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The drying of wood is required in most forest products

manufacturing operations. Depending on the wood species,

dimensions, drying temperatures, and drying duration, the

amount of emissions and energy consumption can greatly affect

the operating cost, environment, and quality of wood dried.

As such, the forest products industry continues to explore the

use of new technologies to address these points of concern.

A study was done to evaluate the addition of a radio-

frequency (RF) heating system to a natural gas-fired

conventional veneer dryer as a means to reduce emissions,

reduce energy consumption, and improve productivity while

maintaining material quality. To establish the benefits of

RF-assisted drying, a study comparison was made for drying

wood veneer in a RF-assisted dryer and a conventional dryer.

The study was conducted at Western Veneer and Slicing in White

City, Oregon. This plant was selected because both types of

dryers, an RF-assisted dryer manufactured by Production

Machinery, Inc. and a conventional dryer manufactured by

Signature redacted for privacy.



Amitec, were located at the same site and were used for drying

the same type of material.

Two comparison drying tests were conducted, one using

sliced ponderosa pine and the other using rotary peeled

Douglas-fir. The sliced veneer was selected because it was

the type of material used by the White City plant and the

rotary veneer was used because it is of the type used in the

plywood industry. The parameters measured for each drying run

were material flows, drying rates, emission rates, dryer

operating conditions, exhaust conditions, and electrical and

natural gas consumption.

It was found that although the RF-assisted dryer was able

to successfully dry the sliced veneer as it was designed to

do, it was not properly "tuned" to efficiently dry the rotary

veneer. Therefore, the results of this study should only be

made for the sliced veneer studies. The study found that the

RF-assisted dryer was able to reduce total emissions comprised

of particulate, organic, and inorganic components. The

emissions reduction was 16% based on a total throughput basis

(dry material plus redry) and 36% based on a dried production

basis. Whereas, energy use for the RF-assisted dryer in terms

of Btu/lb of water extracted was found to be approximately 15%

higher, which was due mainly to over-venting of the exhaust

system. It was recommended that the exhaust be damped to

provide comparative energy use to the conventional dryer. The

RF-assisted dryer was also found to be more productive in that

its redry rate, the amount of veneer that needed to be



redried, was lower; likewise, the variance of veneer moisture

was lower. The aesthetic quality of the RF dried veneer was

described by the experienced veneer graders employed by White

City Veneer and Slicing as being better in terms of brightness

and brittleness, however we were unable to quantify this

difference.

It can be concluded that the RF-assisted system for the

study conditions appears to be an improvement over the

conventional system in terms of emissions, productivity, and

maintaining veneer quality.
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EMISSION, ENERGY, AND PRODUCTION EFFICIENCY OF A RADIO-

FREQUENCY ASSISTED GAS-FIRED VENEER DRYER

INTRODUCTION

The increased importance placed on energy efficiency,

pollution minimization, product quality, and profitability of

drying veneer has led the forest products industry into a

technological challenge of how to achieve these points. It is

proposed that with a radio-frequency (RF)-assisted veneer

dryer, all of these goals can be accomplished. The preceding

points will be examined in detail in the following study which

takes place at Western Veneer and Slicing in White City,

Oregon. This plant produces clear, vertical-grained sliced

material. Species such as ponderosa pine and Douglas-fir are

the bulk of their production. The wood is sliced into

different dimensions. This high quality material is mainly

used in the door and millwork industry.

The uses for RF energy are boundless. Drying golf club

heads, wooden shoes, paper, and veneer are just a few of the

forest products industry's uses of radio frequency (18).

Baking foundry cores, drying fiberglass and sizing it after

it's wound into packages, drying coated tire cord, setting

dies in synthetic yarns and fabrics, laminating diapers, and

sealing boxes and containers are some uses of RF outside of

the forest products industry (18).

Because wood veneer for plywood, structural laminations,
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and furniture is produced in plants all over the world, all

using conventional methods, it is apparent that the

application of RF technology could be widespread. Proper

management of RF energy inside the drying chamber is critical,

and requires much engineering, testing, and trial operation to

perfect. However, with proper design, RF energy could be

extremely effective in the forest products industry.



OBJECTIVES

The following study focuses on four primary objectives

regarding a comparison between a RF-assisted dryer and a

conventional gas dryer. The four abjectives that will be

contrasted include;

Particulate, Organic, and Inorganic Emissions

Energy Use (natural gas and electricity)

Redry Rate

Quality of Material

Particulate, Organic, and Inorganic Emissions

Environmental restrictions have become more and more

apparent within the last few years and will continue to do so.

The surrounding area of the study site is a prime example of

this growing concern of pollutants entering the environment.

The White city/Medford valley is currently classified by the

Environmental Protection Agency as a non-attainment air shed.

This means that the area has poor environmental circulation,

therefore, industrial air effluent, in addition to other

sources, must be monitored and regulated closely.

In relation to this concern, the outflow of air through

the vent stacks of each dryer was carefully analyzed to

determine it's constituents. The idea was that RF energy,

which directly heats the water within the wood, was more

3
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efficient in removing water content in veneers than are

conventional dryers which surface heat the veneers. It was

expected that either lower surface temperatures or shorter

dwell times of veneer during RF drying would create lower

levels of hydrocarbons (smoke) from the wood and thus lower

emission to the environment as compared to a conventional

dryer.

From this data, certain determinations were made. The

amount of particulate, organic, and inorganic emissions per

hour and per thousand square ft. (3/8-in, basis) of dry wood

were measured. Other data from the stack flow included

average stack temperature, water and energy up the stack, and

air flow.

Energy Utilization

How can we produce the same product with less energy?

This dilemma has been facing our culture since the beginning

of time, whether it be human energy or environmental energy.

Through the use of RF drying, it was suspected that this goal

of decreased energy use would result by shorter drying times

and less redry. The important energy uses in relation to this

study included natural gas and electricity. By measuring the

amount of electricity and gas used during each sample run,

this energy determination could be made. To put this

consumption into perspective, the length of each run and the



5

material throughput were also obtained. This information

coupled with wood sample weights before and after the dryer

was used to find the efficiency of each system in driving off

the water. By knowing the inlet and outlet temperatures of

the wood and air, a further analysis of where the energy goes

was conducted.

Redry Rate

For this study, the term redry rate is defined as the

percentage of the total material through the dryer that does

not meet the oven dry moisture content standards of Western

Veneer and Slicing Co. This material must be sent back

through the dryer to be dried to the correct moisture content.

To be classified as redry, the material had to be at or under

21 percent moisture content. A lower redry rate is very

advantageous in drying operations since it can drastically

increase production. It is hypothesized that with more even

and concentrated drying, the radio-frequency dryer will have

a substantially lower redry rate than that of the conventional

gas dryer of comparison. The moisture content used to

evaluate this is on an oven-dry wood basis, as are all other

references to moisture content throughout this paper.



Quality of Material

Because of the high cost of high quality wood used by the

plant, every step of the veneer process must be targeted so as

to minimize degrade. The drying process is of particular

interest since it produces many drying stresses which may

cause degradation such as collapse or splits in the veneer.

The elimination of this degradation was determined by

visually examining the material once it had been dried.

Aspects such as visual cracks in the wood and how aesthetic

qualities were the main criteria.

6



LITERATURE REVIEW

Background of Radio-Frequency Drying

With dwindling fossil fuel supplies and increased concern

of toxic industrial emissions, new methods of drying are being

explored. Radio-frequency, also known as dielectric, heating

is one promising area in dealing with these and many more

public and industry concerns.

History

Radio-frequency heating of nonconductive material from

the inside outward has been in existence for many years.

Commercial applications of radio-frequency heating date back

to the late 1930's. In 1939, the first industrial

installation in the United States was reported at Fitchburg

Paper Co., after which several other installations followed

due to proven qualities of increased production and improved

moisture profiling (22). Outside of the United States, the

first RF drying application was in the former Soviet Union in

1934 which was built for drying oak and beech boards (8).

There are many present applications of RF in the United

States. As of 1987 there were between 50,000 and 100,000 RF

heating installations, with the average output power of each

site being 10 kW (23).

7



Safety

How safe are radio-frequency installations? With

properly shielded generators, there is little chance of harm

(4). The generators are strictly monitored by OSHA since

negative health effects were found from field surveys

conducted by NIOSH (National Institute for Occupational Safety

and Health) in the late 70's. From the surveys, they found

that RF radiation levels were often in the range considered

hazardous to workers (4). NIOSH studies clearly showed that

high intensity RF radiation would produce fetal malformation

when there were significant elevations in body temperatures

(4). Several of the NIOSH studies found that exposure to RF

radiation may be the culprit to fatigue, irritability,

muscular weakness, headaches, hypertension, nervousness, and

some other disorders (4). The current OSHA standard of RF

radiation is 10 mW/cmA2 in the frequency range of 10 MHz to 10

GHz (4). This is based on a consideration of whole body

heating by RF/microwave radiation that causes a measurable

elevation in body temperature which is potentially hazardous

(4).

Specific Applications in the Forest Products Industry

8

For the reasons of heating from the inside out, higher

quality wood, moisture leveling, lower drying temperatures,
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and decreased drying time, radio-frequency energy as a method

of drying is very conducive to the forest products industry.

Glue-curing, lumber drying, paper drying, and veneer drying

are the main uses of radio frequency in the forest products

industry today.

Glue-curing is one of the original uses of radio-

frequency energy. With the invention of synthetic glues, the

"curing" of which is accelerated by heat, the development of

dielectric heating for wood applications was greatly

accelerated (23). Edge bonding and structural beams are two

main glue-curing applications of RF.

Edge bonding is the manufacture of long, wide boards from

smaller pieces of wood by laying them side by side, and end to

end, with all the flat surfaces in the same plane (23). The

glue that is spread between the joints is then entered into an

RF field and cured (23).

Structural beams such as the beams used to construct the

Tacoma Dome in Seattle, WA, are also cured by RF energy.

Here, the glue-lines are much larger than edge bonding (23).

As in edge bonding, heating is accomplished by conducted

currents through the wet glue lines as well as by dielectric

heating (23).

Lumber drying with radio-frequency has been performed in

two distinctive ways. One method being in a vacuum chamber,

and the other method being in a normal atmospheric chamber.

Both methods have seen success, mainly in decreased drying
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times (2). Vacuum drying lowers the normal atmospheric

pressure which, in turn, allows the water to pass out of the

wood easier due to less resistance. Radio-frequency/vacuum

drying takes advantage of the strong dielectric properties of

water, allowing selective heating of the water in hygroscopic

materials (2). RF\V drying of Pacific Coast hemlock and

Douglas-fir was found to be technically possible and

economical, especially when the lumber had a cross section

greater than 8 cm (2).

Operation of a batch dryer consists of loading a bundle

of redry veneer sheets onto an inlet conveyor (21). The

bundle is conveyed into the oven, the doors close, and a metal

platen that acts as a capacitor plate is lowered onto the

bundle (21). The oven then provides a quickly changing

electric charge on the plates at a frequency of about 14 MHz

to cause the water to evaporate (21). The bundle continues to

dry until the oven electronically senses that a sufficient

amount of water has been removed or until a preset time is

reached (21). At that point the doors open, and the dried

bundle is conveyed out of the oven (21).

Very limited data is available on primary drying using RF

technology. This is due to the fact that there hasn't been

much research in this area, and also since it is not practical

for most applications such as drying very thick material.

Drying large thicknesses requires much more time than does

thin pieces of veneer. The times are not proportional. These
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extremely long drying times of large thicknesses are not

feasible for a production application.

Areas Where RF Drying Has Been Evaluated

Energy Efficiency

Radio-frequency dryers offer the opportunity for veneer

manufacturers to process more high grade veneer and to do it

more efficiently (14). In plywood manufacturing, drying of

veneer in conventional steam-heated dryers is one of the most

energy intensive steps in the production process (14). Being

such an energy intensive step gives the RF system a prime

opportunity to display its' advantages, or possibly

disadvantages.

Quality

Wood quality is another area of concern in the forest

products industry. A study by Avramdis and Zwick shows that

radio frequency drying of Pacific Coast hemlock and Douglas-

fir lumber lowers the amount of degrade and also shortens the

drying time as compared to conventional methods (2).

Another push for quality comes when we consider the loss

in initial peeler block volume. In a study of Douglas-fir

veneer, only 59 percent of the block volume was actually
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recovered as finished panels (10). Of the green veneer

peeled, 78 percent was recovered as finished panel and 22

percent was lost to shrinkage and trim (10). With the large

waste, any improvement in loss reduction would be helpful.

In an RF redry study, there was no degrading of veneer or

the value loss that typically occurs in conventional redrying

practices (21). This redry veneer is also of better quality

for processing because the moisture content was found to be

uniform throughout the sheet (21).

Volumetric shrinkage is another area concerning effects

of RF drying. Harris and Lee found that 5/4-in, red oak dried

by radio frequency/vacuum had 4 percent less volumetric

shrinkage than that of an equal specimen dried in a

conventional kiln (12). Harris and Lee also found that the

RF/V dried oak had a 5 percent lower compressive strength

value which could be attributed to the lower volumetric

shrinkage (12).

Emissions

Besides more even drying, RF systems are used as a way to

combat pollution. Most heating, curing, or baking processes

are performed at lower peak temperatures with RF heat than

with heat transfer from a high temperature source (18). At

these lower temperatures, less smoke and fumes are given off

in the process, and there are no products of combustion to
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deal with (18). This can be especially conducive to forest

products practices since there is usually a large amount of

combustible wood dust. By lowering the temperature, the

chance of a fire is also decreased.

Production Efficiency

Radio-frequency energy is a proven method of production

efficiency for lumber. Reduction in drying time has been the

largest area of efficiency. Red oak lumber of 5/4-in.

thickness was found to take only 6 percent of the time

required to dry matched boards in a conventional kiln (13).

Present Methods of Drying Veneer

Several methods of drying veneer exist today. The main

types of dryers in existence today are jet dryers and

longitudinal dryers. Platen (contact) drying is another

method of veneer drying, but is not used within the industry.

In conventional dryers, the air and/or steam that is used as

the drying agent is generally heated by steam coils in the

dryer and ductwork or by burning fuel and admitting combustion

gases directly to the drying system (5). For models of each

type of drying system to be described (jet, longitudinal, and

platen), see Figure 1.
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Figure 1. - Diagram of conventional veneer dryer types.

Jet Dryers

Veneer is conventionally dried in jet dryers in which hot

air up to 400 degrees Fahrenheit is blown over the veneer as

it is conveyed through the dryer on rollers or screens (21).

14
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Hot air is impinged perpendicularly onto the veneer surface

through many small holes so that a high air velocity can be

maintained. This high velocity helps break the air surface

layer, thus making it easier to transfer heat through the

surface and carry moisture away. The residence time of veneer

in the dryers ranges from 5 to 25 minutes depending on dryer

conditions such as temperature, air velocity, and type of air

flow, and on species, thickness, and moisture content of wood

(21). To prevent over drying, the primary dryer is set to

allow 10-20 percent of the veneer exiting the dryer to be

above the target moisture content (21). Typically, most of

the veneer area will be dry enough, but wet pockets may be

present, thus classifying it for redry (21).

Longitudinal Dryers

Longitudinal veneer dryers dry with air or a mixture of

air and water vapor that is circulated throughout by a system

of fans and ducts at temperatures of 300 to 400 degrees

Fahrenheit (5). In a common longitudinal dryer there are two

separate systems for circulating air (two zones) (5). Air

flow through the dryer is lengthwise, or in a longitudinal

direction (5). The air flow usually originates from the

center of the dryer and is directed toward the ends by ducts

into a fan and, after leaving the fan, the drying air moves

through a duct over the dryer back to the center of the dryer
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where this pattern of recirculation is continued (5).

Retention times and tolerances for redry material on

longitudinal dryers are usually the same as for jet dryers.

Platen Dryers

Platen or contact drying involves placing the veneer

between heated platens in a press (6). Applying pressure to

the platens results in high heat transfer rates to the drying

material and, hence, high drying rates (6). Steam, which is

released during the process, escapes through grooves or holes

in the platen (6). This method works well in the fact that

high heat transfer rates are immediately established, there is

less wasted energy, and finally, buckling, and cracking are

minimized (6). This method hasn't been very successful in

industrial application due to the difficulty of implementing

it as a continuous process, resulting in a batch process which

is slower and more labor intensive, and also because of

shrinkage in thickness dimension (6).

RF Technology

Basic Phenomenon

RF heating is advantageous in many ways. Some advantages

include good thermal efficiency, reduced material
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deterioration, rapid heating and drying, uniformity of

heating, moisture leveling, and the ability to overcome heat

transfer problems inherent in processing materials such as

wood (23).

Radio-frequency is sometimes confused with microwave

heating. The difference is that radio-frequency operates

between 1 and 100 MHz and microwave between 500 and 5000 MHz

(7). Radio-frequency devices have to be tuned to a given

frequency, whereas microwave systems are non-resonant and

require no such tuning (7). In RF, the material being heated

is an essential electrical component of the circuit, and as

the parameters which effect the electrical characteristics

vary, so does the power being drawn from the generator (7).

The most basic RF circuit consists of a generator and a

plate capacitor within which the material is contained (7).

See Figure 1.1 for a diagram. The system works by tuning the

circuit so that the working capacitor has a resonant frequency

at about that of the generator (7). By varying the resonant

frequency of the load, typically by altering the distance

between the applicator plates or by alteration of one of the

other inductors or capacitors in the circuit, the amount of

power being dissipated in the material can be controlled (7).

When a nonmetallic material (an insulator) is placed in an

electric field, the di-polar molecules of the material have a

tendency to line up with the field (22). The electric field

causes all of the molecules to be oriented so that their
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positive ends are toward the negative electrode and vice versa

(22). When the polarity of the electrodes are reversed, the

orientation of the dipoles will also reverse (22). When this

happens, a small amount of energy is imparted throughout the

mass of the dielectric, resulting in a very slight temperature

increase throughout the mass (22). If the electric field is

continuously reversed very rapidly, for example at millions of

times per second, a significant amount of heating takes place

as occurs for RF heating (22).

There are three major types of RF configurations in use

today which include throughfield plate, strayfield, and

staggered throughfield (see Figure 1.1 for layouts of each).

The simple circuit, known as a throughfield plate heater, is

useful for relatively thick material where the air space above

the product is not large compared with the thickness of the

product (7). When the air space becomes dominant, it is

necessary to use alternative electrode configurations such as

a staggered-through field or a strayfield (7).

Statutory regulations for radio-frequency systems do

exist. Since the generator actually puts out radio waves, it

must be licensed by the Federal Communications Commission.

With this license, each unit is given a specified frequency in

which it must operate. Limited fugitive RF losses into the

surrounding environment also exist and these levels are

determined by OSHA standards.
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Radio-Frequency As Applied to Drying Wood

To understand why RF energy works well for drying wood

one must first understand the basic facts of what physically

occurs while the wood is dried. Three different mechanisms of

moisture movement occur during drying. These mechanisms vary

in proportion and include first, mass flow of liquid water

through the capillary structure of cell cavities and

interconnecting pits above fiber saturation (25-30%). Second,

below fiber saturation, diffusion of water occurs through the

network of cell walls and cell cavities, and the third

mechanism is removal of water brought to the surface from the

previous mechanisms (18.1). Wood is dried by evaporation of

surface moisture (15).

The rate at which the surface moisture is picked up by

the surrounding air is influenced by the temperature of the

wood and by the relative humidity, temperature, and

circulation of the surrounding air (15). Typically, surface

evaporation and heat transfer to the veneer, rather than

internal moisture flow, are usually the controlling factors

that determine veneer drying rates (18.1). For this reason,

high air velocity forced across or perpendicular to the veneer

surface is important to rapidly carry away the water (18.1).

Problems with moisture movement occurs in conventional

gas fired dryers. Once the outside layers of the solid have

become dry, the diffusion is limited and a falling rate regime

20
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is established with its consequent, drastic reduction in speed

and efficiency of drying (7). Also, when the surface dries

below the fiber saturation point it attempts to shrink but is

restrained by the core if the moisture content of the core is

still above the fiber saturation point (15). The shrinkage

force on the surface may be greater than the strength of the

wood in tension perpendicular to the grain with the result

that unwanted surface checks develop to relieve the stress

(15).

The heating of the wood is dependent largely upon heat

transfer. Heat transfer into the volume of the material

depends on the thermal conductivity and heat transfer

coefficient characteristics of the wet solid (7). In turn,

the heating and drying of a wet material also depends to a

great extent on its moisture content and distribution since it

is a good thermal insulator and it is the water which conducts

most of the heat (7).

Wood is a prime candidate for RF heating due to its' many

unique characteristics relating to RF's effect upon it. The

dielectric properties of wood add to its' ability to be

influenced by RF energy. RF heating can heat the wood quickly

and it establishes a temperature gradient to increase the rate

of moisture movement from the interior to the surface (15).

Unlike conventional drying, RF energy can maintain a high

drying rate down to very low moisture content (7).

Dielectric materials like wood are characterized by the
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presence of relatively few charge carriers(ions), so the

application of a voltage gradient will result in only a very

small current (19). However, when wood is placed in an

electric field there is a displacement of charge (wood becomes

polarized), and if the electric field is an alternating

current, the displacement attempts to follow the changes in

the field direction (2). The energy absorbed in carrying out

these displacements is dissipated as heat. In wood, since all

of the molecules are affected by the field, heating occurs

throughout the entire mass at the same time (22). This is

what differentiates dielectric heating from any other form of

heating, wherein the heat must flow inward from the surfaces

and the rate of flow is retarded by the usually low thermal

conductivity of most insulators such as wood (22).

Since the average dielectric constant for water is about

20 times larger than that of a dry cell wall, exposure to the

same frequency range (1 to 10 MHz) and temperature will cause

the water vapor to heat at a much more rapid rate than the

wood (17, 19). Water is selectively heated internally more

than the surrounding material, eliminating the slow heat

conduction from the surface to the core of the board that

occurs in conventional kiln-drying processes.

Drying quickly with RF energy can be a double-edged

sword. If the wood is dried too rapidly, internal explosion

and collapse of the wood may result if steam passages are

blocked or cannot convey the amount of moisture out of the
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cells quick enough (1). The rate of surface evaporation must

be carefully regulated to match the rate of transfer of

moisture from the interior (15). High internal temperatures

caused by radio-frequency kiln drying of 2-in, yellow birch

heartwood by Miller showed that high internal temperatures

caused by the radio frequency energy increased a tendency for

collapse (16). To reduce this effect, a modified schedule was

employed by lowering dry-bulb and wet-bulb temperatures (16).

Several studies have been done to pursue the "maximum" amount

of energy absorbed in a specified period of time.

Thermodynamic and sensitivity analysis showed that drying

times can be predicted accurately and that there is a maximum

amount of energy that can be absorbed in to the wood before

internal damage of lumber occurs, particularly when the lumber

moisture content is still above the fiber saturation point

(2).

A narrow moisture content distribution is a highly touted

advantage of the RF heating system. Wide moisture

distribution within a sheet of veneer can cause many problems

in processing, one of which is blows or delaminations during

hot pressing of plywood (9). RF energy is concentrated in the

wettest areas of the sheet which then causes more drying in

these areas. With this "selective" heating, the RF levels the

moisture content to be much more even throughout the piece

than it was originally. Conventional drying heats everything

evenly, causing the wet spots to remain. Repeated tests have
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shown that veneer stacks processed according to the RF dryer

manufacturers recommendations do result in uniform moisture

content in most veneer throughout the stack (14). In

addition, a veneer redry study conducted by Wilson (21),

showed a clear pattern of a narrow moisture content

distribution.



EXPERIMENTAL METHOD

-Overview

The following method was carefully structured to assure

accuracy and repeatability. The study was conducted at

Western Veneer and Slicing. A total of four test runs (two

with the conventional gas-fired dryer and two with the radio-

frequency-assisted-gas-fired dryer) of 1-2 hours per run took

place in order to have some comparison and also to test the

reliability of the data gathering methods for each data set.

Each case study involved data gathering, reduction, and

analysis.

Each system, the conventional and the RF-assisted, used

essentially the same data gathering methods and materials.

The material was sliced, clear, vertical-grain Ponderosa Pine

veneer in strips with dimensions of 0.0833-5.00-84.00-in.

Also, included in the study was rotary peeled Douglas-fir

veneer with dimensions of 0.10-51.00-112.50-in, for the RF-

assisted dryer and 0.10-27.00-112.50-in, for the gas dryer.

To ensure accuracy, a majority of the data was recorded on a

Campbell CR2lx data-logger.

Parameters to be Measured (mass and energy transport)
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These parameters for measurement are categorized and

defined in the following sections:



Vent Stack Emissions

Natural Gas Use

Electrical Energy Use

Exterior/Interior Dryer Ambient Conditions

Material Physical Parameters

Energy Use Equation

The energy use of the RF-assisted and conventional

systems are defined as:

Et = Ee + Eg = Ev + Ewd + Ewt + Ef (eq.1)

where:

Et = total energy

Ee = electrical energy (RF, fans, gas valves, and

other miscellaneous electrically powered

equipment)

Eg = natural gas energy

Ev = energy lost out of vent stack (heat)

Ewd= energy left in wood (heat)

Ewt= energy lost in the cooling water of the RF

generator tube (RF system only)

Ef = fugitive energy lost through air leaks, etc.

26

Drying Systems Used

The veneer drying equipment consisted of two separate
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production lines (see Figures 2 and 3 for schematic diagrams).

Both dryers typically use similar feed-stocks and are located

inside a common building.

Gas-fired Longitudinal Dryer

The conventionally heated veneer dryer is a single pass

jet dryer with an active drying length of 58-ft.-4-in. The

cooling section is another 13-ft.-2-in. The usable infeed

width of the dryer is 40-in. Heat was supplied by four forced

air natural gas burners each having a maximum output of

200,000 to 400,000 Btu's per hour. The system has a single

exhaust fan and vent system which exhausts via sheet metal

ductwork through the ceiling of the main building. This

system circulates approximately 1150 ambient cubic feet of air

per minute. The residence time to dry typical sliced pine

veneer, including time in the cooling section, varies from 80

to 150 seconds. This unit uses a three zone heat control

system which is operator selected. See Figure 2 for a

schematic drawing of the system.

Radio-Frequency Assisted Gas-fired Longitudinal Dryer

The RF-assisted jet dryer consists of a single pass

conveyor with an active drying length of 24-ft.-3-in. and a

total dryer outside width of 10-ft. The usable conveyor width
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was 60-in. This unit uses a single RF transmitter with a

maximum radiated output of 150 kW at 3.8 megaHertz. This

heating source is supplemented by three natural gas forced

draft burners each supplying a maximum of 200,000 to 400,000

Btu's per hour. This unit uses a single zone thermostat

controller which is set at a nominal temperature ranging from

300-340 degrees Fahrenheit. The conveyor can be set so that

the minimum residence time for material in the dryer is 42

seconds. In production, residence times are operator adjusted

so that the target exit moisture content can be achieved.

With 0.089-in, thick pine veneer, the residence time is

approximately. 50 to 90 seconds. The system has a single

exhaust fan of 3 horsepower, which pulls air through the

conveyor's entrance and exit ports and vents via sheet metal

ductwork through the roof of the main building. This

circulates approximately 1500 ambient cubic ft. of air per

minute into the environment. Two 5 horsepower fans are used

to circulate the air inside of the dryer, and a 5 horsepower

motor is utilized to power the conveyor. For a schematic

diagram see Figure 3, and for a RF plate arrangement see

Figure 4.

Data Collection

The following experimental methods apply to both the

radio-frequency assisted dryer and to the conventional



RF Generator

Figure 4. RF plate arrangement of system used.

natural-gas fired dryer. If there are differing methods, they

will be clearly explained.

Vent Stack Emissions

The test method that was used is defined in the Oregon

Department of Environmental Quality's book of Industrial

Regulations Method 7 (included in Appendix A) and collected by

BWR and Associates, an independent environmental testing

company. Particulate and condensible organic and inorganic.

materials were extracted from the vent stack outflow.

Natural Gas Use

To acquire the correct volume flow rate for natural gas

consumption and other data pertinent to energy use, the

following parameters were considered when taking data with the

American Meter Co. model Al-1000 pulse natural gas meter:

volumetric flow rate, composition of the natural gas, and the

Veneer
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composition of the combusted gas.

The actual flow rate was determined by placing an

individual totalizer (gas meter) directly into the main gas

line that fed the dryer. Each dryer contained three or four

burners that were rated at 200,000 to 400,000 BTU/hr per

burner. Switch closures from the gas meter were recorded on

a Campbell CR21x. To determine when the burners were on, a

switch closure device was placed on the burner motors and was

also recorded on the Campbell CR21x. One burner was monitored

on the RF-assisted dryer since they all turn on

simultaneously. On the gas dryer, two burners were monitored

since they were each independently controlled.

The type of gas determines the energy given off upon

combustion per a specified volume. This value is critical in

the determination of energy use. A value of 1027 BTU/cubic

foot was obtained from the local gas company in reference to

Western Veneer and Slicing's natural gas. The gas make-up was

estimated to be 75% methane and 25% butane.

The composites of combusted gas, which include water, are

critical in that they are part of the vent stack emissions.

The amount of water contributed to the system by natural gas

combustion was accounted for so that it would not be included

as water driven out of the wood. Some major products of

combustion that weren't included in the measurements are

carbon dioxide, and carbon monoxide.



Electrical Energy Use

The electrical energy used was measured by placing power

monitoring equipment on the main electrical service to each

dryer. The monitoring device on the main power supply was a

Pacific Power and Light Inc. digital read-out meter that was

manufactured by General Electric. This meter monitored the

total electrical load for each dryer which included the RF

generator, conveyor line motors, exhaust circulation fans, a

control system computer, and the automatic gas

valves/ignitors/blowers. To distinguish the RF power

consumption, a separate monitoring device was used. The

monitor used was a Dranetz 808 Electric Power/Demand Analyzer

which measured and recorded the load in kW output at 2 second

intervals. With the conventional dryer, electrical energy

consumption was from the exhaust circulation fans, conveyor

line motors, and gas valves/ignitors/blowers.

Exterior/Interior Dryer Ambient Conditions

Environmental conditions were needed to determine many of

the energy parameters such as energy in and energy out as

defined by the preceding equation (eq.1). Wet-bulb and dry-

bulb ambient temperatures were determined with an

Environmental Tectonics Corporation Psychro-Dial model CP-147

psychrometer at least once during each run.
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Material Physical Parameters

The main parameters measured on the sliced ponderosa pine

with respect to the veneer were the temperatures before and

after the dryer, the weights before and after the dryer, and

the moisture meter reading after the dryer. Of the total

material going through the dryer, 5 to 8% of it was sampled.

From this 5 to 8%, the moisture content and weights in and out

of the dryer were recorded. Sampling 5-8% of the material

yields a representative sample size. Also, limited personnel

was available to record the data while the line was running.

Each individual sample within the 5 to 8% consisted of a group

of 4 slices which were end-marked prior to the dryer to ensure

that they could be identified when exiting the dryer. The

same sampling methods were used for both the RF-assisted dryer

and the conventional gas dryer.

All moisture contents are on an oven-dry wood basis.

Veneer moisture content measurements after drying were taken

since the material was above fiber saturation point and were

off scale on the meters before entering the dryer. On-line

moisture contents were measured with a hand-held, di-electric

moisture meter (Ward Systems, Inc Model 510) and recorded. A

1-in, thick piece of styro-foam was placed under each sliced

veneer pair to isolate the reading to the veneer of interest.

Since this type of meter is dependent upon wood thickness, two

combined slices were needed (a double thickness) to obtain a

34
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Figure 5. - Pattern of moisture meter readings upon the
material.

correct reading. The recorded moisture content was an average

of six readings within each sample group of 4 slices (3

readings from 2 veneers and 3 from the other two combined

veneers)(see Figure 5 for location of readings). To assure

that the moisture meter was reading correctly, 7 to 8 samples

(in groups of 4) evenly spaced throughout the run that were

measured with the moisture meter and weighed were taken back

to be oven dried. From comparing the oven dry data to the

meter data, the meter reliability was determined.

The veneer's ambient temperature prior to the dryer was

determined by using the hot water bath temperature of 150
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degrees Fahrenheit. This temperature was assumed to be the

entering temperature of the wood. Since the dryer conditions

remained fairly constant, two temperature measurements were

made on individual pieces after the dryer during each run with

a Scotch infra-red temperature sensor.

See Figure 6 for a diagram of where the material

parameters were measured. The samples that were used to make

moisture meter readings (the 5 to 8% of total throughput) were

also weighed before and after the dryer. The weights of each

veneer slice were measured on an OHAUS GT4100 immediately

before and an 0-HAUS 1-10 digital scale immediately after the

dryer. Due to the length of the veneer, a support (1.5-3.5-

48.0-in, piece of pine) was placed on the scale and then it's

weight was tared out before the veneer was placed on it. The

total number of slices passing through the dryer during the

run was recorded. Redry and fully dried material were each

tallied. This tally was done at the output end of the dryer

when the run was over. One exception to this was the RF-

assisted dryer. On the RF-assisted dryer, the redry material

was sent back through the system, so a running tally was kept.

On the conventional dryer, the redry was kept separate and not

run back through the system during the run.

The length, width, and thickness of the veneer were

recorded from the samples brought back to OSU to be oven dried

(48-52 pieces from each run). The length and width were

measured with a Stanley 25-ft. tape measure. The thickness
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Figure 6. - Flow diagram of how and where material parameters
were recorded.

was determined with a hand held micrometer (Starrett, accuracy

to 0.01 nun).

The criteria for wood quality included a visual
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inspection of the same 5 to 8% that was sampled for weight and

moisture content. The visual inspection involved

discoloration and appearance of cracks or other defects

apparent in the wood after drying.

The following data procedures were performed on the

rotary sliced Douglas-fir veneer. First of all, the moisture

content was monitored by the same hand held meter as the

sliced veneer, but the values were not recorded since the main

concern was to monitor the total water loss from the veneer

which was gained from the emissions data.

The temperature of the rotary veneer before the dryer was

at the surrounding temperature since it had been setting in

the plant for 1 or 2 days in a bundled unit at room

conditions. Following the dryer, the temperature was measured

2 times, each on a different sheet with the Scotch infra-red

temperature sensor.

The weights were determined by weighing each unit of

green veneer before drying and after drying. The difference

was the total water loss from drying. A truck scale was used

to weigh the veneer.

The number of veneer sheets dried were counted at the end

of each run. There was no distinction between dry and redry.

It was all considered as dried material.

The length, width, and thickness of the veneer were

measured on four veneer sheets after being dried. A Stanley

25 foot tape measure was used to determine the length and the
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width. The thickness was measured with a hand micrometer

(Starrett accuracy to 0.01 mm).

The criteria for wood quality included a visual

inspection of 5 pieces during each run. The visual inspection

involved discoloration and appearance of cracks or other

stresses apparent in the wood after drying.
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EXPERIMENTAL RESULTS AND DISCUSSION

Run Conditions

The conditions, as shown in Table 1, varied between runs.

Run times were all approximately 1.75 hours each. Two runs

(#1 and #2) took place in the RF-assisted dryer, and two runs

(#3 and #4) took place in the conventional gas dryer. Each

dryer received one load of sliced ponderosa pine veneer and

one load of rotary peeled Douglas-fir veneer. Difficulties

were encountered upon drying the rotary peeled veneer in the

RF-assisted dryer. The RF generator was not "tuned" to

efficiently dry full 4 foot by 8 foot sheets of this rotary

peeled veneer. The RF will need to be re-tuned to re-conduct

this portion of the study, therefore, comparisons of RF rotary

material should not be made. For additional run conditions,

see Appendix B, which is a compilation of the independent

emissions company's (BWR, Inc.) data.

The volume of ponderosa pine sliced material dried was

approximately equal between the two dryers. The volume of

rotary peeled veneer was substantially different. The RF-

assisted dryer processed about half the volume of material as

the conventional dryer did. The low process rate for the RF-

assisted dryer may be due to the fact that it was not designed

for wide sheets of veneer. More specifically, the low process

rate may be the result of the width causing RF impedance



Table 1. - Experiment run conditions.
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Run Time (hr) (1) 1.75 1.83 1.58 1.75

Dryer Type RF/nat.
gas

RF/nat.
gas

nat.
gas

nat.
gas

Total Throughput
MSF 3/8" basis (2)

2.06 0.70 1.53 1.42

Dried Production
MSF 3/8" basis (3)

1.88 0.70 1.03 1.42

Veneer Type sliced rotary sliced rotary

Veneer Species P.Pine D-fir P.Pine D-fir

Veneer Dimensions
(oven dry in inches)
(4)

0.0833x
5.00x
84.25

0.10x
51.00x
112.50

0.0833
x
5.00x
84.25

0.10x
27.00X
112.50

Veneer Infeed (F)(5) 150 ambient 150 ambient

Veneer Outfeed(F)(6) 175 175 150 150

Veneer Infeed MC%
(oven dry) (7)

42.8 30.8 39.1 32.3

Veneer Outfeed MC%
(oven dry)(8)

14.0 - 5 15.16 - 5

Dryer Internal
Temp.(F) (9)

340 340 346 338

Veneer Retention
Time (min.) (10)

0.90 6.0 1.33 2.9

% Redry (11) 9.7 not
meas.

32.9 not
meas.

Exhaust Temp.(F)(12) 241.0 248.0 215.4 215.2

Exhaust Flow Rate
(dscf)/min. (13)

924 1050 780 753

Ambient Wet Bulb (F)
(14)

(1) 64
(2) 68

(1) 68
(2) 72
(3) 72

(1) 62
(2) 63

71

Ambient Dry Bulb (F)
(15)

(1) 78
(2) 85

(1) 85
(2) 93
(3) 98

(1) 76
(2) 78

86



footnotes: for experiment run conditions Table 1.

Actual run time (OSU time, not BWR). Run 1 is on a dried
production basis (dry), and Run 3 is on a total
throughput basis (dry + redry) due to the redry being
passed back through the system during Run 1 whereas the
redry was kept separate during Run 3.
Calculated from piece count by OSU at the end of each
run. (total throughput = dry + redry). This is a common
convention in the panel industry which means one thousand
square ft. and 3/8-in, thick, therefore,MSF 3/8-in.
basis).
Calculated from piece count by OSU
(dried production = fully dried material).
Dimensions from oven dried samples brought back to OSU.
Sliced veneer was steamed, then soaked in a hot water
bath.
The water bath was approximately 150 degrees Fahrenheit.
The rotary veneer was at room temperature.
RF/gas dryer veneer temperature was taken immediately
upon exit of the dryer. The gas dryer veneer
temperature was measured after the cooling section due
to the lack of access to the material once it left the
drying section.
The infeed moisture content was back calculated from
the average outfeed meter moisture content. This is
on an oven dry wood basis.
The sliced veneer (run 1 and 3) moisture content is an
average of the meter values (about 45 points from each
run). The moisture content is on an oven dry wood basis.
Due to the RF field in the RF dryer, the temperature
could not be taken with our instruments. The panel
temperature gauge was unreliable, so an estimate was
made. The gas dryer temperatures are a calculated
average from the panel temperatures.
On the RF system, the retention time was only the time
that the veneer spends in the dryer. With the gas
dryer, the retention time included both the time in the
dryer and also the time in the cooling section.
The percent redry was calculated by:
# redry pieces/total # pieces, counted first
time through.
From BWR data.
From BWR data. Dry standard cubic feet = dscf.
These temperatures were taken outside of each dryer.
These temperatures were taken outside of each dryer.
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not being properly set-up for this material. It was thought

that these sheets and the tuning of the RF generator resulted

in a low loading of the generator and thus a low kW output.

Due to the dryer conveyor widths, only 27-in, wide rotary

veneer was run in the conventional dryer and only 51-in, wide

rotary veneer was run in the RF-assisted dryer.

The infeed temperatures for the sliced veneers (runs 11

and /3) were assumed to be 150 degrees Fahrenheit. This

temperature was taken from the hot water bath used to

condition the wood prior to slicing. This bath was between

150 and 160 degrees Fahrenheit. Some limited surface cooling

of the veneer occurred, however, the bulk of the temperatures

remained at 150 degrees Fahrenheit. The rotary veneer was at

ambient conditions for 1-2 days prior to the study. The exit

temperatures were the same on both RF-assisted runs at 175

degrees Fahrenheit. Exit temperatures of around 150 degrees

Fahrenheit for the conventional dryer were slightly lower than

the RF-assisted dryer. The conventional dryer was equipped

with an auxiliary 13-ft.-2-in. cooling section which was not

present on the RF system, which was the cause of a lower

veneer exit temperature on the conventional system.

The infeed moisture content of all sliced veneer was

approximately 40 percent. The sliced veneer outfeed average

moisture content was approximately 15 percent for both dryers,

which was slightly higher than the targeted 10-12 percent

because of the more wet redry material. The rotary veneer
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runs had similar infeed and outfeed moisture contents with

their infeed moisture content of approximately 31 percent and

the outfeed moisture content of approximately 5 percent.

There was a significant difference in the redry rates

between the two drying systems. On the RF-assisted system,

the redry rate was 10 percent, whereas, the redry rate on the

conventional gas fired dryer was over 30 percent. Even

without a cooling section to further dry the wood, the RF

system shows significantly less redry than the conventional

system. A redry comparison on the rotary veneer was not

conducted.

Exhaust vent temperatures varied between the two dryers.

The RF-assisted system had a temperature of approximately 243

degrees Fahrenheit. The conventional system had an exhaust

vent temperature of approximately 215 degrees Fahrenheit

during its' two runs. This reason for the large difference is

difficult to speculate since both systems were supposed to be

running at approximately 340 degrees Fahrenheit. However,

some of this could be attributed to the increased length

(about two times) of the exhaust vent ductwork on the

conventional system. This increased length as compared to the

RF-assisted system may have transferred some of the heat to

the surrounding environment before it was measured on the

roof. Higher volumetric air flow out the exhaust vent in the

RF-assisted system may have been another cause.

The ambient conditions of temperature and humidity
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changed from one run to another. The slight changes from runs

/1 and 12 to runs #3 and 14 are reasonable as the runs were

conducted on different days.

Emissions

The following discussion will include data and

comparisons between both dryer types. Each sliced veneer run

(runs #1 and #3) will be reviewed for its impact on the

emission of particulate, organic, and inorganic components as

specified in Table 2.

In order to place both drying systems on an equal

material basis, two sets of computations were performed.

These results present the emission rates on two different

basis: 1) emission rates relative to the volume of material

exiting from the dryer (total throughput), and 2) emission

rates relative to the volume of finished dry veneer product

(dried production) . There is some ambiguity in how regulatory

and testing companies present these results. The emission

rates relative to typical steady-state production for the full

production cycle is probably more relevant. For this case,

Run 3 (conventional - sliced veneer), had a 33 percent redry

rate. This study did not take this material and fully dry it

in a separate drying pass as was done in Run 1. Two sets of

emission data (total throughput and dried production) are

provided in Table 2. In Run 2, the RF system did not properly
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Table 2. - Emission rate of particulates, organics, and
inorganics.

note: total throughput = dry material + redry material
dried production = dry material

*N/A means not applicable since redry was not separated out of
the total throughput.

Particulate

total throughput
% of total emis.

0.178
85

0.298
77

0.212
87

0.111
77

dried production
% of total emis.

0.195 N/A* 0.316
87

N/A*

Organic

total throughput
% of total emis.

0.03
14

0.079
21

0.028
12

0.03
21

dried production
% of total emis.

0.033
14

N/A* 0.042
12

N/A*

Inorganic

total throughput
% of total ends.

0.0029
1

0.01
2

0.003
1

0.003
2

dried production
% of total emis.

0.0032
1

N/A* 0.004
1

N/A*

Total Emissions

total throughput 0.210 0.388 0.243 0.144

dried production 0.231 N/A* 0.362 N/A*
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load the transmitter which caused us to increase the dryer

dwell time to achieve our desired final moisture content.

During run 2, only approximately 50 kW were drawn by the RF

generator as compared to over 100 kW that was drawn during run

#1, the sliced ponderosa pine veneer. In this run, excessive

local heating was observed near knots. Many knots were

severely discolored or dislodged during the drying process.

As a result, significant amounts of wood debris was generated

and entrained in the circulation air and ejected from the

system. Run 4 shows a significantly lower particulate release

rate than the other three runs. We have no hypothesis for why

this occurred.

When comparing the total release rates on each run from

Table 2, one can see that the two sliced veneer runs (#1 and

#3) were different from one another when based on total veneer

throughput. The RF-assisted dryer emission rate was 16

percent less than the conventional system when based on total

throughput. When comparing only the dried production, the RF-

assisted dryer had a 36 percent lower total emission rate.

The contribution of each type of emission (particulate,

organic, and inorganic) as seen in Table 2 was interesting.

On average, the particulate component contributed to about 85

percent of the total emissions during each run. The organic

fraction accounted for about 14 percent, and the inorganic

accounted for about 1 percent of the total. The variation in

percent contribution of each individual emission between runs
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was minimal. This large amount of particulate in all runs

could be from ash resulting from combustion inside the dryer,

or from wood particles on the surface of the veneer that had

been blown up the stack before being combusted. Volatiles can

react in air to cause "blue haze" in addition, they may form

droplets that can be trapped on the test filter and weighed as

particulate, which they really aren't. The organic component

is essentially an analytical "blank" which represents

background levels in the air stream deriving from the

analytical test.

Energy Consumption

Summary data for energy consumption and contribution of

each energy source for (electrical and natural gas) for both

dryers and veneer sources are presented in Tables 3 and 4.

Using the values for the number of BTU's/lb of water

evaporated, the sliced veneer on both veneer dryer systems

(run #1 and #3) used about the same amount of energy, with the

RF-assisted dryer being slightly higher. The main driving

force behind the RF-assisted system consuming more energy is

that with the increased air flow of ftA3/MSF (as in Table 5)

over the conventional dryer, much more energy was carried off

as hot air which never got a chance to contribute to the

drying of the veneer.
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Table 3. - Rate of energy use to evaporate the water in the
wood.

These values were calculated from values measured by the
Dranetz and also the PP&L line monitors. The measured values
were in kW and then converted to kW-hr. To convert from kW-hr
to Btu's, the value of 3409.52 Btu's/kW-hr was used. The time
value was the actual length of each run.

The natural gas consumptions were determined from the
measurements of an in-line gas meter that measured in ftA3 of
which the value of 1027 Btu/ftA3 of gas was used. The time
value was the actual length of each run.

The water loss used to calculate these values was
corrected by subtracting 13 lb. from the original weight
recorded. This 13# is due to not placing the banding 2x4's
back on the unit for weighing the dried material. Energy
Contribution By Energy Types

Energy Types Run 1
RF-

sliced

Run 2
RF-

rotary

Run 3
Gas-

sliced

Run 4
Gas-

rotary

Electric
Btu/lb water
evap. (1) 1,620 2,168 276 256

(3)
% of total 57% 47% 11% 11%

Natural Gas
Btu/lb water
evap. (2) 1,191 2,389 2,121 2,040

(3)
% of total 43% 53% 89% 89%

Total Energy 2,811 4,557 2,397 2,296
Btu/lb water
evap.

(3)



Table 4. - Energy contributions by each energy source.
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Electrical

RF generator(1)
(Btu/hr) 312,414 137,378 N/A* N/A*
% contrib. 47 32

Other Sources
(Btu/hr) 72,453 66,435 49,199 47,665
% contrib. 11 16 11 11

Natural Gas (2)
(Btu/hr) 283,158 224,590 378,625 379,990
% contrib. 42 52 89 89

* N/A means not applicable since there is not an RF generator
on the conventional system.

These values were calculated from values measured by the
Dranetz and also the PP&L, line monitors. The measured values
were in kW and then converted to kW-hr. To convert from kW-hr
to Btu's, the value of 3409.52 Btu's/kW-hr was used. The time
value was the actual length of each run.

The natural gas consumptions were determined from the
measurements of an in-line gas meter that measured in ftA3 of
which the value of 1027 Btu/ftA3 of gas was used. The time
value was the actual length of each run.



(1) The times are on a total throughput basis.
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Table 5. - Volumetric air flow up the vent stack per MSF (3/8
in.-basis) of material.

1 115.5 924 106,722 2.06 51,806
RF -

sliced

2 109.8 1,050 115,290 0.70 164,700
RF -

rotary

3 94.8 780 73,944 1.53 48,329
Gas-

sliced

4 105.0 753 79,065 1.42 55,680
Gas-

rotary



Table 6. - Energy carried out the vent stack.

(1) The times are on a total throughput basis.

1 115.5 924 106,722 401,185 208,408 177,045
RF -

sliced

2 109.8 1,050 115,290 404,103 220,821 577,290
RF -

rotary

3 94.8 780 73,944 260,158 164,657 170,038
Gas-

sliced

4 105.0 753 79,065 280,781 160,446 197,733
Gas-

rotary
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The contribution of each energy type in reference to

Table 4 differed between each run. Due to obvious energy type

consumption differences (RF consuming more electricity and the

conventional consuming mostly natural gas) , comparisons were

made within each dryer. The RF dried sliced veneer consumed

around 40 percent natural gas and 60 percent RF electrical

power. Further breakdown of the electrical consumption as

given in Table 4 into RF generator consumption and other

electrical devices (fans, line motors, process monitoring

systems, gas ignitors/blowers, etc.) shows that the generator

consumed 47 percent and the natural gas 42 percent during the

sliced veneer run. The reasons for these differences are

difficult to speculate. As expected, the conventional gas

fired dryer had 89 percent of it's energy coming from natural

gas and only 11 percent from electricity. The electrical

consumption on the conventional system is minimal since it was

only needed to power line motors, fans, the conveyor system,

gas ignitors/blowers, and some process monitoring equipment.

For detailed data concerning electrical energy use on the

RF-assisted system at specific times, see Appendix C.

Moisture Meter Validity

The accuracy of the moisture meter used in this study was

analyzed using selected material from this study as shown in

Figure 7 and Table 7. Six to eight sample groups of four
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veneer slices were taken at random from each dryer during the

test runs (runs #1 and #3). A total of 14 sample groups were

finally gathered. These samples were weighed before and after

the dryer. Moisture meter readings were made on each sample.

Each sample (group of 4 veneers) was measured 6 times in 6

different areas. Due to thickness sensitivity of the moisture

meter, two slices were combined to attain the correct reading.

Therefore, three of these measurements were on two slices

placed together, and the other three measurements were on the

other two slices placed together. Once the six measurements

were made on each sample group, they were then averaged and

recorded. Later, these samples were oven dried and the oven

dry value used to determine the true moisture content. To

view the actual sample values, see Table 7. A 95 percent

confidence interval on this meter represents approximately a

+/- 3 percent range of the meter reading when six repeated

measurements are made on a single veneer sample as shown in

Figure 7.



95% Confidence interval with 6 measurements
Approximatly +/- 34; band width.
R-square - 0.87
OD moisture - 1.12*M4 - 0.34

Figure 7. - Moisture meter regression line at 95% confidence interval.
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Table 7. - Measured moisture meter values versus actual oven
dry values.

Each meter value is an average of six readings taken from
one sample group of 4 veneer slices with a moisture meter.

The oven dried values are the actual moisture content as
calculated once the material had been oven dried.

Redry Analysis

The redry rates as given in Table 1, of each dryer for

the sliced veneer runs were substantially different. The

target finished moisture content was 10-12 percent moisture

content. Redry material was classified as any veneer being 21

percent moisture content and over. For the RF-assisted dryer,

Western Veneer sorted 9.7 percent of the material as redry.

In the conventional gas system, Western Veneer sorted 32.9

percent of the material as redry. Both redry rates correspond

Moisture Content
% by Oven Dried(1)

Moisture Content
% by Moisture Meter(2)

24.5 25
16.7 15
15.1 18
12.8 10
10.7 10
9.2 6
7.4 5
7.3 7

29.7 25
21.0 17
13.7 11
13.2 12
12.8 14
10.5 13
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to material having a moisture content of over 21 percent

according to Figures 8 and 9. The RF-assisted dryer obviously

had a much lower redry rate (9.7 percent) than did the

conventional system (32.9 percent). By having less material

to redry, more production time can be spent processing new

material instead of redry material.

Moisture Content Distribution

Moisture content distribution was another area of concern

between the two drying systems. Comparisons of only sliced

veneer can be made due to a lack of moisture measurements made

on the rotary veneer. The distributions on each system are

depicted in Figures 8 and 9. A note must be made regarding

the data spike at 17 percent which occur on both Figures 8 and

9. This spike represents an anomaly caused by the

experimental method. Each one of the 48 to 52 readings used

to assemble the bar charts represents an average of four

slices of veneer. When there were two slices above 25 percent

and two slices below 9 percent moisture content they were

recorded as 17 percent, thus an increased grouping was caused

here. The 17 percent moisture content should actually be

spread out equally in both directions above and below the 17

percent.

Figure 9.1 represents a bi-modal distribution sketch

which is what appears to happen on both Figures 8 and 9.
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Prior to slicing, the boards are put into a water drip system

and then a steam chamber which causes the outer layer of the

board to have a higher moisture content than the middle of the

board. The distribution plot to the left resembles slices

that are taken from the boards' inner core. They start out at

a lower moisture content and therefore do not have as much

water to be driven off. The distribution to the right

resembles the outer slices of the board. On sliced veneer

from the gas dryer, the distribution of moisture contents is

quite widely distributed. A small grouping existed from 5 to

9 percent moisture content and then further out, there were

spikes at 17 percent and at >25 percent. This variation

suggested that there was moisture content grouping occurring.

The material in the 5 percent moisture content range was

actually over-dried.

Moisture content distribution appeared not to be as

widely spread in the drying of sliced veneer with the RF-

assisted dryer as shown in Figure 8. Over 50 percent of the

material dried fell between 7 percent and 11 percent moisture

content as compared to about 35 percent on the conventional

dryer. Approximately 85 percent of the material ranged from

7 percent to 17 percent moisture content as compared to only

about 50 percent on the conventional gas dryer. There was 9.7

percent of the material over 25 percent moisture content.

These tight groupings displayed a low moisture content

distribution of sliced material dried in the RF-assisted
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system.

The low redry rate and narrow moisture content

distribution in the RF-assisted dryer can be attributed to

several factors. Since RF energy is selectively absorbed in

water, more heat is transferred into the wettest areas which

causes more drying in these locations. Once the water is

evaporated from the veneer, reduced RF energy transference

occurs which prevents over heating and drying of these areas.

As there is a much narrower and more uniform moisture content

distribution in the RF dried veneers, there is a low redry

rate. The conventional gas fired dryer on the other hand

surface heats the veneer. It heats the complete veneer

surface area with the same amount of energy, thus causing wet

pockets to remain after passing through the dryer.

Air Carrying Capacity of Water

There was a large difference in all of the runs between

the theoretical and actual carrying capacity of the vent stack

air, especially when comparing the two systems, as shown in

Table 8. The RF-assisted dryer (run #1) had a capacity almost

twice that of the conventional system. High air flow and vent

stack temperature were the main contributors to the

difference. These two factors were the result of over-venting

which had to be compensated for by adding more energy to the

system to keep the intake air heated.



Table 8. - Vent stack air carrying capacity.

1 241.0 86.4 26 2246.4 1007.2 91.9 915.3

2 245.8 94.8 30 2844.0 1085.8 109.0 976.8

3 215.4 84.0 22 1848.0 641.2 256.7 384.5

4 215.2 84.0 21 1764.0 638.7 282.3 356.4



CONCLUSION

Advantages/Disadvantages of RF/gas Assisted as Compared

To Conventional Gas Dryer

From this study, many conclusions were made. In the

following sections, conclusions regarding emissions, energy

use, drying time-redry/moisture content distribution, and

material quality will be outlined as to what advantages or

disadvantages the RF-assisted dryer system had as compared to

the conventional system. The comparisons are of the sliced

ponderosa pine veneer only.

Emissions

The emission rates from the RF-assisted system displayed

positive results as shown in Table 2. On a total throughput

basis (dry + redry) the RF-assisted system emitted 16 percent

less total emissions than did the conventional system. When

comparing on a dried production basis, the RF-assisted system

fairs much better than the conventional system by emitting 36

percent less total emissions. This decrease was most likely

due to increased dryer retention time and increased handling.

Of the three types of emissions (particulate, organic,

and inorganic) present during each run, particulate

contribution was the highest at about 85 percent, followed by
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organic at 14 percent, and then lastly, inorganic at around 1

percent of the total. These average contributions remained

fairly constant throughout both runs.

The large particulate concentration can be attributed to

wood dust and combusted wood. The organic is mainly volatiles

such as terpenes, while the inorganic is such a small fraction

of the total that it is actually a "blank". It is may be a

blank since it falls into BWR's experimental error range.

Due to the short residence time used with the RF assisted

veneer dryer, there may be reduced opacity levels in the

effluent emissions however, this was not directly measured by

this study.

Energy use

To compare the drying capability of each system in

relation to energy use, the units of Btu/lb. of water as in

Table 3 evaporated were used. In an overall comparison

between sliced veneer runs, the RF-assisted dryer consumed

more energy than did the conventional system. The main cause

for the increased energy consumption by the RF system was that

the volumetric air flow was higher, and thus was carrying more

energy up and out the vent stack that never got a chance to

contribute to drying the wood.



Drying Time-Redry/Moisture Content Distribution

Actual drying time of sliced ponderosa pine veneer

measured in MSF/hr. favored the RF-assisted system. On a

total throughput basis (dry material + redry material), the

RF-assisted system dried 1.17 NSF/hr. as compared to 0.97

NSF/hr. dried on the conventional gas system. On a dried

production basis (dry material only) the RF-assisted system

fared even better with 1.88 NSF/hr. where the conventional

system was only 1.03 NSF/hr.

A definite advantage in redry rates was observed in

drying sliced veneer in the RF-assisted system. Only

approximately 10 percent of the sliced material processed in

the RF-assisted dryer was classified as redry. Sliced veneer

in the conventional gas-fired system had a redry rate of over

30 percent.

When comparing Figures 8 and 9, there is much narrower

moisture content distribution in the RF-assisted system.

Approximately 85 percent of the sliced material dried in the

RF-assisted system ranged from 7-11 percent moisture content,
whereas the conventional system dried material to various

random groupings from 5 percent to over 25 percent.

The localized concentration of RF energy in wet pockets

as well as drying from the inside-out are two likely

contributors to both the lower redry rate, and narrow moisture

content distribution in the RF-assisted system.
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Material Quality

The visual inspection of sliced veneer on both dryers did

not yield much differentiation. Cracks and other apparent

wood defects were approximately equal for both systems.

From the preceeding analysis, a conclusion can be made

that there is evidence of advantages on the RF-assisted system

as compared to the conventional gas-fired system. To further

substantiate these conclusions, it is recommended that more

studies be conducted.

Comparison of Study Dryers to Other Commercial

Rotary Dryers

It is important to discuss how the emissions from these

two veneer dryers, as displayed in Table 9, compare with those

from other installations. Information provided by the Oregon

Department of Environmental Quality (ODEQ) appear in Tables 10

and 11. These data are for two installations which use rotary

peeled Douglas-fir sheets similar to those dried in this

study. No particulate emission data have been found for

sliced veneer. It is assumed that the volatile releases from

sliced and rotary peel veneer are the same and depend on the

wood species. In Site la of the ODEQ study, the drier was out

of compliance for opacity (smoke) and required production

adjustments. Site lb of the ODEQ set are more representative
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of a compliant system. In these site tests, the particulate

emission levels range from 0.1 to 0.18 lb./hr./MSF at 3/8-in.

basis. The results from our tests as shown in Table 9 ranged

from 0.08 to 0.15 lb./hr./MSF at 3/8-in, basis in runs 1, 3,

and 4. Condensible organic rates for our tests fall in the

same range as the results of the ODEQ test data.
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Table 9. - Emission rate of RF-assisted and conventional gas
dryers in lb./MSF(3/8-in. basis)/hr.

Particulate

total throughput
% of total emis.

0.123
85

0.189
77

0.151
87

0.079
77

dried production
% of total emis.

0.135 N/A 0.226
87

N/A

Organic

total throughput
% of total emis.

0.021
14

0.050
21

0.020
12

0.021
21

dried production
% of total emis.

0.023
14

N/A 0.030
12

N/A

Inorganic

total throughput
% of total emis.

0.002
1

0.006
2

0.002
1

0.002
2

dried production
% of total emis.

0.002
1

N/A 0.003
1

N/A

note: total throughput = dry material +
dried production = dry material

redry material



70

Table 10. - Summary of particulate and hydrocarbon emissions
from other veneer drying operations.

Emission rates are: lb./MSF(3/8-in. basis)/hr.

Particulate + Condensible organic + Condensible inorganic.
Wood extract + combustion products + make up air.
Site #1a: FourPly Inc. Grants Pass, Ore., 7/23/91, 8.81

MSF/hr, test run #1, 0.10-in. DF sap. This run was smoking
heavily and was out of ODEQ levels.

Site #1b: FourPly Inc. Grants Pass, Ore., 7/23/91, 5.362
MSF/hr, test runs #2 & #3, 0.228-in. DF sap. These runs were
within permitted levels after adjustment from run #1.

Site #2: MED-PLY, White City, Ore., 7/1/91, 5.689 MSF/hr,
0.10-in. DF sap

Emission
Component

Site
la (3)

Site
lb (4)

Site
2 (5)

Particulate 0.827 0.0915 0.177

Condensible
Organic

0.168 0.0249 0.0128

Condensible
Inorganic

0.0196 0.0018 0.0026

Total (1) 1.01 0.118 0.192

Water Vapor. (2) 790 449 329
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Table 11. - Specific release rates from other veneer drying
operations.

Emission rates are: lb./ hr.
All production runs are assumed to be done at typical

production throughput rates as given in Table 10.

Release
Rate

Site
la

Site
lb

Site
2

Particulate 6.765 0.982 1.008

Condensible
Organic

1.384 0.267 0.0724

Condensible
Inorganic

0.161 0.019 0.0145

Total 8.310 1.268 1.094

Water Vapor 6463 4821 1871



Process Optimization

Eliminating Significant Energy Loss (venting)

Several suggestions can be made to improve the efficiency

of each study dryer, especially the RF-assisted system. As

seen from Table 6, there is a large amount of energy lost out

through the vent stack from both systems. The RF-assisted

system displayed the largest amount of energy lost. By

controlling the venting of the system, this drastic loss can

be scaled down and yet a sufficient air carrying capacity can

be accomplished so that the water in the air does not condense

until it escapes through the vent stack. By reducing the

venting in the RF-assisted system, a larger portion of the

energy produced can be directed towards drying instead of

being lost out through the vent stack.

Adding Process Monitoring Equipment

Currently, there is minimal process monitoring equipment

on both systems. With the addition of accurate temperature

and volumetric flow rate monitors inside the dryer and or the

vent stack, each system could be run more efficiently. The

only monitoring equipment on each system is a feed speed and

a temperature monitor within each dryer.

The temperature monitors (monitors 3 zones) on the
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conventional gas system operate in a sporadic manner as

compared to the set-points. This inconsistency makes it

difficult to know what the internal temperature really is and

where it should be adjusted to. Random product quality

(moisture content, blistering, etc.) may be the result of this

inability to monitor or control the system.

It is proposed that more effective internal temperature

monitoring devices be installed on both systems. Along with

internal temperature monitors, stack volumetric air flow rate

and wet-bulb and dry-bulb monitors should be added. By

monitoring the vent stack parameters, an accurate conception

of energy lost out of the stack can be attained and thus the

dryer conditions can be adjusted accordingly.

Dryer Design

Changing the RF-assisted dryer design is another area in

which the system efficiency can be increased. By designing a

vent stack air re-circulation system, energy that was once

lost out the vent stack can be utilized to dry the veneer.
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APPENDIX



2.1.2 An unheated glass fiber filter is placed between
the third and fourth impingers.

2.2 Sample Recovery and Analysis: Same as Oregon Source
.Sampling Method 5 Section 3.2 and 3.3
Reagents .

Same as Oregon Source Sampling Method 5 Section 4.1 - 4.3.

Procedure

4.1 Sampling: Same as Oregon Source Sampling Method 5
Section 5.1 with the following addition:

4.1.1 Insert numbered and pre-weighed filters into each

-State of Oregon -

Department of Environmental Quality

.Source Sampling Method 7

Sampling Condensible Emissions From Stationary Sources

1. Principle andApplicability

1.1 Principle: Particulate matter including condensible
gases is .withdrawn isokinetically from a flowing gas
stream.. The particulate matter is determined
.gravimetrically after extraction with an organic solvent
and evaporation.

1.2 Applicability: This method is applicable to stationary
sources whose primary emissions are condensible gases.
It shOuldbe considered a modification of Source
Sampling Method 5 and applied only when directed to do
so by the Department..

2. Sampling Apparatus (Figure 7.1)

2.1 Sampling train: Same as Oregon Source Sampling. Method 5
Section 3.1 with the following exceptions:

2.1.1 The heated filter and cyclone are optional, but
should be used if a significant quantity of solid

- particulate matter is present.

77

Appendix A. - Oregon Department of Environmental Quality book
of Industrial Regulations, Method 7.

Oregon DEQ Source
Sampling Manual
Zauuary 23, 1992
Page 17

3.5.2 Oregon Iftthod.7
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Appendix A (cont'd). -. Oregon Department of Environmental
Quality book of Industrial Regulations-, Method 7.

'Oregon DEQ Source
Sampling Manual
January 23, 1992
Page 18

-
of the front (if used) and rear filter holders.

4.2 Sample Recovery: Same as Oregon Source Sampling Method
5 Section 5.2 with the following addition:

4.2.1 Transfer the rear filter to container No. 6.

4.3 Sample Analysis: Same as Oregon Source Sampling Method:
5 Section 5.3 with the' following addition:

4.3.1 Desiccate the rear filter in container No. 6 for
24 hours at 70°F or less. Weigh the filter to a
constant weight.

NOTE: In some cases, desiccation may give rise to
a slow vaporization of the condensible material.
Therefore, it is not recommended that an attempt .

to weigh to constant weight be made. This will be-
evident after 3 successive weights; If the
weights continue to decrease over time and the
sample is obviously dry, use the average of the
first three weights to determine the particulate
matter catch.

Calibrations

5.1 Same as Oregon Source Sampling Method 5 Section 6.

Calculations

6.1 Same as Oregon Source Sampling Method 5 Section 7 with
the following exception:

6.1.1 Section 7.4 shall be changed as follows:

Total Particulate Weight. Determine the
total particulate matter catch from the sum
of the weights obtained from Containers 1
(optional), 2, 4, 5, 6, and the methylene
chloride extract of the water from container
4 less the acetone or methylene chloride
blanks (see attached figure 7.2).

Alternative Procedures and example data sheets: Same as
Oregon Source Sampling Method 5 Section 8 (Figure 7.2
replaces Figure 5.3a).
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Appendix A (cont'd). .- Oregon Department of Environmental
Quality book of Industrial Regulations, Method 7.

Oregon -Source
Samplux/
Octcber 154991
Page 20
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Figure 7.2 - page 1
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Appendix B. - Emissions results from independent testing company, BWR.

RF dryer Gas dryer
Item and comments Run 1 Run 2 Run 3 Run 4

Elapsed gas sample time period (hr) 1.44 1.58 1.40 1.40
Elapsed time for automated data log 1.75 1.83 1.58 1.75

Volume of wood (ftA3) 48.4 19.0 42.5 35.6 (5)
MSF on 3/8" basis 1.549 0.607 1.360 1.138
MSF/hr on 3/8" basis 1.074 0.383 0.971 0.813

Particulate sampled(gm) 0.1278 0.0755 0.1238 0.0539
Total Particulate (gm) 137.16 82.39 131.04 57.48 (5)
Emission(g/ftA3) 2.83 4.35 3.08 1.62

Organic sampled (gm) 0.0219 0.0200 0.0165 0.0146
Total organic (gm) 23.50 21.82 17.46 15.57 (5)
Est organic volume (ml) 27.02 25.09 20.07 17.90

Emission (gm/ftA3) 0.486 1.151 0.411 0.438

(trapped in organic extract)
Inorganic sampled (gm) 0.003 0.003 0.002 0.002
Total inorganic (gm) 2.299 2.832 1.876 1.706 (5)

Condensate trapped
Net condensate vol. (ml) 185 103 159 145
Total volume (1) 198.55 112.40 168.30 154.64 (5)
Estimated Lqd weight (kg) 198.55 112.40 168.30 154.64
Water volume (1) 198.52 112.37 168.28 154.62
Water mass (kg) 198.52 112.37 168.28 154.62
Est organic fraction (wt%) 0.0118 0.0194 0.0104 0.0101
Water rate (1b./(MSF*hr)) 196 257 194 213

03



Appendix B (cont'd).- Emission results from independent testing company, BWR.

Gas flows

(5)

Total rate (acf/min) 1426 1539 1165 1117
Stack rate (dscf/min) 924 1050 780 753
Total stack volume (dscf) 79944 99750 65520 63252
Sampled volume (dscf) 74.49 91.41 61.9 59.31

Sampled gas fraction (%) 0.093 0.092 0.094 0.094

Weight loss in wood (kg) 189.0 78.2 128.2 148.2
Time corrected loss (kg) 155.8 61.6 (1)(2) 113.6 118.6

Natural Gas used (scf) 397.58 346.08 516.14 573.72
Natural gas (BTU) 408315 355428 530075 589210

kCal 102936 89603 133632 148540
Mass H20 from N.Gas (kg) 24.9 21.7 (4) 32.3 35.9

(lb./MSF*hr) 24.5 49.6 37.3 49.6



Appendix B (cont,d).- Emission results from independent testing company, BWR.

Avg H20 in air (g/mA3) 11.42 12.40 10.09 14.41
Mass H20 from air (kg) 25.9 35.0 18.7 25.8

(lb./MSF*hr) 25.5 80.2 21.6 35.6

Expected H20 in vent (kg) 206.5 118.3 164.6 180.3 (3)
(lb./MSF*hr) 203.4 271.0 190.2 248.8

H20 meas / H20 theo 0.961 0.950 1.022 0.858

delta H20 (kg) 8.0 5.9 -3.7 25.6 (11)

Wet wood wt (kg) 279.4 312.7 410.0 574.5
Wood green MC (%) 30.8 32.3

Emissions (gm/ftA3) 3.37 5.65 3.54 2.10 (6)
Stack H20 rate (kg/ftA3) 3.05 2.94 2.76 2.61 (7)
Wood H20 rate (kg/ftA3) 3.22 3.25 2.67 3.33 (8)
Redry compensated(kg/ftA3) 3.47 (10)
org_lig(gm)/wood H20(kg) 0.159 0.392 0.149 0.168 (9)

Ratio (Particulate/Organic) 5.8 3.8 7.5 3.7
Ratio (Water/Organic) 8447 5150 7086 9932



Appendix B (cont'd).- Emission results from independent testing company, BWR.

percent of wood needing redry
percent of redry actually redry

Based on wood exiting dryer

9.7
100 0

32.9
0

0

0

Particulate (lbs/(msf@3/8" basis) 0.176 0.299 0.212 0.111
Organic (lbs/(msf@3/8" basis) 0.030 0.079 0.028 0.030
Inorganic (lbs/(msf@3/8" basis) 0.003 0.010 0.003 0.003
Total water (lbs/(msf@3/8" basis) 255.0 408.1 272.6 299.2

Particulate (lbs/(hr*msf@3/8" basis) 0.122 0.189 0.152 0.079
Organic (lbs/(hr*msf@3/8" basis) 0.021 0.050 0.020 0.022
Inorganic (lbs/(hr*msf@3/8" basis) 0.002 0.006 0.002 0.002
Total water (lbs/(hr*msf@3/8" basis) 176.8 257.8 194.7 213.7

Based on wood fully dried
Particulate (lbs/(msf@3/8" basis) 0.195 0.299 0.316 0.111
Organic (lbs/(msf@3/8" basis) 0.033 0.079 0.042 0.030
Inorganic (lbs/(msf@3/8" basis) 0.003 0.010 0.005 0.003
Total water (lbs/(msf@3/8" basis) 282.4 408.1 298.7 299.2

Particulate (lbs/(hr*msf@3/8" basis) 0.135 0.189 0.226 0.079
Organic (lbs/(hr*msf@3/8" basis) 0.023 0.050 0.030 0.022
Inorganic (lbs/(hr*msf@3/8" basis) 0.002 0.006 0.003 0.002
Total water (lbs/(hr*msf@3/8" basis) 195.8 257.8 213.4 213.7

Apparent site emission rates
Particulate (lbs/hr) 0.210 0.115 0.206 0.090
Organic (lbs/hr) 0.036 0.030 0.027 0.024
Inorganic (lbs/hr) 0.004 0.004 0.003 0.003
Total water (lbs/hr) 303.3 156.4 264.8 243.3



Appendix B (cont'd).- Emission results from independent testing company, BWR.

Based on wood exiting dryer
Particulate (gm/(msf@3/8" basis) 79.978 135.816 96.362 50.493
Organic (gm/(msf@3/8" basis) 13.705 35.978 12.843 13.677
Inorganic (gm/(msf@3/8" basis) 1.341 4.669 1.379 1.499
Total water (kg/(msf@3/8" basis) 115.8 185.3 123.8 135.8

Particulate (gm/(hrftsf@3/8" basis 55.463 85.779 68.830 36.066
Organic (gm/(hrftsf@3/8" basis 9.504 22.723 9.174 9.769
Inorganic (gm/(hrftsf@3/8" basis 0.930 2.949 0.985 1.071
Total water (kg/(hriemsf@3/8" basis) 80.3 117.0 88.4 97.0

Based on wood fully dried
Particulate (gm/(msf@3/8" basis) 88.569 135.816 143.609 50.493
Organic (gm/(msf@3/8" basis) 15.177 35.978 19.140 13.677
Inorganic (gm/(msf@3/8" basis) 1.485 4.669 2.056 1.499
Total water (kg/(msf@3/8" basis) 128.2 185.3 135.6 135.8

Particulate (gm/(hrftsf@3/8" basis 61.4 85.8 102.6 36.1
Organic (gm/(hrftsf@3/8" basis 10.5 22.7 13.7 9.8
Inorganic (gm/(hrftsf@3/8" basis 1.0 2.9 1.5 1.1
Total water (kg/(hrftsf@3/8" basis) 88.9 117.0 96.9 97.0

Particulate (gm/hr) 95.1 52.0 139.5 41.1
Organic (gm/hr) 16.3 13.8 18.6 11.1
Inorganic (gm/hr) 1.6 1.8 2.0 1.2
Total water (kg/hr) 137.7 71.0 131.7 110.5



Appendix B (cont'd).- Emission results from independent testing company, BWR.

All data normalized to elapsed gas sample time period.
rotary weight less 6 Kg misweigh due to (2) 2x4's
sliced weight loss based on 10.17% redry rate at 2X average MC.
Wood weight loss + H20 from N. gas + H20 from vent air
75% butane & 25% methane
Sampling time corrected
Organic + Inorganic + Particulate (no water included)
Total H2O - Gas - Air
Wood weight loss / wood volume
Organic liquid /(Total H20 - N.Gas H20 - Vent air H2O)
RF-rotary was over dried and yields much higher organic releases.
RF had 30% redry on sliced. As measured, Gas sliced had no redry. Placing

same redry rate yields similar values.
This is the difference between the measured weight loss and that computed by

the water mass from the makeup air plus the water of combustion from the
vapor measured in the stack vent by BWR.



87

Appendix B (cont'd). - Emission results from independent
testing company, BWR.

Some constants and parameters used in these calculations.

Density of organics (gm/ml) 0.87
kCal/BTU 0.2521
BTU/ftA3 gas 1027
Kcal/ftA3 258.9
Kcal/1 7331.2
Kcal/gm-mole 327.3
grams H20/BTU gas 0.06093
grams H20/ftA3 gas 62.575 25% butane
+ 75% methane @ STP
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APPENDIX C. - Electrical consumption on the RF-assisted dryer at specific times.
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