardwoods. He said "if wood

were completely saturated with a nonpolar liquid, there would be no air blockage, and

the specific liquid permeability would be equal to that for gases extrapolated to zero

reciprocal pressure." The permeability in softwoods increases as moisture content

decreases. Several hardwoods exhibited the opposite effect: increases longitudinal

permeability as increases moisture content. He interpreted this effect due to an

increase in the fractional volume of the vessels.

Bramhall and Wilson (1971) compared air and kiln-drying with solvent-

exchange and freeze-drying of Pseudotsuga menziesii wood. The use of solvent-

exchange drying can significantly reduces the surface tension forces. Through this,

the sap or free water can be exchanged with liquids having a much lower surface

tension (i.e., alcohol-benzene). Bramhall and Wilson's investigation showed that the

drying had essentially no effect on any latewood specimens, Which had permeabilities

of approximately 0.2 Darcy. They also found that the permeability of heartwood
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earlyvvood was relatively low (0.002 to 0.2 Darcy) and unaffected by the drying

method because of the large fraction of aspirated and encrusted pits in the undried

material. But, the solvent-exchange and freeze-dried earlywood sapwood had higher

permeability than the latewood (approximately 0.5 to 2 Darcys in interior type and 4

to 8 Darcys in coastal type). This result would be expected because of the greater

number and larger diameter of pits in earlywood.

Siau (1984) said "while solvent-exchange and freeze-drying have been used

successfully to reduce pit aspiration and therefore increase permeability, they are

essentially applicable to small specimens as a powerful research tool to elucidate the

reasons for reduced permeability during drying; they are impractical on a commercial

scale."



MATERIALS AND METHODS

Material

Two fresh Pacific madrone (Arbutus menziesit) logs about 25-inches in

diameter, from Winchester, OR were used as experimental material for this study.

Flatsawn heartwood boards, 1 1/4 inches thick and of variable width and length

were cut from each log. These boards were covered with plastic to avoid water

evaporation and transported to the FRL in Corvallis. Then side by side pairs of 1 by

1 by 16.5 inch samples were cut from them, such that each of the samples in a pair

were cut from the same annual rings (Figure 1). A total of 37 packages each

containing five sample pairs were wrapped in plastic and stored in a freezer at 20 °F

to preserve the green condition until the time of the experiment. Ilic (1995) reports

that a little or no collapse reduction has been observed in Pacific madrone using

freezing temperatures. This made the experimental material appropriate to measure

the effect of treatment on wood properties.

19

0

Figure 1. Method used to cut paired samples from board. Sample 1 was
matched with sample 2 and sample 3 was matched with sample 4.
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Figure 2 shows how the pair samples were randomly distributed among the

experiments.

2 Logs (from sawmill)

1

approx. 80 boards (transported to FRL)

90 paired samples

I

15pIairs'I15 pairsa

I 1

I I I I

Control Treatedb Control Treatedb
I I I 1

I I

Permeability measurements Dry
I

hDrying

rate calculations

Overall dimensional change
measurements

Figure 2. Wood sample distribution for the experiment.
Note: a per treatment

b Treatments were sonic, boiling, and steaming

Equipment

The sonic treatment was applied in a plastic cylinder with a four-inch inside

diameter and a 16.5-inch length. The sound waves were generated from a four-inch

diameter ring of piezoelectric material (International Transducer Corp. ITC-2044

SN 030), 0.7-inch thick, and 2-inch length. This was located in the center of the

cylinder. The pressure was detected by a high frequency 0 - 200 psi pressure
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transducer (Kristler, type 211 B4 SN C68993), with a sensitivity of 31.17 mV/psi,

and an operating temperature of-55 to 120 °C. This transducer was located in the

top wall of the cylinder. The coupling medium of the transducer to the specimen

was deaerated water. The wood sample was located at the center of the

piezoelectric ring. A sinusoidal wave was generated by an oscilloscope' (function

generator) showing a maximum peak to peak of 250 mV that represented a

pressure of approx. 8 psi. Figure 3 shows a diagram of the experimental equipment

for sonic treatment.

The boiling treatment was applied in a jacketed aluminum kettle by steam at

10 psig (Figure 4).

The steaming treatment was applied in an insulated chamber supplied with

low pressure steam (Figure 5).

The equipment to measure liquid permeability was designed and built at the

OSU FRL. This equipment consists of a transparent specimen holder in which a

rubber stopper containing the wood sample is placed, a transparent water collector,

two pressure transducers that measure the pressure on each side of the sample, a set

of pistons to generate water pressure using pressurized air (0 to 60 psi), a flow

meter to measure low water flow, and a capillary tube to measure high water flow.

The transparency of some pieces of equipment was essentially to check the presence

of air bubbles and remove them using manual valves. Special attention in the

measurement was paid to the quality of water. It was distilled, microfiltered (size

0.2 microns), and deaerated using helium gas (Figure 6).
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Figure 3. Experimental
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the sonic treat-
ment.
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An aluminum-wood compartment dry kiln, which works at conventional-

temperature (range of 110 to 180 °F) was used to dry the wood samples. It has a

capacity of about 1000 board feet (with lumber of 2 inch thickness), indirect heating

(by coils) with steam at 40 psig, two fans with a single 1.5 HP motor, and air flow

reversal each 6 hours. Three baffles were installed around the charge, One on the

top and the others at each side. The kiln also had a humidification system consisting

of two vents and steam spray at low pressure. The control system was an automatic

pneumatic controller (Foxboro model 40).

An image analysis system (IAS) was used to measure the area of wood

samples after drying and to calculate the overall dimensional change. The overall

dimensional change was the difference between the sample cross-sectional area

before and after dying expressed as a percentage. The IAS consisted of a video

camera on a compound or dissecting microscope which captured images. The

images were then digitized automatically and displayed on a computer monitor with

the software NlH Image (Figure 7).
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permeability measurements in the radial and longitudinal directions on control and

sonically treated samples were used to validate the sample size. The following

equation was used to calculate the sample size:

(Za + Z0)2 *G2 (Equation 2)
n=

where: 72 = MSE = Mean square error
Z. = ath quartile of the standard normal distribution
Z , = quartile of the standard normal distributi
, = Des. 2.d mean of treaL, ul sample

= Measurzd mean f control sample
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The MSE was calculated from the difference between liquid permeability

measurements for treated and control samples. Because this was a paired

experiment the desired mean between treated and control sample permeability was

calculated for 50% increase (Appendix A).

Finally, a sample size of 15 pairs was chosen as the number of observations.

Confidence interval

The confidence interval for the difference in the control and treated sample

means (RD) for the determination of radial and longitudinal permeability were done

to assess the practical significance of this result. It is reasonable to assume that the

differences within each pair are approximately normally distributed. The 95%

confidence interval for RD = p.i - R2 is given by

D

± tal2 * (- ) (Equation 3)
ViT

where tun is base on n-1 degrees of freedom and SD is calculated by the next

equation:

in
SD2 =- ( Di - (Equation 4)

n-1 1.1

The examples of calculations were reported in Appendix A.



Treatments

A preliminary study was conducted to define the sonic conditions; while,

boiling and steaming conditions were taken from literature.

Preliminary study of sonic treatment

The optimal frequency and duration of the treatment were determined by

testing three 1 by 1 by 16.5 inch samples. Each was installed into the cylinder and

the transducer was cycled through a range from 8,000 to 18,000 Hz. In each case

the highest pressures were obtained at a frequency of 15,400 Hz. Figure 8 shows

the results of this experiment. To determine the optimum time, three thermocouples

were installed by drilling 5/64-inch diameter holes, 1/2-inch deep in the wood

sample and inserting the thermocouples to the center of the sample. One

thermocouple (Ti) was located at the center of the board from end-to-end.

Additional thermocouples were located two inches from Ti (T2) and four inches

from Ti (T3) along the grain towards one end of the sample.

The temperature reached in the proximity of resonating material was higher

than temperature farther from this point. Figure 9 shows the temperature recorded

by Campbell 2X data logger for 7 hours. This shows that there is a local effect of

sonic energy and the greatest increase in temperature is obtained during the first

few hours. A time of 2 hours was selected to be applied in this experiment.
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Figure 9. Temperature changes caused by sonic treatment. T.Ref= room
temperature; Ti, T2, and T3 = wood sample temperatures at
different locations; T4 = water temperature.

Sonic treatment procedure

After 4 weeks of frozen storage, 15 samples were sonically treated. Each was

randomly selected from a pair.

A sample was installed vertically in the center of piezoelectric ring located in the

cylinder.

The cylinder was filled with distilled water. The cylinder was sealed and the

pressure was increased to 28 psi.

The water in the cylinder was deaerated by applying a sinusoidal wave with a

frequency of 15.4 kHz and an amplitude of 2 Volts for 15 minutes. Air bubbles

30
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were observed at the top of the cylinder and these were removed by opening

manual valves.

The same frequency and amplitude was applied for 2 hours to do the sonic

treatment. During the first and last minutes of the treatment, the peak-to-peak

voltage was recorded.

The pressure was returned to zero and the water was removed.

Wood sample was removed from the cylinder and kept under distilled water.

This procedure was repeated 15 times, once for each sample.

The permeability measurement was performed for each sample.

Five weeks later, 15 additional frozen samples were randomly selected from

paired samples and steps 2 to 8 were repeated. These additional samples were used

to determine the treatment effect on drying rate and overall dimensional change

after drying. The sonic treatment was more uniform during this second experiment

than the first because a higher pressure was reached during the second run.

Boiling treatment procedure

After 9 weeks of frozen storage, 15 samples were boiled. Each was randomly

selected from a pair.

These samples were placed in a jacketed aluminum kettle.

The kettle was filled with cool water.

The steam heating system was turned on, and water started to boil after 3

minutes.
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The wood samples remained in the boiling water for 30 minutes.

The 15 treated samples were immediately removed from the kettle and kept

under cold water with the 15 control samples.

The drying rate and overall dimensional change were determined after drying the

boiled and matched control samples.

Two weeks later, 15 additional frozen samples were randomly selected from

paired samples and steps 2 to 6 were repeated. These additional samples were used

to determine the treatment effect on permeability.

Steaming treatment procedure

After 9 weeks of frozen storage, 15 samples were steamed. Each was randomly

selected from a pair.

These samples were placed into the chamber and steamed at 22 psia and

approximately 220 °F for 2 hours.

- 3. The fifteen samples were immediately removed after treatment and kept under

cold water with the control samples. After drying, the effect of the steaming

treatment on drying rate and overall dimensional change was determined.

4. Two weeks later, step 2 was repeated with 15 additional samples. These were

used to measure the effect of the steaming treatment on permeability. The steam

temperature in the first experiment was 12°F lower than the steam temperature in

the second experiment.



Table 1 summarizes the conditions for each treatment.

Table 1. Summary of treatment conditions

Sonic treatment Boiling treatment Steaming treatment

L_r_J
Permeability

Figure 10. Cutting diagram showing locations of samples to measure
permeability and physical properties.
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Permeability

Material

Three cores (1/2-inch diameter and 3/4-inch long) in the radial direction and

three cores in the longitudinal direction were obtained from the center of each

sample to measure permeability. Two cubic samples (1 by 1 by 1 inch) were also

obtained from locations adjacent to the permeability samples to measure the

physical properties of each sample, such as density and moisture content (Figure

10). The width of the annual rings in the cross sectional area was measured for each

sonically-treated sample to further characterize the experimental material and

determine its effect on the response.

Physical properties

Frequency = 15.4 kHz Water temperature = 212 °F Pressure =22 psia
Pressure = 8 psi Time =30 minutes Temperature = 220 °F
Time = 2 h Time = 2 h
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Procedure

Radial and longitudinal cores were stored separately under cold water prior to

measuring permeability.

Both end-surfaces were smoothed using hand-held, single-edge razor blade.

The thickness and diameter were determined for each sample.

A radial core sample was placed in a rubber stopper.

Distilled, filtered and deaerated water was pressurized at 40 psi to pass through

the sample.

Air bubbles ahead of the sample were removed during the first second of water

flow.

Water flow was determined using the flow meter. A correlated flow table was

used to convert the meter's scale reading to flow in ml/min.

The pressure in and out was recorded for each sample.

A permeability calculation was done using equation 1.

A similar procedure was followed for the next two radial cores from same

sample, and the average of the three values was used as the radial permeability

value.

Steps 2 to 10 were repeated 15 times to determine the radial permeability for

the 15 samples.

For longitudinal permeability measurements, a longitudinal core was placed in a

rubber stopper.
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Distilled, filtered and deaerated water was pressurized at 10 psi to pass through

the sample.

Air bubbles were removed as step 6.

A graduated cylinder was used to measure the amount of water collected.

A stop-watch was used to measure the water collection time.

Calculation of flow in ml/sec was done for each measurement.

Repeat steps 8 and 9.

A similar procedure was done for the next two longitudinal cores. The average

of three values was used as the permeability of that sample in the longitudinal

direction.

Steps 12 to 19 were repeated 15 times to determine the longitudinal

permeability for the each sample.

Drying

Material

Fifteen pairs of wood samples (treated and control) for each treatment

(sonic, boiling and steaming) were weighed, stacked, and loaded in the dry kiln. An

additional two layers on the top and the bottom were installed to avoid effect of

border in drying. Figure 11 shows the distribution of wood samples inside the kiln.
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Procedure

The drying process was done following a drying schedule similar to that

suggested for Pacific madrone up to 6/4 (Boone et al. 1988).

Table 2. Pacific madrone drying schedule

Notes: - The step 6 was not applied
A equalizing treatment was applied for 7 days after drying. The conditions
were: Tdb = 140 °F and Twb = 125 °F.
The criterion used to determine when go to the next step in the drying
schedule was the average MC of the wettest one-half of the samples.

Drying rate

Material

Ninety samples of 1 by 1 by 16.5 inch were the experimental material to

calculate the drying rate.

Procedure

During the drying process, 90 samples (45 pairs) were weighed each day.

At the end of the drying process, small sections were cut and oven dried to

determine the final moisture content.
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Step MC(%) Tdb (°F) Twb (°F) EMC(%) RH(%)

1 >35 110 106 17.6 87

2 35 - 30 114 108 15.1 81

3 30 - 25 120 112 13.5 77

4 25 - 20 130 116 10.1 65

5 20 - 15 140 110 5.8 38

6 15 - dry 180 130 3.5 26



A recalculation of moisture content was performed for each sample.

The drying rate (DR) was calculated by the use of the following equation when

the MC of the samples was near 30%.

MCI - MC2

t2 - t1

where: MCi = Moisture content at ti
ti = Time

For sonically treated samples, 30% MC was during step 2 of the drying schedule.

For boiled and steamed samples, 30% MC was reached during step 1 of the drying

schedule.

The slope of the regression line was calculated for each sample and these were

compared to determine the effect of treatments on this property.

Overall dimensional change

Material

A thin wood sample (1/8 inch in thickness) was cut from the middle of each

of the 90 dry samples (Appendix E).

Procedure

The ninety thin samples were located in the standard room for 5 days until they

reached an equilibrium moisture content of 12 %.

The cross sectional area of each dry treated and control sample was measured.

Area measurements were made using an image analysis system (IAS).

38

DR= , ti<t2 (Equation 5)
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The difference in sample area before and after drying was calculated to measure

the percentage of overall dimensional change (ODC). The assumption of constant

area of 645.16 mm2 was used for the samples before drying.

The ODC in percent was calculated for each sample by the following equation:

Area before drying Area after drying

ODC = ( ) x 100 (Equation 6)
Area before drying

The ODC after drying was compared between the paired treated and control

samples to determine the effect of the treatment.

Analysis

A paired comparison experimental design was performed to determine the

effect of treatment on permeability. The use of paired samples reduces wood factors

as a source of variability and allows comparisons to be made between more

homogeneous experimental material. A completely randomized design was used

for the drying process and to achieve the objectives of this study.

Statgraphic-plus, version 2 for windows and SAS/INSIGHT for windows

version 6.2, statistic software, were used to analyze the data.

The paired t-test was chosen to analyze the effect of the treatments on

permeability. A 0.05 level of significance was used. A linear regression between

permeability and pressure, data collection days, and number of annual rings was

performed for sonic treatment to analyze their effect on the response.
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The effects within each pretreatment on the drying rate and overall

dimensional change were analyzed by a paired t-test. Boiling and steaming

pretreatments effect on drying rate were compared by analyzing the treatment vs.

control differences by independent t-test. Sonic pretreatment was not included in

this analysis because the drying conditions were different from boiling and steaming

in the determination of drying rate. An ANOVA was conducted to evaluate the

differences in the effectiveness of the pretreatments on the overall dimensional

change.

Confidence intervals for the difference of means were determined to

evaluate the precision for the experiment (Appendix A).



RESULTS AND DISCUSSION

Observations during treatment

Some treatments showed a visible effect on the wood samples. For example,

more water-soluble extractives were observed after the boiling treatment than from the

matched control samples ( Figure 12). This would be likely to affect the permeability

and drying behavior due to discontinuity of extractive layers. The steamed samples

showed a dry surface when temperature was 220 °F for permeability samples. After

steaming at a temperature over 220 °F, they were dried and checks had formed at the

ends of some samples. No differences due to the treatment were observed in the

sonically treated samples and this could confirm that sonic treatment is a non-invasive

technique for the material treatment or it means the sonic treatment was ineffective.

Figure 12.
Effect of boiling
treatment on
treated samples.
Right: water from
control samples
and control sample.
Left: water from
jacketed kettle and
a boiled sample.
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Notes: - MC was measured after treatment and before permeability determination.
- Values in parenthesis are standard deviations.
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Physical properties

The initial moisture content, basic density, width of annual rings, and final moisture

content of all treated and control samples are shown in Appendix B. Table 3 summarizes

the average physical properties of samples of Pacific madrone used to measure the effect

of the treatments on permeability.

Table 3. Physical properties of the experimental material

Treatment State MC p-value Density p-value

(%) (g/cm3)

Control 108.75 0.56
(4.71) (0.017)

Sonic
Treated 110.55 0.17 0.56 0.43

(4.15) (0.013)

Control 117.52 0.54
(6.81) (0.021)

Boiling
Treated 125.86 0.0059 0.52 0.033

(7.42) (0.0196)

Control 111.62 0.57
(10.76) (0.035)

Steaming
Treated 105.47 0.0062 0.55 0.010

(7.59) (0.025)
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There is no significant difference between the treated and control samples in the

sonic experiment. This could mean that sonic treatment is a "non-invasive" material

technique or the effect was too small and the treatment didn't do anything. The difference

between treated and control sample properties for the boiling and steaming experiment

could be a confounding factor in analyzing the effect of these treatments.

Permeability

The average radial and longitudinal permeability of Pacific madrone for treated and

control samples subjected to sonic, boiling and steaming treatments are shown in

Appendix C. Table 4 summarizes the significance determination for each treatment as

determined with a paired t-test.

The radial permeability is greater for the treated and control samples in the boiling

treatment than for sonic and steaming treatments. An ANOVA for the mean of the control

samples of these three treatments indicated a statistical difference among the means (p-

value = 0.0001 for F-test). No reason for this difference could be found; however, it is

possible that the equipment was not working properly at the measurement time.

Kininmonth (1971), indicates that the sensitivity of the equipment can result in variable

measurements. Since both the treated and control samples were affected the average

difference between control and treated samples in the boiling treatment can still be used as

an estimator of the treatment effect.



Table 4. Results of paired t-tests comparing the permeability of the control and treated
samples for the sonic, boiling, and steaming treatments.

Treatment

Sonic

Boiling

Steaming

Note: - Values in parentheses are standard deviations

44

Direction State Permeability
(Darcy)

p-value

Radial Control

Treated

0.00021
(0.0019)
0.00025
(0.00024)

0.32

Longitudinal Control

Treated

3.26
(0.64)
3.23
(0.30)

0.85

Radial Control

Treated

0.0010
(0.00071)
0.0011
(0.00061)

0.55

Longitudinal Control

Treated

3.00
(0.58)
3.05
(0.52)

0.72

Radial Control

Treated

0.00014
(0.000068)
0.00020
(0.00011)

0.037

Longitudinal Control

Treated

3.38
(0.45)
3.24
(0.42)

0.11
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Figure 13 shows the effect of the treatments on the radial and longitudinal

permeabilities.
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Figure 13. Permeability in the radial (A) and longitudinal (B) directions for control
and treated samples subjected to the sonic, boiling, and steaming
treatments.

Boiling

Treatments

Sonic Steaming



46

The permeability in the longitudinal direction was 15,000 times greater than in the

radial direction for sonic and steaming treatments. In boiling treatment, this was a factor

of only 3,000. Contamination in the equipment to measure permeability may have been the

cause of this difference because small particles were removed from the equipment between

boiling and steaming permeability measurements.

For longitudinal permeability measurements no statistical difference was found

between the means of the control samples (p-value = 0.18 for F-test).

Sonic treatment effect on permeability

A small but nonsignificant change in permeability and a reduction of the variability

were observed on sonically treated samples. A non-significant difference on permeability

was noticed in the experimental material.

The use of high frequency ultrasonic energy has been reported to increase

longitudinal permeability. For example, an increase in longitudinal permeability was

observed in the more permeable sugar maple, but did not alter the permeability of the less

permeable black walnut and white oak (Chen and Simpson, 1992). From these studies we

can conclude that sonic treatment effect is a function of many factors; among them,

frequency of the treatment and permeability of the wood are very relevant.

There was no correlation between the differences in permeability measured in the

longitudinal and radial directions (Figure 14).
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A pressure of 8 psi was not achieved for each of the sonically treated samples. A

range of 4.29 to 8.35 psi was reached during this treatment. Figure 15 shows that there is
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Figure 16 shows that the tirnie between when the wood was thawed and tested for

permeability had no effect on the results for the sonically treated samples and their

matched controls. This is important because prolonged storage can increase permeability

due to biological degradation of wood components, modification of wood chemical

composition, and other wood properties. The experiments were conducted over a short

enough time period so that this was not a concern.

Figure 17 shows that there was no effect of data collection days (soaking) on

radial and longitudinal permeability for control samples of sonic treatment.

The widths of annual rings were calculated on the sonically treated samples. A

range from 6 to 18 annual rings were measured on a part of the sample 22.17 mm in

width (Appendix B). The ring width calculated was from 1.23 to 3.70 mm and this width

was not enough to assume an effect of attenuation in wood of Pacific madrone. Bucur and

Bohnke (1994) report the attenuation coefficient for sonic waves is higher when there is a

large difference between the earlywood and latewood densities. For species fast growing

such as Pima radiata, a ring width of 8 mm will cause an important difference among

early and late-wood densities. Figure 18 shows that there was no relationship between

annual ring width and radial or longitudinal permeabilities for the wood in this study.
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Boiling treatment effect on permeability

Table 3 shows that the extractives removed by boiling treatment reduced the

density of Pacific madrone and increased the initial moisture content. This high moisture

content could be a factor resulting in no significant difference between permeability

between the treated and control samples after the boiling treatment because of the high

capillary tension which must be overcome to force entrapped air through the minute pit

openings. A weak increment in permeability was observed, but it was not enough to detect

an effect in this property.

Pacific madrone is a non-durable species and the extractives removal should not

affect the wood durability.

Another factor with the boiling treatment effect could be the boiling time. More

research might be conducted to know the optimal conditions for boiling treatment in

Pacific madrone.

Steaming treatment effect on permeability

As indicated by the p-value in Table 4, the steaming treatment has a significant

effect on permeability in the radial direction at 95% confidence level. The permeability of

the steamed samples was 44 percent higher than that of the matched control samples.

Reductions in the MC and basic density were noticed in the samples that were steamed

(Table 3). This could explain the permeability change if the extractive layer became

cracked, blistered and discontinuous as indicated by Jianxiong et al. (1994) and
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Kininmonth (1971). This could have made the wood less dense and the cell walls more

permeable to water and thus allowed a reduction in the MC.

As Pacific madrone is a non-durable species, an increase in permeability by

discontinuity of extractives and cell wall layers should make this wood after steaming

treatment easier to preserve than untreated wood.

A higher stability is expected after steaming because wood can reach lower MC.

The strength of wood could be affected if the steaming treatment is applied for

long time. More research about steaming treatment time should be conducted to determine

the effect of steaming-time on mechanical properties.

Drying experiments

Figure 19 shows the drying curves for the average of 15 control and treated

samples under sonic, boiling, and steaming treatments.

It took 19 days to dry the experimental material from an average MC of 115.1 to

11.8 %, including seven days for equalizing treatment. The purpose of equalization is to

reduce the MC variability within boards as well as between the wettest and driest boards

in a kiln charge of lumber (Boone, et al. 1988).

The sonic treatment did not change the average initial MC of the wood samples.

The boiling treatment significantly increased the initial MC and the steaming treatment

significantly decreased the initial MC of wood samples (Table 5).
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Notes: - Average initial moisture content was measured after treatment and before
drying.
+ Average final moisture content before equalization
Values in parenthesis are standard deviations

The sonic treatment did not change the average final MC of wood samples. The

boiled and steamed samples had significantly lower average final MCs compared to their

untreated controls (Table 5).

As a result of the lower initial moisture content, the steamed sample had the

greatest difference in moisture content from the matched control samples during the

56

Table 5. Average initial and final moisture contents for each treatment during the drying
process.

Treatment State Initial MC (%) p-value Final MC (%)+ p-value

Sonic

Control

Treated

117.84
(9.81)

121.09
(4.97)

0.166

12.56
(1.29)

12.71
(0.98)

0.607

Boiling

Control

Treated

113.94
(6.92)

120.17
(6.40)

0.00022

12.69
(1.39)

11.18
(1.12)

0.00059

Steaming

Control

Treated

114.91
(6.83)

102.54
(7.26)

<0.0001

13.14
(1.02)

10.98
(0.51)

<0.0001



drying process. During steaming, the temperature was over 220 °F, and some samples

developed end checks and dried more than expected.

Drying rate

Table 6 summarizes the drying conditions and MC for the time at 'which DR was

calculated for each treatment.

Table 6. Drying conditions to calculate the DR.

Treatment Conditions Days during MC (%)
Tdb (°F) Twb (°F) the process Control Treated

Sonic 114 108 7 to 9 28.90 29.44

Boiling 1E0 106 5 & 6 36.19 32.65

Steaming 110 106 5 & 6 35.96 30.96

57

One of the difficulties in this part of the study was to establish the time (days) or

the MC at which the determination of DR should be made. Because a MC of

approximately 30% was used as a point to perform the linear regression, the DR for

different treatments was calculated at different times. Because the drying conditions

changed with time, it was not possible to compare the DR between all treatments.

The boiling and steaming treated samples dried faster than their respective controls

(Figure 19, B and C).



Note: - Values in parenthesis are standard deviations.
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The drying rate of treated and control samples for each treatment are shown in

Appendix D. Table 7 summarizes the average and standard deviation of control and

treated samples used to measure the effect of the treatments on drying rate.

Based on the results of the paired t-test shown in Table 7, sonic treatment for 2

hours significantly increased the subsequent drying rate of Pacific madrone heartwood in

the region of 309/0 MC where the bound water drying became predominant. However, a 2

hour steaming treatment significantly reduced the drying rate. The latter could be a result

of the steamed samples having a MC 12% less than the matched controls. Drying rate

usually decreases with MC because of a smaller moisture gradient. But improved

permeability would also facilitate the removal of bound water near and below the fiber

saturation point (fsp).

Table 7. Result of paired t-test comparing the DR of control and treated samples for
the sonic, boiling, and steaming treatments.

Treatment State DR (% water evap./day) p-value

Control 3.15
(0.36)

Sonic Treated 3.24 0.017
(0.29)

Control 1.29
(0.40)

Boiling Treated 1.25 0.55
(0.39)

Control 1.17
(0.31)

Steaming Treated 0.94 0.0014
(0.32)
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Figure 20. Drying rate for control and treated samples subjected to the sonic,
boiling, and steaming treatments.

Figure 20 shows the effect of the treatments on the drying rate.

The sonically treated samples and their controls had a higher drying rate over

100% greater than the other samples and controls. There are many justifications for this

behavior. First, a higher dry-bulb temperature (Tdb) and a greater wet-bulb depression

occurred at the time of the calculation of DR in sonic treated samples and controls. Each

of these factors would cause a higher drying rate. Also, these conditions caused the

sonically treated samples to reach 30% MC during the second step of the drying schedule

rather than during the first step as occurred for boiled and steamed samples. In addition, a

different DR in the sonically treated sample and their control samples may indicate that the

temperature or air velocity distribution was not uniform in the kiln. If the latter was the

reason, the complete randomized design in this study would not be the best experimental

design under this condition. A complete randomized block design to avoid the factor of

location into the kiln drying would be a good design for that situation.



Note: - Values in parenthesis are standard deviation.
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The DR was calculated under the same drying conditions for boiling and steaming

treatment. A paired comparison t-test between the difference of treated and control

samples in boiling and steaming treatment indicates that there is some evidence of

difference between both treatments (p-value = 0.039). This could be explained by the

significant difference in the initial MC between the treated and control samples.

Overall dimensional change

Appendix E shows the overall dimensional change calculated for treated and

control samples after drying.

Table 8 shows the average of ODC found for each treatment and their respective

significance values

Table 8. Results of paired t-test comparing the ODC of control and treated samples
for the sonic, boiling, and steaming treatments.

Treatment State ODC(%) p-value

Sonic

Control

Treated

21.17
(2.24)
20.31
(2.01)

0.062

Boiling

Control

Treated

21.74
(1.80)
14.52
(1.06)

<0.0001

Steaming

Control

Treated

20.22
(1.07)
14.82
(1.32)

<0.0001
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Strong evidence of a difference in the overall dimensional change between the

treated and control samples was observed in the boiling and steaming treatments. An

approximate reduction of 33% and 27% was observed after boiling and steaming

treatment, respectively

To evaluate the effect of these treatments on the ODC, an ANOVA was

conducted. It indicated that there is strong evidence that at least one treatment has

different response than the others (p-value = 0.0001 for F-test).

Figure 21 shows the effect of the treatments on the overall dimensional change.

The boiling treatment and soaking under water removed some water-soluble

extractives, as evidenced by the darker color of the water solution at the end of 30 minutes

of boiling and two days of storage. Chen and Simpson (1994) found that the water-soluble

extractives acted as bulking agents when hardwoods were dried at the relatively low

temperature of 120 °F. Demaree and Erickson (1976) (cited by Chen and Simpson (1994))

found that when redwood heartwood samples dried at room temperature and 110 °F, the

quantity of extractives in wood was inversely related to volumetric shrinkage. They said

"at low drying temperature the extractives act primarily as bulking agents."

The steaming treatment also can be explained by the effect on extractives. A

microscopic analysis of steamed wood by Kininmonth (1970) and hamdong et al. (1994)

showed a discontinuous layer of extractives, cracked, and blistered layers of cell wall. The

discontinuity could help to reduce wood stress and relieve portion of shrinkage, but could

act negatively in mechanical properties of wood.
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Figure 21. Overall dimensional change for control and treated samples
subjected to the sonic, boiling, and steaming treatments.

Limitations of the study

The statistical difference between the means of the control samples for the radial

permeability was one of the difficulties in the analysis of the results. The radial

permeability for boiled samples and their controls was five times greater than the sonically

treated and steamed samples and their respective controls. This was explained by

equipment contamination, but could be due to other factors such as wood properties.

More replication of this experiment should be done to determine the true effect of a

boiling treatment on radial permeability of Pacific madrone.

El Treated

II Control

Boiling

Treatments

Sonic Steaming
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A 30% MC established to calculate the DR was another limitation of this study.

During the drying process, samples sonically treated and matched control samples reached

this MC later than boiled and steamed samples and their respective matched control

samples. As a result, the drying rate estimates were not made under identical temperature

and humidity conditions. Constant conditions during the drying process would avoid this

difference and make the analysis of the effect of these treatments on DR more accurate.



CONCLUSIONS

At the pressures attained in this work, the application of low frequency sonic

energy for 2 hours had no effect on the radial and longitudinal permeability of Pacific

madrone. No effect was observed on overall dimensional change from green to 12%

moisture content. But the sonic treatment significantly increased the drying rate.

Sonic treatment tended to make the radial and longitudinal permeabilities

more homogeneous among the samples. Additional research should be conducted to

determine if there is less variation in permeability and moisture content after this

treatment.

During this treatment, additional factors as sonic pressure, data collection

days and width of annual rings were analyzed, but no effect on radial and longitudinal

permeability was observed.

A 30 minute boiling treatment did not improve the radial or longitudinal

permeability or drying rate of Pacific madrone. However, boiling did reduce the

overall dimensional change from green to 12 % moisture content.

The radial permeability of Pacific madrone was increased as a result of the

two-hour steaming treatment. Steaming may be an important pretreatment for drying

this species to make this wood more permeable and easier to dry. Further analysis

should be conducted on the effect of steaming on strength.
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A reduction of drying rate was observed after steaming; a lower moisture

content in the treated samples than in the matched controls could have been the cause

of this. However, the observed improvement of permeability would also cause the

drying rate to be higher. Strong evidence of a reduction in the overall dimensional

change was observed in steamed samples.

The results reported in this study indicate that presteatning could be applied

in the industry to reduce the overall dimensional change in species with low

permeability. The infrastructure needed to steam wood is generally available in dry

kilns. Practical application of sonic treatment is still not available. A boiling treatment

would be easy to apply in the industry, but pollution restrictions and extra handling

make this treatment less attractive.
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Appendix A

SAMPLE SIZE CALCULATION

CONFIDENCE INTERVAL CALCULATION
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SAMPLE SIZE CALCULATION

How many observations per treatment are necessary to have 80% power and
to detect 50% increase in permeability in the treated samples compare to the control
samples?

2
(Za ± ZO)2 *O-D

n=
(p. 10

where: ob2 = MSE = Mean square error of the difference
Za = ath quartile of the standard normal distribution
Zp =13th quartile of the standard normal distribution
pt. = desired mean of treated sample
Ia. = calculated mean of control sample

Power between 80 to 90% is O.K.

if a = 0.05 Za = 1.645 (one side test)
13 = 0.2 Zp= 0.84

Sonic treatment

Radial permeability IA. =0.000211 Darcy
Desired radial permeability pt. = 1.5 * 0.000211 = 0.0003165 Darcy

aD2 = MSE from treated minus control permeability ANOVA = 2.408E-08

(1.645 + 0.84)2 * 2.408E-08
n = = 13.35 13 observations

(0.0003165 - 0.000211)2

Longitudinal permeability II. = 3.26291 Darcy
Desired longitudinal permeability Pa = 1.5 * 3.26291 = 4.894365 Darcy

ob2 = MSE from treated minus control permeability ANOVA = 0.3364

(1.645 + 0.84)2 * 0.3364
n = = 0.78 1 observation

(4.894365 - 3.26291)2

Finally, a sample size of 15 was chosen as the number of observations.
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CONFIDENCE INTERVAL CALCULATIONS

Sonic treatment

Radial permeability

SD

D±tat2*( )
\fii

D = 4.12E-05 Darcy

cc = 0.05 tan = 2.145 with 14 degrees of freedom

1d12 _ * di )2

SD2 Di - D )2
n-1 n - 1

I=1

3.67E-07 - (1/15)* (0.000619)2
SD2 = =0.24E-07

14

SD = 0.0001549

The confidence interval for the radial permeability at 0.05 level of significance is

0.0001549
4.12E-05 ± 2.145 *

4.12E-05 ± 0.00008578 or [ -0.0000446, 0.000127]

This confidence interval proves that there is no significant difference between

sonic treated and matched control samples on radial permeability. Also, the desired

difference between treated and control samples of 0.0001055 is contained in this

interval and this could mean that the 50% increase in radial permeability is not enough

to find a significant difference after treatment.
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Longitudinal permeability

b = -0.02966

4.965159 - (1/15) * (-0.44492)2
SD2 =0.353711

14

SD = 0.595

The confidence interval for the longitudinal permeability at 0.05 level of significance
is

0.595
0.02966 ± 2.145 *

V 15
0.0296 ± 0.329 or [ -0.3586, 0.2994]

This confidence interval proves that there is no significant difference between

sonic treated and matched control samples on longitudinal permeability. The desired

difference between treated and control samples of 1.6314 is not included in this

interval at 95% probability level. It could means that 50% increase in liquid

permeability after sonic treatment will give a significant difference in response.
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Appendix B

PHYSICAL PROPERTIES

OF

PACIFIC MADRONE
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Table Bl. Initial moisture content (%) calculated for the 15 treated and
matched control samples after the sonic, boiling, and steaming
treatments.
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Sonic treatment Boiling treatment Steaming treatment
Sample Control Treated Control Treated Control Treated

1 112.75 116.65 121.54 125.56 112.77 95.35

2 113.50 106.64 127.91 114.57 92.11 101.46

3 107.86 112.51 130.03 118.48 97.51 98.66

4 112.13 115.85 116.36 133.34 109.78 106.94

5 109.80 112.41 118.12 129.82 112.19 102.45

6 108.84 103.91 109.28 117.20 127.66 117.84

7 105.10 111.06 120.37 128.89 118.81 108.79

8 105.30 107.36 113.30 116.14 115.47 108.08

9 96.91 109.16 103.21 117.47 121.21 118.98

10 111.58 109.77 112.72 132.82 92.27 91.31

11 104.51 106.34 117.16 136.86 105.30 104.96

12 114.55 115.06 119.96 124.37 121.73 103.46

13 104.89 107.43 118.77 131.54 118.18 103.80

14 111.53 107.35 121.37 133.79 119.28 113.82

15 112.01 116.72 112.73 127.09 109.99 106.09

Average 108.75 110.55 117.52 125.86 111.62 105.47
St. Dev. 4.71 4.15 6.81 7.42 10.76 7.59



Table B2. Basic density (g/cm3) calculated for the 15 treated and matched
control samples after the sonic, boiling, and steaming treatments.

77

Sonic treatment Boiling treatment Steaming treatment
Sample Control Treated Control Treated Control Treated

1 0.55 0.55 0.53 0.53 0.56 0.57

2 0.55 0.56 0.51 0.55 0.64 0.57

3 0.56 0.55 0.51 0.55 0.61 0.58

4 0.55 0.55 0.54 0.50 0.57 0.54

5 0.56 0.55 0.53 0.51 0.56 0.55

6 0.57 0.58 0.56 0.54 0.52 0.52

7 0.57 0.56 0.53 0.52 0.54 0.53

8 0.58 0.57 0.56 0.54 0.56 0.55

9 0.60 0.56 0.59 0.54 0.54 0.52

10 0.55 0.55 0.55 0.50 0.64 0.61

11 0.59 0.59 0.54 0.49 0.56 0.54

12 0.55 0.55 0.53 0.53 0.54 0.54

13 0.55 0.56 0.54 0.51 0.54 0.55

14 0.56 0.57 0.52 0.50 0.54 0.53

15 0.56 0.56 0.55 0.52 0.56 0.55

Average 0.56 0.56 0.54 0.52 0.57 0.55
St. Dev. 0.02 0.01 0.02 0.02 0.03 0.03



Table B3. Number and width of annual rings for the 15 samples sonically treated.
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Number of Width of
Sample annual ring annual ring

1 6 3.70

2 9 2.46

3 7 3.17

4 9 2.46

5 8 2.77

6 10 2.22

7 10 2.22

8 11 2.02

9 18 1.23

10 7 3.17

11 6 3.70

12 6 3.70

13 8 2.77

14 11 2.02

15 13 1.71



Table B4. Final moisture content (%) calculated before equalization for the 15
treated and matched control samples after the sonic, boiling, and
steaming treatments.
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Sonic Treatment Boiling Treatment Steaming Treatment
Sample Control Treated Control Treated Control Treated

1 11.69 12.70 14.59 12.01 14.50 11.37

2 12.90 10.80 13.36 10.87 12.42 \ 10.58

3 12.48 12.52 14.21 12.25 11.45 10.22

4 11.30 11.82 12.17 11.77 12.34 10.92

5 13.18 13.27 15.52 11.99 14.81 11.54

6 13.41 13.67 12.53 11.60 12.74 10.71

7 10.08 11.05 12.87 11.09 13.87 11.67

8 14.97 14.50 10.54 8.53 12.91 10.73

9 12.79 12.58 11.00 11.65 13.77 11.16

10 10.18 13.26 12.96 11.42 12.19 10.57

11 13.03 12.71 12.30 9.03 13.44 10.74

12 13.63 13.51 11.57 12.47 13.25 10.44

13 13.29 12.90 12.61 10.39 11.92 10.88

14 12.95 13.25 10.95 11.03 12.84 11.07

15 12.52 12.08 13.22 11.53 14.62 12.12

Average 12.56 12.71 12.69 11.18 13.14 10.98
St. Dev. 1.29 0.98 1.39 1.12 1.02 0.51



Appendix C

PERMEABILITY
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Table Cl. Radial permeability (Darcy) calculated for the 15 treated and matched
control samples after the sonic, boiling, and steaming treatments.
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Sonic treatment Boiling treatment Steaming treatment
Sample Control Treated Control Treated Control Treated

1 8.02E-05 7.27E-05 0.001223 0.000513 0.000124 0.000103

0.0003792 0.0001 6.28E-05 0.001892 0.000661 0.000154

3 4.94E-05 4.57E-05 0.002511 0.002259 0.000347 0.000228

4 7.08E-05 5.85E-05 0.001875 0.001979 0.000139 0.000411

5 5.23E-05 0.000195 0.001247 0.00091 0.00011 0.000318

6 0.000134 0.000132 0.000911 0.001838 8.25E-05 0.000156

7 0.000123 0.00029 0.001039 0.001386 0.000178 0.000298

8 5.36E-05 7.26E-05 0.000375 0.00083 0.000127 0.000109

9 0.000133 0.000204 0.000158 0.000499 9.54E-05 0.000152

10 0.000382 0.000158 0.000142 0.000425 0.000126 0.000128

11 0.000123 0.000148 0.00038 0.000716 9.53E-05 0.000115

12 0.000687 0.000554 0.000649 0.001908 0.000101 0.000122

13 0.000483 0.000795 0.000459 0.001483 9.73E-05 0.000102

14 0.00035 0.000276 0.001642 0.000699 0.000125 0.000185

15 0.000341 0.000715 0.001033 0.001111 0.000226 0.000252

Average 0.000211 0.000252 0.001036 0.001148 0.000142 0.000204
St. Dev. 0.000192 0.000242 0.000707 0.000614 6.78E-05 0.000105



Table C2. Longitudinal permeability (Darcy) calculated for the 15 treated and
matched control samples after the sonic, boiling, and steaming
treatments.
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Sonic treatment Boiling treatment Steaming treatment
Sample Control Treated Control Treated Control Treated

1 1.67781 3.293987 3.736833 3.871494 2.950233 2.511276

2 3.91321 2.979617 3.832275 2.943713 2.860453 3.694419

3 2.940192 2.943917 3.52922 3.480785 2.638987 2.612706

4 2.30846 3.026534 3.396276 2.773327 3.577759 3.339987

5 3.350839 2.986168 3.683624 3.904061 3.421236 3.19483

6 3.686402 3.318427 2.783467 2.720639 4.09984 3.864839

7 3.203023 3.213114 2.992992 2.770427 3.589402 3.589568

8 2.738617 3.087562 2.384893 2.333216 3.350089 3.294717

9 3.306473 2.926705 2.25876 2.566166 3.886547 3.610367

10 3.505134 3.283619 1.79358 2.546883 2.725953 2.729827

11 3.115716 3.272589 3.001498 3.444659 3.551519 3.013823

12 3.974885 3.832255 3.164382 2.458868 4.037995 3.482332

13 3.656834 3.268242 2.780615 3.54091 3.302937 2.831491

14 3.55732 3.132138 3.016665 3.437054 3.655625 3.6681

15 4.00873 3.933851 2.711803 2.955984 3.119431 3.154343

Average 3.26291 3.233248 3.004459 3.049879 3.384534 3.239508
St Dev. 0.643836 0.298035 0.581158 0.518939 0.455419 0.424558



Appendix D

DRYING RATE
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Table Dl. Drying rate (% water evaporated/day) calculated for the 15 treated
and matched control samples after the sonic, boiling, and steaming
treatments.
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Sonic treatment Boiling treatment Steaming treatment
Sample Control Treated Control Treated Control Treated

1 3.08 3.24 1.66 1.58 1.36 1.45

2 2.57 2.96 1.93 1.64 1.67 , 1.05

3 2.96 3.05 1.09 1.33 1.46 1.17

4 2.86 2.87 1.62 1.51 1.43 1.10

5 3.27 3.45 1.92 2.14 1.49 1.47

6 3.63 3.51 0.87 0.90 1.29 1.06

7 2.84 3.02 1.25 1.15 1.11 0.66

8 3.68 3.78 1.26 1.30 1.15 1.16

9 3.63 3.56 1.47 1.24 1.33 0.92

10 3.27 3.37 1.45 1.43 1.09 1.01

11 3.25 3.35 0.75 0.95 0.85 0.81

12 3.33 3.45 1.14 0.55 1.19 0.72

13 3.28 3.28 1.35 1.34 0.68 0.47

14 2.54 2.77 1.15 0.85 0.85 0.41

15 3.02 2.93 0.53 0.93 0.63 0.68

Average 3.15 3.24 1.29 1.25 1.17 0.94
St. Dev. 0.36 0.29 0.40 0.39 0.31 0.32



Appendix E

OVERALL DIMENSIONAL CHANGE
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Table El. Overall dimensional change (%) calculated for the 15 treated and
matched control samples after the sonic, boiling, and steaming
treatments.
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Sonic treatment Boiling treatment Steaming treatment
Sample Control Treated Control Treated Control Treated

1 18.86 21.70 25.10 14.85 19.97 16.51
'

2 18.23 19.58 24.49 13.64 21.34 14.39

3 21.68 21.55 21.56 15.42 19.80 17.34

4 22.53 19.85 22.33 13.66 19.35 13.96

5 20.06 18.55 24.57 16.10 18.36 12.82

6 19.81 18.83 18.92 13.23 21.14 14.31

7 17.81 18.33 20.73 13.70 20.80 16.54

8 21.49 20.77 22.06 13.41 21.72 16.23

9 21.93 22.51 21.24 14.78 22.21 14.99

10 25.62 23.37 19.65 14.69 20.14 13.69

11 20.38 17.06 20.80 14.49 19.85 13.28

12 20.07 17.59 21.33 14.28 20.43 14.22

13 24.95 23.21 20.07 13.73 19.23 15.13

14 23.00 21.74 21.13 14.71 18.85 15.02

15 21.20 19.99 22.16 17.05 20.17 13.85

Average 21.17 20.31 21.74 14.52 20.22 14.82
St.Dev. 2.24 2.01 1.80 1.06 1.07 1.32
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Figure El. Sonically treated and matched control samples used to calculate the
overall dimensional change. Treated samples (A). Control samples (B).
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Figure E2. Boiled and matched control samples used to calculate the overall
dimensional change. Treated samples (A). Control samples (B).
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Figure E3. Steamed and matched control samples used to calculate the overall
dimensional change. Treated samples (A). Control samples (B).
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