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PREFACE

THIS BQOK was written as a textbook for an introductory study of
wood as an industrial raw material. It is intended to assist the student in
understanding the physical and chemical nature of wood, important wood
properties, and the nature and properties of major wood products.

The text was designed primarily for two specific types of students:
those who intend to pursue careers in wood science or forest products and
those in forestry who receive exposure to the forest products field through
only one or two product-oriented courses. The book was alse intended to
provide an appropriate introduction to wood products for students of
materials science and construction materials. It was prepared for the stu-
dent with no previous knowledge of the wood science/forest products field.
In all sections the objective is to present pertinent information in a concise
manner, avoiding detail and technical terminclogy wherever possible.

The book is divided into four parts. Part 1 introduces the nature of
wood and bark and the trees that produce them. Part 2 deals with the
physical properties of wood, relating these properties to the chemical and
structural characteristics covered in part 1. The subject of part 3 is major
forest products; basic manufacturing processes and product properties are
discussed. The book is.concluded in part 4 with a look at probable uses and
markets for wood in the future and at wood for energy.

Although it was recognized that most students beginning an mtroduc-

— tory-forest-products course will-have a knowledge-of basic-botany, part-1-

was written to permit understanding by those without a botany back-
ground. Throughout part 1, features of wood that are useful in identifica-
tion of timbers are hlghllghted The subject of wood identification is not ad-
dressed, however, since several good texts are available that deal with this
subject.

Throughoul this text & mixture of English and metric units of measure-
ment is used to conform to general practice. In wood science research,
metric units are recommended. However, much research being reported in
the literature today remains in the English system. In forest products
manufacturing and wood engineering there is little use as yet of the metric
system. Forest products industry committees are active, however, in plan-

Ix
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Fiber products

WOOD FIBER PRODUCTS include paper, paperboard, hardboard, insu-
lation board, and medium-density fiberboard. All these products are
manufactured from wood that has been reduced to individual fibers, small
fiber bundles, or fiber parts, which are subsequenily formed into a mat.

Paper

In early times man wrote messages on the walls of caves or clay tablets.
The Egyptians, however, discovered that it was easier to write on the flat-
tened stems of native papyrus plants (from which the word ‘*paper’ was
derived). Other people developed writing parchment from split and dried
animal skins. About 105 A.p. a Chinese scholar, T’sai Lun, became
dissatisfied with the silk and bamboo writing materials then used in China.
He experimented with bamboo and then the inner bark of mulberry trees.
He pounded the material into pulp and added water. This was then formed
into flat sheets and dried. It was the first real paper as we know it. .

Although Lun’s revolutionary new product was made from woody fi-
ber, subsequent improvement in the manufacturing process involved re-

~—-——placement-of wood raw-material-bylinen-rags- For-almost-athousand-years;——

rags were used as a source of papermaking fiber. Hundreds of substitute
materials, the most notable of which was straw, were tried, but it was not
until 1844 that wood gained importance as a fiber source, In that year a
method of grinding wood to pulp was developed in Germany, and the proc-
ess was soon adopted in the United States. Today, wood is clearly the domi-
nant raw material for paper manufacture, with wood fiber providing 98+ %
of the fiber needs in the United States and 94+ % of fiber used in paper
worldwide. Nonwood fibers in use include cereal and seed flax straws, bam-
boo, sugarcane bagasse, reeds, abaca, esparto and Sabai grasses, cotton
linters, cuttings and rags, sisal, and kenaf (Auchter 1976).

gy
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Paper has assumed a position of almost incredible importance, espe-
cially in highly developed countries. It.serves as a primary packaging prod-
~ uct, communications medium, disposable products base, and industrial
shieet material. In the United States the pulp and paper industry is the sec-
ond largest consumer of wood, producing in 1978 a volume of paper and
paperboard equivalent to 604 pounds for every man, woman, and child in
the population (Haas et al. 1979).

THE MANUFACTURING PROCESS. In simple terms, the process of pa-
per manufacture involves (1) reduction of wood to constituent fiber (pulp),
(2) suspension of fibers in water, (3) beating or refining the pulp, (4) in-
troduction of additives (fillers, sizing materials, wet-strength binders, etc.),
{5) formation of a fiber mat, (6) drainage of water, and (7) drying of the
sheet. For many types of paper, surface treatment may follow. sheet
preparation.

Pulp production. The primary difference among various paper manufac-
turing processes is the method used to accomplish the first step—pulping.
Mechanical, chemical, or heat energy or combinations of these are
employed in producing pulp. The forms of energy used determine to a large
extent both yield and pulp properties.

Mechanical pulping. Two commonly used methods of producing mechan-
ical pulp are the stone groundwood and the refiner groundwood processes.
The grindstone is exactly that—a large stone that is rotated while the
tangential surfaces of wood bolts are pressed against the surface (Fig. 16.1).
A mechanical rending action tears individual fibers, fiber parts, or fiber
bundles from the wood surface, after which a stream of water carries away
the accumulated fiber. Groundwood pulp made from spruce is pictured in
Figure 16.2; note the pieces of fiber and bundles of unseparated fiber in the
mixture. A newer and more popular method of manufacturing mechanical
pulp involves the use of a refining machine (called a double-disk refiner)
composed of two fluted metal disks that can be closely spaced and rotated
in opposite directions. (A variation of this arrangement is to have one fixed
disk and one that rotates; a machine configured in this way is called a single-
disk refiner.) In both types of refiners, wood chips are moved by a screw-
feed mechanism into the center of the machine where they must pass be-
tween the two closely positioned disks; the resulting mechanical action
reduces the chips to fiber (see Fig. 15.8).

Because the separation of fiber is achieved by merely pulling apart or
rending wood chips, little material is lost in the pulping process as long as
the fibers are flexible eriough to avoid shattering and production of fines.
(Because of the fiber-shattering problem when pulping dense woods, species

(Scanning electron micrograph by Crist and Teclaw)

Fig. 16.1
Stone
grinder

Unbeaten groundwood pulp
{Spruce) x125
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that are typically quite dense are not pulped by mechanical processes.) In
mechanical séparation, the proportion of wood raw material that becomes
usable fiber is commonly on the order of 95-99%, a fact translating to
relatively low-cost pulp. Unfortunately, high yield also results in low-
strength pulp unsuitable for many uses. As little is lost in separation, the
cellulose, hemicellulose, and lignin that make up the wood are all part of the
resulting pulp. The lignin, which serves to strengthen solid wood through
stiffening of fibers. continues to give rigidity to the fibers of mechanical
pulp. These rigid fibers have little fiber-to-fiber bond potential and form a
coarse and bulky mat. The paper thus formed has low strength and relative-
ly poor surface quality. The presence of lignin in mechanical pulp con-
tributes to yet another problem, one related to Jong-term durability. Lignin
and certain carbohydrates yellow with age, particularly when exposed to
ultraviolet rays of sunlight; this is the reason for the yellowing commonly
seen in old newspapers. .

A variation of the mechanical pulping technique is the thermomechani-
cal process. Here chips are subjected to superheated steam at a temperature
of 120-135°C as they pass through the refiner (meaning that refining is
done under pressure). The heat serves to soften lignin, allowing fiber
separation with less fiber damage than that realized in manufacture of pure-
ly mechanical pulps. Both strength and absorbency are improved. Thermo-
mechanical pulp is commonly referred to as TMP.

Chemical pulping. A technique used to achieve fiber separation, which at
the same time removes troublesome lignin, involves the use of chemical and
heat energy. Wood chips are placed in a chemical solution {called a cooking
liquor) and heated in a pressurized vat (called a digester). Fiber separatlon
occurs as cell-to-cell cethenting lignin is dissolved.

Two different chemical pulping processes are used, and they differ in
the types of chemical comprising the cooking liquor; these are the sulfite
and sulfate processes. The sulfite process makes use of a mixture of
sulfurous acid and ammonium, magnesium, calcium, or sodium bisulfites.
Established in 1874-75, the sulfite process was found to yield high-quality
pulp of the type desired for fine writing papers. The calcium-based bisulfite
came to be the most commonly used companion to sulfurous acid. The cal-
cium compound was cheap and worked quite well in pulping of long-fibered
species such as spruce, hemlock, and true fir. There were, however, several
problems associated with the use of the calcium bisulfite-based process.
The most serious was that recovery of cooking chemicals and process heat
was technically difficult-and economically unfavorable. The result was that
sulfite mills constantly had a used cooking liquor disposal problem (in a
volume approximating 1500 gal/ton of pulp produced), which all too often
was resolved by dumping the residue in a nearby waterway. Another prob-
lem was that the process.did not work wel in the pulping of highly resinous
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% of
raw wood
total

Recycled
paper

Total pulp
from
raw wood

pulping total

total

Semi-

chemical % of Mechanical % of

pulping

%o of
total

Soda

% of
total

Kraft

Estimated annual wood pulp production in the United Statss (thousands of short tons)
Chemical Pulping

% of

Year Sulfite total
1977 3507

1970. 4024

1960 3711

Source: Libby (1962), Evans (1978), Lowe (1978), Haas et al. (1979).

* Figure not available.”

Table 16.1.
1950 2848

1940 2608

1930 2517
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softwoods such as pine. Therefore, growth
of the calcium bisulfite-sulfurous acid sys-
tem ceased about 1940 and new sulfite instal-
lations were designed to use ammonium or
magnesium bisulfites. Since the early 1960s
there has been only limited expansion of all
forms of sulfite pulp mill capacity, while use
of the sulfate process has grown rapidly
(Table 16.1).

The sulfate process is said to date back
to 1884, a year in which a German patent
was awarded for development of a new high
pH (or alkaline) chemical pulping technique.
The process was based upon use of a cooking
liquor made primarily of sodium hydroxide
and sodium sulfide and obtained its name
from the use of sodium suifate as a make-up
chemical in a spent-liquor recovery process.
An interesting part of the story is the explan-
ation of how this technique was modified to
become known as the kraft process. Histori-
cal records tell that in the course of operat-
ing a Swedish mill, a digester full of partially
cooked pulp was accidentally blown (or
dumped). The material was about to be
thrown away when the mill manager decided
to use it in making some low-quality paper;
the surprising result was that the paper pro-
duced was far stronger than any previously
made. The Swedish (and German) word
kraft, meaning strong, soon became an alter-
nate name for the technique.

The recoverability of cooking liquors
(as well as process heat) means that the sul-
fate process is comparatively free of residue
disposal problems. This process, further-
more, is effective in pulping any species, in-
cluding those that are highly resinous, These
factors, when added to the result that high-
strength pulp is produced, explain the over-
whelming popularity of the kraft or sulfate
process. One negative aspect is a characteris-
tic rotten cabbage smell caused by volatile
reduced sulfur compounds. Costs of elimi-
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nating this smelf are high. Because the human olfactory system can detect
even minute concentrations, virtually 100% of the sulfur compounds must
be removed from stack gases to completely solve the odor problem.

Because no mechanical action is needed to achieve cell separation,
chemically produced pulp is composed of smooth and largely undamaged
fibers (compare Figs, 16.2, 16.3A). Moreover, since a high proportion of
the lignin is removed in the process, thus eliminating fiber stiffness and an
important component of age-induced yellowing in bleached finished paper,
pulp quality is high. The penalty paid for high quality is low yield (and
therefore high pulp cost). The yield (expressed as the dry weight equivalent
of usable fiber divided by the dry weight of chips placed in the digester)
ranges from 44 to 55% for both sulfite and sulfate processes, which is lower
than the lignin content might indicate. The reason for these very low yield
levels is that the conditions that solubilize lignin also degrade both cellulose
and the low-molecular weight' hemlcelluloses

Semichemical pulping. Wood can also be pulped in a way that combines
the high-yield advantages of mechanical processing and some of the high-
quality features of chemical processing. Using techniques known as semi-
chemical or chemimechanical pulping, wood chips are given short-term ex-
posure to a chemical pulping liquor and then passed through a mechanical
refiner to separate constituent fibers. The cooking liquor causes partial
degradation of the ligneous bonds and serves basically the same function as
heat in the thermomechanical process. Mechanical energy needed for fiber
separation is greatly reduced and damage to fibers is decreased. The chemi-
mechanical process permits pulping of hardwoods that are too dense to be
suitably pulped by strictly mechanical means. Yields of 65-75% are com-
mon and may occasionally be higher.

Washing and bleachlng. It is necessary to clean pulp after it is formed to
remove cooking liquor and/or impurities. After chemical pulping, the wood
fiber-cooking liquor mixture is released from the digester inte what is
known as a blow pit. Here fiber is collected and initially separated from
spent cooking liquor and the gases that may have been produced. Fiber is
next cleaned in a multistage washing process to remove any residual liquor.
Untreated, wood pulp is brown to tan in color, due mainly to the pres-
ence of lignin or extractives from heartwood. Thus when manufacturing
writing or book papers or other products where whiteness is important,
fiber must be bleached. This is usually done by exposure to strong chlorine-
based compounds. Oxygen-bleaching techniques have also been developed.
Bleaching attacks residual lignin and can be carried to the point where lignin
is either totally removed (as with the highest quality writing and printing
papers) or simply lightened in color (as in the manufacture of newspaper or
catalog quality stock). The latter degree of treatment is least expensive, hav-
ing little effect upon yield, but it results in only temporary whiteness.

{Scanning electron micrographs by Crist and Teclaw— x125)
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Bleaching to achieve removal of essentially all lignin gives virtually perma-
nent whiteness, but it is expensive.\n this case, water use is high and pulp
yield is significantly reduced.,

Beating and refining. Much of the strength of paper results from hydro-
gen bonding of cellulose molecules that make up adjacent fibers. To pro-
vide the maximum potential for bonding, fibers are pounded or ground to
flatten them and to partially unravel microfibrils from the cell walls; the
surface area of fibers (and thus the area available for bonding) is greatly in-
creased by even a small degree of such flattening and unraveling (Fig. 16.3).

Fig. 16.3

Beating flattens and partially unravels fiber walils (chemically
pulped southern yellow pine).
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The mechanical flattening and unraveling of fibers is called beating and
is accomplished in various types of refining machines. The principle is
perhaps best illustrated by examination of an older but sometimes still used
type of refiner known as a Hollander beater (Fig. 16.4). In this machine a
rotating paddle whieel moves a pulp slurry around a tub, forcing it to pass
between the blades of the wheel and a lower bedplate. When the space be-
tween the blades and bedplate is small, fibers are subjected to a mechanical
rubbing action as they passthrough this opening.

y i i Y
Flg. 16.4
Hollander heater

L S

Because fiber-to-fiber bonding has a great deal to do with paper prop-
erties, it is desirable to have a quantitative measure of the bond potential of
a pulp. In North America, bond potential is usually expressed in terms of
Canadian Standard freeness (CSF). This is measured by suspending a given
amount of fiber in water and then determining the rate at which water
drains through a wire-onto which the fiber has been allowed to settle. Since
the rate of drainage isinversely related to surface area of fiber and surface
area is directly relaied tothe amount of beating or refining, a mat of well-
beaten fiber is quite resistant to drainage of water. The freeness of well-
beaten fiber is thuslow.
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The relationship between beating time, freeness, and various strength
properties is illustrated in Figure,16.5. Note that freeness is in all cases
decreased by extended beating. Burst and tensile strengths tend to be higher

-the longer the beating time. As will be explained in more detail later, burst

and tensile properties are closely related to interfiber bonding and are thus
directly affected by any treatment (such as beating) that increases bond

4 ' ' - N
Fig. 16.5
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potential (Fig. 16.5A,B). Figure 16.5C shows that tear strength is signifi-

- cantly increased as beating is begun but is reduced rapidly thereafter. The

explanation for this is that.tear is somewhat influenced by interfiber bond-
ing but is much more influenced by integrity of individual fibers. With the
first few minutes of beating, flattening of cells and some unraveling of

‘microfibrils occurs, which greatly increases surface area while causing little

reduction in either length or strength of fibers; the increased surface area
resulting from further beating is offset by the damaging effect upon in-
dividual fibers.

Sheet. formation. Following beating, and in some cases secondary refin-
ing, fiber is mixed with water to a consistency of about 1% fiber by weight.
It is quite common to mix different types of pulp.(i.e., mechanical and
chemical} at this stage," with the proportion of each dependent upon the
kind of paper to be manufactured. Additives such as starch (for increased
bond strength) or wet-strength resin are often added to the mixture at this
point as well, as are clays (for brightness and opacity) and rosin size (for
decreased liquid absorbtion). This mixture is then formed into a thin mat.
The most commonly used machine to form the fiber mat is called a Four-
drinier. It is basically a rapidly moving horizontal screen fitted with a device
to accurately meter a pulp mixture onto it. Gther types of paper machines
form a paper mat on rotating wire cylinders. As pulp flows onto the screen,
water drains away with the aid of suction boxes or other drainage-enhanc-
ing devices mounted under the wire, leaving a mat of fibers. The mat is then
wet pressed, passed over a series of steam-heated drums, pressed again to
desired thickness, and wound into large rolls. Application of coatings, sheet
polishing operations (known as super calendering), and splitting of large
rolls into smaller sheets are operations that might follow. The entire process
is summarized in Figure 16.6.

PAPER PROPERTIES ,
Common measures of quallty. There are many ways to define paper
quality. When making grocery bags, for instance, strength is quite impor-
tant. As with solid wood, there are many measures of strength. A bag to be
filled with heavy bottles or canned goods, which might be picked up by the
sides, must have a high tensile strength. Similarly, a bag that may contain
an exceptionally heavy item such as a large soft drink bottle should be able
to resist this kind of concentrated load (measured by burst strength). High
resistance to tear is another property obviously needed in an all-purpose
bag. Moreover, the bag should retain its strength when wet.

If a book paper is being manufactured, tear strength is obviously criti-
cal. But other factors are quite significant as well. The sheet must accept ink
but must have low absorbency to prevent ink diffusion and development of
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fuzziness around printed characters. High opacity is also necessary so that
printing does not show through the other side. Other important properties
might be brightness, permanent whiteness, and surface smoothness. If the
paper is to be used in making a product like restaurant menus rather than
books, all the properties outlined above would be needed as well as another
property—folding endurance.

Paper used for toweling should have an entirely different set of proper-
ties. Strength, particularly wet strength, is important in a towel, and such
paper should also be highly absorbent. And so it goes. For each of the
thousands of paper products a similar list of properties might be enumer-
ated. The point is that there are many kinds of paper, each with individual
and often quite different requirements, Various measures of quality have
been developed to permit evaluation of the suitability of different pulps for
manufacture of these various kinds of paper.

Paper properties and fiber characteristics. Knowledge of only one
characteristic of wood, i.e., density, allows prediction of the yield of pulp
per unit volume of wood as well as a number of paper properties. Density is
directly related to cell wall thickness, The general rule is that the lower the
density and thus the lower the proportion of thick-walled latewood cells, the
better the wood as a papermaking raw material, It should be noted that this
rule does not hold if high tear strength is desired.

Thick-walled fibers result in paper with low burst and tensile strengths
but a high degree of resistance to tear. Paper made primarily of thick-walled
cells also tends to have very low folding endurance. The relationship of
burst and tensile strengths to cell wall thickness is explained by the fact that
these properties are very dependent upon a high degree of fiber-to-fiber
bonding, which is affected by cell wall thickness. These facts might lead to
the conclusion that thick-walled fibers are difficult to beat to a low freeness
level as compared to thin-walled fibers. Actually the reverse has been found
{Ellwood et al. 1965). The primary reason for low apparent bond potential
of thick fibers is that paper is manufactured on a weight basis, meaning that
the number of fibers in a sheet is inversely related to the density of fiber
walls. Second, thick-walled fibers have less surface area per unit weight
than thinner walled fibers. These two factors translate very simply to less-
ened opportunities for interfiber bonding. Tear strength, like burst and ten-
sile strengths, is influenced by the extent of interfiber bonding. More impor-
tant, however, is the effect that individual fiber strength has upon tear
resistance. Thick-walled- flbers are obviously stronger than those having
thin walls.

A second charactenslic of wood that has an effect upon paper proper-
ties is fiber length. Tear strength is the property most affected and the rela-
tionship is direct (i.e., the greater the fiber fength the higher the tear
resistance) up to a length of 4-5 mm. Some reference can be found in the
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literature to direct relationships between fiber length and other important
strength factors such as burst and tensile. Other mvesugators however, dis-
count fiber length as a significant influence on these properties.

In a study of the effect of chemical constituents on papermaking poten-
tial, Ellwood et al. (1965) found celi wall thickness to be closely correlated
with chemical composition of the wall, making it difficult to separate
chemical and other structural effects. It was nonetheless found that thick-
walled cells that provided high tear strength were composed of a high pro-
portion of cellulose and were correspondingly low in hemicellulose and
lignin. Burst and tear strengths were thus highly correlated to a high propor-
tion of hemicellulose. High levels of hemicellulose are evidently related to
rapid hydration of pulp, formation of more and better interfiber bonds,

_and development of dense mats.

The proportion of various cell types making up a wood can affect the
quality and quantity of pulp. This is particularly true of hardwoods and the
portion of their volume accounted for by vessels. Because of ‘their shape,
vessels do not bond readily to fibers, thereby contributing little to strength
{Dadswell and Watson 1962). Vessels may separate from the surface of the
finished sheet in subsequent printing (Allchin 1960). Vessels are alsoc more
likely to break up during processing, and therefore woods containing a high
proportion of these cells are likely to give lower pulp yields than those with
a higher fiber content.

MEASUREMENT AND SOURCES OF RAW MATERIAL. In the United
States, about half the wood used for the manufacture of paper is in the
form of small-diameter and crocked bolts (Fig. 16.7). Because of the large

Fig. 16.
A load of pulpwood begins the trip to the paper miil.
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volume of pulpwood handled at a mill and irregular shapes of individual
pieces, pulpwood is measured by calculating the volume of large stacks of
roundwood or by determining weight.

A standard unit of measure for pulpwood in the United States is the
cord, which is defined in Chapter 13. It is important to remember that a
cord does not contain 128 ft* of wood but 128 fi? of space. A cord of 7- to
10-in. (18-25 cm) diameter, 4-ft (1.2 m) length, and undebarked bolts con-
tains, for example, only about 8¢ ft3 (2.3 m®) of wood and another 10 ft?
(0.3 m?) or so of bark. A greater amount of wood is contained in cords com-
posed of larger diameter and/or shorter bolts. In addition to being bought
and sold by the cord, pulpwood is also purchased by weight. Payment for
this wood is made either directly by weight (3/ton), or weight is converted to
cords, with payment then made on a cord basis. Elsewhere in the world,
pulpwood volume is commonly expressed in cubic meters.

Almost one-third of the raw material used annually for pulp manufac-
ture in the United States is in the form of wood chips produced as by-prod-
ucts in sawmills, plywood mills, and other wood products operations. Pulp
chips are often purchased on a weight basis (by the green or dry ton),

volume basis (by the 200 ft? unit), or combination weight/volume basis (by

converting weight measurement to cords).

In 1977 the equivalent of some 66 million short tons of wood pulp were
consumed in the United States in making a variety of paper and paperboard
products. About 30 million tons were obtained from roundwood, while
some 20 miflion tons were produced from wood in chip form. The remain-
ing 16 million tons, or almost 25% of production, were obtained from
wastepaper (Fig. 16.8).

Approximately two-thirds of the nonrecycled pulpwood produced an-
nually in the United States comes from the Southeast. The rest comes from
the West (about one-fifth) and the North and Northeast (approximately
one-sixth).

Hardboard

Hardboard is a medium- to high-density wood fiber product that is
most commonly manufactured to a specific gravity near 1.0. The product is
made in the form of flat sheets ranging from Yisto % in. (0.16-1.27 cm) in

thickness and can also be molded to a variety of shapes. It is reported that’

hardboard was developed accidentally in 1924 by a William H. Mason, who
had developed a quick explosion process for transforming chips to pulp and
was attempting to make a low-density insulation-type product from it. Hav-
ing placed a wet fiber mat in a steam-heated press for the purpose.of drying
the fiber, Mason left his laboratory to eat iunch. When he returned, he
found that a small steam valve had failed, causing high and prolonged

- From Evans {1978)
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pressure on the fiber mat, resulting in a hard, dense panel. The product,
dubbed pressed wood by its discoverer, soon came to be known as hard-
board. The invention led to immediate formation of the Mason Fiber Com-

pany, a name later changed to Masonite Corporation. The name Masonite:

is still sometimes used interchangeably with the term hardboard.

MANUFACTURING. An important distinction between hardboard and
other fiber products is that in hardboard, lignin plays a role in fiber-to-fiber
bonding. Ligneous bonding is the primary force holding the finished prod-
uct together. Because of -this, the only kind of pulp suitable for making
hardboard is the mechanically produced variety (made by the thermo-
mechanical process or a variation involving presteaming of chips) in which
the lignin of wood is retained.

The basic procedure employed in commercial hardboard manufacture

is shown in Figure 16.9. Note that resin and wax are added during drying or
just after the pulping process. Water- compatlble resins such as phenol for-
maldehyde are normally used, with the concentration generally on the order
of 1-2% of dry board weight. These small amounts improve board
strength, and the resin as well as the wax increases water resistance.

Following production of pulp, fibers are formed into a mat and pre-

pressed This step can be accomplished using either water or air as a form-
ing medium. The difference in these techniques, known as the wet and the
dry processes, is explained below. The manufacturing sequence is concluded
with a hot-press operation in which high temperature (190-235 °C) and
pressure (500-1500 psi) are employed to bring the lignin to a thermoplastic
condition and densify the fiber mat.

r , - )
Flg. 16.9
Hardboard manufacturing process

thermo-
- board -
mechanicat |- 1ormalloD

puiping
process

chips

Steam (165-175°C) Resin a ded

hardboard
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Wet process. As the names suggests, the wet process of mat formation
makes use of water. In this technique, pulp is mixed with water much as
when making paper and this water-fiber mixture is then metered onto a wire
screen, Water is drained away with the aid of suction applied to the under-
side of the wire, and the fiber mat along with the supporting wire is moved
to a prepress where excess water is squeezed out. The prepress operation is
an important part of the wet process, since the subsequent step involves
pressing at high temperatures; unnecessary vaporization of water and
resulting waste of heat would result from omission of this step, Following
prepressing, the compressed mat is moved into the hot-press along with the
wire screen on which it was formed. High levels of pressure and heat serve
to re-form ligneous bonds, squeeze out additional water, and dry the mat.
The screen is retained in the hot-pressing operation to allow escape of water
vapor, _

Wet-process hardboard is typified by evenly distributed density (be-
cause water is an efficient forming medium) and one rough side (caused by
the screen used in the hot-press).

Dry process. Dry-process hardboard is made using air rather than water as
a forming medium. Following production of pulp, the fiber is dried and in-
troduced into a forming device in which is created a “*snowstorm’’ of the
dry fluffy fiber. The fiber blanket formed in this way is quite thick (perhaps
4-5 in. for what will eventually be a Y%-in. panel), so a press roll is placed
downstream of the former to compress the loosely piled fibers. Hot-
pressing completes the sequence. Since fiber is dry when it enters the hot-
press, no screen is needed beneath the mat; thus the panels are smooth on
both sides (§-2-S).

Dry-process hardboeard tends to have less evenly distributed density
than the wet-process variety, and strength is often slightly lower if similar
amounts of resin are used; therefore more resin (about 2% resin solids
based on dry weight) is normally used in making dry-process panels.

Tempering. Hardboard is sensitive to moisture, particularly liquid mois-
ture; therefore, unless specially treated, it is intended as an interior product.
Moisture can cause linear expansion of panels, thickness swelling, and for-"
mation of surface blisters. Hardboard intended for exterior use is thus
treated by one of several processes to meet commercial standards for re-
duced sensitivity to moisture. The resulting product is known as tempered
hardboard.

Traditionally, tempering was achieved by soaking finished panels in
various oils, followed by baking at high temperature to flash off the volatile
fractions. The result was greatly improved water resistance, increased abra-
sion resistance, improved hardness, and better overall strength. Another
process for tempering involves high-temperature treatment without a
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- preliminary otl soék; the purpbse of exposure to heat, which may be as great

as 200°C, is to increase cross-linking between cellulose and other polymers.

Performance under wet conditions can also be improved by simply using
‘more resin in board manufacture. The latter mentioned methods for

tempering have become more popaular in recent years because air ppllutlon
problems associated with baking of oil-soaked panels are avoided.

APPLICATIONS. Hardboard is used in furniture in the form of flat panels
for television and racho cabinet backing, drawer bottoms, dust stops,
sliding doors, general-purpose backing, and table tops (Fig. 16.10). It is also
commonly used for wall paneling, cabinet doors and tops, interior door
faces, garage door panels, and store fixture components. Unfinished panels
are perforated with holes and used as pegboard for decoration of

Fig. 16.10 :
Hardboard panels have a-variely of uses.
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workshop, laundry room, and
garage walls. Smooth-faced hard-
board sheets are also often paint-
ed or covered with vinyl or other
material for use as extertor siding
or as decorative paneling for inte-
rior use. Appearance grade pan-
els can be made with contoured
or sculptured surfaces by using
sculptured platens {(or dies) in the
hot-press. This technique allows
lifelike reproduction of rough-
sawn surfaces, simulated brick,
or other textures, Another family
of hardboard products is based
upon the fact that finished panels
can be steamed and molded to
various shapes (Fig. 16.11),
Molded hardboard products are
particularly evident in the auto
industry, where they are used as

Fig. 16.11 door and roof panels, back win-
Hardboard can be molded to dow decks, dashboards, and oc-
different shapes. casionally even heatmg system

ductwork.

Insulation 'board

. A group of fiber panel products is manufactured to specific gravities
ranging from about 0.25 to 0.45, These range from low-density acoustical
ceiling tile (Fig. 16.12) to relatively high-density structural insulation board
that is used under siding in frame construction (Fig. 16.13). The structural
insulation product provides added insulation to a wall construction,
eliminates the need for corner bracing in the frame wall and serves to
reduce noise transmission through exterior walls. '

MANUFACTURING PROCESS. The process used to produce insulation
board is quite similar to that employed in making hardboard but with one
important difference. As with hardboard, the insulation board sequence in-
volves thermomechanical pulping of chips, subsequent refining of fiber,
and board formation (normally using water as a forming medlum) The dif-

ference is in the pressing and drying of the mat. A hot-press is not used in. -

making insulation board. Instead, the mat is simply brought to desired
thickness using a press roll and then dried. The omission of hot- pressmg
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Fig. 16.12
Acoustical celling tile is commonly made of wood fiber.

T A AR

Structural Insulation board iIs applied prior to siding.

means that ligneous bondlng is not achieved in insulation board. Fiber-to-
fiber linkages are provided primarily by hydrogen bonding, although ad-
ditives such as starch or asphalt are often used for bond enhancement.

Medium-density fiberboard

A new type of wood panel developed in the 1960s is similar to both
hardboard and particleboard yet distinctly different from either. The new
product, which is manufactured to a density of 31-50 Ib/ft? (500-800
kg/m?, is known as medium-density fiberboard (MDF). Like hardboard,
MDF is made from.wood that has been reduced to individual-fibers and
fiber bundles. Bonding of fiber in the finished product is, however,
achieved through the use of synthetic resin or other synthetic binder rather
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than through redevelopment of ligneous bonds; in this respect MDF.
resembles particleboard. N ]

The most significant use of MDF is in furniture manufacture, where it
is used in much the same way as particleboard is. Particleboard is generally
preferred where square-edged panels are needed because it is Jess expensive.
However, use of particleboard where edge-profiling of panels is required,
such as in table tops, requires special and expensive treatment. The edges
are too-porous to be shaped and finished directly and are thus commonly
edge-banded with solid wood (Fig. 16.14). MDF, on the other hand, has a
more uniform density and smooth, tight edges that can be machined almost
like solid wood, eliminating the need for edge-banding. MDF can also be
finished to a smooth surface and grain-printed, thus eliminating the need
for surface veneers or laminates. For these reasons there is a well-defined
market for MDF furniture panels.

( - ~
Fig. 16.14

In contrast to particleboard,
MDF requires no edge-banding
prior to shaping

. J

MANUFACTURING PROCESS. The first steps in making MDF are very
similar to those employed in manufacturing hardboard. Logs are reduced to
chips, with these then subjected to a thermomechanical pulping. The proc-
ess thereafter closely resembles that used in making particleboard (see
Chapter 15). Fiber is dried, blended with resin and occasionally-wax, and
formed into a mat that is subsequently pressed to desired thickness and den-
sity. Like particleboard, resin solids compose 6-7% of the dry weight of the
product.




Wood and water

WATER is a natural constituent of all parts of a living tree. In the xylem
portion, water (moisture) commonly makes up over half the total weight;
that is, the weight of water in green wood is commonly equal to or greater
than the weight of dry wood substance. When the tree dies or a log is
processed into lumber, veneer, or chips, the wood immediately begins to
lose some of its moisture to the surrounding atmosphere. If drying con-
tinues long enough, the dimensions and the physical properties of the wood
will begin to undergo change. Some water will remain within the structure
of the cell walls even after wood has been manufactured into a lumber,
veneer, particle, or fiber product. The physical and mechanical properties,
resistance to biological deterioration, and dimensional stability of the prod-
uct will be affected by the amount of water present and its fluctuation with
time. Since almost all properties of wood and wood products are affected
by water, it is important to understand the nature of water in wood and
how it is associated with the microstructure. Chapter 8 is devoted to this
subject and in addition covers some of the practical aspects of wood drying
and the proper use of wood products to assure satisfactory performance
under a variety of service conditions.

Location of water in

Water in green or freshly harvested wood is located within the cell wall
and in the cell lumen. The amount of water within the cell wall structure of
a living tree remains essentially constant from season to season, although
the amount of water in the lumen may vary. The water in the lumen may
contain dissolved food materials produced by photosynthesis as well as in-
organic compounds. This selution is commonly referred to as sap.

When wood is dried during manufacture, all the liquid water in the cell

1885
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lumen is removed. The cell lumen of wood in use will, however, always
contain some water vapor. The amount of water remaining in the cell walls
of a finished product.depends upon the extent of drying during manufac-
ture and the environment into which the product is later placed. After once
being removed by drying, water will recur in the lumen only if the product
is exposed to liquid water. This could result from placing wood in the
ground or using it where rain may come in contact with it. ,

" Figure 8.1A may help in visualizing the location of water in-a'wood
cell. As long as there is any liquid water remaining in the lumen, the wall of
the cell will be saturated; i.e., it will contain as much water as it physically
can adsorb. Most physical properties of wood (other than weight) are not
affected by differences in the amount of water in the cell lumen. For.exam-
ple, if the lumen is one-fourth full of liquid water, the cell (and the ‘wood)
will have the same strength as when one-half full.

When wood is dried to the extent that all the water in the lumen is
removed, water begins to leave the cell wall. The green cell is illustrated in
Figure 8.1A. Almost all wood products used in buildings, or for other
applications where there is no contact with the ground, contain water in the
forms shown in Figure 8.1B. , .

The point at which all the liquid water in the lumen has been removed
but the cell wall is still saturated is termed the fiber saturation point (FSP).
This is a critical point, since below this the properties of wood are altered

Fig. 8.1A Fig. 8.1B
Water in a cell - Water in a cell
of green wood of dry wood
Saturated

Water vapor in
equilibrium
with moisture
in the cell wall

water vapor

Cell wall
saturated with
water o
Cell s"u__._
L containin
Liquid water ,moao_,.,iw.wq.
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by changes in moisture content. The amount of moisture present in wood
when used in environments providing no contact with liquid water will
always be less than the FSP. ‘

zm::_m of water in wood-

To simplify discussion, the liquid water found in the lumen of wood is

often referred to as free water and the water within the cell wall is called
‘bound water. This is an appropriate description, since the-free water is

relatively easy to remove and so is the first to be lost in the drying process.
Bound water is held more tightly because of surface adsorption within the
wood structure. The lower the moisture content below the FSP the more
tightly bound is the remaining water.

The water within the cell wall, bound water, is. held by adsorption
forces, which are physicochemical in nature. This is not to be confused with
the absorption that takes place, for example, when a noncellulose sponge
soaks up water. Aborption results from surface tension forces. Adsorption,
in contrast, involves the attraction of water molecules to hydrogen-bonding
sites present in cellulose, hemicellulose, and lignin. This hydrogen bonding
occurs on the hydrogen side of the OH or hydroxyl group found through-
out the chémical elements of wood. Figure 8.2 illustrates where water mole-

cules are held by hydrogen bonding to a segment of a cellulose molecule.
The left-hand side of this figure illustrates monomolecular adsorption’of:
water onto the cellulose; the right-hand side shows polymolecular adsorp-
tion. In saturated green wood as many as five or six water molecules may be
attracted to each accessible sorption site.

In Chapter 3 the submicroscopic structure of wood was discussed.
Recall that the groupings of long-chain molecules in the cell wall contain
crystalline and amorphous regions. In the crystalline regions, it is believed
that the OH-groups of adjacent cellulose molecules are mutually bonded,
or cross-linked. Therefore, there are no sites to hold water within the crys-
tallites. 'Within the amorphous or disordered regions, however, the hy-
droxyl groups are accessible for adsorption of water. The location of water
molecules in relation to the cellulose molecules is illustrated in Figure 8.3.

Calculating moisture content

The amount of water in wood or a wood product is usually expressed
as the moisture content. The moisture content (MC) is defined as the weight
of the water expressed as a percentage of the moisture-free or ovendry (OD)
weight of the wood. (The term weight is used rather than mass throughout
this book to conform to general practice.) Thus:

weight of water
OD weight

% MC = % 100

- g 1 S rae ¢ e
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Fig. 8.2 . J
Attraction of water to cellulose .
Hydrogen bonding and. polymolecular absorption

HOH
HOH

ox—0-0

& Glucose anhydride unit =)

Because the denominator is the dry weight, not the total weight, the mois-
ture-content calculated in this way can be over '100%. One of the most
common methods of determining the moisture content is to weigh the wet
sample, dry it in an oven at 103 = 2°C to drive off all water, and then
reweigh. The details of this ovendry method are described in American:
Society for Testing and Materials (ASTM) Standard D 2016. When using
the ovendry method, the moisture content is computed as follows:

. . ter — O .
weight with water D weight % 100

o MC = OD weight

An example may help illustrate how moisture content is calculated. A
block of green redwood has a total weight of 970,g. After oven-drying, the
weight is 390 g. What was the moisture content when the weight was 970 g?

: 970 — 390
% MC = 390

x 100 = 149%




If a similar block of wood with the same ovendry weight is partially
dried until the weight drops to 540 g, what is the moisture content?

540 l,uoo
% MC = 390 X 100 = 38%

Note that when calculating the moisture content, the amount of water
is expressed as a percent of the weight of the dry wood. This method of
calculating moisture content is the accepted standard for all lumber, ply-
wood, particleboard, and fiberboard products in the United States and in
most of the world. In the pulp and paper industry and when wood is used
as a fuel, however, the amount of moisture is often expressed as a percent
of the total weight, i.e., weight of wood plus water. In general forest prod-
ucts practice and in this book, if the basis for calculating moisture content
is not given, it is on the dry weight. When the wet weight basis is used, it is
indicated as moisture content (wet basis). Examples of calculating moisture
content on a wet basis are given in Chapter 17. .

Fig. 8.3 |
Relationship of water
to cellulose molecules

Water molecules.

L A

Amorphous region Crystalline region
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The basic equation for moisture content can be manipulated to forms
that are convenient to use in other situations. For instance, solving the
‘equation for ovendry weight yields: ,

green weight
1 + (% MC/100)

QD weight =

This form is useful for estimating the dry weight of green wood when the
green weight is known and moisture content has been obtained from a
small sample. Example: A load of pulpwood weighs 32,200 Ibs. The mois-
ture content is found to be 90% by oven-drying representative cross sec-
tions from several bolts. An estimate of the dry weight of wood is desired
so that the yield of pulp can be determined per unit of raw material input.

OD weight = 32,200/(1 + 0.90) = 16,900 lb

In another situation, 400 ft* of lumber is to be shipped at a moisture
content of 19%. The ovendry weight of a cubic foot of this species (volume
measured at 19% MC) is known to be 47 Ib. The total weight of the ship-
ment is desired. . o ‘

Green weight = OD weight X (1 + % .EO\ 100)
50

Green weight = (47 x 400)(1 + 0.9) = 22,400 b

Consider a situation where 40,000 bd ft of lumber, weighing 3800 Ib
per thousand bd ft (MBF) when green, is to be shipped. The shipping cost is
$3 per hundred pounds. The lumber is estimated to average 60% MC when
green. How much money would be saved in shipping cost if this lumber
were dried to 15% MC prior to shipping? ,

OD weight/MBF = 3800/1.60 = 2380 1b

Weight at 15% MC/MBF = 2380 x 1.15 = 2730 Ib

Weight savings/MBF = 3800 — 2730 = 1070 1b

Total weight savings = 40 MBF x 1070 lb/MBF = 42,800 Ib
Savings in shipping cost = 428 x 3 = §1284

Measuring moisture content

The determination of moisture content during manufacture and subse-
quently to verify conformance to commercial standards is generally accom-
plished by the ovendry method, described in the preceding section, or by
the use of electrical moisture meters, which have the advantage of being
relatively simple and direct. Other methods of- determining moisture con-
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tent are sometimes used for Hnmnm_.n: purposes where high unmﬁﬂon is re-
quired. Such methods are outlined in ASTM D 2016..
. The major disadvantages of the ovendry method are that it is a de-
structive test; it can take up to several days to complete; and a few mﬁnn_nm
contain volatile noﬁuosmam other than water that can be driven off in the
drying process, resulting in an incorrectly high moisture indication. How-
ever, for most species of. _Ed_uﬁ. and for a wide variety of wood products,
the ovendrying method gives an manncmﬁm_w precise and reliable indication :
of moisture content. :

A variety of n_nn:._nm_ meters are available to measure the moisture
content of lumber, chips, ‘and particles. Although meters are less precise
than other moisture determination methods, their instant readout, ease of
operation, ‘and nondestructive nature make them well suited for Eazmﬂzm_
applications.

The most commonly used hand-held meter for lumber is the resistance
moisture meter,” which measures the electrical resistance between pins
driven into, the wood. This type of meter indicates the moisture content

" based upon the relationship shown in Figuie 8.4. Insulated pins can be used

4 | A
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to make it possible to measure the resistance between the tips of the pins
and therefore to determine the moisture content at different depths. Mois- -
ture meters of the resistance type are generally reliable in the 6-30% mois-
ture content range. Since the electrical resistance of wood varies with tem-
perature, corrections must be made if the wood temperature is significantly
different from the calibration temperature indicated by the manufacturer.
“ Also, corrections for species are often necessary, since extractives do in-
fluence resistance. Above the FSP, electrical resistance meters give a n:m:-
tative rather than a precise measure of the moisture content.

Some electric meters are based upon the effect moisture has on the
behavior of wood as a capacitor when placed in a high-frequency field. The
capacitance of wood varies with the density EE moisture content. These
meters measure the dielectric constant or Uoin_. .Joss of the-sample. Such
meters must be calibrated for each species to account for density dif-
ferences. The effective range of 0-30% for capacitance/power-loss meters
is only slightly greater than for the resistance-type meters. These meters
have electrodes that may contact the surface of the lumber or veneer but no
pins .need be driven, a particular advantage in.valuable woods. or when
greater speed of measurement is needed. However, the proper use of species
‘corrections is more critical with these meters than with resistance meters.
Several types of hand-held meters are shown in Figure 8.5.

The measurement of the moisture in wood particles or fibers that are
bulk piled or on conveyors can be accomplished by a combination of a
neutron and a gamma gauge. Thecontiniious measurement is accomplished
by measuring the water content with a neutron gauge and the total mass
with a gamma radiation gauge. Wood moisture ¢an also be Eammﬁma by a
microwave power absorption method.

. Moisture systems suitable for E.EHE_&_\:nm:uN controlled production
processes are now available.. Such systems can provide moisture content
information to a data file monitoring output of :a production line or pro-
vide input to a microprocessor used to control the process.

Relation of moisture content to the environment

Because of the adsorptive HEEE Om wood, it _._mm the ability to remove
water vapor from the mcﬂoczn_:._m air until it is in moisture BEEE:B
with the air. Thus wood is called a hygroscopic material. If wood is in equi-
librium with the surrounding environment and the air then becomes drier, .
the wood will lose water (or desorb) until it again comes into equilibrium..
The term sorption is applied to the combined or general phenomena of
adsorption and desorption. ' .

The moisture content of wood in equilibrium with a water vapor en-
vironment will be less than the FSP. Below the FSP, the forces holding the
water to the wood become greater as the EommE_d. content decreases be-
cause less polymolecular adsorption and more monomolecular -adsorption
is involved as the wood approaches the dry condition.

Stamm :cm.c stated that monomolecular water is mocum in éooa that
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Fig. 8.5 _
Several types of hand-held moisture meters. -

is in equilibrium with relative vapor pressures (relative humidities) of 0.2 or
less. Between relative vapor pressures of 0.2 and 0.9, most water is held by
polymolecular adsorption. Between 0.9 and 0.99, it is believed that some
water is held in preexisting capillaries by condensation. Authorities disagree
on the extent of capillary-condensed water in wood.

The relationship between the relative vapor pressure in the environ-
ment and the moisture content of wood in equilibrium with that environ-
ment is not linear. This results from the three different ways in which bound
water is held. The graph of this relationship at a constant temperature is
called a sorption isotherm. Isotherms developed for white spruce by Seborg
and Stamm (1931) (Fig. 8.6) illustrate the shape of the curve that is typical
of ‘most species and 'most wood products. Three curves are shown: desorp-
tion, adsorption, and cyclic desorption-adsorption. These -show that if a
piece of wood has desorbed to an equilibrium point, it may attain a mois-

fCourtesy McCarthy Produéts Co. and Univ. of Minnesota)
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Fig. 8.6 |
Sorption isotherms of white spruce at 25°C

730

24

Oscillating desorption .
18} | N

Um_moquzo-_

" . N A
&\ Adsorption

Moisture content {percent)

0 0.2 04 ~ 06 - 08 1.0

Relative vapor.pressure. . -
From Stamm (1964) . '

ﬁ. _ -

ture content as much as 3% higher. than if it had adsorbed at the same
relative vapor pressure. Above a relative vapor pressure of about 0.5, the
initial desorption curve of green wood is slightly above that of a previously
dried piece.

The difference between the desorption and adsorption curves is re-
ferred to as hysteresis or lag effect. Hysteresis is common to many types of
physicochemical phenomena. A rather simplistic view of this complex phe-
nomenon, but one that may help to visualize the dynamic nature of the
water-wood equilibrium process, is as follows. In the green condition,: the
hydroxyl groups of the cellulosic cell wall are satisfied by water molecules,
but as drying occurs these groups move closer together, allowing the forma-
tion of weak cellulose-to-cellulose bonds. When adsorption of water then
occurs, fewer sorption sites are available for water than was the case origi-
nally. Those interested in a thorough discussion of sorption; isotherms, and
hysteresis should study Stamm (1964) or Skaar (1972).

In situations where a wood product is subjected to alternating high-
and low-humidity conditions, the moisture content will approach the mid-
dle curve of Figure 8.6, There 1s a species effect; some vary markedly from
the values indicated. The general shape of the sorption isotherm for all
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species is similar, however. The FSP indicated in Figure 8.6 is about, 31%
moisture content. Thirty percent is a value often used as a typical FSP for
wood. Higgins (1957) demonstrated that the FSP of some species varies
widely from the typical value (Table 8.1). He also found that the hysteresis
effect was considerably greater in some species than in others. One cause of
variation in the FSP is the presence of extractives. Species generally high in
extractives have a relatively low FSP. Presumably, the extractives occupy
some sites in the cell wall that would otherwise attract water. -

Table 8.1.. The fiber saturation point of several species

Species - Fiber saturation point
(% MC)

Southern yellow pine 29

[-Sitka spruce : 28

" Western redcedar 18
Redwood . 22
Teak 18

* Rosewood , 15

Source: Higgins (1937).

Temperature also has an effect on wood-water relationships. The gen-
eral relationship is illustrated in Figure 8.7. Note that this temperature
effect is relatively small.:High temperatures also have a permanent effect on.
the wood itself. Wood that has been subjected to temperatures in excess of -
100°C for long periods becomes less hygroscopic; i.e., it equalizes: ata
lower moisture content than normal wood. This is one of the reasons that -
products such as fiberboard and particleboard have a lower moisture con-
tent in any constant environment than solid wood products. These products
are often subjected to temperatures in excess of 150°C during manufacture.
The moisture content that wood or a wood-based product attains when
in an environment of.constant temperature and humidity is termed the
equilibrium moisture content (EMC). Considerable time is required before
large pieces of wood will come into equilibrium, i.e., reach their EMC.

. Despite the variability in sorption characteristics among species, it is
assumed for most purposes that all wood attains the same EMC under the
same temperature and relative humidity conditions. A table prepared from
data for Sitka spruce is presented in the Wood Handbook (USFPL 1987). It
is-used throughout much of the world to estimate the EMC and is con-
densed in Table 8.2, - . _ B

Note that at 70°F the moisture content of wood subjected to relative
humidities from 30 to 70% will vary from 6.2 to 13.1%. This is the range of
humidity conditions to which most wood is subjected in use. It is therefore
the range of moisture content that is normal for wood used indoors where it
is protected from contact with water. . , :

‘Products manufactured from wood tend in most cases to have slightly
lower EMCs than the raw wood from which they are. produced. This is
partially because of the heat-treatment effect mentioned above:but also
because of the addition of resins, coatings, and sizing Emﬂnam_m.ﬁiEnr in
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themselves are usually less hygroscopic than wood. Plywood and laminated
wood products have EMC characteristics very similar to-wood or lumber.
Fiber and particle products, however, may exhibit considerably different
characteristics. Table 8:3 shows EMC values for softwood plywood, a parti-
cleboard, a tempered hardboard, and a decorative laminate as compared to
that of solid wood. If accurate EMC information is needed when dealing
with a specific forest product, a laboratory determination should be made.
Even products of the same type will vary in EMC because of differences in
‘the raw materials used and in the manufacturing process. :

Table 8.2. Percent moisture content of wood in equilibrium with dry-bulb
temperatures and relative humidity conditions

Dry buib . . Relative humidity .
°F (°C) 20% 30% 40%  50% 607 70% 80%

‘90%
30 1 4.6 6.3 7.9 9.5 11.3. 13.5. 16.5 21.
50 (10) 4.6 6.3 7.9 9.5 11.2 13.4 16.4 20
70 @) 4.5 6.2 7.7 ' 9.2 11.0 13.1 16.0 20
90 (32) 4.3 5.9 7.4 8.9 10.5 12.6 15.4 19.
110 43 4.0 5.6 7.0 8.4 10.0. - 12.0- 14.7 19.
130 (54) 3.7 5.2 6.6 7.9 9.4 113 14:0 18.
150 - (66) 34 4.8 6.1 " 7.4. 8.8 10.6 13.1 17.
3.0 4.3 5.6 6.8 8.2 9.9 12.3 16

b —inoo

170 an

~
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Table 8.3. Equilibrium moisture content of typical forest products at

70°F (21°C)
" Relative e Softwood °  Particle- QOil-treated High-pressure

humidity Wood plywood ~  board hardboard laminate

(%) (%o MC) ,
- 30 6.0 6.0 6.6 4.0 3.0

42 8.0 7.0 7.5 4.6 3.3
65 12.0 11.0 9.3 6.9 5.1
80 16.1 150 11.6 9.5 6.6
90 20.6 19.0 16.6 10.8 91

Source: Heebink (1966).

" Moisture content of green wood

The moisture content of green wood is important because of its direct
relation to the weight of logs and green lumber. Therefore, it is of concern
to those who design harvesting and transport equipment or purchase wood
on a weight basis. . . .

The moisture content of green wood varies considerably among spe- M
cies. Note that among species shown in Table 8.4, the moisture content of = . B
heartwood ranges from 33 to 98% and that of sapwood from 44 to 249%. . w

The values in Table 8.4 should be considered as only general indications.
Within any species there is considerable variation depending upon the site, ,
age, and volume of the tree. In softwoods the average green moisture con-
tent tends to decrease as a tree grows older. There can be a 30% difference
in the moisture content of southern pines over 45 years of age compared to
trees under 25 years of age (Koch 1972). !

‘Table 8.4. Moisture content of green wood
Moisture content

Species Heartwood Sapwood
(%)

Hardwoods
White ash ’ 46 44
Aspen 95 113
Yellow birch 74 72
American elm 95 92 |
Sugar maple 65 72
Northern red oak 80 69
White oak 64 78
Sweetgum 79 137
Black walnut 90 73

Softwoods :
Western redcedar 58 249
Douglas-fir 37 115
White fir 98 160
Ponderosa pine © 40 148
Loblolly pine 33 110
Redwood - 86 210
Eastern spruce. 34 128

Sitka spruce 41 142
Source: USFPL (1987). .
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Within a tree there is variation of moisture content. The differences
between sapwood and heartwood (Table 8.4) are one source of such varia-
tion. When wood in the bole of a tree undergoes change from sapwood to
heartwood, the amount of moisture in the cell wall may decrease slightly.
This is the result of deposition of extractives, which tend to take the place

-of water molecules in their association with cellulose and hemicellulose.

Some extractives may also be left in solution or suspension in the water

fodnd in the lumen of the ‘heartwood cells.

Hardwoods generally have only small differences in moisture content
between sapwood and heartwood. This contrasts markedly to softwoods,
where the moisture content of sapwood is usually much higher than
heartwood, often by a factor of three to four times. Softwoods have a
lower overall moisture content as they grow older because the percent of
sapwood volume declines. If you are lost in the woods and forced to build a
fire from green wood, burn the heartwood of a softwood, not a hardwood!

For most design or total weight estimates, the -moisture contents of
green wood given in Table 8.4 should be adequate. A more complete listing
can be found in Table 2.1. Many trade associations and railroads publish

lists of weights, by species, for green and dried products such as lumber and .
“poles. Such information may be useful, but if the actual moisture content
" can be measured, a more accurate estimate of green weight can be made by

using procedures described in Chapter 9.

If green weight is to be used as. the basis for purchasing logs or
pulpwood, it would be advisable to' conduct an on-the-site study of the
green moisture content. The effect of the size of the logs or bolts and the
season of the year should be determined: The goal of most weight-scaling
procedures is to pay a fixed amount per unit of dry wood. Occasionally,
however, some adjustments to the price may be made for quality or defects
or for the degree of seasoning of the wood. .

Little information has been published regarding the seasonal variation
of the green moisture content, although many mnam,,wua..mmmoﬂmmo:m have
compiled such data. Koch (1972) reported that in southern pine the mois-
ture content of increment cores is higher during midwinter than in summer.
In Minnesota, where aspen pulpwood is often purchased by weight, some
mills use a weight of 4800 Ib during the winter as the equivalent of a cord

and 4600 Ib as the conversion factor during the summer, reflecting a higher

moisture content in the winter. For some other species, a higher moisture

content is reported in the summer months.

‘Shrinking and __m_am:_.:n_ |

As wood loses moisture below the FSP, i.ei, loses bound water, it
shrinks. Conversely, as water enters the cell wall structure, the wood will
swell. Shrinking and swelling is an exactly reversible process in small pieces
of stress-free wood. In wood panel products, however, such as fiberboard

.and particleboard, the process is often not completely reversible. This re-

sults in part from the compression that wood fibers or particles undergo
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during the manufacturing process. In large pieces of solid wood, swelling .
or shrinking may not be completely revérsible as a result of internal drying
- stresses. o

Shrinking of the cell- wall, and therefore of the whole wood, occurs as
bound-water molecules escape from between long-chain cellulose and hemi-
cellulose molecules. These chain molecules can then move closer together.
The amount of shrinkage that occurs is generally proportional to the
amount of water removed from the cell wall. Swelling is simply the reverse
of this process. Since the S-2 layer of the cell wall is generally thicker than
the other layers combined, the molecular orientation in this. layer largely
determines how shrinking occurs. In the S-2 layer most of the chain mole-
cules are oriented more or less parallel to the long axis of the cell. Thus
both transverse dimensions decrease as these molecules move closer to-
gether. For the same reason, the length. of the cell is not greatly affected as
the cell wall substance shrinks or swells. -

In reaction wood and other. abnormal wood the orientation of the
microfibrils in the S-2 layer is often at a significant angle from the cell axis.
Therefore, as the wood dries there is a measurable shortening of the cell;
consequently, longitudinal shrinking occurs. Longitudinal shrinkage in
such abnormal wood can be as great as 3% when going from the FSP to the
ovendry condition. A 2 X 4-in. stud 8 ft long for the wall of a home would
shrink almost 3 in. in length when drying from its FSP to EMC condition if
it were manufactured from such material. Fortunately, such lumber  is
rarely encountered. .

Shrinking and swelling are expressed as a percentage of the dimension

before the change occurred. Thus: : A

decrease in dimension or volume
original dimension or volume

. O shrinkage = x 100

increase in dimension or volume
“original dimension or volume -

" % swelling = % 100

The longitudinal shrinkage of normal wood is negligible for most prac-
tical purposes. This is one of the characteristics that makes lumber and
lumber products such usable building materials. If this were. not so, the
change of moisture content during use would be disastrous.. Usually, some
longitudinal shrinkage does occur in drying from the green to.the ovendry -
condition, but this amounts to only 0.1-0.2% for most species and. rarely
exceeds 0.4%. . oAbl PHSE SERE I

From an idealized “soda-straw” concept of wood, one might visualize
that the radial and tangential dimensions would shrink or swell the same
amount. Eoioﬁ_.. tangential shrinkage is greater than radial shrinkage by
a factor between one and one-half and three to one. Several anatomical
characteristics are believed responsible for this differential, including pres-
ence of ray tissue, ...H._.npcoE.E.:.Em 'on radial walls, domination of summer-
wood in the tangential direction, and differences in the amount of cell wall
material radially vs. tangentially. The average transyerse shrinkage values
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of a number of domestic and imported species E..m.. shown in Table 8.5.
These values are good guidelines to use for estimates; however, the actual

shrinkage of individual piecesin service may vary ,m_,mn_mnmssw from these.
averages.

Table 8.5. Shrinkage values of wood from. green to

-  ovendry moisture content ,
Shrinkage*
Species . Radial Tangential Volumetric
(%)

Domestic hardwoods
White ash 4.9 7.8 13.3
‘Quaking aspen 3.5 6.7 11.5
Yellow birch 7.3 9.5 16.8
American elm 4.2 9.5 14.6
Sugar maple 4.8 9.9 14,7
Northern red oak 4.0 8.6 13.7
Black walnut 5.5 7.8 - 12.8

Imported hardwoods
Apitong 5.2 10.9
Balsa 3.0 7.6
Mahogany 3.0 4.1
Teak . 2.5 5.8
Khaya (African mahogany) 2.5 45"

Softwoods
Western redcedar 2.4 5.0 6.8
Coast Douglas-fir - 4.8 7.6 12.4
White fir 3.3 7.0 9.8
Western hemlock 4.2 7.8 12.4
Loblolly pine 4.8 7.4 12.3
Sitka spruce 4.3 7.5 11.5

: Source: USFPL.(1987).
+ o Shrinkage = A0ES in dimension ., ;9
green dimension

Variation in the shrinkage of different samples of ‘the same species
under. the same conditions results primarily from three factors: , .

1. The size and shape of the piece. This affects the grain orientation in -
the piece and the uniformity of moisture through the thickness. . "

2. The density of the sample. The higher the density of the sample, the
more it will tend to shrink. N .

3. The rate at which the sample is dried. Under rapid drying condi-
tions, internal stresses are set up because of differential shrinking. This
often results in less final shrinkage than would otherwise occur. In contrast, .
however, some species shrink more than normal when dried rapidly under
high-temperature conditions. , .

Shrinking of lumber during the manufacturing process is significant
and must be considered when determining the size of the piece to saw from
a log. For example, if a nominal 2 X 10-in. Douglas-fir plank is to be sawn .
_ from a log, it must be expected that it will shrink about 005 in. in thickness
and 0.4 in. in width when it is dried to 15%-MC..Since the final dried and
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surfaced size of that piecc must be at least 1.5 x 9.25 in. to meet standard

. softwood lumber sizes, adequate shrinkage allowance must be provided.
Allowance must also be ‘made for sawing variability and surfacing. Some
mills use a target sawing size of 1.8 x 9.9 in. ,

The amount of shrinkage is generally proportional to the amount of
water removed from the cell wall. This suggests that higher density species
should shrink more per percent moisture content change than lower density
species. This is generally the case. Note that high-density woods lose a
greater amount of water per percent moisture content change. As an exam-
ple, sugar pine contains about 0.34 g ovendry wood substance/cm?®, while
the same volume of longleaf pine contains about 0.54 g dry wood sub-
stance. If each of these woods loses 10% MC, the sugar pine will lose 0.034
g water/cm? but longleaf pine will lose 0.054 g/cm®. The normal volumetric
shrinkage, green to ovendry, for sugar pine is 7.9%), while that for longleaf
pine is 12.2%. In this example, there is a close relationship between the-
amount of water lost per unit of moisture content change and the resulting
shrinkage. . .

Often, .there is a much less direct relationship between the mass of
water removed and the resulting shrinkage than in the above example. One
would expect, based upon the density difference, that black walnut contain-
ing 0.55 g dry wood substance/cm? would shrink more than eastern cotton-
wood containing 0.40 g wood/cm®. However, the average green to ovendry
voluinetric shrinkage of walnut is only 12.8% compared to 13.9% for cot- 1
tonwood. A major factor that tends to mask the effect density has upon . ¥
shrinking and swelling is the presence of extractives, which tend to lower !
the FSP and bulk the cell wall. Because of this, the heartwood of some. o . i
species is more dimensionally stable than the sapwood. . , :

The relationship between shrinkage and moisture content is essentially
linear. Figure 8.8 shows the shape of the curve for southern pine. This near
linearity makes it relatively simple to estimate shrinkage between any two
moisture contents if the green to ovendry shrinkage values for the wood are
known. The rationale for such a calculation is-illustrated in Figure 8.9,
which illustrates the shrinkage that could be expected in the tangential
dimension of loblolly pine when dried from 15.to 8% MC. The rate of
tangential shrinkage for this species is 7.4/30, or 0.25 0% shrinkage per per-
cent of moisture content change. These calculations assume that the FSP is
30%, which is a reasonable assumption in most situations. Since the mois-
ture content change is 7%, the total shrinkage expected is about 7 X 0.25,
or 1.75%. If the piece were dried from the FSP (30%) to 8% MC, the
predicted shrinkage would be 22 x 0.25, or 5.4%. Note that when drying
from a higher moisture content, such as 50% to 8%, the predicted shrink-
age would also be 5.4%, since it is assumed that shrinkage does not com-
mence until the wood is dried to the FSP. The estimate of radial shrinkage
from 15 to 8% MC would equal 4.8/30 X 7, or 1.1%. .

In actual practice, the shrinkage of a board may commence before the
average moisture content drops below the FSP. This is a result of shrinking
in the surface layers of wood that have dried while the core was still wet.
However, this need not be considered in general practice when estimating
shrinkage as described above.
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- Dimensional changes, environmental conditions

It follows from the previous discussion that wood used where the
humidity fluctuates, will continually change moisture content and therefore
dimension. If humniidity changes are small, these dimensional changes will

not be noticed and will have no impact on satisfactory use. Even large
" fluctuations in humidity may have little effect if these conditions last for
only short periods (hours or days) and the wood does not have time to come
to the new EMC. Problems can. arise, however, when a wood product is
used under widely varying humidity and temperature conditions if the de-
sign and application of that product has not anticipated changes in dimen-
sion.
~ For the most trouble-free use of woed, the goal should be to fabricate
it at the moisture content it will average during that application. However,
this is not always possible. Framing lumber for light-frame wood buildings,
as an ,mxmBEm.., is commonly manufactured at from 15 to 19% MC, a
moisture coritent that is 5-10% above that to which it-will eventually equili-
brate in most areas of the United States. This is usually not a problem,
cno.m:.mn small changes in the dimensions of studs, rafters, and floor joists
are not noticeable. If green framing lumber is used, the dimensional
changes may be large enough to cause problems such as cracked plaster,
nail popping in gypsum walls, and distortion of wall surfaces.

For interior uses such as furniture and millwork, it is much more
critical for satisfactory performance to use lumber at the proper moisture:
content. Figure 8:10 shows the recommended moisture content averages for.

\l._ . _ : \
Fig. 8.10 S

Recommended moisture content
(average for interior woodwork)

From Peck (1955)
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wood used in the heated interior of buildings in the United States. This
provides-a good guide for selecting the proper moisture content for wood
materials. For demanding situations, where &Eahmmo,ﬁu_. changes could ob-
viously cause problems, the designer or user should carefully consider the
moisture content of the lumber being used, the species, the conditions of
use, and the amount of dimensional change that should be expected.

_The following examples illustrate the type of cases deserving careful
consideration. These will also serve to show procedures that can -beused for
estimating dimensional changes. :

EXAMPLE 1: A gymnasium floor was constructed with wood strip

flooring nailed tightly in such a way that essentially no cracks or spaces

were left between the strips. The size of the gymnasium was 50 x 120 ft,
with the strip floor being laid parallel to the long axis of the gym. The
flooring was of hard maple (sugar maple) dried to a uniform 6% MC. The
flooring was nailed to 2 X 4-in. wood nailer strips attached by mastic to a
concrete slab. Less than 1 in. of space for expansion was left between the
wood strip floor and the concrete block wall. Unfortunately, the wood floor

- was nailed before the concrete floor had completely dried. Under these
_conditions, the moisture content of the maple increased to about 9%.

Within a short time after the floor was installed, it began to buckle;
i.e., ridges began to develop where the strip flooring raised and pulled off
the nailers. What was the source of the problem and how could it have been
avoided? - :

The buckling was the result of transverse swelling in the floor re-:
strained at the edges so it could not remain flat. The only way for the
flooring to accommodate swelling was to. move :ﬁ,ima,_.. ie., to buckle.

The contractor could have anticipated this problem by estimating the
amount of swelling that might be involved. Assuming that the wood would
swell the average of the radial and tangential values (see sugar maple, Table .
8.5), it would swell (4.8% + 9.9%)/2, or 7.4%, in going from an ovendry
condition to the FSP. In this situation, the moisture content changed only

3%, so the-anticipated swelling would be 3/30%, or.0.1 of the total possi-

_ble swelling. This then would .amount to 0.1 x 7.4, or 0.74%. The total

swelling that could be anticipated across the 50-ft-wide Amoo-i.v mwﬁ.mw moo.
x 0.74%, or 4.4 in. Since. this potential swelling is considerably greater

~ than the expansion space available, a problem of this type should have been

anticipated. The problem could have been avoided by being sure the con-
crete floor was adequately dry before laying the wood floor, thus avoiding
the 3% moisture pickup. 5

EXAMPLE 2: Rough-sawn western hemlock lumber paneling ¥ in.
thick by 7Y% in. wide, with square edges, was used as paneling in an office
building. When installed, the pieces were nailed as close together as possi-
ble. Cracks between the individual pieces were not over e in. and were not.
considered objectionable in view of the rough-natural appearance of the
wall. The lumber was stored in the basement of the building for 212 months
during the summer prior to installation. During that time it equilibrated to
the. 70°F and 70% relative humidity (RH) conditions. After the paneling
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was installed, the conditions in the heated building during the winter aver-
aged 70°F and 20% RH. If the paneling was flat sawn (the width of the
face in the tangential plane), what width of crack could be expected be-
tween each piece after shrinking had occurred down to the lower EMC
condition? .

EMC @ 70°F and 70% RH 13.1% MC (see Table 8.2)

EMC @ 70°F and 20% RH 4.5% MC

%% MC change = 13.1 — 4.5 = 8.6%

Shrinkage green to'OD = 7.8% (see Table 8.5)

% Shrinkage expected = 8.6/30 x 7.8 = 2.2% .

Shrinkage per piece (average width of cracks) = 2.2% x 7.25in. = 0.16 in.

!

In. the actual situation, the cracks averaged about 0.12 in. The dif-
ference between the 0.12-in. shrinkage actually encountered and the 0.16-
in. estimate was probably because some of the pieces were not flat sawn.
Therefore, some radial as well as tangential shrinkage was experienced.
These cracks were considered unacceptable, and a large claim was filed
against the building materials supplier. The fault lay with the contractor,
who stored the material in the humid environment prior to installation.

exaMPLE 3: A large Douglas-fir timber (8 x 12 in. actual size) was
used as a mantle over a fireplace. The timber extended across the entire end
wall of the room and the ends of the timber were plastered into the adjacent
walls. Solid sawn timbers cannot be purchased dry. In this case, the timber
was green (actually about 45% MC) when installed. The radial face of the
timber was in the 12-in. dimension, and the 8-in. dimension was the tangen-
tial surface of the wood. During a normal year, the conditions in the house
averaged 70°F and 30 RH. How much could it be expected that this timber
would shrink in use; i.e., how biga gap in the plaster would develop at each
end of the mantle? .

EMC @ 70°F and 30% RH = 6.2% MC

% MC change through when shrinkage would occur = 30 — 6.2 = 23.8%
W, Radial shrinkage green to OD = 4.8% . : ,
%y Tangential shrinkage green to OD = 7.6%

%% Radial shrinkage green to 6.2% MC = 23.8/30 x 4.8 = 3.8%

% Tangential shrinkage green to 6.2% = 23.8/30 x 7.6 = 6.0%

‘Radial shrinkage = 3.8% X 12 in. = 0.46 in. :

Tangential shrinkage = 6.0% x 8 in. = 0.48 in.

Thus a gap about ¥z in. wide could be expected to develop at each end
of the mantle where it was plastered into the wall. In the actual situation
these cracks measured about ¥ wide. The moisture gradient and drying
stresses in this large timber restricted the total shrinkage. :

EXAMPLE 4: A wooden dowel manufacturer normally dries the
northern red oak dowel blanks-to 8% MC prior to turning them to the
desired diameter. One purchaser of dowels was very concerned that they be
round. Thus specifications called for dowels that were round within 0.02
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in. when at 8% MC. This purchaser was less concerned with the actual
diameter of the dowels. During the manufacture of a shipment of ¥-in.
diameter dowels for this customer, the manufacturer. had a problem with
the dry kiln, and the blanks were dried only to 11% MC. If the dowels were
turned at this moisture content, could the manufacturer be confident that
the dowels would meet the out-of-round specification of:0.02 in. when they
m_.mn\a further to 8% MC?

o Radial shrinkage = 4% (green to OD) (see Table 8.5)

o Tangential shrinkage = 8.6% (green to 0oD)

o MC change = 11 — 8 = 3%

% Actual radial shrinkage expected = 3/30 X 4 = 0.4%

% Actual tangential shrinkage expected = 3/30 X 8.6 = 0.86%
Radial shrinkage = 0.4% % 0.75 in. = 0.003in. = -
Tangential shrinkage = 0.86% Xx 75 in. = 0.0065 in,

Therefore, the dowels will be out-of-round by only about 0.003 in.
(0.0065 — 0.0030) after they have redried. Thus there appears to be no
problem in meeting this specification if the dowels are round immediately
" after machining. :
These examples illustrate some practical uses for knowledge of the
EMC and shrinking behavior of wood. Although these procedures will give
only an estimate of what will actually occur, this is often sufficient to avoid
costly and wasteful problems in manufacture and use. :

~ Dimensional changes in veneer, fiber,
and particle panel products

The shrinking and swelling characteristics of wood shown in Table 8.5
and used in the examples are determined from measurements on small
samples 2.5 ¢cm square and 10 cm long. Such samples are cut so that the
radial or tangential dimension to be measured is in the 10 cm dimension of
the specimen. Because of the small size of the specimen and the fact that it
is only 2.5 cm long in the longitudinal direction, drying occurs rapidly and
uniformly through the sample. This avoids a large moisture content. gra-
dient from surface to center that can cause internal stresses. Therefore the
shrinking/swelling values obtained are those exhibited under unrestrained
conditions. . .

The dimensional stability characteristics of most lumber products cor-
respond closely to these unrestrained values for wood. Products such as
solid wood furniture, millwork, laminated beams, and construction lumber
all behave in a similar way in regard to radial, tangential, and longitudinal
shrinking. Forest products produced from veneer, particles, and fiber, in
contrast, have unique dimensional behavior under moisture change. These
differences from solid wood result basically from three causes: the degree of
restraint to swelling provided by one element in the product to other ele-
ments in the product; the degree of compression or crushing the wood
elements (veneer, particles, or individual fibers) undergo during the manu-
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facture of the product; and the effect adhesives and other additives have on
the ability of the elements to respond dimensionally to moisture changes. In
some cases these additives bulk the cell walls to some degree, thus lowering
the EMC of the wood itself. Each of these factors is discussed below.

Ewiooa is unoacnna by mEEm together veneers, generally % in. or less

~ inthickness, in'such a way that in alternate layers (veneers) the longitudinal
- direction is at 90° to the adjacent layer. Construction of three-ply plywood
is shown in Figure 8.11. If the veneers are not glued together, they can
shrink or swell as normal wood. However, when glued into plywood, the
face veneers restrain swelling of the core veneer in its transverse direction,
while the core restrains the swelling of the faces in their transverse direc-
tion. As a result, plywood is a very dimensionally stable product in the
plane of the panel. It exhibits much less dimensional change in either direc-
tion than normal radial or tangential characteristics of the species: It will
shrink or m€m= slightly more, roinén. than the normal _onm_EaEm_ change
for the species.

Dimensional changes ‘in E%éooa do occur, even though small. It is
therefore advisable to leave a gap between adjacent 4 x 8-ft sheets when

- covering a wall or floor. Manufacturers mcuu_w specific instructions in this
regard.

The second factor mn.nnanm ﬁ_._m swelling o:mamnﬂmzmﬁ_nm of wood-based
panel products is the amount of compression the product undergoes during
manufacture. The thickness swelling or shrinking of plywood with moisture
change is about the same as normal solid wood, since little compression
occurs. However, in some cases, thickness swelling in plywood may be
slightly more than normal wood if excessively high pressures occurred :
during the pressing process. Wood that is compressed will tend to _um_.:m:w
recover its, original dimension when rewet.

A dent in wood furniture can often be removed by steaming. The
crushed wood tends to recover its original shape. Much the same thing can
happen to an entire parel of particleboard. In the manufacture of particle-
board, small shavings, flakes, or wafers of wood are sprayed with droplets
of a synthetic resin adhesive. These particles are compressed from one and
two-tenths to two times their original density, and simultaneously the resin
is cured. If such a produect is subjected to steaming or other moisture
content increases, the wood will swell in the normal way, and in addition
the crushed particles will tend to return to their original thickness. For this
reason compressed wood-based panel products often exhibit greater thick-
ness swelling than normal wood. .

The third factor of concern is the amount of additives in the product.
‘Synthetic resin adhesives and waxes are the most common additives. The
wax (or size) is intended to provide resistance to liquid water pickup. Wax
does not bulk the cell wall or change the ultimate EMC but rather helps the
product shed liquid water, making it water repellent. Synthetic adhesives
can, however, alter the recovery of the crushed particles or fibers. Gener-
ally, the greater the amount of adhesives used to manufacture a panel
product, the less the thickness swelling response to moisture pickup.

Not only are the wood elements in a product held more tightly when
more resin is used, but some resin may penetrate into the cell walls and
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E.oSQn a degree of c::ﬁﬁm Figure 8.12 shows this effect in a wafer-type
particleboard. The A board was made with 3% phenolic resin, and boards
Band C were made with 10% phenolic resin. In the case of board B, 7% of
the total 10% resin was applied to green particles so that the resin could
more easily enter the cell wall structure. In board C, all the resin was
applied to dry particles. Note the difference in thickness between board
types when wet and also how much of the swelling was irreversible, i.e.,
remaining after the panels were redried.

Figure 8.13 shows the dimensional change in the plane of the panel in
this same experiment. Note that after moisture cycling, the panel was ac-
tually smaller in the plane of the panel than originally. This type of behav-
ior is often found in particle- and fiberboard products. Ooan_.m_? this effect
is so small that it is not noticeable,

Most fiber and particle products are manufactured under commercial
or industry standards, which place limits on the swelling properties. Spe-
cific property limitations in the standards vary depending upon use of the
product. For example, in the commercial standards for particleboard,
limits are set on linear swell (in the plane of the panel), ranging from 0.25
to 0.55%. There is no specification. as to thickness swell. In the product
standard for hardboard (a high-density wood fiber product), there are
limits for thickness swell ranging from 8 to 30% but no specification as to

- . . . D
Fig. 8.12
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Fig. 8.13 i
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linear swelling. Users of wood-based products should obtain data on di-
mensional characteristics from the manufacturer. Dimensional changes can
almost always be accommodated by proper design, whether the product is
to be used for furniture, residential construction, or a commercial building.
If dimensional changes are not anticipated, however, problems can arise.

' Since plywood is a relatively stable product and its dimensional charac-
teristics cannot be easily altered by manufacturing variables, there are no
specifications in the plywood product standard as to dimensional stability.
However, O’Halloran (1975) provided some helpful guidelines. He pointed
out that about 0.2 of shrinking or swelling may -occur for each 10% change
in the relative humidity. Hygroscopic expansion of plywood consists of a
uniform- percentage of swelling or shrinking across ‘the width or length of
the panel plus an edge effect, which is independent of panel size. For a

typical panel the edge mmmn:mmcoﬁo.oomms.mOnomnr uo.,\::n_dmmnm:,
relative humidity. :
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Emm:m of 3&:2:@ moisture- Eaznmn dimensional
change in wood Eon:oﬂm

There are several means of reducing dimensional change of wood re-

. sulting from changes in moisture content. None of these can entirely elimi-

. nate dimensional change, but some come very close. Five approaches to
reducing dimensional change are:

1. Preventing moisture sorption by coating the product. This is a com-
mon but not completely effective method. Coatings include pigmented
paints, ‘clear finishes, synthetic resin of other types, and metallic paints.
None of these will completely prevent the movement of water vapor but
will slow the rate of diffusion. Some are effective in preventing the pickup
of liquid water. Proper coatings may be sufficiently effective to" prevent
dimensional problems in exterior siding and panel materials. Wood, regard-
less of the coating, can eventually attain the same EMC as.uncoated wood.

2. Preventing dimensional change by restraint that makes Eo<n_.=n=~
difficult or _Eﬁomm&_n The problem with this mﬁﬁ—.omor is that _En_.um_ ,
pressures are built up if wood attempts to-swell but is prevented from doing

s0. These pressures may result in distortion of shape. The buckling of
plywood on a roof or wall, which can occur if panels are not properly
spaced, is an example of a response to swelling pressure. The restraint
method can be used successfully, however, in some situations. For example,
particleboard underlayment will exhibit little linear dimensional change if
glued to the plywood subfloor beneath it. In this case, the swelling stresses -
in the vm_.:o_m_uoma are much less than the strength of the plywood. .

3. Treating wood with material that replaces all or part of the bound

water in the cell wall is a commercial means of stabilization. Such treat-
ments are applied to wood when it is still green. The treating material
remains within the cell wall as the wood is dried. This bulks the cell wall,
retaining ‘it in a partially: swollen condition. The reduction in shrinkage
-from such treatments varies from about 30 to 90%. These treatments add
“up to 35% to the weight of the product, are generally expensive, and may
adversely affect finishes applied to the final product. Thus they are used
only for special products. -

Several effective methods of treatment based upon this principle of
bulking, i.e., replacing water molecules in the cell wall with other materials,
have been developed. One of the first successful applications of this ap-
proach utilized phenol formaldehyde resin, which impregnated the cell
wall. The resulting product was termed Impreg. Another" product,
polyethylene glycol (PEG), is used to stabilize a wide variety of wood prod-
ucts —from wood carvings to gunstocks. PEG is a waxy substance that,
when dissolved in water, can impregnate the wood. A simple soak is or-
aEm:E used to treat with PEG.

" 4. Treating wood to produce mutual cross-linking of the hydroxyl
groups in the cell wall has been used experimentally with success., Cross-
. linking reduces the hygroscopicity of wood by reducing the bonding sites
~ for waterin the cell wall: This method has promise for the future. Although
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not being used noEEanm:wﬂomm%Enmsm&. mnnoaﬁ:maam. Qom,m.:srw.um
are being studied. , : S

5. Impregnation with plastic monomers such as methyl methacrylate.
and styrene acrylonitrile can improve the stability of .wood and increase
hardness and wear resistance. These monomers can be polymerized in the
iobm by radiation or by heating with appropriate catalysts. This technique
has been used to produce products such as decorative flooring, novelties,
and knife handles. The monomers are generally not as efficient as PEG in
eliminating dimensional change, since they have only limited access to the
cell wall. The appearance of the wood is not significantly changed.

Moisture movement during the drying process.

The movement of water in wood during drying takes place as mass -
movement of liquid water or diffusion of individual water molecules. Diffu-
sion involves both bound water in the cell walls and vapor in the lumen.

Diffusion is a phenomenon that occurs as water moves from an area of
higher concentration to-one of lower concentration. Thus, to have diffusion
occur, there must be a moisture gradient or a vapor pressure gradient across

. the cell walls. The rate of diffusion is related to the Rﬁnnn.ﬁﬁm, the steep-

ness of the moisture gradient across the cells, and the nsm_.,mnﬁamanm of the
species that determine the ease with which diffusion can occur. The rate of
diffusion in a species can be expressed as the diffusion coefficient. Diffusion
through individual cells occurs only below- the FSP, since above that level
the cell walls are saturated and thus no-moisture concentration gradient
exists as a driving force. Above the FSP, free water _,do.<.nm. out of wood as a -
result of surface drying and capillary forces. At that stage of drying, wood
can be thought of as a series of partially filled Eu_w,m. with: water evaporat-
ing from one side. . : ’

The rate at which lumber dries is determined by the rate at which water

" is removed from the surfaces and the rate of mass movement to the surface,

or diffusion. In the initial stages the rate of drying is often controlled by
surface évaporation and in later stages by the diffusion characteristics of
the species. . , . .

In some species the structure of the wood inhibits the mass movement
of liquid water. Such woods are referred to as impermeable. Tyloses, aspi-
rated pits, and deposition of extractives on pit membranes are oxmaﬁ_om. of
wood characteristics that inhibit movement of water. In woods with these
structures, the movement of water must be principally by diffusion; thus
drying is an extremely slow process. W,maioom, ‘white oak, and walnut are a
few of the species having relatively WEUm_.EnmE,n.rnmniooa,. Sapwood is
generally permeable in all species. Other species such as western hemlock

and aspen contain pockets or Jocalized zones that are impermeable. After

- drying, these latter woods may still contain wet mﬁoﬁm.. These impermeable .

wet areas are subject t0 Qﬁ.:manmnﬁmm nﬁmwm__o:xﬂ,.amma,i En,hi:m
Process. . - ! ) ..,
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Using an analogy between electrical conduction and diffusion, Stamm
(1964) developed the theoretical transverse drying diffusion coefficients
shown in Figure 8.14. Note the over tenfold increase in the rate of diffusion
by increasing the temperature from 50 to 120°C.

10 Fig. 8.14
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drying
diffusion
coefficients
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radial direction
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: ’ From Stamm (1964)
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A variety of treatments to increase the movement of water through
wood, i.e., increase permeability or diffusion, have been developed, but
none has found wide commercial application. Erickson et al. (1966) found
that freezing redwood lumber prior to drying improved drying perform-
ance. Application of hygroscopic chemicals such as urea, sodium chloride,
and calcium chloride alters the moisture gradient and permits an.increased
rate of drying for some species. However, when so treated, the wood retains
a hygroscopic surface layer that can cause problems in use. Presteaming of
wood has been found to be beneficial in some cases. Unfortunately, a uni-
versally effective means of improving liquid water movement and/or diffu-
sion is yet to be found.
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‘Methods & drying lumber and:
other solid wood products.

Most lumber, whether hardwood or softwood, is: dried in some type of
dry kiln. Modern kilns have controlled temperature and relative humidity;
they are also equipped with fans to force air circulation and ventilation..
Conventional kilns operate at temperatures from' ambient up to about
_\cooﬂ. High-temperature kilns designed to provide more rapid drying op-
erate above the boiling point of water. The lumber in a kiln is dried in air
that has been heated by steam coils or directly by the addition of combus--
tion gases from a gas-, oil-, or wood residue-fired burner. Figure 8.15
illustrates the main elements in a typical cross-ventilated kiln.

Drying in a conventional kiln. progresses through a series of tempera-
ture and relative hurnidity steps designed to dry thé wood gently while it is
at a high moisture content. After the free water has been removed, more
severe drying conditions are imposed to maintain an adequate rate of dry-

\. ' B A
Fig. 8.15 : ,
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ing. The series of temperature and humidity conditions imposed on the:
lumber during drying is referred to as a kiln schedule. Most hardwood
schedules are controlled according to the moisture content of the lumber;
‘i.e., changes in the drying conditions are ‘made when the moisture content
drops to predetermined levels.” Softwoods are more frequently dried by a
time schedule; i.e., drying conditions are changed at predetermined sinm.
Two contrasting moisture content schedules for drying 1-in. hardwood lum-
ber are shown in Table 8.6. Note the differences in temperatures and rela-
tive humidities at each moisture content level for the difficult-to-dry white
oak and the easily dried basswood. These schedules are from recommenda-
tions in the Dry Kiln Operator’s Manual (USDA 1961), which is 'widely used
" as the guide to kiln drying.- A more recent publication, Drying Eastern
Hardwood Lumber (McMillen and Wengert 1978), is also available., After
‘gaining experience with certain species, many firms develop their own dry-
ing schedules. However, since an entire kiln load .of lumber can be de-
stroyed by drying it too aggressively, caution is usually employed. .

Table 8.6.. Kiindrying schedules for drying 1-in. basswood and white oak

lumber . . S
.. Basswood E . - White oak
. : Kiln conditions . Kiln conditions
Moisture - Tempera- . . Relative Moisture Tempera- Relative
content : ture - humidity content ture humidity
@ (R CCYy. () o PO - ()
Above 60 160 (71) .58 .
' 60 . 160 (71) 43
s0. - 160 (71) 31 Above 40 10 @) . . 87
20 - 160 (qn . -2l 40 110 (43) ‘84
-35 . 160 (71) ] 21 ) 35 110 (43) .75
30 170 (1D C 24 30 120 (49) 62
25 170 (N 24 . 25 130 (54) '35
20 - 180 . (B2) - - 26 20 140 (60) 025

s 180 ) - 26 15 180 (82) 26
Source: USDA For. Serv. (1961). - .

. Some lumber isstill air dried, but more commonly, air drying is used as
a preliminary. step to kiln drying.. This can greatly lower drying costs, par-
ticularly for difficult-to-dry species. The energy cost of drying Iumber is.
high; thus economies such as air drying may be advantageous. For refrac-
tory species of hardwoods, i.e., those that are difficult to dry without de-
grade, drying may require over 6.3 million Btus of energy ‘per thousand .bd
ft of lumber. This amounts. to about 70% of all the energy used in the
manufacture of lumber. .
Lumber may be air dried without subsequent kiln drying at small mills
not possessing kilns and in regions of the United States where the ambient
‘humidity is normally very low, such as the Southwest and the Rocky Moun-
tain states. Air drying may be satisfactory if adequate time is taken and if
the drying specifications to be met are not too rigorous. From the user’s
standpoint, a disadvantage of air drying is that it may not be possible to
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reach the lower moisture content required for some applications. m_.oB the
Em.:imog_.mmw standpoint, air drying has the disadvantage of requiring a
large and costly inventory in the drying yard, Also, degrade is more diffi-
cult to control than in a kiln. Air-drying times'vary from a month under
ideal conditions for easy-to-dry woods to a year or more for refractory
woods dried under more difficult conditions.

The amount of energy E@EBQ to evaporate water from iooa is
shown in Figure 8.16. Although the heat of vaporization varies m:mEG with

- the temperature, in the range of normal drying temperatures it is-about
1000-Btu/lb water evaporated. To accomplish drying below the ESP, the
heat of wetting must be supplied as well as the heat of vaporization. ‘The
total actual energy required to dry wood is much, greater than the sum of
the heats of wetting and <mn.o:NmnoF Heat loss in the kiln resulting from
venting of water vapor, air leakage, radiation and. conduction losses
through the kiln wall, and the use of steam to provide humidity control are

- also involved. The total amount of energy consumed in oo=<n=:o=m_ kilns
mnum_.m:u‘ varies between 1600 and 3000:Btu/Ib water evaporated.

. A new drying system, dehumidification drying, is gaining wide use in
‘North America. It was first used commercially in Europe; to date it has
been used principally for the drying of hardwoods. The primary difference
between this and a conventional kiln is that sﬁﬂ. is removed as condensate.
on refrigerated coils rather than by venting the moist air to the atmosphere.
Since energy loss from venting is eliminated and heat: from the compressor

Fig. 8.16 .
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of the refrigeration unit is used to heat the kiln, the dehumidification dry-
ing method appears to offer some economies in energy use. Early installa-
" tions of this type of kiln had the disadvantage of being slower than conven-
tional kiln drying, but improvements are reducing this limitation. Since the
energy used is in the form of electricity, this drying system does not adapt
itself easily to the utilization of heat generated from mill residues.

A number of other methods have been used experimentally, and in a
few instances commercially, for drying solid wood products. These may
have advantages for special situations but are generally more expensive and
less predictable than kiln drying. Wood scientists and industry engineers are
actively engaged in work to improve drying practices. Some nonconven:
tional drying methods have been studied. They include:

1. Immersing wood in a heated organic liquid. Liquids such as fuel oil
or perchloroethylene are heated, raising the temperature of the wood above
the boiling point of water, thus driving off the moisture.

2. Vapor drying. This method uses an organic liquid E:& a boiling
point above 100°C. The drying chamber contains the wood and the organic
vapor. The condensation of these vapors on the wood heats the wood. rap-
idly, driving out the water, which is then separated from the solvent vapor .
in a condenser and separator.

3.. Radiofrequency dielectric heating. This approach to drying involves
placing wood between two electrodes and subjecting the material to an
electric field oscillating at high frequency. Being polar, water molecules in

. wood rotate in the alternating field, thus generating heat. In woods that dry
easily, the internal temperature tends to rise only slightly above the boiling
point until the free water is gone. However, in impermeable woods, the
temperature may rise to destructive levels. A variation of this process is the
combination of microwave energy with hot air impingement drying.

4, Combination of radio frequency heating and vacuum drying. Lum-
ber is heated dielectrically at 7-9 MHz while it is in a chamber in which a
partial vacuum can be created. Thus water will boil at a lower pressure,
speeding the drying process. Such kilns, capable of drying 10,000 bd ft of
lumber, have been built and good results reported (Wengert and ‘Lamb
1982).

5. Press drying. Wood is press dried by placing it between two heated
platens. Heat transfer is by conduction from metal to wood and thus is very
rapid. This technique works well on easy-to-dry species. It is used commer-
cially for high-quality veneer, but only one commercial application for lJum-
ber has been reported. This drying method can be combined with high
pressures to produce a densified product. Figure 8.17 shows experimental
results of simultaneously drying and densifying two species of pine. In one
sample shown, phenolic resin was added to increase dimensional stability.

8 /| WOOD AND WATER




Fig. 8.17

Normal and densified loblolly and Norway _u,m,:o.
Specific gravity of the samples is indicated.
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Drying of veneer, nml_.amm. and z.u_m..m |

The major difference in principle between drying veneer and .Ei_.un_. is
‘that veneer, being very thin, develops a limited: moisture gradient. There-
.fore, the drying stresses and impermeable zones that cause problems in the.
drying of lamber are not the limiting factor in veneer drying. Other consid-
erations, such as the glueability of the surface, may dictate how fast venecer
can be satisfactorily dried. B -

Veneer driers consist of a means of conveying the vencer through a
heated chamber where temperatures range from 150 to 260°C. In older
roller driers, air is circulated in a manner similar to that in a.-dry kiln. This
type of drier is still in wide use for hardwood veneer. Most plants built in
recent years utilize jet driers. These are also called impingement driers since
a curtain of air at velocities of 2000-4000 fpm is directed against the
surface of veneer. The high velocity produces turbulent air on the surface of
the veneer. This eliminates the laminar boundary layer that slows down heat
and moisture transfer under ordinary drying conditions.

Most wood particle- and fiberboard plants utilize a high-speed drying
system of some sort because of the large tonnage of material to be dried;-
one plant in the United States dries 2 million Ib wood/day. In common use
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are driers of two types: drum driers and tube driers. Rotating drum driers
are the most common type used in particleboard plants.: The wood particles
make one, two, or three passes from one end of the drier to the other and
then are discharged. Inlet temperature of such driers.can be as high as
870°C when wet furnish is being dried but is reduced to about 260°C or
lower if dry planer shavings are involved.

~ Drying wood particles at temperatures above the burning point -of
about 230°C is possible as long as moisture is present in the wood. Drier
control systems must be designed to insure that dried wood is not present in
the preliminary high-temperature stages .of the drier. The particle move-
ment through these driers is controlled by air velocity. The finer particles,
which dry faster, are blown more rapidly through the drum and therefore
are exhausted before reaching the combustion point. .

" The drying of fibers for dry-process fiberboard production can be
accomplished in tube driers. The fibers are introduced into a stream of gas
heated from 200 to 320°C. These driers may have a second stage operating _
at a lower temperature. Moisture is often flashed off in a few seconds; thus
effective feed and temperature control systems are critical to avoid fires.

The moisture content to which' fiber- or particleboard particles are
dried for the manufacture of panel products depends upon the -specific
product, the amount of water added with the resin and wax size, and the
pressing cycle.- Generally, the wood furnish is dried to between 4 and 8%
MC. Precise control is necessary, since a moisture content 2% higher than
desired can cause blows orinternal explosions in the panels when the press
is opened. A moisture content 2% below the desired level can cause poor
bonds and therefore will reduce mechanical properties.

- REVIEW
' A. Terms to define or explain:
1. Moisture content: 10. Hysteresis
2. Fiber saturation point 11, Transverse swelling -
3. Equilibrium moisture content 12. Longitudinal shrinkage
- 4. Resistance-type moisture meter 13. Dry kiln
5. Sorption . 14. Bulking agent .
6. Adsorption vs. absorption 15. Cross-linking for stabilization .
7. Polymolecular adsorption . of- 16. Dehumidification drying
. water on cellulose ) 17. Press drying .
8. Free water , 18. Refractory species

9. Bound water
B. Questions or concepts to explain:

1. Be able to calculate the moisture content from green and dry weights.

2. Be able to estimate the weight of products at any moisture content,
the present weight and moisture content.

knowing

3. Be-able to estimate the shrinking or swelling in any principal &nnn:o:,%_.._ns

wood changes from one moisture content to another.

4. Be able to estimate the dimensional change that would occur if the environ-

mental conditions change.

5. Be able to estimate the equilibrium moisture content for wood at any temper-

ature and relative. humidity.
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Fig. 8.17

Normal m:n densified loblolly and Zo:zn<,2_=o.
Specific gravity of the mmau_cw_ is indicated.-

tmm,w@z,\%\ms@ ”_.__

Drying of veneer, particles, and fibers

The major difference in principle between drying veneer and lumber is
that veneer, being very thin, develops a limited moisture gradient. There-
fore, the drying stresses and impermeable zones that cause problems in the
drying of lumber are not the limiting factor in veneer drying. Other consid- -
erations, such as the glueability of the surface, may dictate how fast veneer
can be satisfactorily dried. : § .

Veneer -driers consist of a means of conveying: the veneer - through a.
heated chamber where temperatures range from 150 to 260°C. In older -
roller driers, air is circulated in a manner similar to that in a dry kiln., This .
type of drier is still in wide use for hardwood veneer. Most plants built in -
recent years utilize jet driers. These are also called impingement driers since
a curtain of air at velocities of 2000-4000 fpm is directed against the
surface of veneer. The high velocity produces turbulent air on the surface of
the veneer. This eliminates the laminar boundary layer that slows down heat
and moisture transfer under ordinary drying conditions.

Most wood particle- and fiberboard plants utilize a high-speed drying
system of some sort because of the large tonnage of material to bé dried;
one plant in the United States dries 2 million 1b wood/day. In common use
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are driers of two.types; drum driers and tube driers. Rotating drum driers
are the most common type used in particleboard plants. The wood particles
make one, two, or three passes from one end of the drier to the other and
then are discharged. Inlet temperature of such driers can be as high as
870°C when wet furnish is being dried but is reduced to about 260°C or
lower if dry planer shavings are involved.

Drying wood particles at temperatures above the burning point of
about 230°C is possible as long as moisture is present in the wood. Drier
control systems must be designed to insure that dried wood is not present. in
the preliminary Emw.ﬁa_un_.ﬂﬁo stages of the drier. The particle move-
ment through these driers is controlled by air velocity. The finer particles,
which dry faster, are blown more rapidly through the drum and therefore
are exhausted before reaching the combustion point.

" The. drying of fibers for dry-process fiberboard production can be
accomplished in tube driers. The fibers are introduced into a stream of gas
heated from 200 to 320°C. These driers may have a second stage operating .
at a lower temperature. Moisture is often flashed off in a few seconds; thus
effective feed and temperature control systems are critical to avoid fires.

The moisture content to which fiber- or particleboard . particles are
dried for the manufacture of panel products depends upon the specific
product, the amount of water added with the resin and wax size, and the
pressing cycle. Generally, the wood furnish is dried to between 4 and 8%
MC. Precise control is necessary, since a moisture content 2% higher than
desired can cause blows or internal explosions in the panels when the press -
is opened. A moisture content 2% below the desired level can cause poor
bonds and therefore will reduce mechanical properties.

REVIEW
> Terms to define or nxu_m_u
1. Moisture content 10. Hysteresis
2. Fiber saturation point 11. Transverse mim:Em
3. Equilibrium moisture content 12. Longitudinal shrinkage
4. Resistance-type moisture meter 13. Dry kiln .
5. Sorption 14. Bulking agent
6. Adsorption vs. mcmoE:oz .15. Cross-linking for mﬂmc-__um:o:
7. Polymolecular adsorption of 16. Dehumidification drying
water on cellulose 17. Press drying

8. Free water 18. Refractory species
9. Bound water
B. Questions or concepts to explain:

1. Be able to calculate the moisture content from green and dry weights.

2. Bé able to estimate the weight of products at any moisture content, knowing
the present weight and moisture content.

3. Be able to estimate the shrinking or swelling in any E.En_uw_ direction when
-wood changes from one moisture content to another.

4. Be able to estimate the dimensional change that would occur if the environ-
mental conditions change. .

5. Be able to estimate the equilibrium moisture content for wood at any temper-
ature and relative humidity.
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Table 9.4. Common non-§i to Si conversions

Non-8I unit SI unit equivalent
Length
foot 3.048 x 10-! m (meters)
inch 2,540 x 10-2m
mile (U.S. statute) 1.609 x 103 m
Area '
acre . 4.046 x 103 m2
hectare 1.000 x 104 m2
ft2 . 9.290 x 10~2 m2
in.2 6.452 x 104 m?
Volume
fi3 2.832 x 10-2 m3
in.3 1.639 x 10~5 m?
board foot 2.360 x 10-3 3
Force
kilogram-force 9.807 N (newtons)
kilopond 9.807 N
Ibf 4.445 N
Mass o
pound (avoirdupois) 4.536 x 10! kg (kilograms)
ton (short) 9.072 x 102 kg
ton (metric) 1.000 x 103 kg
Moment
Ibfrin. 1.130 X 10~ IN+m (newton
Ibfeft 1.356 Nem -meters)
Energy and work
Btu '1.055 x 103 J (joules)
ftelbf .. 1.356 J
Density (mass per unit volume)
b/ ft3 1.602 x 10 kg/m3
g/em3 1.000 x 103 kg/m3
Pressure or stress ,
Ibf/in.2 (psi) 6.895 x 103 Pa (pascals)
kegf/m?2 9.807 Pa
Other. SI symbols
5 second
k kilo or 103
M mega or 106

force is indicated, however, the use of the term weight is discouraged by SI.

Nonetheless, it will undoubtedly remain in cornmon practice and ‘is used in-

this text as a unit of mass.

Many wood science references in the European literature use kilogram-
force (kgf) or kilopond (kp) as the units of force. These have been replaced
in SI with the newton (N). The. newton is used for other derived units
involving force. For example, stress is expressed as newtons per square
meter (N/m?) and called a pascal (Pa); the unit of energy, a newton meter
(N-m), is termed a joule (I); and the unit of power, called a watt (W), is a
N-.m/s.

For engineering purposes it is generally more convenient to work with

- kilopascals (kPa = 1000 Pa) than with Pa. It may be helpful to remember
than 1 pound per square inch (psi) equals approximately 7 kPa. In some
cases the use of megapascals (MPa) is convenient. Note that in SI the prefix

M equals 10°, In the English system M is often used to indicate 10%, as in -
MSF (thousand square feet), another source of possible confusion. Also,

the use of terms such as billion and trillion should be avoided. In the United
States billion means 10°, but it means 10? in most other countries.
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Lumber types
and technology

i istnoseheny toplensdi¥ The process can be acco by hand
power if amnn.mmmaw. in the way lumber is still being -manufactured in some
less developed countries of the world. Yet today’s modern sawmill has be-
come a highly technical process using electronic scanners and computers to
control important steps in the operation. SN ,

]

, eai pRathiEfopskas possiblel using methods capable of
high production rates. This does not mean that modern sawmills are larger
than the older existing mills; in fact the opposite is tending to be true. New
mills have equipment and design appropriate 3 the smaller logs available
today. Some of the old sawmills in the western United States could cut over -
1 million board feet (bd ft) of lumber per day. Today’s small-log sawmills

produce one-third to one-half that amount but process 5~10 times the

number of logs. ,

L2he e o)

"Although over half of these mills are in the South, this region produces
only about one-third of the U.S. total. The West Coast, where there are

. fewer but larger mills, produces about one-half of U.S. production. In a -
typical year, about 80% of the lumber produced is softwood, with 70% of
the softwood logs from the West, 25% from the South, and 5% from other

" areas. Production of hardwood lumber is about evenly divided between the
North and the South, with only minimal production in the West. ;

T

e hickigssand GiferentiateBeom:
Sducedibyg stabbing: a log on two.or, four sides. #l
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T e =w These terms apply to thickness categories..
“When dealing with softwood lumber, the term boards indicates lumber less

than 2 in. thick, dimension is material 2—4 in--thick, and timbers are.pieces.
u...E..../.oH.wEan.. Cbmon::mﬁn? ok L Cy |

chg in
regard. to size categories and many other ¢ E jGasE
S aheRe o For example, the term dimension when applied to
ardwood refers to material that has been cut to size for furniture or pallet

h
W - .manufacture. One of the interesting challenges when entering the lumber

industr or an-industry that is a user of lumber is to learn the language.

- 5 A

! Jic g Pallet production in the United States now exceeds
300 milion units per year, averaging about 23 bd ft per unit. In the eastern
United States, 3 N AT
. ngHardwoods find many miscellaneous industrial uses as timbers
for mining, retention walls in construction ditches, local agricultural con-
struction, and dunnage for shipping. & , ERbET

among the most commonly harvested hardwoods,iEEQEybCINE. the single
. most important species. Black walnut, black cherry, and yellow birch are
the most highly sought after fine hardwoods in the United States. However,
practically every hardwood found in suitable quantity and size is manufac-
tured into lumber. Some lumber marketing firms specialize in developing
uses for relatively little known species such as sassafras, holly, and honey .
pcust. i ,

.>o,ﬁmmeaOmw__rosmmam:awm&ﬁ_ﬁ
i e the most important U.S.
softwoods cut for lumber. SiFEeSiGH provided
about three-fourths of the softwood sawtimber harvested in the United
States. Another 15% of softwood sawlogs are obtained. from western
'hemlock, ponderosa pine, and the true firs.. Of the softwood construction
lumber consumed in the United States, about one-third of it is produced in

Canada. ,
The basis for grading and scaling (measuring the volume) hardwood
lumber is very different from softwoods. This results in some variations in
sroups of woods are handled in the manufacturing proc-

: . @rading is based upon the .wﬂnﬂ._ﬂ of the board that is
usable in smaller clear pieces free of defects on one or both sides. These

304 3 | THE TECHNOLOGY OF MAJOR _u.OImm._,}.vIODCQ—.m
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pieces are termed cuttings. For instance, the highest grade, firsts and sec-
_onds (FAS), is.a board that contains 83% :usable cuttings that exceed a
certain minimum size. The regular hardwood lumber grades are:thus not
readily adaptable to applications where the’ oE:.o board will be used as a :
: Em_n Eoom. ‘ Vi

“combination of strength and appearance or for muvmmhmuon _ob_w. >m ex-
plained in Chapter 10, knots and slope of the grain are the main character-
istics that determine strength. Softwood grading rules contain specifica-
tions intended to. assure a minimum level of mﬂmum:a while EEREsEm a.
reaso. abl mooa mwvnmnmboo.

o_. white oak. A forester may pay a preferential price when Ucnnvmm_sm logs
from certain species because of his knowledge of the grade yield that can be
expected. For example, he might be willing to pay more per unit volume for
northern red oak logs than northern pin oak or for southern red oak than
for turkey oak. However, once cut, the lamber becomes simply red oak and
its value is aoﬁagdnmm. by En __._Ecn_. grade.

, ¥ Some hickories are E.Ean pecan when cut to lumber.
Sweetgum is termed simply gum or is classed as red gum if it is heartwood.
Lumber from yellow poplar is called poplar, which could easily be confused
with the true poplars, i.e., mmﬁmu.-mum cottonwood.
In softwoods the grouping of species for commercial use is slightly
different than for hardwoods. The approved lumber names for the
softwood tree species are listed in Appendix Table A.11. These individual

EE_unH mﬁmnﬁm may ca noEcEaa and moE under a group nm.EoE ,

“such m_.o_._uEmm are Doug m:.hm_.nr iEor is Uocmﬁmm fir ..EQ inmﬁnu larch;
Hem-Fir, which is West Coast hemlock and various true firs; and Northern

7
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Pine, which is jack pine and Norway pine. Southern yellow pine lumber is
produced principally from four tree species: longleaf, slash, shortleaf, and

. loblolly pine. In some instances slash and longleaf pine are exported under
the name pitch pine.

Emmm.EmEmi and sizes of lumber

.En,ciﬁa States,

i } DHISIENINEN® The number of board feet in a piece of
lumber 1s therefore determined by multiplying the thickness in inches times
‘the width in feet times the length in feet. For example, a 1 x 6-in. piece 10
ft long contains 1 x %2 x 10 = 5 bd ft, .
Complicating the measurement of lumber when using board feet is the
fact that i BN i ERETaERaEaP A dry,
- surfaced softwood 2 x 4, for example, measures 1% x 3% in..in cross
section, while a 2 X 10 measures 116 x 9% in. When pieces of standard
size are in the rough green condition, they must be larger in cross section to
allow for shrinkage and surfacing. Sizes of hardwood lumber also take this
into account. A 1-in.-thick hardwood board has a standard surfaced thick-
ness of 2942 in. if sold dry but should be a full inch thick if sold dry and
rough. If sold green, hardwood lumber should be thick enough to allow for

: — mr_.i_hm.o_ﬂo.arm specified rough size. )
“ , , T LI g va_.omo_,n. an m.m.,“._oum 2 x 4, éEnr.MnEw.:w
measures 1% in. x 3% jn, x 8 ft, contains 2 x 42 x 8 = 5% bd ft,
Appendix Table A.9 lists nominal and actual sizes for S48 softwood lumber

, m s&mm dry or green.
ri S ) For example, a piece of 2-in. lumber that

measures 9 in. wide by 10 ft long contains 2 X %2 X 10 = 15 bd ft.
Hardwood lumber is scaled by hand using a scaling stick, and the footage
. of each piece is recorded to the nearest board foot. A hardwood inspector
- simultaneously measures and grades hardwood lumber as it passes on the
green chain. If hardwoods are cut to specified widths, as in the case of
material to be used to manufacture pallets, the board footage is measured
as with softwoods. The thickness of hardwood lumber is often spoken of in
quarters of an inch. For example, 1-in, lumber is referred to as four-quarter
and 2-in. lumber 4s eight-quarter,

"~ In Europe and most countries outside the United States, lumber is
specified by its actual size. The volume in cubic meters (the unit used for
measurement) is based upon the actual volume of the material when dry.
Therefore, a dry piece measuring 148 mm X 240mm X 4 m contains 0,148
X 0.24 X 4 = 0.142'm?. If the lumber is measured when green, a shrinkage
factor must be taken into account. A cubic meter of dry lumber contains
424 bd ft as determined from the actual (not the nominal) lumber size, A

=

2]

5

% . In North America and much of the m.n<m_o.h5m world that exports to

3c

cC
gr

ve

5y
W(
S
de
ha

in
shc
but
dry
fac
plis

DE
Thi
the
chip
bar’
con
ope
ado
barl

sanc
are .
tant

the

rota
log s
of uj
look
cylin
knife

high




..occodm R 807 13/ LUMBER TYPES AND TECHNOLOGY

o n,ouﬁ.,wnmm,oa factor of 450 bd ft/m? is often used in the international trade of .
- green lumber. . ” ,
" In past years, &

; . e ¥ The suggested metrication would involve con-
verting to metric equivalents with some rounding to simplify sizes where
possible. Under this system the sizeof a2 X 6, for nmeu_nT.,mnﬁzﬁ_w 14 X
mber 5% in., would become 38 % 139 mm. The cost of this type-of oon,<nnmmn.5
. would be small as :compared to converting to even modular metric units

such as 50 mm X 150 mm. In that case all strength properties, structural

designs, sizes of related products, and manufacturing equipment would
_ have to be changed, the cost of which would be staggering. .

Basic steps in lumber manufacture

- The sequence of processing steps in lumber manufacture is illustrated .
in Figure 13.1./ R PR SR
, EEaEEE®Some will not be remanufactured in any way (resawn or re-edged)
i but may go directly from the edger to.the trimmet. Some sawmills do not . ,
. dry lumber but sell it green, while still others produce only rough, unsur-- .
faced lumber. Most modern sawmills, however, have equipment to accom-
plish-all the steps shown in the block diagram. o .

 DEBARKING. g —_— _ - MHW
This has several advantages, §§ . .
q-lr./
=
&

H ' chips are more valuable and more readily. marketable to. pulp mills than
b ' ‘barky chips (chips with bark). Many pulp mills will not purchase chips
o , containing bark at any price. This situation ‘will change if methods devel-
~oped to separate bark from chips become economically feasible and are

-adopted by the pulp industry. Acceptance of barky chips .mauﬁm when

barkfree chips are in short supply.

‘There are@§

AT =

The most widely used type of debarker in medium to large sawmills is

iRy (Fiz- 13.2). In this machine the log passes through a
_ rotating ring that holds a number. of pressure bars. These press against the
" log and tear off the bark. Large units of this type can debark logs at speeds ,
of up to 200 lineal ft/min. Another type of equipment, a FEHEN L
‘looks similar to a ring debarker but centers the log between three rotating
nﬁwnaaom_ heads and rotates it as it passes through a revolving ring holding .
knife-faced. pressure arms. o , .

debarker is sometimes used in sawmills where
_high production rates are not needed. A similar machine is also used for

|
|
|
i
|
|




Fig. 13.1
Processing steps
in the production
of lumber
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Fig. 13.2

A small pine log passing
rotating counterclockwise.
here as a blur. ,

{Courlesy Nichoison Manufacture Co.)

through a ring debarker. The ring is
The ring and the pressure bars appear -
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peeling posts and poles. The rossing head is a rotating cutterhead, similar
to the head on a lumber planer, that rides along the log and cuts off the bark
as the log is rotated. This debarker is also -suited to situations where
crooked or stubby logs must be debarked. Care must be taken with this
type of equipment not to remove too much wood with the bark. The high
value of lumber and pulp chips makes excessive wood fiber. removal an
expensive mistake.

_ i sywere well suited to sawmills designed for large,
o e old-growth logs in species with thick, heavy bark. Jets of high-pressure
water directed against the log surface blast the bark Joose. These debarkers
are now used principally in the western United States and ,Omzmnm for
redwood and Douglas-fir. They are also suitable for large tropical
hardwoods. However, use is diminishing because of the expensive water

treatment needed to meet environmental regulations.

The vnE.m.Q breakdown of the log is accom-

PRIMARY BREAKDOWN.
OE.“ B.ﬁroﬁ_ is 9N

plished by one offil§

This is referred to as a carriage rig. One piece is cut from the log with each
pass by the saw. The thickness of the lumber is defermined by moving the
log on the carriage. The mechanism that moves the log forward on the
carriage is called the setworks. Until the 1960s almost all lumber was pro-
duced on carriage rigs. Since that time, however, NGRS i) -~

T : I E L o RS §In new saw-
mills today, carriage rigs are used principally for larger logs (over about 16
in. in diameter) or in mills that require a great deal of flexibility in nnmwma. to

log and lumber sizes. Most hardwood mills still use carriage rigs.

W

il % o SWFigure 13.3 illustrates .
a-typical small carriage rig sawmill utilizing a circular headsaw. In such a
. mill there are three operators—the head sawyer, the edgerman, and the
_— . trimmerman—who are responsible for the decisions that determine the
. . quantity and grade of lumber obtained from.each log. Circular headsaws
1y vary in diameter from about 36 to 60 in. and can handle logs up to about 36
7 S - in. in diameter. If larger logs are to be cut, a second circular saw located
. above the main saw can be used. .

i sy SR Fhey are much more
expensive to maintain than circular saws, and the original capital invest-
ment is higher. They are used principally where large logs are to be sawn.

S nEyex aries from about

in circular saws. Bandsaw kerf is gsomewhat narrower, typically

316 to ¥ in.

about ¥s in. As a result, large volumes. of sawdust are produced, particu-
larly if boards and dimension are cut on the headsaw. For example, if
boards with an actual target green thickness of 1 in. are being cut with a
saw. kerf of % in., 13 in. of the log is removed each time a board is cut.
This does not comsider the variability in sawing thickness that inevitably
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, Oonﬁm. About %+ 13%- =_27% of the wood. 350<an in E_m case becomes
mmsdcmn This does not include the kerf _omﬂ in mamim En EE_UE.. For E_m C

in _.mnn_.: years .mOa measuring and _uoﬁmon_zm ﬂomm and oo_._:o:_um the cut
§= cn discussed later.

5 e §he three Eom_“ ooEEOﬂ Sﬁnm of
m_zm_nﬁmmm :nmnnmm in use are nguuon nmnﬂm_.m. scragg mills, and EEEU_?
band rnmmzm? ; gl : il

Twin-band headrig cutting a small softwood log. A 4-in. cant and.
two slabs are produced. . ;
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% The o_Eum are removed with _B:Sm EoE.:ma
on noﬁmc:m cutterheads, so no sawdust is produced. Typically, these ma-
chines operate at from 150 to 200 lineal ft/min. Such a mill can cut over
200 _omm\m E shift. Theoretical capacity is nearly mo:c_m :zm mmsnn.

TEHIE i developed in the GQOm S

Eoﬁ S_:m using these Emn:Emm
are cutting logs from 6 to 16 i in. in &Edoﬁn .;n_.n are mo<onm_ ansmmn-

us Jﬁam.

m:.n_.. a machine i is mrois. in _.de.n ;.m. mo_.:o of Hrn.uomm&_m con-
igurations of EEGQ. 5.& can cn produced on chipping headrigs are shown
E.Emcnm 13.6. 4 K CREl s T

'in Figure ~uq

Canadian Car ﬁ!v!gfﬂnj’

]

{Courtesy Hawker Siddeiey Canada inc.

Fig. 13.5

.Chipping headrig (Chip-N-Saw) showing the log transport and chip-
ping and sawing sections. ‘ .
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menmm, of lumber. Chipper canters are also used to o.ougon cores from.
plywood veneer bolts into 2 X ‘4s. In this case the veneer bolts are peeled

"down to a certain size, usually about 5% in., mua then the core of E.odo:. is
ejected from the veneer lathe and conveyed to the chipper canter.

7

- ¥ The distance between the blades can be adjusted by the operator
to produce 4-, 6-; or 8-in. thick cants. Logs make one pass through this rig,
producing a two-sided cant plus two slabs (on a two-saw scragg). The cant
is then broken down to boards by a gang resaw. If the slabs are thick
enough, they can be resawn to produce a 1- or 2-in. board. The logs in most
scragg mills E_n moved through the saws by a conveyor chain. A few scragg
mills use an overhead device that clamps the log at both ends and carries it
through the saws. : = .

o

=

L o : e As with the other single-pass headrigs,
multiple-band headrigs were developed to - process small logs. Williston : ]
(1976) stated that there is no reason they cannot also be nsed for larger logs,
as long as there is no need to turn the log, as:can conoun.oﬁnmaammn rigs to

‘recover higher lumber grades. Multiple-band headrigs are adaptable to elec-

tronic scanner and computer control applications. ,

“slab chipper has a cutterhead with knives, which chips flat the portion of
.the log that would ordinarily be removed as a slab. The cutting action of a
slab chipper is similar to the cutterheads in some chipper. canters. The use
of two-slab chippers with a quad band makes it possible to cut the log into
four pieces of lumber plus one cant as it passes through the rig. -

- ‘SECONDARY w_um.>—nUO<<z. =i

207 of cuts and so can reduce a cant to .
@sgggean split a plank into two boards or cut a board
@. from the wider side of a slab. 8 S¥can also be used to salvage

'Jumber from slabs. In this case the excess wood is chipped away rather than

. sawn.

: S 3o Frequiring operators .
~with a good knowledge of lumber grades. Electronic scanners and control

systems are now available that will allow automatic edging and trimming of

boards for maximum yield. SlSENPIERIS : T

" {Courtesy Coriey Manufacturing Co.)

G ! xnn.mm?m edging and EEBEW...W ooﬁ_z.. of course, as it -
reduces lumber Sutput. , ,
Figure 13.8 illustrates the importance of properly edging and trimming
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Fig. 13.8

Value is increased |

by properly edging and trimming
No. 1 Common basswood containing 13 bd ft
changed to FAS grade of 12 bd ft

No. 1 Common basswood at $340/MBF
14 ft x 11k in.

Edged here " Trimmed here
Bark

FAS basswood at $500/MBF
13 ft x 10% in.

é\hﬁ"ﬂgﬁuﬁgﬂ%s%gggﬂg =

_hardwood lumber. This piece of basswood originally contained 13 bd ft of
© No. 1 Common grade valued at $340/thousand bd ft (MBF) or $0.34/bd ft.
If edged and trimmed as shown, the volume of the piece would decrease to
12 bd ft, but the grade would increase to FAS at $500/MBF. The value of
the piece in this example is increased from $4.42 to $6, an increase of 36%.
There are many opportunities to realize this kind of increase in lumber

,, . : value by proper manufacture. .

W ey ek, e bR

" DRYING, SORTI
in Chapter 8.j§j

NG, AND FINISHING. The drying Eon,nwm was discussed

L\ . . »To QJ\, Eammn._wi».ons_w m:a ina n:EEzEBEn. it is desirable to
- dry only one thickness, width, and species per kiln load, although some-

times this is not possible. Semiautomatic equipment is .generally used to.

. green chain (located following the trim saws in the mill) the lumber is sorted
| , by species, size, and grad . B RN

R ; Y




1=

._.00:03 __m:_ _ ;5_\Ezmmmivmmb,zoqmozzo_.oﬂ

-

_at the green or dry end .of the mill. The simplest system is to have the
Iumber manually ?.Enm and sorted as it proceeds:down a so-called green or
QQ chain. The manual handling of lumber is eliminated E,Eonﬂd mills by
mechanical sorters that can be controlled by a single grader-operator. Sor-
ters are available to automatically sort lumber by length, width, or thick-

ness

h-speed. matchers used for softwood dimension have four or

more heads to surface the lumber on four sides (S4S). Some of these ma-

“ chines can operate at lineal speeds in excess of 1000 ft/min. Matchers may

have profile heads for running patterns or splitting wide stock into narro-

wer widths. A moulder is similar to a matcher but is designed to run smaller
stock to pattern. It usually has both top and bottom profile heads.

\i % A surfacer is a machine that u_mbnm the lumber on two wmonm o=_<
a d

Log scaling and measurement practices

The units of measure used in the sale of logs and mmico:m vary widely
ancms&nm upon the size of the logs, whether the logs are sold tree length or
as individual bolts, and upon the local practices in the region. The same
basic methods are used to purchase logs for a plywood plant, although
some specifications such as the minimum diameter or the amount of ac-
ceptable heart rot may differ from that for sawlogs.

- The most commonly used methods of measuring logs are:

1. Log scaling, in which the- diameter and length of each log is
measured. These measurements are converted by use of a log rule to board
feet-or to actual cubic measure (cubic feet or cubic meters). The procedure
for scaling will be described later. Scaling can be done manually or by use
of electronic scanmers. : .

2. Weight scaling, in which a load of logs is simply iﬁmrnu Weight
can then be converted to an equivalent board foot or cord volume, or
payment can be made directly on a weight basis. Table 13.1 shows the

Table 13.1. The average weight of 1000 bd ft of -onm as
scaled by three log rules

Log rules
Species of Scribner Interna-
southern pine Doyle Decimal C tional ¥
((b/1000 bd fr)
Loblolly 17,750 12,800 11,010
Shortleaf 17,920 : 12,650 ) . 10,870
Longleaf 24,230 14,350 . 12,240
Slash 23,860 14,990 12,730

Source: Page and Bois (1961).
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average weight of 1000 bd : Om logs »,9. the Em_o_. southern va:oi pines
‘measured using three different log rules. The reason for the differences
between the log scales will be explained later. Note that even for these
similar species there can be as much as a 35% difference in the weight of an
equivalent volume of wood. The effect of variability of moisture content
and wood density on weight scaling was discussed in Chapters 8and 9.
3. Cord scaling is sometimes used in the Em_.wmzum of sawbolts. This
S method is more commonly applied to pulpwood. A standard cord is de-
% fined as the volume of stacked Eooa 4 % 4 x 8ft,ie., 128-ft> Thére are
M.w many variations from this standard. In some regions of the Lake mﬁmﬁm a
~ cord length of 100 in. is used instead of 8 ft. In areas of the South a’unit
, W , with a depth of 63 in. is used. The actual volume -of wood in a cord,
M, regardless of its definition, varies with the length, 95:29. and straight-
. ness of the bolts and with the care used in stacking. Table 13.2 illustrates the
: relationship between bolt diameter and the volume of wood and bark in a
cord of 4-ft-long bolts. Note the dramatic increase in the green weight and
. the volume of wood per cord as the bolt diameter increases. Van mEEn
% (1966) found for both pine and hardwoods in the South that the average
volume of wood being delivered per cord ranged from 79 to 82 ft*. Other
studies have found the solid wood content of-a Mﬂmsama cord to vary ?o..:
58 to 94 ft*.

Table 13.2. Volume for stacked mnmaama cords of 4-ft

longleaf pine tEusGon
. -Volume per
Diameter of average mﬂm.:aw_,.m cord ..~ Green weight
bolt, inside bark Wood Bark . . per cord
(in.) (1) w (b)
5 56 23 4840
w ‘ , 7 : 67 2 © 5430
: - , . : 9 7 21 ) 5590
_ o 11 - 74 20 5760
: , 13 : 77 20 5893
15 80 - 20 6100

Source: Williams and Hopkins (1968).

Log rules provide a conversion that relates the diameter and length of
the log to an estimate of the lumber yield. Zma factors: determine how
many board feet of lumber will be obtained from each cubic foot of round
logs. These include the width of saw kerf, diameter of the log (and En_.n-
fore the proportion lost as slabs), taper, and presence of sweep or nownnﬁm.
Various log rules provide estimates of lumber volume based upon different
assumptions regarding these factors. Lumber recovery that exceeds the vol-
ume estimated by a log rule is called overrun. Three commonly used log
rules are briefly described:

1. Doyle rule. This rule is computed from the nn_:m:on. V=[D—-4
+ 4]* x L, where V = the board foot volume, D = the scaling diameter in
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inches, and L = the log length in feet. This rule greatly underestimates the
volume of lumber that can be obtained from small logs. Mills purchasing
small logs on Doyle may obtain over twice the volume of lumber estimated
by the log rule. ‘A mill producing twice as much lumber as the log scale
would have a 100% overrumn. .

" 2. Scribner rule. This rule was devised on the premise of sawing 1-in.-
thick boards. with Y%-in. kerf from perfectly circular logs and based upon
diameter at the small end of.the log and no taper taken into  account.
Therefore, this rule underestimates lumber yield on small logs and on long
logs with taper. If the volumes are rounded to the boﬁnmﬁ 10 bd ft, this rule
is called the Scribner Decimal C.

3. The International ¥ rule. This rule assumes sawing 1-in.-thick lum-
ber with Va-in. kerf and allowing %4 in. of taper for each 4 ft of length and
Yie in. of shrinkage in board thickness. The International rule gencrally
provides the closest estimate to actual lumber production of any of these
commonly used rules. Thus it allows less overrun than the Uoﬁa or Scrib-
ner rules for m: but the largest logs.

The scaling of logs, regardless. of the log rule used, involves measuring
the length and diameter of the log. Strict m.umoﬁnmaosm for length must be
met or the log is considered to be of the next shorter staridard length. The
scaling diameter is the average diameter of the small end inside the bark.
Tables can be used to convert the diameter and length to the desired log
scale. When done manually, scaling sticks are used, which read directly in
board feet. .

'When selling or purchasing logs, the basis for measurement is not

- nearly as important as understanding the relationship between the different

tales. Table 13.3 compares the content of 16-ft-long logs as scaled with
different log rules. Note that as the logs get. _mﬂmna the &m.o_.nnomm become
smailer. :
The overrun that may be obtained in .a mmEBE will vary greatly de-
pending on the log rule used. Table 13.4 compares typical overrun expecta-

Table 13.3. Comparison of board foot volumes as noso...
. mined by three log rules for 16-ft logs -

Log rule
Scaling Cubic ’ Interna-
diameter volume* Doyle Scribner tional Y%
(in.) 3 (bd ft)
6 4.30 4 } 12 19
8 7.10 16 31 -39
10 10.59 36 55 65
12 14.78 64 86 - 97
14 19.66 100 o123 136
16 25.25 144 166 o 181
18 31.53 196 216 . 232
20 38.53 256 - 272 . 290
22 46.19 324 334 354
24 54.57 400 403 424

26 63.64 484 478 501
* Assumes cone with 2-in. taper per log. )
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Table 13.4. Predicted percent overrun in mo::-o_.: pine
sawmills using three log rules

Log rule
Scaling 'Scribner - Interna-
diameter Doyle Decimal C. tional ‘4
(in.) . ()

] 172 21 , -3

8 95 19 , -4

10 59 16 -5

12 39 14 -5

14 25 11 ~6

16 .16 , 9 , —6

18 8 6 : -7

20 2 . 4 : -8

Source: Williams and.Hopkins (1968).

tions in the southern pine region. The overrun when using Doyle is by far
the greatest for logs 14 in. and smaller in diameter. The International Y
rule may actually overestimate the amount of lumber that can be produced
and thus a negative overrun (underrun) may result.

The measurement of actual cubic volume of logs, as a replacement for
log scales, is becoming more common in the softwood lumber industry.
This is the only absolute measure of log volume and allows much better
monitoring of the true input to a mill. Cord, weight, and log rule methods
are all inferential methods of determining the volume' of raw material in-
put. Electronic scanners and computer systems are being used to measure
actual log volumes in the softwood lumber industry. Thus, as their use
increases, the use of nondirect volume measurement methods will decline. -
This will make significant improvement in process oosﬂ.o_ USnmaE.am pos-
sible.

Improving sawmill efficiency

A mill purchasing wood on only one log rule can compare total log
volume input with lumber volume output to determine overrun. Done over
time, this gives an indication of any change in the performance of the key
operators in the mill or in the quality of the logs. A better way to consider '
the efficiency of a sawmill, however, is to analyze yield in terms of board
feet of lumber produced per cubic foot of actual log volume. This ratio is
termed the lumber recovery factor (LRF). To determine this, sﬁ mill must
scale the logs being processed for cubic volume.

If lumber were actually cut to nominal sizes, there were no losses from
kerf, and logs were square, the LRF would be 12; i.e., 12 bd ft would be .

obtained from each cubic foot of log. In the United States the average LRF

among the larger sawmills is about 7.8 (Clapp 1982). This average varies by
region because of size of timber and the size and sophistication of mills.
Regional averages range from 8.3 to 5.7 bd ft/ft>. Individual mills will vary
considerably from these averages, but the LRF mEnm manufacturers a
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.man_Em with i_:n: to compare their efficiency of _om no=<2.m5= with

others.

There are a number of possible means of improving the LRF 0m a’
sawmill. Among the most important are reducing kerf; reducing variability .
in thickness, which requires that lumber be sawn oversize; and making -
optimum decisions about how to cut each log and accurately positioning it

‘according to the decison made.

The reduction of kerf losses in a sawmill is mnooEv:m:nm primarily by
minimizing the saw cuts made on the headsaw and breaking cants down on |
smaller secondary saws that have much less kerf. There have been signifi- .
cant advancements in circular saw technology, which has reduced the kerf '
in saws designed to rip cants. Modern rotary gang saws typically have kerfs

‘of about % in. and produce smooth, accurately sawn lumber.

An important means of increasing the LRF is by reducing the <mzm¢=-
ity of lumber thickness. If a headrig has a variability in sawing thickness of

" Y4 in. and this-can be reduced in some way to Y% in., there can be a saving of

Y16 in. of wood each time a saw cut is made. This saving results from setting

. the saw Yie in. over the desired thickness rather than % in., which would be -

required with the greater variability. Proper selection mam Em_ﬂmbmboo of
equipment is very important in attaining this goal.

The greatest advancement in increasing the efficiency of sawmills in
recent years has been in the application of electronic log scanners and
computers to the measurement of logs and placement for the first saw cut.
The results as applied to chipping headrigs are shown in Figure 13.9; they

-came from a Canadian study of improved sawing decisions made by com- -

puter control over manual control with two different models of a Chip-N-

~Saw, a chipper canter of the type shown in Figure 13.5. Note in Figure 13.9
-that the LRF was increased 8 1 bd ft/ft* by using the computer-con-

trolled system.

The coupling of an electronic scanner and a computer for operation
control has many potential applications within a sawmill (Williston 1976). -
One computerized optimizing edger scanner measures board geometry, -
computes the optimum edging decision, positions the board and the saws, -
and passes the board through the edger to achieve maximum value.

A scanner is a means of measuring the length, diameter, or shape of a
log or cant by passing it through a light or laser beam. Some scanners:
operate with a light receiver that senses the width of the object being placed .
between the light source and the receiver. Other scanners take measure-

“ments from the light reflected from the object being measured, whether it is

a log or a cant. Figure 13.10 illustrates the combination of a scanner and a

. computer to control the relative position of the log and the saw lines.-

Application of this technique has cnosmE about dramatic increases in lum-
ber recovery.

The importance of making the first cut in a log at- zﬁ proper position
may not be apparent. However, once the first saw cut is made, the location:
of subsequent cuts is already determined. An illustration of how much

- difference a shift in the first cut can make in lnumber yield is shown in Figure

13.11. On this small log the lumber yield could increase from 32 to 40 bd ft
by moving the cut to the right only 0.20 in. The data in this figure is from




JA

]
_,
i

323 : ~ " 13/ LUMBER TYPES AND TECHNOLOGY .

C

N
Fig. 13.11
_Euozmzom of first saw o_: ina _on
.n S 8-in. _ou. 12 ft long,
slabbed at three points
\\ only 110 in. apart
/ G_ eld <n..mou from 32 3 40 un E
0.1* —
Lumber volume is
determined by where -
m_mc is cut
40 bd ft 3bdft 32 bd ft
From Hallock (1973) . . ) A

Hallock (1973), who did much work to demonstrate the ‘importance of
properly locating the first cut or chipping line. He _.nmm:on_ to this as the
best opening face, or the BOF.

. E Em:_.n _u m it is amEonmﬁEmn Emﬂ
the piece i:r.ﬁsn Emwmmﬂ <o_Eda does not. necessarily have the highest
<m_=sz the next decade further significant advancements will be made in
the a@plication of computerized E.Onmmm no_._:.o_ to lumber manufacture.

m&mzo:m:i_. uﬂimm: n-m&mm m:& uses of Esumq

-Those involved in the EmbcmeE.n. sale, or use of lumber for second-
ary products must understand lumber grades if they are to produce and
utilize the material in the most efficient manner. Using the wrong species or
grade for a job can be costly to the homebuilder or furniture manufacturer.
It can m_mo nnm:: in using more lumber Em: necessary, Becoming knowl-




¢
WN
M

324

edgeable about grades and applications requires ooumEnum.En mE%.EE
experience. . - R
The grades used in the United States and Canada for hardwood lumber

" are written by the National Hardwood Lumber Association (NHLA).

These rules are also widely used in other countries exporting lumber to-the
United States. A number of softwood lumber trade associations are respon-
sible for preparing the grade rules applying to their particular species. The

" larger of these organizations are the Western Wood Products Association,

Southern Pine Inspection Bureau, West Coast Lumber Inspection Bureau,
Redwood Inspection Service, Northeastern Lumber Manufacturers Asso-
ciation, and Northéern Hardwood and Pine Manufacturers: Association.
The grade rules they have prepared must conform to PS20-70, a product
standard developed under the jurisdiction of the U.S. Department of Com- .
merce and administered by the American Lumber Standards Committee.
The grades of dimension lumber for all these softwood associations are
similar, conforming to the National Grading Rule for Softwood Dimension
Lumber.

HARDWOODS. The standard grades of hardwood lumber as well as some
of the major requirements for each are shown in ‘Table 13.5. These grades
are based upon the percentage of the total area of the face of the board that
is usable as furniture parts. When grading, the lumber inspector first deter-
mines the poorest side of the board. Then by visual judgment and occa-

- sionally by actual measurement the proportion and size of clear rectangular

cuttings from the piece is estimated. These cuttings must meet the minimum
size requirements shown in Table 13.5. If over 83% of the area of a piece is
in these usable cuttings, the board is an FAS; if it yields between 66 and
83%, it is a No. 1 Common, etc. Experienced inspectors can accurately

ﬂmu_oau.m.moﬂonamamn?:.m:.omo‘_.Soz:rh.:n_i.
wood lumber grades o

Minimum size

of cuttings Minimum
used in allowed
: Required calculating size of
Grade name yield* yield board
(%) (in.'x ft) - (inex ft)
FAS 83 4x50r 6x8
, Ix7 ,
Selectt 83 Similar to FAS 4x6
No. 1 Common 66 ~3x3or Ix4
4%x2 L
No. 2 Common 50 Ix2. Ix4
No. 3A Common 33 3x2 Ix4
No. 3B Commont 25 Ix2, 3x4

d * Percent of board in cuttings that must be free of defects on one
s1Qe. . :
1 Differs from FAS in that the minimum board size is smaller and the
grading is done from the best side of the board rather than from the
poorest. Different basis is used to grade pieces less than 6 in. wide.
¥ Grading from poorest side and yield based upon sound, not clear,
areas. ,




DDUCTS®

325 - 13 / LUMBER TYPES AND TECHNOLOGY

make these estimations at a surprising rate. H:Q are nobmannnn to have .
mn.mmnn a shipment correctly if upon reinspection the value of the lumber is -

. not found to differ from the original by more than 4%.
When uE.o:mmEm hardwood lumber, a furniture plant selects the mnmnm ”

based upon the size of pieces (dimension) they must cut from the lumber.
The smaller the pieces they require, the lower the grade of lumber that can
be used. Generally, a plant will obtain a much higher yield of usable cut-
tings from the lumber than indicated by the required yield percentages for.

" that grade as shown in Table 13.5. This results from the fact that the plant

is not restricted to the size of nﬁanm used in the grading rules and the
required yields for the grades are minimums, not averages.

An inexperienced hardwood lumber buyer will tend to buy a higher
grade than necessary and as a result will needlessly increase raw material

costs. To approach the use of lumber grades scientifically, many private .
_ firms and public research agencies have developed tables of expected yield -

for various size cuttings obtained from different grades and species. With

this information, a firm can calculate the grades to purchase to minimize
the total cost. Computer programs to accomplish these calculations are -

available through private consultants and forestry oﬁnnﬂou personnel of
the U.S. Uocmaﬂna of Agriculture.
There is no moisture content standard for hardwood lumber; i.e.,

" there is no specific moisture content maximum for lumber sold as dry or

kiln dried. A purchaser should specify the moisture content requirement

‘when buying such lumber. Although there are standard surfaced thick-.
nesses for hardwood lumber, it is good practice to specify both moisture

content and actual thickness when purchasing hardwood lumber S2S.

Many uses of hardwoods do not involve a cut-up Q,u,,mnmaou like those -
found in a furniture or flooring plant. Figure 13.12 shows that over one-

third of hardwood lumber is used for pallets and containers. Much of this

". material consists of grades No. 2 or No. 3 Common or is ungraded. This
material is often not sold by species but simply in a. group of .species of

o )
Furniture  Pallets, boxes, Fig. 13.12

m:n oo.:m_:oqm_ _Sm._o_. uses *O-.
- sawn hardwoods

Crossties :
3% From Appalachian Hardwood

ﬁ. Umoxm——ﬁ 8% Misc. 7% 1 Manutacturers (1977)

et
e
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similar density. The higher density woods are preferred where strength is
critical, and low-density woods are selected where nailability and shipping
weight are.most important. , : ,.

Hardwoods are generally not used for construction lumber-that com-
petes with softwood dimension. However, some lower density hardwoods
may be suitable for this purpose and will find greater use in the future:
Aspen is presently being used to produce 2 x:4s graded similarly to
softwoods. Poplar also has potential for such utilization.

SOFTWOODS. Most grading of softwood lumber is by visual inspection..
Experienced graders can assess in a few seconds the knot size and location, -
slope-of-grain, freedom from decay, and other characteristics that deter-.
mine grade. Some dimension lumber to be used in highly engineered struc-
tures is also graded by machine. This is termed machine stress—rated (MSR)
lumber. The main use of MSR lumber is in trussed rafters. The major
components of a machine that stress grades lumber are shown in Figure
13.13. The machine measures the stiffness of lumber passing through it by
flexing it in the two flatwise directions and measuring the force required to
do s0. The stiffness is then related by a computer program to the bending
strength, and the piece is stamped accordingly. The variability in strength of
a grade of MSR lumber is much less than for visually graded lumber, an
advantage when high strength is needed. ”

T .. few grades
that are intended for cut-up operations similar to hardwoods are called
shop grades. These are used principally for production of millwork. The
largest portion of construction lumber goes into dimension, i.e., lumber .
2—4 in. thick. The grades of softwood &Eou,mmon assigned allowable
stresses are shown in Table 13.6, with the highest grade in each category
listed at the top. The special grade of Stud is somewhat similar to a No. 3

( Fig. 13.13 | B )
Main elements of a machine that

mechanically stress-grades lumber

Transducer-1

Sensor-3 Sensor-2

Sensor-4
Sensor-1
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Table 13.6. Grades of _softwood .E.:.oam..m: -lumber
assigned allowable stresses , ,

o . Grades
Nominal size .. - General use Structural use
2-4 in, thick and " Conmstruction =~ . Select Structural
2-4 in. wide Standard No. 1.
Utility - No. 2
Appearance No. 3
N Stud
2-4 in. thick and Select Structural ) Select Structural '
6 in. and wider . No. 1 No. 1
No. 2 No. 2

No.3 . No. 3
- Appearance :

but with stricter requirements in regard to warp. The Appearance grade is-

quite similar to a No. 1 but with greater restrictions. as to wane (barky
‘edges) and other appearance_factors. ‘Not shown are lower grades usable
for blocking, dunnage, etc. . . ;
There are many more grades of softwood dimension lumber than are
practical for many. mills or retail lumber dealers to handle. There are 11
grades of softwood 2 X 4s, so if a mill produces lumber from three species
groups, it would have 33 different categories of material to store for just
this one size of dimension. Most manufacturers and building materials
dealers restrict themselves to a limited number of grades and species. This
reduces inventory problems and confusion of the ocmﬁoan_.\c:m%h It iis
. common practice to sell mixed grades, of dimension, for example, No. 2
- and Better or Standard and Better. The percentage of the lower grade al-
lowed in such a mix is often specified to assure that the customer does not..
receive only-the lower grade. , . ,

[IERRIESEA These categories are use d for both boards and dimension.
Timbers are ordinarily sold only in the green condition. It is not advisable:
to use green dimension in finished buildings because of the possibility of
warp and shrinkage. Nonetheless, green dimension is still used for home
construction in some parts of the country. Southern pine is usually manu-
. factured to the 15% MC requirement (KD), but other softwood manufac-
turers produce principally S-Dry material. , ,.
Most softwood lumber, particularly dimension, is grade stamped at the
mill after it has been dried and surfaced. A major reason for doing so is
that building codes require the use of grade-stamped lumber for framing.
Grade stamps for visually graded lumber indicate the grade, the species or
species group, the moisture content category, the association under whose
supervision the grader works, and also a number that designates the mill at
which the lumber was produced. An example of such a grade stamp is
shown in Figure 13.14. A grade stamp for MSR lumber is illustrated in
Figure 13.15. The elements in this stamp are similar to those of a visually
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graded piece. However,
the allowable bending stre

the classification of MSR: lumber is designated by

, ngth and stiffness values.

The sale of species  of softwood lumber in'v W
traditional marketing patterns a,ﬁ&oc& over ‘many. years. Builders and
.wﬁ_&smnosﬁwﬁoﬂm _unnan accustomed to certain species and grades, and

. sometimes it is difficult to change their vqnmm_.nﬁo.,am unless significant cost
. "savings are possible. EanGEEQm may advertise their use of well-known
species such as Douglas-fir or southern yellow pine as indications that their
homes aré superior, implying that builders using other species are produc-

ing inferior homes. To an uninformed public this approach sometimes
works. Although significant advantages or disadvantages of one ‘species.as
compared to another do exist, there is no reason that any  species of
_softwood dimension will not do the job for which it is intended if the

Jumber is properly manufactured and the .ccw&sm is designed with the
properties of the species and grade in mind. , ”
In many situations in building construction it is possible to use the next

larger size of dimension rather than ‘changing to & higher memnn or a
stronger species. Such a change may be less costly and result in'a better
g&&zms&b EFM -

the smaller size of the higher grade. ,

When using dimension lurnber for construction, it is often helpful to

be able to compare the strength and stiffness of different lumber sizes, Two

~ rules of thumb can be very useful in this regard: (1) the strength of a beam
s proportional to the square of its depth and (2) stiffness of a beam is

S ,Eovo&os& to the cube of the depth. For example, from Table 13.7, the
strength of a 2 X 8 can be compared to 2 2 % 10 by comparing 52.6 to
85.6. The 2 X 10 can safely support 85.6/52.6 or 1.6 times as great a load

as the 2 x 8. Interms of stiffness t

amwxuowmqﬁ.m\um?w o_.,,n._mﬂowmm.
stiff as the 5 x 8. This means it will deflect 1/2.1 0r only 48% as much
under a given load. Such noacﬁmmoum_mmﬂ_ao that the span and allowable .
stress values for the sizes being compared are the same. They emphasize the
en obtained by mer ly increasing

large increases in strength and stiffness oft

the size of structural members by one increment.

arious regions follows

Table 13.7. Factors to compare bending mto:u:_ and

stiffness of ditferent lumber sizes

Nominal
size

" .PDepth
* cubed

(n.3’

Depth
squared

(in.2)

Depth




3 | THE TECHNOLOGY OF MAJOR FOREST PRODUCTS

REVIEW : -
A. Terms. to define or explain: ”
' 1. Board foot ©19. Red oak lumber
2. Hem-Fir , 20. S-Dry
« 3. Southern yellow pine . 21, MC-15
4. Log rules 22. Construction
5. Ring debarker 23. FAS ,
6. Rossing head debarker 24. No. 3A Common
7. Chipper canter . , 25. Cuttings.
8. Scragg mill 26. Select Structural
9. Band headsaw - - 27. Boards
10. Log scanner . ) 28. Timbers
11. Overrun 29. Required cuttings
12. Lumber recovery factor (hardwood) yield
13. Gang saw 30. Stiffness
14. National Hardwood 31. Nominal size
Lumber Association 32. Matcher
15. Standard cord 33. Planer mill
16. Doyle rule 34. Sticker ,

.S.mﬁ.ﬂuum:d_n . ,mm.z_mw_::&o_.
18. Weight scaling . : ,

B. Questions or concepts to explain:
" 1. The major processing steps in the manufacture of lumber.

2. Reasons for debarking logs prior to processing.

3. Types of headsaws and characteristics of each.

4. Basis of grading hardwood lumber as compared to.softwood lumber.

5.' Procedure for scaling logs. -

6. Relationship between three major log rules.

7. The difference between overrun and lumber recovery factor.

8. The difference between tree names and lumber species group names.

9. How board footage is calculated for hardwood and softwood lumber.
10. The use of scanners and computers for control systems. ,
11. The thickness categories of sofiwood dimension. -
12. The moisture content standards for hardwood and softwood lumber.
13. The relationship between the size of a wood beam and its strength and

stiffness. . ,

14. Methods of grading softwood lumber.
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Plywood _ JH_ ;

- production and use

PLYWOOD is a panel product of wood veneers glued together so that the

. grain direction of some veneers runs at right angles and others run parallel
to the long axis of the panel. In most types of plywood the grain of every
other layer is laid parallel to the first. Therefore, to maintain a balance
from one side of the panel to the other, an uneven number of veneers is
used (3,5, 7, etc.). Some plywood, however, is prodiced with an even
number of veneers, the prime example being softwood plywood madeup of
four or six plies (veneers). In this case two veneers are laid parallel to form
a thick center core. Such panels are illustrated in Figure 14.1.

Plywood is also produced with lumber or particleboard as the core.
Nonveneer-core plywoods are commonly used in the furniture industry.
Several plants have produced the three-ply composite panel shown in Fig-
ure 14.1. This type of wood panel, with a particleboard core, is used for the.
same purposes as construction grades of softwood plywood. )

Although the plywood industry dates back only to about 1905, the
product from which plywood is made, veneer, has an ancient history. The
Egyptians around 1500 B.C. are credited with producing veneer to decorate
furniture. The ancient Greeks and Romans also developed means of cutting
veneer. Plywood did not become a major industry, however, until the 1930s.
The adoption of the hot-press from Europe and the development of syn-
thetic resin glues are credited as technical developments playing an impor-
tant role in the early growth of the industry. Most of the technology for the
softwood plywood industry developed in the United States.- World War 11
greatly accelerated the technology for efficiently manufacturing exterior

" phenolic-resin bonded plywood, which was extensively used for small naval

- 332




333 _, 14 | PLYWOOD PRODUCTION AND USE
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_n,a. i_; : :
‘Various types of plywood
construction

All veneer
construction

3-layer
3 ply 3-layer , 5 ply
4 ply

Alternative constructions

Particleboard ) | 5-layer Crossband

{ - i

military craft. In the 1970s other areas of the world adopted the Sngo_om.<
for producing softwood plywood from small logs. . ,
There are about 560 plywood and veneer mills in the United States that

produce 20-25 billion ft* of plywood each year, of which 90-95% is

‘softwood plywood. The softwood plywood industry originally developed
on the West Coast and was concentrated there because of the quantities of
‘available high-quality timber. Developments in resin technology and manu-

. facturing equipment in the early 1960s made possible the production of

softwood plywood from relatively small southern pine logs. The softwood
“plywood industry has grown rapidly in the South, and production from
that region has exceeded production from the West since 1980. About 15%
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of the softwood timber volume consumed for industrial products goes into

plywood production. The hardwood plywood industry, currently producing -

only about.1 billion ft2, is concentrated in the South.

Plywood production technology differs nosm_mo_.mc_w between
softwood and hardwood mills. Grades and uses of the two kinds of ply-
wood differ greatly as well. Softwood plywood is used: vzsnGm:m as a

_construction material. Hr_ox Tow-grade venéefs are used” mﬁnsmzn:\ for

construction plywood. Construction plywood is manufactured both in un-

mmnana grades, i_:os are mcurna EEE% as mrnmﬁr_sm and subflooring, and
tive and ,ﬁEoEE_

mmaioon veneer is used to Emacmmnﬁ_.n Ewiooa for paneling, indus-
trial parts, .».,EEER. and as a construction material. Hardwood veneer is
also used as a separate laminant in tables and case goods. The hardwood
plywood industry is very diverse—from small firms that produce custom-
ordered plywood for specific architectural applications to large, Em:-om-
pacity plants producing thin panels in production lines similar to those in
the softwood industry.

Most hardwood plywood in the United States is manufactured accord-
ing to an American National Standard Institute (ANSI) and Hardwood
Ewioon Manufacturers Association Q.ﬁ.?bﬁ standard HP-1983. The:

HPMA 'is the trade association involved in the %ﬁ-oznﬂﬁ. quality con-
trol, and promotion of this product.
Most softwood plywood produced in the United States is Emnsmmn-

tured to meet the requirements of U.S. Product Standard PS1-83 for Con- .

struction and Industrial Plywood. The grades and standards are also out-
lined in the Plywood Design Specifications of the American Plywood
Association. This association develops marketing, engineering, and con-
structioni information for softwood plywood. The jurisdiction of PS1-83
EnEn_mm plywood manufactured from hardwoods but intended mo_. the same
application as softwood plywood (general construction).

Wood panels, which are produced from flakes rather than veneers but
are used much like softwood plywood, have become important since about

1980. These panels are of two general types: waferboard and_oriented:

strandboard (OSB). Standards for these products have been promulgated
by the American Plywood Association. These performance standards differ
from product standards, such as PS1, in that they define the performance

characteristics a product must possess to perform adequately in a desig- -

‘nated application rather than how it must be made. A performance stand-
ard is oriented toward the end use of a panel, while'a product standard
prescribes minimum manufacturing requirements. >_Eo=m: waferboard
and OSB standards and use are similar to those of u_ﬁcoon the technology
for manufacture is much like that of typical particleboards. For that reason
these two products are discussed in the next chapter. ,

Plywood has become a valuable building material because it has
unique properties ideally suited for construction. It is light in weight, yet
strong: It is a sheet material; therefore large areas of a roof or floor can be
covered by handling relatively few pieces. It can be nailed, glued, and
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- B , sawed with about the same ease as lumber. The first major use of softwood
- . plywood, around 1910, was for door construction. Since then, plywood has
replaced lumber for many uses, the most .important. being: sheathing. In
recent decades softwood plywood has made possible the application of
unon_:n:oa-r:n techniques in the homebuilding industry. -
7 Plywood has some advantages.over- lumber; but.it.is not stronger in all
‘respects. A strip-of plywood between two supports will not ‘carry more load
7 than a piece of lumber of the same width and thickness. In this situation the
i lumber will be somewhat stronger. Plywood, however, has strength in bend-
A ing in either direction, 5o it will serve satisfactorily as flooring whether laid
_ , parallel or perpendicular to floor joists (beams) that support it. For the
_ most efficient use of plywood in general construction, it should be laid
| perpendicular to the joists. In special uses such as stress-skin panels, it is
, often laid parallel. Another advantage of plywood is its rigid rectangular
, shape, which makes it almost impossible to“deform by a force parallel to
the plane of the panel. This is why, when plywood is used as sheathing for
floors, roof, and exterior walls, the structure becomes extremely strong and
resistant even to hurricanes-or earthquakes. Figure 14.2 shows a lumber
and plywood home hit heavily by an earthquake in Anchorage, Alaska, in
1966. The home remained whole because of the high racking strength pro-
vided by the plywood when nailed to the lumber framing.

(Coqrrgsf us. #q}gs! P@qqérs_ Laboratory)

R Fig. 14.2
, A plywood-sheathed home that remained. ﬂEnEqm_E i_..o_o during : ﬂ
the Alaskan mm::a:m_.m of 1964. , i

A e AR AL 1 AT B K17
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-.Douglas-fir mbPEoHn Jecently southern ﬁ:oi pine-have been the two

w
mtmo.mm =mma for EmaﬁmoEE |
|
|

most important species used for the Embcwmmﬁcaa of softwood u_éooa in
the United States. However, all major softwoods on the West Coast includ- .
ing the true firs; western hemlock, and western pines are-also. utilized. . 4
Softwood plywood is not usually sold by species name. Woods are grouped .
by stiffness and strength properties as shown in Table 14.1..The plywood is

graded and classified for strength purposes as Group _4..0_.96 2, etc. The
reason for :..n two classifications of Uo:m_mm fir, as noted in the footnote to
the table, is the lower strength found in the latter states. For most plywood
grades the group is determined by the species of the face and back veneer.
The inner veneers may be of a lower group. .

A number of species from Southeast Asia and Latin America are listed
in the groupings (Table 14.1). Cativo, Caribbean pine, and ocote pine are
impotted from Central and South America. Apitong and keruing are a
group of species from the genus Dipterocarpus originating in the Philip-
pines, Malaysia, and Indonesia. Lauan is the name of a group of species
from the Philippines. In the past the lauan species were called Philippine
mahogany, a misnomer since they are not true mahogany. Meranti refers to
many of the same species as lauan, but this name is used if the wood

o originates from Malaysia or Indonesia. All thése woods are brought into

Table 14.1. Grouping of species for sofiwood plywood .
) Group 2 Group 3 _~Qroup.4 -~ Group 5 !

" Cedar, Port Alder, red ‘Aspen Basswood
Orford Birch, paper ‘Bigtooth ANlM‘PE-/\L _
Douglas-fir No, 2* Cedar, Alaska ki - - balsam .
Fir m..w.. m_.__um._nm_._n Cativo :
Balsam Cedar
Douglas-fir No. 1* California red Incense -
Keruing Grand i
i Tarch, w Noble Jack
i % : - Pacific silver - Lodgepole i
i ine “White - Ponderosa '
Caribbean Hemlock, western Spruce
Qcote Launan Redwood . ;
- Pine,’ southern %I.Eu Spruce Eastern white i
, Loblolly ranti, red Engelmann Sugar “ :
w. Longleaf Pine ‘White : : :
;. Shortleaf Pond
Slash Red -
Tanoak ~ Virginia
Western white
Spruce
Black
Red
Sitka
Sweetgum

Tamarack ,

%ﬂﬂu\w, : ;

Source: APA-(1985a).___ —— ,

*Douglas-fir from trees grown in the states of Washington, Oregon, California, Idaho, Mon- - - !

tana, Wyoming, and the Canadian provinces of Alberta and British Columbia shall be classed as

Douglas-fir No." 1. Douglas-fir from trees grown in the states 3. Nevada, Utah, Colorado, Arizona,
and New Mexico shall be classed as Uo:w_wm-m—. No. 2.
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ture : .the United States in various forms—logs,. veneer, and plywood.. The logs
and veneers may be used to produce all-hardwood Ewéo,om or in. combina-
“tion with U.S. softwoods. These woods are used in plywood ﬁnoacooa
under ‘both the softwood and rmaiooa standards.

Almost all important hardwood species grown in the United States are
used to some extent for plywood manufacture. The lower density species
EnEaEm the gums, poplar, cottonwood, and aspen are often used for the

B Bl it At Mimtvaipsnt il ottt AT

core and backs of plywood-faced with more expensive hardwoods. These

low- annm;w species also are suitable as base veneers for cnsﬁna paper over-
lays or for direct printing to simulate fine veneer species.

Basic steps in manufacture

When logs are cut to the length required for rotary veneer cutting, they
. are called blocks. They are debarked for the same reasons that logs entering
| a sawmill are debarked. Similar equipment is used.

|

W . - HEATING THE BLOCKS. Almost all hardwood and many softwood

_ i , blocks are heated prior to cutting the veneer. Heating softens the wood and -

m knots, making it easier to cut. It also improves surface quality, reducing
roughness. Some of the dense hardwoods must be heated to produce satis-
factory veneer. Softwood veneer from some species can be produced from
cold logs because of their lower density and because the roughness limita-
tions are less critical than for high-quality hardwoods. However, even in the
softwood industry the advantages of heating the blocks generally outweigh
the cost of the process. Baldwin Coq& lists four advantages of heating
momiooa logs:

1. Em_._m_. yields of veneer can be obtained from the logs. The reduc- -
tion of cutting imperfections increases the yield an average of 3—5%.
! 2. The grade of the veneer is improved. Studies by Lutz (1960), Gran-
: tham and Atherton (1959), and the American Plywood Association =m<m
found that grades of veneer are upgraded. from 4 to 25%. .
3. Labor costs are reduced. Veneer from heated peeler blocks tends 8 .
~ hang together in a more continuous :cco: as it comes from the lathe. This ,
reduces handling. .
4. The amount of adhesive used can be reduced. Glue spreads can be
. lighter because of the improved surface.

A variety of methods are used to heat the logs. Steaming, soaking in

. hot water, spraying with hot water, or combinations of ‘these methods are

! all suitable to some situations. Dense hardwoods are usually heated by

soaking ‘at temperatures up to 200°F (93° C). Regardless of the :omﬁbm

medium, the objective is to heat the log to a suitable temperature as deeply
into the log as veneer will be cut. ,

. Mills develop their heating schedules based upon trial and error or by

Hi

*
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Emmmﬁ_:m Eo log temperature as the block is peeled (as veneer is cut). >=
optical ano:unﬁn can measure the SHUmnﬁE.n during peeling to QQQ.EEO,
if the heating period has been adequate. The heating time required nnunpam
upon the diameter of the log, specific gravity, moisture content, and the
temperature needed to properly peel the species. Fleischer (1965) showed

- that the higher the density, the higher the favorable temperature for cutting
veneer. For example, basswood cuts well at 60°F (16°C), but white oak
requires 200°F (93°C).

CUTTING VENEER. Two major method$ ».o_. producing veneer are slicing
and peeling. Most veneer is produced by peeling (rotary cutting), which i is
accomplished on a veneer lathe as shown in Figure 14.3. Slicing is used for
producing decorative veneers from high-quality hardwood and. is seldom
used with softwoods. The cutting action on a Jathe and on a slicer are very
similar and are illustrated in Figure 14.4. In either case, the wood is forced
under a pressure bar that slightly compresses the wood as it hits En,ncﬁbm
'edge of the knife.
On the veneer slicer a cant of wood called the flitch is rigidly dogged,

i.e., clamped, to a carriage that oscillates, cutting on.the down stroke.:
Before each cutting stroke the knife and pressure bar move forward the
thickness of the veneer to be cut. In a rotary lathe they move forward
continuously as the block rotates. Careful adjustment of the knife angle
and the horizontal and vertical gap between the pressure bar and the knife

{Courtasy Coe Manulacturing Co.) :

Fig. ,I.
A m:..n__._on veneer lathe and one of many types of _m:_m chargers..
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Fig. 14.4 | e B
Two means of cutting
veneer

Flitch

\ |

SLICER —

Roller bar

A = loose side
B = tight side

|

!\_Hl”

i
ﬂhh“hunﬂH

~ Horizontal pressure
1 Veneer /

_ Log

" From Baidwin (1975) rotation.

edge is necessary to obtain the proper peel. The horizontal gap between the

pressure bar and the knife is set slightly less than the thickness of the veneer
to be cut to provide the necessary compression. Proper pressure must be
developed at the pressure bar to,reduce. checking of the veneer as. it is
severed from the log. Proper setting of the pressure bar also minimizes

surface roughness. After the cutting action has taken place and the veneer
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:mmaoén_nmﬂEo.cnommﬁac.&.,Hrnﬁanwbnmm.o:un <nﬁ,no:ﬁa=mm_umnwmm
the compression is released. , -
... The side of the veneer next to the knife edge is called the loose side.
Close examination will show many hairline fractures called lathe checks
running parallel to the grain. If plywood is subjected to exterior weather-
ing, lathe checks may eventually show up as surface checks. On a smooth,,
painted surface these may prove to be objectionable, but.on rough-textured
exterior plywood they go unnoticed and add to the attractive character of
the surface. ,
One of the keys to high-speed production in modern mills is an auto-
mated means to load (charge) the lathe, ‘One type of lathe charger is shown
-, in Figure 14.3. Equipment of this type can load the lathe with a small,
‘block, round up the bolt, peel the veneer down to a 4- to 5%-in. core, and
discharge the core in about 10 seconds. As soon as the. core is discharged, .
the charger has a bolt ready for the mext cycle. Less 'highly automated.
means of charging the lathes are used in mills still cutting large logs and in
many hardwood veneer plants. , , : ;

VENEER STORAGE AND CLIPPING: In modern mills the green veneer:
must be handled gently and rapidly as it comes from the lathe. The veneer is.
peeled at from 300 to 800 lineal ft/min. A series of trays is used in many’
softwood plywood plants to handle these long ribbons of wood. Trays are
often about 120 ft long, long enough to handle the veneer that cornes from
a typical 15-in. block. Figure 14.5 shows a typical tray storage system

* {Courtesy Coe Manufacluring Co.)

Fig. 14.5 . :
*A typical veneer tray storage system as seen looking back toward - ;
- the lathe. The veneer being discharged is moving to the-clipper.
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behind a lathe and ahead of the clipper. E,um._dioom mills the green veneer

is'often wound into a roll and then moved to the clippers. These are called -

reel storage systems. Other hardwood mills use directly coupled conveyors
between the lathe and the clipper. This.is uomm_Eo s_._nn the clipper speed is
as fast as the output from the lathe.

Clippers are high-speed knives that chiop the veneer’ ‘ribbons to usable
widths. In hardwood veneer mills, clipping may be done manually to obtain
the maximum amount of clear material from the flitch. In softwood mills
and in some hardwood mills, clipping is often done automatically at speeds
of up to 1500 lineal ft/min. The clipper will cut the veneer to about 54 in.
(the panel width plus an allowance for mruuwmmo and panel trimming) if
possible. However, if open defects are unnmnﬂ the veneer may be clipped to
less than full panel width. Automatic clippers detect open defects with
scanners that can be overridden by the operator when it is desirable to do
S0.

The type of log determines the grade of veneer expected and the best
system for clipping. In sheathing mills, small logs with. tight knots lend
themselves to fixed-width clipping. Large logs with a variety of defect sizes,
some exceeding the largest allowed in the veneer grades, require more care-

defects to cut out,

ful clipping. In this case the oEuvon operator anno_.EEnm which oversize |

VENEER DRYING. The fundamentals of drying were outlined in Chapter '

8. A number of innovations in veneer-drying technology: have significantly
reduced drying times and improved uniformity and flatness. Two types of
dryers are in use in softwood veneer mills; no__ﬂ.._.omﬁﬁa En_.m :nm:& by

of operation 6f one Sﬂn of dtyeris E_._mn.m:..n in Figure E 6. Hot air is.

forced at speeds of up to 4000 ft/min through small tubes, impinging on .

the veneer. This removes the boundary layer of moist air that acts. as an
insulator in dryers using low-velocity air circulation. Un<n_ovEn=8 such as

"the use of microwave energy, use of high temperature preheaters, and in-

creased drying temperatures (up to 800°F, or 427°C) may find use for some

types of veneer drying. In most softwood veneers, however, temperatures |
_ over about-400°E.(204°C)-have adverse effects.on glueability.

One technical problem - ‘encountered in the drying of veneers is the
generation of emissions that contain Ed_domnwoum some of which can

produce a blue haze in the atmosphere. The opacity of these emissions is

controlled by the Environmental Protection Agency and local authorities. .,

Baldwin (1975) reported that Douglas-fir and Uounn_dmm pine are the west-

€rn .species Eon_._n:_m the greatest opacity under any given drying condi- .

tion. Softwoods with a lower resin content provide less of a problem. Dry-
ing temperatures over 400°F (204°C) .produce the greatest emission

. ~problems.

LAY-UP AND PRESSING. The process of applying adhesives. to the ve- _
neers, assembling veneers into a panel, and Bo&:m the panels in and out of
the press are often the most labor-intensive steps in manufacture. Veneer is

b s e ot e e e g
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highly variable in width, length, and quality, which makes it a difficult
material to handle with automated systems. Yet major advances have been -
made to increase automation in this stage of manufacture. .

One advancement has been in the application of adhesive to the veneer.
The old method is to pass veneer through rubber-faced grooved rollers that
apply glue by contact to the top and bottom surfaces. One person is re-
quired to feed the roller glue spreader while an offbearer places the veneer'
onto the panel being laid up. If veneer is extremely rough, the glue spread
will not be uniform and skips may occur. ” .

Newer means of glie application, spray and curtain-coaters, have dis-
tinct advantages in terms of uniformity of the glue spread and are suited to
automated lay-up systems. These methods overcome the problemof poor
ghue spréad on rough-stock. In these systems the: veneers travel on a belt
conveyor under the spray or curtain. A curtain-coater consists essentially of
~ a box with a slot in the bottom through which the adhesive flows in a
. continuous sheet or curtain. Glue not deposited on a piece of veneer pass-

ing through the curtain is pumped back up into the box. Although simple in
principle, this method requires careful adhesive formulation -and ' moni-
toring. _ , W ,
Recently, two new methods of adhesive application, liquid extrusion

'3' | THE TECHNOLOGY OF ;Eom__uo_mmmq_, PRODUCTS -
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and foamed resin extrusion, have been used successfully. These systems lay
down continuous beads of resin on the veneer. It is reported that with the
foamed glue it is possible to cover more area with the same amount of glue.
Also, the glue contains less moisture, so higher press HnvaHmE_dm are
possible, which reduce press times.

The ‘actual assembly of veneers into plywood panels can dlso be
mechanized —at least in larger plants producing standard-size panels. Al-
though equipment has been developed to do this almost automatically,
most mills use systems that are partially manual and partially mechanized.
For example, the full-size 4 x 8-ft veneers for the two faces may be
handled by machine, but the narrower strips of veneer used in the core may
be mmmmEEn& manually. Means have also been developed to connect the
veneer strips used for the core by pressing parallel strings of fiberglass
coated with hotmelt adhesive at right angles to the veneer strips. This con- .
tinuous' core can then be rmn&& by.conveying systems rather than by . ]
hand. Many varieties of mﬁoamﬁm lay-up lines are used in the softwood .
plywood. industry. , P

Most softwood plywood plants prepress the loads of laid-up panels , m
prior to final pressing in the hot-press. This is done in a cold press at lower _
pressure. The purpose is to allow the wet adhesive to “tack” the veneer
together. This permits easier loading of the hot-press and helps E.o<m_:
shifting of the veneers during loading.

Pressing of the panels is usually done in Ec_sounEum presses of the-
type shown in Figure 14.7. Such presses can produce 20-40 4 X 8-ft panels

e et

s

L

{Courtesy Superior Production Machines, inc.)

Fig. 14.7

Two 24-opening 4 x 8 ft u_éoon hot-presses. The Emmm openings
are loaded by an-elevatorseen in front of one of the presses.
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at each pressing cycle, which may take 2—7 minutes. The purpose 3. the .
press is twofold: to. bring the veneers into close contact so that the glue line
is very thin and to heat the resin to the temperature required for the glue to
polymerize. Adhesives made from phenol-formaldehyde resins are used for
exterior and all southern pine plywood. These iypically require tempera-
tures of 240°F (115.5°C) in the innermost glue line for approximately 90
seconds to cure properly. Resin systems must be carefully tailored to the
specific conditions in a plant. Press time and temperature can be modified;
i.e., a shorter press time may be possible if press temperature is increased.
One of the goals in designing the pressing process is to use nbocmr
pressure to bring the veneer surfaces together without overcompressing the
wood. The better job the lathe does in cutting the veneer (i.¢., the smoother
and more uniform the thickness), the less pressure is required. Some mills
decrease the pressure during the press cycle to reduce unnecessary compres-
sion of the plywood. The finished plywood must meet industry thickness
standards; therefore, if it is overcompressed during pressing, the thickness
of the veneer must be increased to compensate. This reduces the yield from
the blocks. Pressing pressures typically. used in the industry vary muoE 110
ump mo_. low-density woods to over moo psi mca %E..n mﬁon_om. ,

Adhesives

Almost all adhesives used in the plywood industry in the United States
today are thermoseiting (cured by heat) synthetic resins. These have almost
completely replaced the blood and soybean flour protein glues that were
used in the past for interior animﬁmnvnooa grades of plywood. The two
most important types of resins used are phenol-formaldehyde, which is
used for interior and exterior grades of softwood plywood and for exterior
grades of hardwood plywood, and urea-formaldehyde, which is used to

manufacture interior grades of hardwood plywood. The basic components | 1~
of these resins are formaldehyde, Qiznr is derived from En&mbo_vﬁom, ‘
and phenol.

Research to develop satisfactory adhesives from a variety of naturai
organic materials has demonstrated the potential for replacing petrochemi-
cals. However, in the immediate future, urea- and phenol-based resins will
remain the two most important in the United States. Two possible sources
of natural exterior-type resins are bark (actually tannin from bark) and:
lignin compounds obtained in the pulping of wood. In New Zealand, Scan-
dinavia, India, and South Africa, some noEEoan_ use has been made of
naturally derived resins.

- Only rarely are pure or “neat” resins used as adhesives for plywood. Ih
most cases they are mixed with fillers or extenders such as Furafil and fine
flour produced from wood, bark, or nutshells. Furafil is a chemical ligno-
cellulose by-product of furfuryl alcohol production that can be produced:

~ from corn cobs, rice hulls, and oat hulls. Starch and animal blood are also
used as extendersito modify the viscosity, control the penetration into the
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wood, and control on._an characteristics of Em adhesive mix such as the tack .
(stickiness).

‘A Gﬁ_nm_ mmrnmin mix for mocﬂrn_ﬁ pine plywood is given in Table
14.2. The purpose of caustic soda is to aid in the dispersion of the extender.
The rate at which this adhesive is applied to the veneer is generally in the
range of 35-45 b of adhesive per thousand square feet of single glue line.
Thus 1000 ft* of three-ply plywood (two glue lines) requires 70-90 Ib of

- adhesive mix. This is referred to as a spread 2. 70-90 1b MDGL (thousand

square feet of double glue line). -

Table 14.2. . An Adhesive mix for southern pine plywood

* Component . Weight

. (kg)

Phenol- mo—.EwEnEn_m resin (42% solids) ) 2883
Water - : - 126.
Furafil : , , 386
Wheat flour .- , . 204
Caustic soda . 136.
Total mix 4335

Total resin 2883

Source: Sellers (1985).

A new development in :un late 1980s was the introduction of resins
that could be applied to “wet” venéers with moisture contents of 15% or
higher. Normal phenolic mixes generally are recommended: for veneers at
less than 10% moisture content. The major advantage of the wet-veneer
mm:nm?n is that it allows. increased production through the veneer drer,
which is ownb the Ednmmm that limits the volume of production in a plant. -

Types, grades, and uses

Adapting plywood to. its Unonn_. use requires consideration of four
main factors: (1) durability required of the glue line to avoid delamination;
(2) strength, stiffness, and nailholding requirements; (3) visual quality or
appearance of the faces; and (4) special requirements such as decay or fire
resistance.

Softwood plywood is categorized by the durability of the m_cn line:
Exterior, Interior, Exposure 1, Exposure 2. Interior is intended for use

-indoors or in applications protected from the weather. It has water resist-

-ance to i:sﬁm:a only occasional wetting. Exterior should provide satisfac-

tory .service under severe wetting and drying situations. The-. a:m_:mw of
veneers required in the core of Exterior plywood is higher than for Interior.
Exposures 1 and 2 are durability categories for performance-1 _.mﬂna ‘panels.
Exposure 2 and Interior panels are comparable.

In hardwood plywood, durability is indicated by the amm_msmﬁou Type
1, 2, or 3. Type 1 is similar in durabilty to Exterior softwood: ﬁ_éooa
Type 2 is moisture resistant m:m intended for general interior use. Type 3 is

14 / PLYWOOD vaUC.O._._OZ >ZUW USE.
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intended for noncritical uses. In the case of both hardwood and softwood
plywood the quality of the glue lines is monitored by the trade association
‘or an independent inspection bureau that supervises the grade stamping of
the mill’s production. , B

SOFTWOOD PLYWOOD. Plywood finds its way: into many industrial,
construction, and packaging uses. Its nature as a lightweight, workable, yet .
strong and rigid sheet material gives-it unique properties not equaled by any.
other product, wood or nonwood. In 1984 about 70% of the softwood
plywood produced in the United States was m_ﬁm.ﬁaﬁmu 14% was represented
by sanded grades for interior or exterior use; 10% -was in the form of
specialties, mainly siding; and the remainder was mill and .shop grades.

. In selecting the proper grade for any given' application, the require-
ments of durability should first be considered. Next, unique strength or.
service requirernénts must be analyzed. If the application of the plywood
primarily requires strength and rigidity, one of the unsanded or touch-
sanded grades should be chosen. " , o

" Table 14.3 indicates some of the most important grades of softwood. .
plywood intended for engineered or construction purposes. Table 14.4 lists
the important sanded grades. Many of the grade names, such as C-D, A-B,
and C-C, refer to the grades of veneer on the two faces. In Interior plywood.
the center layers (core) can be grade D veneers, biit in Exterior grades no
veneer below a C grade can be used. Table 14.5 lists the characteristics of
 the four major grades of softwood vencer. Veneer sheets can be upgraded
considerably before assembly into panels by repair with circular plugs and
patches. Once veneer is pressed into a panel, repair on the faces is often.
accomplished by use of synthetic patches or shims. .

._.nEa..E.u.moSonoEEoE_‘:mmnn..mnouo‘ muztooa. !E_Bon ..io:non..
for .ooam:.:o:.o:.mun:.omzo:m , ,

Rm_.mmnnmﬁn_.ccim.uw__oﬂD.Encm:m.g_nm.ccx-
car and truck floors | , . :

Panel
Grade Description and common uses _surface -
" C-D.Int and Wall and roof sheathing, subflooring, industrial Unsanded
Rated Sheathing  uses such as pallets : : . .
CDX Same as C-D but with exterior glue ‘Unsanded
- Sturd-1-Floor Combination subfloor underlayment, smooth sur- Touch
o face for application of resilient floor coverings ‘sanded
" .Underlayment Application over structural m_&.moo_.. smooth sur- Touch
o face for application of resilient floor coverings ”.mm_..mnm ]
C-D Plugged Built-ins, wall and ceiling tile backing, cable reels, Touch
walkways, separator boards . sanded- -
C-C.Ext and Waterproof band for subflooring and roof decking, - -Unsanded
Structural 1 and, siding on service and farm buildings, crating, , .
1I Rated paliets ,
- Sheathing o , . B .
Sturd-I-Floor Combination subfloor underlayment under resilient Touch
. floor coverings where severe moisture conditions sanded
) may be present
C-C Plugged Tile backing where severe moisture conditions-exist,". “Touch
R 'sanded .
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~ Roof sheathing and subflooring for residential light frame construc-
tion are two major-uses of the construction grades of plywood. .@nﬂmnm:%
Rated Sheathing, C-D, or CDX is used for these applications. For floor
construction Rated Sheating or C-D is applicable to two-layer zoo.mm where
an underlayment panel is tobe laid on'top of the subfloor. If a single-layer
floor system is used, a subfloor/underlayment grade, called Sturd-I-Floor
by the American Plywood- Association (APA), must be used. This provides
a smooth and solid base for floor coverings. The APA (1983, 1985a,b)
publishes a series of booklets for architects and builders describing the
proper application of plywood for most construction situations. A list of
all of their publications is available upon request.

Table 14.4. Some commonly used grades of softwood t?ioom intended
for applications where appearance is important

. . Panel
Grade Description and common uses surface
Interior type and Exposure 1 ’
A-A Interior applications where both sides on view, built-ins, Sanded
cabinets, furniture, partitions
A-B Where appearance of one side is less important and two Sanded
smooth solid surfaces are necessary :
A-D . Interior uses where the appearance of only one side is im- Sanded
portant .
B-B {nterior utility panel where two smooth sides are desired; Sanded.
permits circular plugs
B-D Interior utility panel where one smooth side is required , Sanded
Exterior type , .
A-A Where appearance of both sides is important; fences, built- Sanded
ins, signs, boats, cabinets
A-B Similar to A-A Ext panels but where appearance of one side Sanded
is less important
A-C Exterior use where appearance of only one side is important; - _Sanded
. soffits, fences, boxcar and truck lining, farm buildings
B-B Qutdoor utility panel with solid faces Sanded
B-C Outdoor utility panel for farm service and work buildings Sanded
Somrce: Modified from APA (1985a). ' '
Table 14.5. Four main grades of soltwood veneer
Grade , Description and characteristics
A . Smooth, paintable. Not more than 18 neatly made repairs, permitted—synthetic,

boat, sled, or router type and parallel to grain. May be used for natural finish
in less demanding applications. 3

B Solid surface. Shims, various synthetic or wood patches or plugs and tight knots
to 1 in. across grain permitted. Some minor splits permitted. .

C Tight knots to 1 2 in. Knotholes to 1 in. across grain-and some to 1% in. if total
idth of knots and knotholes is within specified limits. Synthetic or wood
repairs. Discoloration and sanding defects that do not impair strength permit-
ted. Limited splits allowed. Stitching permitted.

D Knots and knotholes to -2}z in. width across grain and ' in. larger within
specified limits. Limited splits permitted. Stitching permitted. Limited to in-
terior grades of plywood. :

Source: APA (1985a).




Many special types of plywood are manufactured to provide the sur-
face properties needed for siding, highway signs, and painted industrial
cabinets. Two approaches are used to overcome surface checking of ply-
wood exposed to exterior conditions. One method is to overlay the plywood
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‘with a layer composed of medium- or high-density resin-impregnated wood. -
fiber sheets. These wood fiber overlays hold paint well and provide a check- -

free base. The second approach is to provide a rough or textured surface
_that will not be downgraded by the presence of checks. These rough natural
surfaces have become very popular. Figure 14.8 shows some of the types of
softwood plywood surfaces that are manufactured.’ _ :

Most plywood is grade stamped at the mills by graders supervised by -

grading associations or inspection agencies. The APA is the largest of these
organizations. Typical grade stamps are shown in Figure 14.9. Note that

these stamps include much more information than just the grade name. -

They may indicate the durability (Exterior, Exposure 1, or Exposure 2),
thickness, species group, and the mill number or name. For grades to bé
used for roof sheathing or subflooring, two numbers, called the span rat-
ing, are given rather than the group number. The numbers in this rating

refer to the maximum span allowed when the piece: is used for normal

residential construction. The first number refers to the maximum allowable
spacing of rafters if the panel is used as roof sheathing. The second number
is the maximum spacing of floor joists if the panel is used as subfloor.
These are convenient guides to contractors and building inspectors alike.

HARDWOOD PLYWOOD. There are many more thicknesses, species, and
finishes of hardwood plywood being produced than there are of softwood.
. The major domestic species used for plywood are birch, oak, gum, and
walnut. Hardwood plywood is imported in large volumes from Korea, Ja-
. pan, Indonesia, Taiwan, Malaysia, Finland, and the USSR. Figure 14.10
shows the proportion of domestic shipments of plywood by species. It is
difficult to generalize about grades and uses since they. vary so widely. Much
hardwood plywood is not purchased with grade as the principal criterion; a
- combination of species, grade, and finish often determines the selection
and- use. Tables 14.6, 14.7, and 14.8 show the commonly used decorative
species for hardwood veneer and the characteristics allowed in veneer
grades A, B, Sound, Industrial, and Backing. ,
Hardwood plywood producers in the United States market their prod-
ucts for three major uses: prefinished plywood paneling, cut-to-size. panels

for furniture, and door skins. The biggest single market for hardwood

" plywood has been wall paneling. Fifty-severi percent of hardwood plywood
" consumed in the United States in 1978 was used for paneling. Many plants
operate to produce this product only. The normal thickness for paneling
has been Y in., although many less expensive panels are thinner. .
In 1979 about 76% of the hardwood plywood consumed in the United
States was imported. That proportion dropped to:64% by 1981. About

three-fourths of this was used as paneling. Between 1950 and 1972 the

amount of hardwood plywood that was imported increased each year. The
peak year for consumption of hardwood plywood in the United States was
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Table 14.6. Categories of commonly used decorative species

Category A Category B Category C Category D
Ash, white Ash, black Alder, red Aspen ’
Apitong Avodire Basswood, American Cedar, Eastern red
Beech, American ~ Birch, paper Butternut Cedar, Western red
Birch, yellow, sweet  Cherry, black Cativo Fuma :
Bubinga Cypress Chestnut, American ~ Willow, black
Hickory Elm, rock Cottonwood, black L
Kapur ‘Fir, Douglas Cottonwood,
Keruing . Fir, white Eastern
Oak (Oregon, red or  Gum, sweet Elm, American (grey,
" white) ‘ Hemlock, Western red, or white) :
Paldao Magnolia, Cucumber Gum, black
Pecan Sweetbay Hackberry
Rosewood Maple, sugar (hard) Hemlock, Eastern
Sapele Mahogany, African Lauan
Mahogany, Maple, red (soft)
Honduras Maple, silver (soft)

Maple, black (hard)
Pine, Western white

Meranti, red
Pine, ponderosa

Poplar, yellow Pine, sugar : o
. Spruce, red, Sitka Pine, Eastern white :
Sycamore Prima-vera
Tanoak Redwood
Teak Sassafras
Walnut, American Spruce, black,
Engelmann,
white

Tupelo, water

Source: ANSI (1983).

Note: Based on an eval

gravity values.

luation of published modulus of elasticity (MOE) and specific

1972, when over 5 billion ft* (on a %-in. basis) was consumed. Since 1972
the general trend in the consumption of hardwood plywood has been
downward for both domestic and imported panels. Total consumption. in
1981 was less than 2.5 billion ft* (3%-in. basis). The shift by consumers
toward simulated wood panel products such as printed or overlayed hard-
board and particleboard is expected to level off, but production of
hardwood plywood may never return to the mid-1970s levels. Hardwood
use will increase, however, in nondecorative plywood panels.

Factors affecting the E.....:.nm:.o: of
_ timber for plywood

In the early days of the plywood industry, production depended upon
large, high-quality logs. Baldwin (1975) reported that some Douglas-fir
mills in the 1920s did not accept logs less than 5% ft in diameter or with any
end defects. Those days are certainly gone in most areas of the world.
Today, mills in the southern pine region often utilize material that averages
10-12 in. in diameter. It would take 44 such bolis to equal the volume of
one 5V-ft block. , :

Fortunately, as the size of available timber decreased, the technology
for producing veneer from small logs improved. Lathes were developed
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Table 14.7. Summary of hardwood veneer characteristics

defects of Sound, Industrial, and Backing grades

3 /| THE TECHNOLOGY OF MAJOR FOREST PRODUCTS

~and allowable

-Defects

Sound Grade

Industrial Grade

Backing Grade

(2) ) )
Sapwood , Yes Yes , Yes
Discoloration and Yes Yes Yes
- - stain

Mineral streaks Yes Yes Yes

Sound tight burls Max. diam, 1” Yes  Yes

Sound tight knots Max. diam. %" Yes . Yes - )
Knotholes No Max. diam. 1” Max. diamn. 3"
Wormholes Filled or patched Yes , Yes

Open splits or No Yes; 3/16” for one- 1” for one-fourth

joints half length of length of panel;

Doze and decay

Firm areas of doze

panel

Firm areas of doze
in face. Areas of
doze and decay

14" for one-half
length of panel;
14" for full

length of panel

Areas of doze and

decay provided
serviceability of

in inner plies panel is not
and backs impaired.
provided
serviceability of
panel is not
impaired. :
Rought cut Small area Small area Yes
Patches Yes Yes Yes
Crossbreaks and No Max. 1”7 in length Yes
shake ”
Bark pockets No Yes , Yes .
Brashness No No Yes
Gum spots Yes Yes Yes
Laps No Yes Yes

Source: ANSI (1983).

that could peel veneer down to a 3'-in. core. Means were developed to
load blocks very rapidly into the lathes. These improvements have made
possible the development of a large-scale plywood industry. in northern
Europe and the southern United States, ,

Mills in many tropical countries and the western United States are still
able to obtain veneer blocks of relatively large sizes (16 in. or greater in
diameter). One of the largest mills in the Philippines still operated in 1978
with the diameter of its lauan blocks averaging 24 in. (Fig. 14.11). Within '
15 years, however, this mill expects to rely on plantation-grown eucalyptus -
and second-growth lauan. At that time only 8% of the log volume is ex-
pected to be as large as 24 in. g o :

Mills still fortunate enough to be purchasing large logs, though not as
large as in the past, are often using lower. quality. In the western United.
States the best logs no longer go to the veneer mill. Because of the relatively
high price for top grades of lumber and because sheathing grades of ply-

wood can be produced from logs of intérmediate quality, logs that have the
fewest knots and other defects are directed to the sawmills. However, the
softwood plywood plants producing the sanded grades still need to procure’
the best logs available. In the southern pine plywood region, by contrast,
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Summary of veneer characteristics and defects of A and B grade hardwood specles S
o ' = _ B ) - Redand ~ Walnut
) ) : Rotary gum, tupelo, o _ white oak - - Rotary,
- T : Plain magnolia, poplar Rotary, half round, Half _ Hickory, Half - half
Rotary, halfl round, plain sliced birch sliced I B “Quarter plain sliced maple round, ._pecan round, rousnd,
Select Select -Uniform Uniform __cherry . Select - Select sliced - Select Uniform ‘plain _ Rotary _ plain “plain -
. ~ Natural  whife red ~light - dark 6 7 Natural for white for red gum MNatural white light  Rotary shiced sliced sliced sliced
ivaracteristics A B A A A A A B A B A B A B A B A B A._A A B A B A B A B
pwood . Yes Yes Yes No Yes No No,f No,8 Yes Yes Yes Yes No 8 No,8 Yes Yes Yoo Yes Yes Yes Yes Yes No -Yes- Yes  Yes No,8 No,8
crurtwood Yes Yes No Yes No Yes | Yes Ye; Yes Yes No No Yes Yes Yes Yes Yes Yes No No Yes Yes - Yes' “Yes Y5 ~Yes Yes | Y¥es
Jlor streaks : : S e D :
or spots Yes  Yes Slight Slight Slight Yes Yes Yes Yes Yes Slight Slight Yes Yes Y&i Yes Yes Yes Slight Slight Siight Yes ‘Slight Yes Yes Yes Slight Slight
lor variation Yes  Yes Slight Slight Slight Yes Yes Yes Yes Yes Slight Slight Slight Yes- Yes Yes Yes Slight Slight Yes Yes Slight Yes Slight Yes Yes Yes
sineral streaks Slight Slight Slight Slight Slight  Slight Slight Slight Yes Yes Slight Yes Slight Yes Sllght Slight Small Small Slight Slight Slight Yes Sltght Slight Slight Yes Sight Yes
aall burls and '
pin knots Occ Yes Occ Occ  Occ Occ - Occ Yes Occ Yes Oce Yes Oce Yes Occ Yos Occ Yes Occ Oce Occ Yes Occ Yes  Occ  Yes Occ Yes
aots (other i ) :
than pin knots) No No No Neo No No No No NoSound No No No No No No No No No No No No No No No Sound No Sound
arm holes No No No Ne No No No No No No No No Ne No No Ne No No No No No No~ No No No No No No
ke or doze Noe No No No No No No No No No No No No No- No Ne No No No Ne No No No No No No No No
ugh ut No No Ne No No Ne  No No No Small No Small Ne Small No No No No No No No Small No Small - No No No No
< 0NSPICUOUS )
patches Yes Yes Yes Yes Yes  Yes Yes Yes Yes Yes Yes Yes Yes Yes Wes  Wes Yes Yes Yes Yes Yes Yes Yes  Yes - Yes  Yes  Yes Yes

Source: ANSE (1983).




Fig. 14.11 _ _ ,
Contrast in the size of veneer logs. (above) Lauan blocks being -

floated to a veneer mill in the Philippines. (below) Southern pine

_onm_oummozmn‘oqcmmmzsmq_,m:,m n:.vu,oq.om:_mq _..,o.unq_n_o_..m
veneer lathe. ’ -
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En cnﬂ logs from the tree are used for plywood and the Eﬁ_._dna_mﬁ sizes

and qualities are directed to the mmEEE

The quality of veneer logs i

surface “defects, by straightness and noc:apmmm,, mun_ _uw ?noaoa m_.os de-.

mno_”m mrm._m mnn_.n<nm_nao=§mm=%.Immz_.o:mmmo:o:mﬁ_.ov_nEEoE-
growth timber. Grades are usually established based upon straightness,
freedom from heart rot or soft centers, and how many of the four sides of
the log are free from knots or other defects. Large -logs may be graded
individually and sold on the basis of grade. Smaller logs are usually not
sold by grade, although those containing serious defects may be culled.
The quality of logs entering the mill is important for two reasons: it
controls the quality and yield of veneer that can be obtained and it affects
" the number of logs that prove to be defective once on the lathe, i.e., logs
from which little or no veneer can be obtained. Most such logs are lost
because the chucks on the lathe, which grip the end of the veneer blocks,
spin out or split the log as pressure is applied. Logs with heart rot are
unacceptable for this reason. Defective blocks can seriously _.macom the
production rate of a lathe.
- The yield of veneer (volume of veneer per unit volume of the blocks)

B

varies with log diameter, log n:m_:% including straightness of the EOnx the

I y——_ . i N

a_mamﬁnﬁoﬁwmn:.ﬁ.ﬁn._oma Unn_nmAno_.n&manﬁaumsaﬁro mn.,_n_g@ ,SE
which the veneer is clipped and utilized. The source of losses during the
manufacture of veneer from western hemlock blocks, according to a study
by Woodfin (1973), is shown in Figure 14.12. Note that in this case less than
one-half the original volume was converted to usable veneer. The greatest
loss occurred at the clipper, the point where the defective portions of veneer
are cut out. In this study the diameter of western hemlockblocks ranged
from 12 to 45 in. and the core diameter m<n_.mmna 11 in. As a result, the core
made up 19% of the total volume.

_Phillips et al. (1980) reported from a study of southern pine that as
little as 1.in. of sweep or crook in an 8-in. diameter block reduced the
veneer yield by as much as 44%. Although sweep is not as serious in larger
blocks, 2 in. of sweep in an 18-in. block (a large diameter in most regions)
would reduce the veneer volume produced by 23%.

‘The ratio of core volume to total block volume increases as the diame-
ter of the block decreases. Table 14.9 shows how core diameter: affects the
amount of veneer produced from southern pine veneer blocks. Note that in
an 18-in. block the increased veneer obtained by reducing the core diameter
from 5 to 4 in. is insignificant (251-259 ft2, or 3%). However, if 8-in.
blocks were being peeled, the difference would be very important (33-40
ft2, or 21%).

New technology continues to be developed, which improves the ability
of plywood to remain a cost-competitive wood panel product. While in the
early 1980s some industry leaders believed that the days of softwood ply-
wood were nearing an end —to be replaced by waferboard and OSB—there
is general belief today that new technology will allow plywood from logs as
small as 5 in, in diameter to remain competitive. In 1980 it was stated that
biocks Iess than 8 in. should not be peeled, but by 1985 a new spindleless
lathe had been developed that made it possible to peel veneer down to a 2-




Fig. 14,12
‘Losses during
veneer production

.Western hemlock
veneer blocks
Roundup loss

Below-grade Green end
veneer 1%

Dry - .«o:mcq
Spur 2%

From Woodfin (1973)

Table 14.9. Relationship between block diameter, core

diameter, and volume of veneer produced

Veneer yield*

Core diameter

Block
diameter . 3 in. 4 in. 5in.
(in.) 1y

8 46 40 33

10 7. 71 63

12 114 108 100

14 157 151 144

16 208 202 194

18 264 259 251

Source: Williams and Hopkins (1968).
* 3%-in. basis, i.e., 3 ft2 of ¥%-in. veneer mn_:w_m _ ft2 3-in. cm.m_m
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in. core AmeiE Gm& The Ea_u_.oé:_ﬁ: in the :E_Nm:oa E_m develop-
ment could make is illustrated in Figure 14.13. This figure oo_.E.bmﬁm 1980
technology, commonly used Samx to state-of- &n-m: .:cmuv “technology
that.is now available. ,

- Most softwood plywood mills Eon:o_. yield on the basis -of the log-
measuring system they use. Thus they may express yield in terms of 1000 ft?
of ¥%-in. plywood produced/1000 bd ft (MBF) of logs scaled S the Doyle
or Scribner log rule or as determined from a weight scale. In some areas of
the South a log weight unit of 5350 1b is referred to as a cord. The yield of a
plant may be expressed in any of these units.. For example, a plant may
obtain an average- EmE of 2.4 thousand ft? of 3-in. plywood/MBF Scrib-
ner. Mills that measure small veneer logs on the basis of the Scribner log.

(- T N\
Fig. 14.13

Impact of 1985 versus ._mmo ﬂmo_._:o_om<
on the utilization of softwood _omm for
u_<<<oon u..oa:on_o:

——————=———" §in.

9in.

11in.

E . 1980
. Typical softwood species

From Baldwin (1985)
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scale ordinarily nouman_. yields of over 3000 ft?/ Z.:wm to Un good nnno<n_.<
This is referred to as a recovery factor of 3.

Perhaps the next generation of forest products engineers and Bmsmmm_.m.
may help convert the industry to a uniform and consistent system of meas-
uring log input to the mills. The present Enmcnam_.ﬁmnn_smm created through
measuring by cords, Doyle, Scribner, hybrid log ::mm weight, and very.
seldom by true cubic volume is confusing to many; and not just the mew
professional in the field. It would be beneficial to the industry if wood were.
measured by either true volume or weight. If measured by weight, the data
can be converted to an estimated volume z:o:m_._ mﬁc_.ov:mﬁ n_._nnwm on
specific gravity and moisture content.

. In the future a large proportion of plywood E.on_:nnou will continue
-~~~ .+ tobe from small logs 8-15 in. in diameter. Much research and development
: . RSmEm _to be done on how best to utilize Em&m:on.mﬂ.oia mmnazoﬁ_w,
superior trees for U_v;zooﬁ_ production, Are the ioon_ properties important
 for pulpwood also the best for plywood? How can, the effects of juvenile
© wood be minimized? What mechanisms can be developed to assure efficient
allocation of raw material and to decide quickly and accurately which voT
tion. of the log should be used for veneer, EEcn_.. fiber, or energy?

REVIEW ,
-A. Terms to define or mxﬁ_mE. ”
1. Blocks’ 13. Jet:dryer:
2. Plies 14. Automatic clippers .
3. Rotary cut " 15, Species groups (softwood plywood)
4, Lathe . 16. Exterior plywood
5. Slicer - 17. Type 1 plywood ,
6. Flitch , 18. Phenol-formaldehyde RmEm '
7. Pressure bar: " 19, Grade B veneer ,
8. Charger 20. Identification En_nx
9. Lathe checks 21. Lauan
10. Tray storage system 22. Meranti
11. Curtain-coater 23. Overlayed. plywood
12. Extender , 24, Recovery factor ’

B. Questions or concepts to QG_E:.

1. Two major methods used to cut veneer. )

2. Differences in use of hardwood vs. softwood Ezéoon

3. Relative importance of Ewioon_ in the forest products industry.

4. Most important softwood. species now used and trends in mUnQ@u use.

5. Basic steps in the manufacture of Ewioon

6. Advantages of heating the block.

7. Importance of the pressure bar in veneer cutting.

8. Use of tray and reel storage systems behind the lathe.

9. Types of adhesives used for hardwood ‘and softwood va:zooa ,

10. Major veneer and plywood grades. , .

“11. Speed at which veneer can be produced ?oE small _omm.

- 12. How veneer vield is expressed in terms of volume of timber :GE
, 13. Classification of glue-line durability for hardwood and softwood Ewioon

14. How core diameter affects the veneer So_n. of small logs.
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15." Factors that determine the quality of vencer logs.
16. Factors that determine the yield of veneer from a Eo&C
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faces of framing lumber such as 2 X 4s, 2 X 6s, and 2 x wmv.irnnn the .
bending stresses are the highest. Particleboard is used in the core where the .
bending stresses are lower but where maximum shear occurs. Recall the
discussion of shear and flexural stresses in Chapter 10. ‘The veneer on the
surfaces of the panels or the lumber also acts to limit dimensional changes.
with fluctuations in moisture content. The restraint to .&Enum_ou& change

is only in Eo mEE a:.oosou of the veneers. ; ,

COMPOSITE PANELS. Several panel plants producing.a composite panel
consisting of a particleboard core covered with softwood veneers were in
production in the early 1980s. It is possible to combine a prepressed parti-

- cleboard core with veneer in a process similar to plywood production, or
‘the veneers and particle mat can be consolidated to the final thickness in a

one-step pressing operation. This type of product is shown in Figure 14.1.
The output of these plants was marketed for the same: uses as moEzoon
plywood, waferboard, and QSB. .
" " "Extensive tests carried out by the American Plywood Association indi- .
cate -that in most characteristics, these veneer Umao_nwoﬁd composite
panels perform very much like plywood. One of the keys to the initially
successful marketing of this product was that it looked like plywood. Due
to poor market conditions, veneer-particleboard composite plants closed by
the mid-1980s. .

COMPOQSITE LUMBER. Several composite wood products, intended as

‘substitutes for lumber as well as other structural materials, are now on the

market, Products available today include (1) anmznl.mfm: lumber, made

from long strands of veneer, -extruded along. with resin into: various cross
sections and widths, (2) umam.:n_ laminated veneer, made from veneer simi-
Iarto that used in making plywood but with the grain direction in all

veneers oriented parallel to one another, (3) structural “I”-beams, most

.8559% made from parallel laminated veneer (for mmsmamlo_. for the -

top and bottom portions of the I) and u_ﬁ_\oon or Omw n.oH zﬁ inc —or
».o_. the vertical portion of the EnE_unc

E.on:ﬁ is E,oncona cw Um._.m.__n_ _EEb.msbm Veneer to Hrm mmmmm of E.Gm of

1%-in.-thick particleboard. The product can be produced in any width
desired and thus can be made to match common lumber sizes; a 3%-in.
width would ordinarily be used for studs and wider material for floor
joists. A Com-ply floor joist and an experimental home:floor system con- -

structed with this material are shown in Figure 15.19.

Most of the composite lumber products are used as substitutes for
structural softwood lumber of large sizes and .in applications where uni-
form strength is essential, such as for headers above double garage doors.

I-beams, however, are finding wide application; with extensive use as floor -
joists and beams for various other structures.

There are several advantages of composite lumber as compared to

sawn softwood QEHEEF First, Enmn E.onzng allow production Oh Emn.

R it T St
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sizes of lumber (2 x 8 or 2_X. Hbv muoa mEm: _pﬁ.m_.mnn _om.m Zo-.Em:S ;
relatively _mumm and high-grade sawlogs are needed for production of lum-

ber of this size. Second, composite ‘Tumber compares favorably to solid :
sawn lumber in terms of both uniformity of quality and straightness. While ”.

the quality of lumber is determined to a’great extent by the raw material,

the quality of a reconstituted product is dependent upon the manufacturing :

process. Composite lumber products do have disadvantages, with higher -
costs relative to conventional lumber a m_mEmomE factor today. It is likely, .
.. however, that use of composite lumber will increase in the future.

,. EOOU.Om.z_ ENT PRODUCTS. Mineral binders (mainly Portland cement)
are used in several types-of wood-based particle products. By far the most -

important. of these is a porous low-density product produced from wood

excelsior. In _n_._o United States this product is sold under several trade names -

and is used principally for acoustical ceiling panels in commercial and in- .

wood, wool.

"dustrial buildings. In international trade nzm type of ancoﬂ is termed

Wood wool board is about .oun-moE.E to one-third wood by weight, ;
the remainder being Portland cement or other mineral binder. The product

"'i5 usually umomcnna in densities from 20.to 25 Ib/ft3. : is well mESn to ;

developing countries of the world because it can be Eonnnnn by very sim- .

ple hand-forming methods, using the mineral binder that is locally avail-

able. Figure 15.20 shows a wood wool board EE a E.oSJGn home with -

exterior walls of this product.

Species mn_moson is extremely important in En E.oncnﬂou of wood
wool.- Many species contain wood sugars or other extractives that retard or :
inhibit the cure of the cement. This problem can be reduced by long-term -
storage of the wood bolts prior to shredding and by the pn&ﬂon of chemi- .

cals that accelerate the cure rate of the cement. However, it is necessary to
carefully screen species being considered as raw materials to assess their
curing problems. Seasonal variation in sugars should also be considered.

excelsior machines.

Another type of cement-bonded product is Embﬁ.mQE.nn in a manner
‘more similar to conventional particleboard. It is produced in the density =
range of 60-75 Ib/ft*. Products of this type are being made in Europe and
Asia, but none in’ North America. Wood makes up about 25% of these

products by weight; thus the cost of the wood constitutes less than Sﬁ. of
the cost of materials going into these boards.
Cement-bonded particleboard has excellent Ham_mﬂmboo _“o n_mﬁnnogbou

- from decay, insects, and fire. Thus it is well suited for ,_u,oﬂr interior and
exterior wall surfaces and decking for public and commercial buildings. .
However, its high density and the difficulty of cutting and fastening it
(compared to plywood) may be deterrents to its growth in North America.

. The density of the wood is not critical except as it mm.ona cutting on the -
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Fiber products | Iﬂc |

In early times humans wrote messages on the walls of caves or clay
tablets. The Bgyptians, however, discovered that it was easier to write on
the flattened stems of native papyrus plants (from which the word “paper”
was derived). Other people developed writing parchment from split and
dried animal skins. About 105 A.p. a Chinese scholar, T'sai Lun, became
dissatisfied with the silk and bamboo writing materials then used in China.

-He experimented with bamboo and then the inner bark of mulberry trees.

He pounded the material into pulp and added water. This was then formed
into flat sheets and dried. It was the first real paper as we know it.
Although Lun’s révolutionary new product was made from woody
fiber, subsequent improvement in the manufacturing process involved re-
placement of wood raw material by linen rags. For almost a thousand
years, rags were used as a source of papermaking fiber. Hundreds of substi-
tute materials, the most notable of which was straw, were tried, but it was
not until 1844 that wood gained importance as a fiber source. In that year a

" method of grinding wood to pulp was developed in Germany,-and the

process was soon adopted in the Uniteéd States. Today, wood is clearly the
dominant raw material for paper manufacture, with wood fiber providing

. 984 % of the fiber needs in the United States and 92+ % of fiber used in
paper worldwide (FAO 1982). Nonwood fibers in use include cereal and

seed flax straws, bamboo, sugarcane bagasse, réeds, abaca, esparto and
Sabai grasses, cotton linters, cuttings and rags, sisal, and kenaf.

385

A .
WOOD FIBER PRODUCTS include paper, paperboard, hardboard, insu-
lation board, and medium-density fiberboard. All these products are manu-
factured from wood that has been reduced to individual fibers, small fiber
bundles, or fiber paris, which are subsequently formed into a mat.
Paper
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Paper has assumed a position of almost incredible importance, espe-

. cially in highly developed countries. It serves as a primary packaging prod-

uct, communications medium, disposable products base, and industrial

sheet:material. In the United States the pulp and paper industry is the

second largest consumer of wood, producing in 1983 a volume of paper and

paperboard equivalent to 572 pounds for every man, woman, and child in
“the population. : :

THE MANUFACTURING PROCESS. In simple terms, the process of pa-
per manufacture involves (1} reduction of wood to constituent fiber (pulp),
(2) suspension of fibers in water, (3) beating or refining the pulp, (4} intro-
duction of additives {fillers, sizing materials, wet-strength binders, etc.), (5}
formation of a fiber mat, (6) drainage of water, and (7) drying of the sheet.
For many types of paper, surface treatment may follow sheet preparation.

Pulp production. The primary difference among various paper manufac-
turing processes is the method used to accomplish the first step—pulping.
Mechanical, chemical, or heat energy or combinations of these are em-
ployed in producing pulp. The forms of energy used determine to a large
extent both yield and pulp properties. :

Mechanical pulping. Two commonly used methods of producing me-
chanical pulp are the stone groundwood.and the  refiner groundwood proc-
esses. The grindstone is exactly that—a large abrasive stone that is rotated
while the Tangential surfaces of wood bolts are pressed against the surface
(Fig. 16.1). As the abrasive surface travels rapidly across the wood, surface
fibers are compressed, distorted, and loosened. At the same time, a high
level of frictional heat serves to soften the lignin in the wood, helping to
achieve separation of fibers from the wood mass. Groundwood pulp made

_ from spruce is pictured in Figure 16.2; note the pieces of fibér and bundies

- of unseparated fiber in the mixture. 'A'rrﬂg;ﬂwgmmmwmd of
manufacturing mechanical pulp involves the use of a refining machine
called a doible-disk refiner, composed of two flutéd metal Jisks that can be
. closely "spaca and rotated in opposite directions. A variation' of this ar-
rangement is to have one fixed sk and one that rotates; a machine confi-
gured in this way is called a single-disk refiner. In both types of refiners,

wood chips are moved by a screw-feed mechanism 1into the cen

machine where they must pass bétween the two closely positioned disks; the

resulting mechanical action reduces the chips to fiber (see Fig. 15.8). Puip

produced in this way is called rWW )
Because the separation of fiber is achieved by merely pulling apart or

rending wood chips, little material is lost in the pulping process as long as

the fibers are flexible eniough to avoid shattering and production of fines.

(Because of the fiber-shattering problem when pulping dense woods, spe-
it . g _

cies that are ¢ by mechanical processes.
Tn mechanical separation, the proportion of wood raw material that be-
comes usable fiber is commonly on the order of 95-99%, a fact iranslating
to relatively low-cost pulp. Unfortunately, high yield also results in Jow-

h by Crist and Teclaw) )

Fig. 16.1
Stone
grinder

Fig. 162 . _

Unbeaten groun
{Spruce} x125

dwood pulp
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strength pulp unsuitable for many uses. As little is lost in separatron, the
cellulose, hemicellulose, and lignin that make up the wood are all part of
the resulting pulp. The lignin, which serves to strengthen solid wood
through stiffening of fibers, continues to give rigidity to_the fibers of me-
chanical pulp. These rigid fibers have little fiber-to-fiber bond potential

- and form a coarse and bulky mat. The paper thus formed has low strength

and relatively poor surface quality. The presence of lignin in mechanical
pulp contributes to yet another problem, one related to long-term durabil-
ity. Lignin and certain carbohydrates yellow with age, particularly when
exposed to ultraviolet rays of sunlight; this is the reason for the yellowing
commonly seen in old newspapers,

A variation of the mechanical pulping technigue is the thermo¥ .

WHere chips are subjected to steam as they pass through a
efiner. Most commonly, thermomechanical pulping is done under pressure.,
with chips subjected to syperheated steaim at a temperature of M
as they move through the refiner. In some systems, however, steaming is
done at atmospheric Eressure In both cases, the heat serves to soften
lignin, allowing fiber separation with less fiber damage than that realized in
manufacture of purely mechanical pulps. Both strength and absorbency are

improved. Thermomechanical pulp is commonly referred to as T,

Chemical pulping. A technique used to achieve fiber separation, which at
the same time removes troublesome lignin, involves the use of chemical and

heat energy. Wood chips are placed in a chemical solution {(called a cook'gg

liquor) and heated in & pressurized vat (called a digester). Fiber separation

occurs as cell-to-cell cementing lignin is dissolved.

_ - Bwvo different chemical pﬂp ng processes are used, and they differ in
the types of chemical comprising the cooking liquor; these are th_e_gmﬁlg_
K

ulfate processes. The sulfite process makes use of a mixture of sulfur-
‘5us acid and ammonium, magnesiom, calcium, or sedium bisulfites. The
sulfurous acid (H,S0,) reacts with lignin to form lignosulfonic acid. This
relatively'irisoluble compound is, in turn, reduced to soluble lignosulfonic
salts in the presence of the basic bisulfites. Established in 1874-75, the
sulfite process was-found to yield high-quality pulp of the type desired for
r_n‘L“J!!lmmnﬂﬂ-The calcium-based bisulfite came to be the most com-
monly used companion [0 soifurous acid. The calcium compound was
cheap and worked quite well in pulping of long-fi bered specles such as
spruce, hemloclc and true fir. There were, however, sevéral problems asso-

ciated with the use of the calcium bisulfite—based process. The most serious
was thdt recovery of cooking chemicals and process lieat was technically
difficult and economically unfavorable. The result was that sulfite mills

~ constantly had a used cooking liquor disposal problem (in a volume ap-

proximating 1500 gal/ton of pulp produced), which all ioo often was re-
solved by dumping the residue in a nearby waterway. Another problem was
that the process did not work well in the pulping of highly resinous

softwoods such as pine. Therefore, growth of the calcium bisulfite—sulfur- .

ous acid system ceased about 1940 and new sulfite installations were de-
signed to use ammonium or magnesium bisulfites. Subsequent development
of chemical Tecovery technology made it possible to achieve complete
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chemical recovery of magnesmm—based cooking hquors through a relatwely
simple process Nonetheless, since the early 1960s there has been only lim-
ited expansion of all forms of sulfite pulp mill capacity, whlle use of the
sulfate process has grown rapidly (Table 16.1).

Table f&i. Estimated annuai wood pulp production in the United Stales {thousands of shorl tons)

. . i of

Chemical pulping Semi- Mechani- Total pulp caw

%% of % of % of chemical % of cal % of from Recycled  wood

Year Sulfite lotal Kralt lotal Soda rolal pulping total pulping total, raw wood . paper total

83 27 5.5 40,742 715 . 1] 3851 7.3 5067 8.7 52,537 (B,567 353

tgﬂ' 3507 Tl 34,862 70.2 ies 0.0 3876 7.8 417 149 49,662 14,015 23.2

1970 4024 9.4 24,670 $7.3 2IB 0.5 29 1.3 6379 15.0 42,588 11,803 2.7

1960 Exall 14.8 14,516 5.9 420 1.7 1970 79 4465 179 - 25,086 9,032 15.0

1950 2848 19.4 7,501 51.0 522 35 686 4.7 3151 21.4 14,708 T.956- 4.1

1540 2608 29.3 3,748 42,1 532 6.0 165 L9 1843 20.7 8,896 4,668 2.5
1930 2517 hd 950 * 4 . * * . * - hd

Source: Libby (i962), Evans {1978), Lowe {1978), Haas el &l. [ISTQ}W
*Figure not available. -

The sulfate process is said to date back to 1884, a year in which a
German patent was awarded for development of a new high pH {or alka-
line} chemical pulping technique. The process is based upon use of a of a cook-
ing Tiquor € primarily of Wln the
pulping process the sodium hydroxide attacks lignin, breaking it down to
phenylpropane units that then go into solution, The sodium sulfide, when
exposed to water, breaks down to sodium hydroxide (increasing the amount
of that compound available for pulping) and sodium hydrosulfide (NaSH),
which serves to increase the solubility of lignin,

An examination of reactive chemicals raises the questron of why the
sulfate process is so named. The answer is traceable to the discovery that
when spent, black, lignin-rich cooking liguor is heated.in a furnace in the
presence of Ng,_,a §Gthe ‘original pulping chemicals (sodium hydromde and
sodium sulfide) are almost completely recovered,

‘An interesting part of the history of the sulfate process is the explana-
tion of how-this. technique was modified to become known as the Kraft

rocess. Historical records tell that in the course of operating a Swedish
mill, a digester full of partially cooked pulp was accidentally blown (cr
dumped). The matenammt%m away when the mill man-
ager decided to use it in making some low-quality paper; the surprising
result was that the paper produced was far stronger than any previously
made The Swedish (and Gerthan) word kraft meamng strongI soon- he-

- came an alternate name for the techmque -

The recoverability of cooking liquors- (as well as process heat) means
that the sulfate process is comparatively free of residue disposal- problems.

This process, furthermore, is effective in pulping any species, including

th us. These factors, when added to the result that
high-strength pulp is produced explain the’ overwhelming popularity of the

kraft or sulfate proc One negative aspect is_a charagteristic rotten cab-
bage smell caused by ¥olatile redu T compounds} Costs of eliminat-

ing this smell are high"Because the human olfactory system can detect even
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. minute concentrations, virtually 100% of the sulfur compounds must be:
. removed from stack gases to completely solve the odor problem.

Because no mechanical action is needed to achieve cell separation,
chemically produced pulp is composed of smooth and largely undamaged
fibers (compare Figs. 16.2, 16.3A). Moreover, since a high proportion of
the lignin is removed in the process, thus eliminating an-important compo-
nent of age-induced yellowing in bleached finished paper, pulp quality is
high. The penalty paid for high qualiiy is low yield (and therefore high pulp
cost). The yield (expressed as the dry weight equivalent of usable fiber
divided by the dry weight of chips placed in the dlgester) ranges from 44 to
55% for both sulfite and sulfate processes, which is lower than the lignin

*conient ‘might indicate. The reason for these very low yields is that the
conditions that solubilize lignin also degrade both cellulose and the low-
molecular weight hemicelluloses.

ﬁ"ﬁ'ﬁﬂiﬁgﬁﬁ[ﬂﬂm—wood can also be pulped in a way that combines

the high-yield advantages of mechanical processing and some of the high-
quality features of chemical processing. Using techniques known as semi-
chemical or chemimechanical pulping, wood chips are given shori-term
exposure io a chemical pulping liquor and then passed through a mechani-
cal refiner to separate constituent fibers. The cooking liquor causes partial
degradation of the ligneous bonds and serves basically the same function as
heat in the thermomechanical process. Mechanical energy needed for fiber
separation is greatly reduced and damage to fibers is decreased. The chemi-
mechanical process permits pulping of hardwoods that afe too dense to be
suitably pulped by strictly mechanical means. The most widely used process
in this category is the Neutral Sulfite Semi-Chemical Process (NSSC) In
this case, sodium sulfite ered with sodium carbonate; is used in pre-
treating ¢Hips. Semichemical pulp yields of 65=75% are common and- may
occasionally be higher. :

" Blological puiping. A new method of ‘pulping, which involves treatment
of wood with lignin-degrading microorganisms, is currently in the early -
stages of investigation, Successful development. of this concept would
greatly reduce the energy required in pulping and ‘decrease environmental
impacis associated with pulping processes. Current efforts are focusing
upon ways to accelerate the lignin-degrading process.

Fiber racycling. In North America, some 20-25% of all paper products
are recovered for reuse. In Japan, by comparison, the paper reuse rateis
“about 45%; the highly concentrated Japanese population makes coltection
of paper for recyclmg more eoonormcal than in most other parts of the

world

- The majority of recycled paper used in the Umted States goes into the
marivfacture of corrugating medmm. the paper used in the inner plies of
corrugated boxes. Other uses are in newsprint and other prmtmg grades

and.in.structural wood fiber products, .
: The recycting Tt 5 several significant problems in the production

of secondary fiber, lncludlng removal of contaminanis from recovered fiber
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(adheswes, plastics, waxes, latex, asphalt ete.). and el:mmatron of mks .
from fiber to be used in making printing papers. In addition, there is a limit
to the number of times that material can be recycled. It is generally consid-
ered that 50% represents a practical maximium recycling rate. As explained
by Smook (1982), “Significant losses of fiber substance occur during each
recycling step . . . and at the 50 percent recycle level, It is apparent that
half of the materra.l being recycled has already been through at least one
previous recycling process.”

" Washing and bleaching. Ii is necessary to clean pulp after it is formed to

remove cooking liguor- and/or impurities. After chemical -pulping, - the
wood fiber-cooking liquor mixture is released from the digester inio what
is known as a blow pit. Here fiber is collected and initially separated from
spent cooking liquor and the gases that may have been produced. Fiber is
next cleaned in a multistage washing process to remove any residual liquor. -

Untreated, wood pulp is brown to tan in color, due mainly to the
presence of lignin or extractives from heartwood. Thus when manufac-
turing writing or book papers or other products where whiteness is impor-
tant, fiber must be bleached. This is usually done by exposure to strong
chlorine-based compounds. Oxygen-bleaching techniques have also been
developed. Bleaching attacks residual lignin and can be carried to the point - -
where lignin is either totally removed (as with the highest quality writing
and printing papers) or simply lightened i in color (as in the manufacture of
newspaper or catalog quality stock). The latter degrée of treatment is least
expensive, having little effect upon yield, but it results in only temporary
whiteness. Bleaching to achieve removal of essentially all lignin gives vir-
tually permanent whiteness, but it is expensive. In this case, water use is
high and pulp yield is significantly reduced.

Beating and reflning. Much of the strength of paper results from hydro-
gen bonding of celiulose molecules that make up adjacent fibers. To pro-
vide the maximum potential for bonding, fibers are- pounded or ground to. -
flatten them and to partially unravel microfibrils from the cell walls; the
surface area of fibers (and thus the area available for bonding) is greaily
increased by even a small degree of such flatlening and unravelmg (Fig.
16.3).

‘The mechanical ﬂattemng and unraveling of fibers is called beating
and is accornplr_slied in various types of refining machines. Disk refiners are
commonly used for this purpose (see discussion under mi%:__ja]_pﬂpmg)r hanical. pulpi
Another common type of machine is the conical refiner (known as a Jordan
or Clafin refiner). In this type of machine (Fig:-16. 4y a conically shaped,
longitudinally fluted plug rotates inside a similarly shaped and ribbed hous-
ing. The location -of the plug inside the housing controls the spacing be-
tween the flutes and ribs; when the space is small, fibers are subjected fo a

- mechanical rubbing action as they pass through the conical refiner.

Because fiber-to-fiber bonding has a great deal to do with paper prop-
erties, it is desirable to have a quantitative measure of the bond potentlal of

" a pulp. In North America, bond potennal is usvally expressed in terms of

Canachan Standard freeness (CSf) ThlS is measured by suspendlng a given




by Crist ang Taciaw = x125)

‘A Before beating (745 CSf)

B. After beating (145 CSf)

. Fig. 16.3
Bealing flaitens and partlally unrauels
pulped southern yellow pine).

ﬂb'ar walls {chen‘qically

Fig. 16.4
Jordan refiner’
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amount of fibér in water and then determining the rate at wh:ch water

_ drains through a wire onto which the fiber has been allowed to settle. Since
the rate of drainage is inversely related to surface area of fiber and surface
area is directly related to the amount of beating o refining, a mat of well-

_beaten fiber is quite resistant to drainage of water. The freeness of well-
beaten fiber is thus low.

The relatlonshlp between beating tlme, freeness. and various strength
properties is illustrated in Figure 16.5. Note that freeness is in all cases
decreased by extended beating. Burst and tensile strengths tend to be higher
the longer the beating time. As will be explained in more detail later, burst

r ™
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and tensﬂe propertles are closely related to mterfiber bonding and are thus
directly affected by any treatment {(such as beatmg) that increases bond

_potential (Fig. 16.5A,B). thure 16.5C shows that tear strength is signifi-

cantly increased as beating is begun but is reduced rapidly thereafter. The
explanatlon for thls is that tear is somewhat influenced by interfiber bond-

ing but is much more influenced by integrity of individual fibers, With the

first few. minutes of beating, flattening of cells and some unravehng of
microfibrils oceur, which greatly increases surface area while causing little
reduction in either length or strength of fibers; the increased surface area
resulting from further beating is offset by the damagmg effect. upon in-
dividual fibers.

Sheet formatlon. Following beating, and in some cases secondary refin-
ing, fiber is mixed with water to a consistency of about 1% fiber by weight.
It is guite common to mix different types of pulp (i.e., mechanical and
chemical) at this stage, with the proportion of each dependent upon the
kind of paper to be manufactured. Additives such ‘as starch (for increased
bond strength) or wet-strength resin are often added to the mixture at this
point as well, as are clays (for brightness and opacity) and rosin size (for
decreased liquid absofption). This mixture is then formed into a thin mat.
The most commonly used machine to form the fiber mat is called a Four-
drinier {Fig. 16.6). It is basically a rapidly moving horizontal screen fitted
with a device called a head box that accurately metérs a pulp mixture orito
the screen. Other types of paper machines form- a-paper mat- on rotating
wn'e cylinders. As pulp flows onto the screen, water drams away w1th the

Fig. 16.6.
Fourdrinier paper machine
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aid of suction boxes or other drainage- enhancmg devices mounted under
the wire, leaving a mat of fibers. The mat is then wet pressed, passed over a
series of steam-heated drums, pressed again to desired thickness, and
wound into large rolls. Application of coatings, sheet polishing operations
(known as calendering), winding of the sheet onto a reel, and slitting of
large rolls into smaller sheets are operations that might follow. The entire
process is summarized in Figure.16.7.

Fig. 16.7 ,
Steps In the manufacture of paper

Dlum debarker

Suctlon bonss 15t press

PAPER COMPOSITION. Certain types of paper are almost invariably
associated with specific types of pulps. Brown wrapping paper and grocery
bags, for example, are almost always made from high-strength unbleached
sulfate pulp, whereas gift wrap, including hard tissiie paper, is typically
produced fromi-fie sulfite pulp. Though other examples of this kind can be
given, most paper producls are made from & blend of pulps. Wallpaper, for
instance, is often made using a blend of sulfite, sulfate, and ‘mechanical

- pulps in order to incorporate the advantages of tear strength (sulfate),
printability (sulfite), and low cost (mechanical) into the product. Similarly,
low-cost newsprint, which is made primarily from mechanical pulp, -often
conitains a certain amount of sulfite pulp to improve sheet quality. -

_Blending of bleached hardwood sulfate pulp with that from softwoods

is common when making most types of printable papers for periodicals,
catalogs, and containers. The hardwood pulp provides a smooth, opaque
paper, while the softwood fibers add strength. Mixtures of pulp containing
from 50 to 80% hardwoods are commonly used for such products.
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PAPER PROPERTIES

Common measures of quality. There are many ways to define paper
quality. When making grocery bags, for instance, strength is quite impor-
tant. As with solid wood, there are many measures of strength. A bag to be
filled with heavy bottles or canned goods, which might be picked up by the
sides, must have a high tensile strength Similarly, a bag that may contain
an exceptionally heavy ifem such as a large soft drink botile should be able
to resist this kind of concentrated load (measured by burst strength) High
resistance to tear is another property obviously needed in an all-purpose
bag. Moreover, the bag should retain its strength when wet.

If a book paper is being manufactured, tear strength is obviously criti-
cal. But other factors are quite significant as well. The sheet must accept
ink but must have low absorbency to prevent ink diffusion and develop-
ment of fuzziness around printed characters. High opacity is also necessary
so that printing does not show through the other side. Other important
properties might be brightness, permanent whiteness, and surface smooth-
ness. If the paper is to be used in making a product like restaurant menus
rather than books, all the properties outlined above would be needed as
well as another property— folding endurance.

Paper used for toweling should have an entirely different set of proper-
ties. Strength, particularly wet strength, is important in a towel, and such
paper should also be highly absorbent. And so it goes. For each of the
thousands of paper products a similar list of properties might be enumer-
ated. The point is that there are many kinds of paper, each with individual
and often quite different requirements. Various measures of quality have
been déveloped to permit evaluation of the suitability of different pulps for
manufacture of these various kinds of paper.

- Paper properties and fiber characteristics. Knowledge of only one -

characteristic of wood, i.e., density, allows prediction of the yield of pulp

per unit volume of wood as well as a number of paper properties. Density is
directly related to cell wall thickness. The general rule is that the lower the

density and thus the lower the proportion of thick-walled latewood cells,

"the better the wood as a papermaking raw material. It should be noted that

this rule does not hold if high tear strength is desired.

~ Thick-walled fibers result in paper with low burst and tensile strengths
but a high degree ‘of resistance to tear, Paper made primarily of thick-
walled cells also tends to have very low folding endurance. The relationship
of burit and tensile strengths to cell wall thicknéss is explained by the fact
that these properties are very” dependent upon a high degree of fiber-to-
fiber bonding, which is affected by cell wall thickness. These facts might

" lead to the conclusion that thick-walled fibers are difficult to beat to a low

freeness level as compared to thin-walled fibers. Actually the reverse has
been found (Ellwocd et al. 1965). The pnma:y reason for low apparent
bend potenual of thick fibers is that paper is manufactured on a weight
basis, meaning that the number of fibers in a sheet is inversely related to. the .
density of fiber walls. Second, thick-walled fibers have less surface area per
unit weight than thmner walled fibers. These two factors translate very
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. sn'nply to lessened opportunities for mterﬁbcr bondlng Tear strength like:

—burst and tensile strengths, is influenced by the extent of interfiber bond-
ing.- More important, however, is the effect that individual fibér strength
‘has upon tear resistance. Tluck-walled ﬁbers are. obvrously stronger than
those having thin walls.

Asecond characteristic of wood that- has an-effect upon paper proper- '

ties is fiber length Tear strength is the property most affected and the
relationship is direct (i.e., the greater the fiber length the higher the tear

resistance) up to a length-of -4-5'mm. Some reference can be found in the

literature to direct relationships between fiber length and other important
strength factors such as burst and tensile. Other investigators, however,
discount fiber length as a significant influence on these properties.

In a study of the effect of chemical constituents on papermaking po-
tential, Bllwood et al. {1965) found cell wall thickness to be closely corre-
lated with chemical composition of the wall, making it difficult to separate
chemical and other structural effects. It was nonetheless found that thick-
walled cells that provided high tear strength were composed of a high pro-
portion of cellulose and were correspondingly low in hemicellulose and

ligrti_n. Burst and tear strengths were thus highly correlated to a high pro- .

portion of hemicellulose. High levels of hemicellilose are evidently related
to rapid hydration of pulp, formation of more aud better lnterfiber bonds,
and development of dense mats.

The proportion of various cell types making up a wood can affect the
quality and quantity of pulp. This is particularly true of hardwoods and the
portion of their volume accounted for by vessels. Because of their shape,
vessels do not bond readily to fibers, thereby contributing little to strength
(Dadswell and Watson 1962). Vessels may separate from the surface of the
finished sheet in subsequent printing {Alichin 1960). Vessels are also more
likely to break up during processing, and therefore woods containing a high

proportion of these cells are likely to give lower pulp yields than those with

al hlgher fiber content

IMPORTANT TYPES OF PAPER

Linerboard. This is a relatively hghttverght board typrcally produced from

“unbleached kraft fiber to be used as the outer surface on ed _cop-
tainers. The productlon of linerboard in the Unites States is very large,

t in tounage Linerboard generally is made from,

'_ softwood fiber and is produced on a Fourdrinier machine. Its most impor-

tant properties are stiffness and burst resistance, although some degree of _ .

printability is also desired on the outer surface. This latter property may be
- enhanced by forming a small amount of hlgh]y refmed fi ber on top of the
base of coarser hlgh-yteld fiber

Corrugallng modll.lm Thls llghtwelght paperboard is used for t _gg_u_tgi_
_inner lies of corrugated boxes. Linerboard is glued to both sides of corru- .
“gating medium to produce what thé public calls “cardboard.” Since corru- .

gating medium provides much of the rigidity to corrugated containers, it
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" must have both good stiffness propertles and good resistance to crushing.
‘Some is produced from 100% recycled fiber, but-most is produced from a
_mrxture of semichemical and recycled pulp Since this paper does not re-

quire high tensile and tear strength the use of long-fibered softwood pulp is-
not necessary. .

Newsprlnl “The primary reqmrement of newsprml is that it can. be run
throtigh modern hlgh-speed printing presses ‘and provide a reasonably good
printing surface. It must also be low in cost. Newsprint is generally pro-

“duced from a mixture of mechanical and chemical pulp. Few addltlves of

the type added to enhance the printing properties of fine or magazine pa-
pers are added to newsprint. In order to develop adequate strength for
printing at high speeds, some unbleached sulfite or bleached kraft is usually
added to the groundwood pulp. Since mechanical pulp is cheaper to pro-

.duce than chemical pulp, only enough chemical pulp to meet the print

speed requirements is used.

Puhllcallon grades. Papers for high-quality printing purposes must be
coated in the papermaking process to improve the gloss, slickness, detail,
and brilliance that can be obtained in printing. The addition of fillers and
coatings at various stages in the process can greatly alter the properiies of
the paper. Coatings can make up over 30% of total sheet weight in some
lightweight grades. There is a trend to lighter weight printing papers be-
cause of increasing postage rates. A higher proportion of chemical pulp.is
usually requlred as paper weight is reduced. TMP pulp and groundwood
pulp are used in these papers, as are bleached kraft pulp from both
hardwoods and softwoods

Fine paper. This clas51f1catlon is for-white, uncoated printing and wrltmg
paper containing only a smail amount of mechanical pulp. Sulphite and
highly: refined bleached kraft pulp may be used-in those cases w where wood .

_ furnish is mcorporated Nonwood fibers are also used

Tlssue. This category of -paper covers a w1de variety of faclal and
bathroom tissues, paper napkins, and toweling. Because these are light-
weight papers that imust have a loose structure, they cannot be produced on’
conventional paper machines. Oné of the keys to success in this business is
to have an effective. proprtetary system of producing a low-density sheet.
These products generally require a high-guality furnish with long, lightly
refined fi ber, smce softness isa functlon of fiber properties and. bulk

Paporboard Thls category of thlck paper 1ncludes hnerboard dmcr:bed :
above. However, there are a number of other important types “of paper- -

-board that’ usually havea multl-g v consteuction, Folding boxboard is made

from virgin pulp in the outer ply and from secondary fiber for the ifner
plies. Foodboard, utilizing 100% bleached virgin' pulp, is used for food
packaging. The paper for the outer laycr of gypsum board, i.e., sheetrock,
is a paperboard usually made from dary fiber.
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Kraﬂ sack paper. This paper is produced from unbleached softwood
kraft puip. Tear strength and tensile energy absorption are two of the most
important properties. Sizing is often added to the well-refined fi bers in the
papermakmg process to provnde additional intefnal and wet strength

HEASUHEMENT AND SOUHCES OF HAW MATEFIIAL In the Umted
"States, about half the wood used for the manufactuse of paper is-in the
form of small-diameter bolts (Fig. .16.8). Because of the large volume of
pulpwood handled at a mill and irregolar shapes of individual pieces,

pulpwood is measured by calculatiig the volume of large stacks of _

roundwood or by determining welght

moqmsy 8. Sinclair)

Flg. 18.8
A load of pulpwood boglns the trip to the papor mIII

A standard unit of measure for pulpwood in the United States is ttle
cord, which is defined in Chapter 13. It is important to remember that a

cord does not contain 128 ft* of wood but 128 ft* of space. A cord of 7- fo -

10-in. {18-25 cm) diameter, ¥-ft (1.2 m) length, and undebarked bolts con-
tains, for example, only about 80 ft° (2.3 m*) of wood and another 10 fi°
(0.3 m?) or s0 of bark. A greater amount of wood is contained in cords

composed of larger diaméfer and — cbolts
fifon to being bought and sold by the cord, pulpwood is also

purchased by welght Payment for this wood is made either directly by
weight ($/ton), or weight is converted to cords, with payment then made on

a cord basis. Elsewhere in the world ‘pulpwood volume is common]y ex-
r—\_’

pressed in cubic meters.
Almost one-third of the raw material used annually for pulp manufac-

ture in the United States is-in the form of wood chips produced as by-

products in sawmills, plywood mills, and other wood products operatlons.
Pulp chips are often purchased on a weight basis (by the green or dry ton),
volume basis (by the 200 ft* unit), or combination wetght/\rolume basis (by
converung weight measurement. to cords).

Inn 1983 the equivalent of some 71 milllon'short tons of wood pulp were

produced in the United States for use in makmg a variety of paper and

-
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paperboard products. About 31.5 million tons were obtained from
roundwood, while some 20 million tons were produced from wood in chip

fo

obtained from wastepaper (Fig. 16.9).

/_,_rm._The remammg‘iﬁ 6 million tons, or over 26% of. productlon, WeTT,
— éﬁ@i g

f

~
Fig. 16.9 -

Sources and uses oi flber ior pulp,

paper, and paperboard, 1983*
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- Approximately two-thirds of the nonrecycled pulpwood produced an-
wally in the United States comes from the Southeast. The rest comes from
the West (about one-fifth) and the North and Northeast (approximately
g-sixth). - ' :

Though the fiber used in making paper is overwhelmingly wood fiber,
it is important to realize that a considerable quantity of nonwood resources
are used in the manufacturing process. Both the quantity of sheet additives
(such as clay and rosin) and process ingredients (such as sulfur and salt
cake) can be substantial. Saltman (1978) cites a list from Nekoosa Papers,
Inc., of ingredients needed in making 1 ton of a particular grade of their
paper: .

Water 55,000 gal  Sal cake 80 1Ib Coal 1.2 ton

Sulfur - 102 1b Caustic 661b © Alum 61 Ib
Magnesium hydroxide % Ib Starch 108 1b Clay 289 Ib-
Lime 350 tb Wood 2cords Rosin 161b

Power 112 kWh Dye and
) pigment 201b

Hardboard

‘Hardboard is a medium- to high-density wood fiber product that is

. most commonly manufactured to a specific gravity near 1.0. The product is
. made in the form of flat sheets ranging from Ys to % in. {0.16-1.27 cm) in
thickness and can also be molded to a variety of shapes. It is reported that
hardboard was devéloped accidentally in 1924 by a William H, Mason, who
“had developed a quick explosion process for transforming chips to -pulp
and was attempting to make a low-density insulation-type product from it.
Having placed a wet fiber mat in a steam-heated press for the purpose of
drying the fiber, Mason left his laboratory to eat lunch. When he returned,
he found that a'small steam valve had failed, causing high and prolonged
pressure on the fiber mat, resulting in a hard, dense panel. The product,
dubbed pressed by its discoverer, soon came to be known as_hard-
board, Themvention led to immediate formation of the Mason Fiber Com-

. pany;a name later changed to Masotite Corporation. The name Masonite

- is still sometimes used interchangeably with the term hardboard. “Today, the

hardboard industry is sizable, with aggroximatel_g 2 billion ft* of hardboard

produced annually in the United States:

MANUFACTURING. An important distinction between hardboard and

other fiber prodiicts is.that in hardboard, lignin plays a role in fiber-to-fiber

bonding. Ligneous bonding is the primary force holding the finished prod-

uct together. Because of this, the only kind of puip suitable for making
" hardboard is the mechanically produced variety (made by the thermg

chanical process or a variation involving presteaming of chips) in which the

lignin of wood Is retained. _
.The basic procedure employed in conunercial hardboard manufacture
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is shown in Figure 16.10. Note that resin and wax are aqded during drying
or just after the pulping process. Water-compatible resins such as phenol
formaldehyde are normally used, with the conce_ntration ge_:nerally on-the
order of 1-2% of dry board weight. These small amounts improve board
8l ; ; and tNhe resin as well as the wax increases water resistance. -

s _ 2
Fig. 16.10 .

Basic steps in hardboard manufacturing

echanical bmd-wﬂ
chips 1> Elr‘;glens% > :1qu " > | formation
Steam (165-175°C) | Resin aIcIed
pre-

hardboard j€{ hot-press €1 press

y

—

Following production of pulp, fibers are formed into a rpat and pre-
pressed. This step can be accomplished using either water or air as-a form-
ing medium. The difference in these techniques, l;np“_rn as thg Ereg a.md ;hg
dry processes,-is explained -‘below. The manufacturing sequence is con-
cluded with a hot-press operation in which high temperature (190—235°C]
and pressure (5001500 psi) are employed to bring the lignin to a thermo-
plastic condition and densify the fiber mat. ’ ] -

Wet process. As the name su_ggests, the wet process of mat formation
makes use of water. In this technique, pulp is mixed with water much as
when making paper and this water-fiber mixture is then metered onto a wire

- screen. Water is drained away with the aid of suction applied to the under-

side of the wire, and the fiber mat along with the supporting wire is npve_d_
to a prepress where excess water is squeezed out. The prepress operation is
an importani part of the wet process, since the*subs_equent step involves
pressing at high temperatures; unnecessary vaporization. of water and re-

sulting waste of heat would result from omission of this step. _Foll.qw?ing"
prepressing, the compressed mat is moved into the hot-press along with the

wire screen on which it was formed. High levels of pressure and heat serve

to re-form ligneous bonds, squeeze out additional water, and dry the mat.

The screen is retained in the hot-pressing operation to allow escape of water
or.

vep ‘Wet-process hardboard is typified by evenly distributed density (be-

cause water is an efficient forming medium) and one rough side (caused by

the screen used in the hot-press), . L
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Dry process. Dry-process ‘hardboard is made- -using air rather than water
asa. formmg medium. Following production of pulp, the fiber is dried and

e intréduced into a forming device in which is created a “snowstorm” of the o ' .
5 o dry fluffy fiber. The fiber blanket formed in this way is quite thick (perhaps . 5 MIIES 81 JPT 22
.+ 4-5in. for what will eventually be a Y4-in. panel), so a press roll is placed
«.. .downstream of the former to compress the loosely piled fibers. Hot-press- : e r('SJ‘ap FOOD 2'4 /fCW)e !

i ing completes the sequence. Since fiber is dry when it enters the hot-press,
.. no sereen is needed beneath the mat; thus the panels are smooth on both
- “sides (S-28). :
Dry-process -hardboard tends to have less evenly distributed density -
. . than the wet-process variety, and strength is often slightly lower if similar
I amounts of resin are used; therefore more resin (about 2% resin solids
based on dry weight) is m:rrmall:ur used in making dry process panels.

Tempering. Hardboard is sensitive to moisture, particularly liquid mois-
‘ture; therefore, unless specially treated, it is intended as an interior prod-
uct. Moisture can cause linear expansion of panels, thickness swellmg, and
formation of surface blisters. Hardboard intended for exterior use is thus
treated by one of several processes to meet commercial standards for re-
duced sensitivity to moisture. The resulting product is known as tempered
hardboard. )

Traditionally, tempering was achieved by soaking finished panels in
various oils, followed by baking at high temperature to flash off the volatile
fractions, The result was greatly improved water resistance, increased abra-
sion resistance, improved hardness, and better overall strength. Another ] _
process for tempering involves high-temperature treatment without a pre- Fig. 16.11
liminary oil soak; the purpose of exposure to heat, which may be as great as Hardboard panels have a variety of uses.
200°C, is to increase cross-linking between cellulose and other polymers.
Performance under wet conditions can also be improved by simply using
miore resin in board manufacture. The latter mentioned methods for tem-
pering have become more popular in recent years because air pollution
problems associated with baking of oil-soaked panels are avoided.

APPLICATIONS. Hardboard is used in furniture in the form of flat panels
for television and radio cabinet backing, drawer bottoms, dust stops, slid-
ing-doors, genéral purpose backing, and table tops (Fig.-16.11). It is also
commonly used for wall paneling, cabinet doors and tops, interior door
faces, garage door panels, and store fixture components. Unfinished panels
are perforated with holes and used as pegboard for decoration of work-
shop, laundry room, and garage walls. Smooth-faced hardboard sheets are
also often painted or covered with vinyl or other material for use as exterior
siding or as decorative panehng for interior use. Appearance grade panels
can_ be made with contoured or.sculptured surfaces by using. sculptured
platens (or dies) in the hot-press. This technigue allows lifelike reproduc-
tion of rough-sawn surfaces, simulated brick, or other textures. Anothet
family of hardboard products is based upon the fact that-finished panels
can be steamed and molded to various shapes (Fig. 16.12). Molded hard-
dnam_pmdgcls are particularly evident in the auto industry, \%‘Eﬁ

) Flg 16.12

Hardboard can be molded to
dlﬂerenl shapes.




.used-as door and roof panels, back v.ri.'nc'i_t::'\'\r deécks, dashbeards, and occa-

* sionally even heating system ductwork.”

insulation boar& |

.. A group of fiber panel products is manu[aétuged to sp@ﬁ{:ific gravities

ranging from about 0.25 to 0.45. These range from low-density acoustical

ceiling tile (Fig: 16.13} to relatively high-density structural insulation board

?hat is used under siding in frame construction (Fig. 16.14). The: structural
insulation product-provides added insulation to a wall construction, elimi-
_na!e; the need-for corner bracing in the frame wall, and serves to reduce
noise transmission through exterior walls.

Fig. 16.13 ,
Acoustical celling tile Is commonly made of wood fiber.

'MANUFACTURING PROCESS, The process-used to produce insulstion -

board is quite similar to that employed in making hardboard but with.one

" important difference. As with hardboard, the insulation board sequence - "

involves thermomechanical pulping of chips, subsequent refining of fiber,
a;_ld board_ fPrmation (normally using water as a forming medium}. The
difference is in the pressing and drying of the mat. A hot-press is not used in

. thickness using a press roll and then dried, The omission of hot-pressing

Fig. 16.14 ' '

“Structural Insulation board Is applied prior to siding.

means that ligneous bbndiﬁg is not achieved in insuldation board. Fibef-to-
fiber linkages are provided primarily by hydrogen bonding, although addi-
tives such as starch or asphalt are often used for bond enhancement.

Medium-denéify ﬂberboard

A new type of wood panel develobéd in the 1960s 1s similar to both

hardboard and particleboard vet-distinctly different from either. The new
product, which is manufactured to a density of 31-50 Wb/ft® (500-800 kg/
‘™?), is known as medium-density fiberboard (MDF). Like hardboard,

MDF is made from wood that has béen reduced to individual fibers and-

fiber bundles. Bonding of fiber in the finished product is, however,
achieved through the use of synthetic resin or other synthetic binder rather
than through redevelopment of ligngous bonds; in this respect MDF resem-
bles particleboard. o : ) -
The most significant vse of MDF is in furniture manufacture, where it

is used in much the same way as particleboard is. Particleboard is generally .

preferred where square-edged panels are needed because it is less expensive.
However, lise of particléboard where edge-profiling of panels is required,

are too porous to be shaped and finished directly and -are thus commonly
edge-banded with solid wood (Fig. 16.15). MDF, on the other hand, has a
more uniform density and smooth, tight edges that can be machined almost
like solid wood, eliminating the need for edge-bandifig:MDF can also be

e M

" -such’as in table tops, requires special and expensive treatment. “The edges -
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. Fig. 16.15 "
- .In contrast to-particleboard,
“MDF requires no edge-banding

Particleboard -

) Adapted (rom Suchefand (1978)

.

finished to a smooth surface and grain-printed, thus elinninaﬁng the need
for surface veneers or laminates. For these reasons there is a well-defined
market for MDF furniture panels.

MANUFACTURING PROCESS. The first steps in making MDF are very
similar to those employed in manufacturing hardboard. Logs are reduced
to chips, with these then subjected to a thermomechanical puiping. The
process thereafter closely resembles that used in making particleboard (see
Chapter 15). Fiber is dried, blended with resin and occasionally wax, and

"formed into a mat that is subsequently pressed to desired thickness and

density. Like particleboard, resin solids compose 6-7pf the dry weight of

the product. . v

REVIEW

A. Terms to define or explain:
1. RMP 9. Jordan refiner
2. TMP o - - 10. Fourdrinier - -
3. NSSC process 11. Opacity =~
4. Cooking liquor i2. Tempering
5. Digester | 13. Insulation board
6. Pulp 14, MDF
7. Blow pit 15. Linerboard
8. Beating

B. Questions or concepts to explain: -

1 _\Yhat are the primary processes used to produce pulp? What kinds of pulp
*-yields are realized when these various processes are employed? - )
. 2. Mechanical pulp is used in making certain kinds of paper and paperboard.

.

YT
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Why is it a favored material for production of newsprint? Why is mechanical
pulp avoided when making high-quality papers? : -

3. What are the two chemical pulping processes most commonly used? What
are thie advantages and disadvantages of each? Which process is also known
as the kraft process? DT e T . .

- 4. What is the meaning of -the term “freeness™?. How is_ freeness related to

properties of paper? - -

5. How is-hardboard made? What is the difference between wet and dry proc-
ess hardboard and what are the advantages of each? -
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grade timber on its lands to heat and
power.

Wocad for energy is also interesting
to nonforest Industries and to those
who generate commercial power, al-
though the extent to which wood will-be
used for these purposes In the next dec¢-
ade wlll probably not be large. In look-
ing further to the future, wood has po-
tential as the raw material for
production of many industrlal chemi-
cals. Here agaln, the rate of develop-
ment will be affected by availabliity of
alternate raw materials and by eco-
nomic factors.

The value of wood as a fuel has
made complete utllizatlon of the har-

.vested forest blomass not only possible -

but economically attractive. Continuing
economic -and technological deavelop-
ments will determine how various com-
ponents of the tree are to be used--
whether for solid wood, particies, fiber,
or fuel. Certalnly on a worldwlde basis,
and even a national basis, there is still a
long way to go before the goal of com-
plete utlllzation is reached. It is reason-
-able to expect, however, that this goal
wili be approached in the United States
in the next decads. Doing so will con-
tribute signlflcantly toward assuring
that the supply of timber wlll meet the
increasing demand for products and
that forest products wilil remain- cost
competltive with alternatlve materials

6“% |
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Wood for energy
and feedStocks

PRIOR to the energy crisis of the 1970s, lumber, panel products, and paper
were considered the major products from wood. Since then, energy produc-
tion increasingly has become a significant use of forest biomass. It appears
that the use of wood to pm\rlde home heating, industrial processing heat,
and electricity will continue to grow, Today, energy must be considered as
one of the major products from the forest.

The emergence of wood as a significant source of energy came aboul
because of the rapidly escalating cost of petroleum and natural gas during

_ the 1970s. The cost of imported oil in the United States increased from $3

to $30/barrel. - Prior to 1973 the design of industrial equipment and proc-

" esses was based on the fact 'that energy was cheap. Therefore, the capital
~cost of equipment for manufacturing processes was more 1mportant than
~its energy efficiency. It made economic sense; in those days of cheap energy,
- to install an-inexpensive natural gas-fired boiler to heat a dfy kiln'rather
‘than to spend several times as much money for a combustion system to use

the bark and wood residue that were available. Even though this residue

_was available at little or no cost, the high cost of wood-burning equipment

made its use uneconomical. Although the cost of liquid and gas fuels de-
clined sharply in 1987, wood is still an economically attractwe source of
energy for the forest products industry.

An lllustratlon of the value of wood fuel when compared to alternative
fuels is shown in Table 17.1. Note that the amount of heat obtained from
wood depends upon the moisture content. Thus dry wood fuels are more
valuable than wetter material. The value of wood fuel shown in the table
does not take into account the additional cost of the equipment to store,
handle, and burn wood as compared to the fossil fuels. Nevertheless, the
equlvalenl value of wood fuel is high.

High values for fuel can result in serious wood procurement problems

423
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Table 17.1. Equivalent vaiue of wood fuel at alternative fossi fusl prices.
~ Cost of fossil fuel required Lo preduce the same amount

of heat as 1 ton wood fuei*
Matoral gas ~ - ¥2 Fuel oil . Bitnminous coal
o ‘(per 1000 F1Y) {per gal,) {per ton)-
Type of wood fuet $2 %4 6 $1 SIS0 $2 S50 375 MOO
‘ i ®

Ovendry wood 36 70 106 120 181 240 30 45 60
Dry planer shavings : : )

15% MC 3 60 90 102 153 204 26 38 51
Sawdust and bark )

30% MC 2% 52 78 8l 132 176 22 n 44

60% MC 20 40 60 68 102 36 7 25 M

90% MC 16 32 48 54 81 108 13 20 27

* These values assume normal combustion efficiencies for cach fuel type. They do not in-
clude the edditional cosis for wood fuel resulting from handling, storage, maintenance, and
capital costs. Value of wood fuel is 1hus considered to be the cost of the fossil fuel required 1o
produce the same amount of heat as I ton of wood.

for a firm dependent on low-cost wood residue for raw material. As an
example, consider a particleboard plant that is purchasing planer shavings
for $30/ton. Suppose it is using oil for energy and the price increases to
$1.50/gal. In this situation the equivalent value of the shavings for energy
would be approximately $153 (this is the cost of oil to produce the same
number of Btus as burning a ton of the shavings). The precise equivalent
value will depend upon the efficiency of the oil and wood combustion
systems. In such a situation there is obviously a strong-economic incentive
to use wood as the source of energy. The decision to convert to wood for
" energy - will -be influenced by the cost of the new combustion and fuel-
handling system. However, the major factor in a decision to convert to
wood energy is likely to be the adequacy of the supply of wood fuel.
The importance of wood (or forest biomass) as a source of energy will
_continue until economical alternatives to petroleum and natural gas are
" developed: These may take the form of nuclear fission or fusion, solar

energy, or thermochemical hydrogen. Despite the decline in world oil prices-

in the mid-1980s, the use of wood energy by the forest products industry is

not likely to decredse. In 1980 the 14 largest forest products companies in

the United States produced 70% of their energy from wood waste, ‘Those

companies produced one-fourth of the lumber and one-half of the plywood

and particleboard in the United States. From 1980 to 1986 most new forest
_products~manufacturing plants were designed to obtain almost all their
" process and space heat from combustion of their mill residues. -

It has been traditional to refer to the portion of the forest biomass not
used for primary forest preducts as iesidues. Mill residues consist of planer
shavings,. bark, slabs, plywood trim, and sawdust. Woods or logging resi-

"_dues include tops, limbs, and cull trees. This terminology should be
changed, since the term residue usually implies nonuse or low value. It
would be more appropriate to refer to these materials as potential fuels or

... feedstocks. ~ . : o : oL

The internationat importance of wood as a home heating and cooking
fuel should be recognized. On a worldwide basis, the use of woed for fuel
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has always been the single largest use of wood and remains so today. It is

“estimated that about 45% of the wood consumed in the world is used for

home heating and cooking. Shortage of wood in many developing countries

“has very serious implications to the maintenance of the remaining forests.

Forests are disappearing in many countries where the growing population
needs both fuel and agricultural land for survival. Some projections have
suggested that 24 million ha of forests in the world are being lost each year.
Other analysts place the loss at only about one-third that amount, but still a
serfous concern. Clearly, the implications of the use of wood for fuel are
quite different in the United States, where much woody material suitable
for fuel is available, :

Figure 1.2 in the introductory chapter shows the decline in the use of
roundwood as a fuel in the United States until about 1975. Since 1978,
dramatic increases have taken place in the use of roundwood for home fuel.
‘The fact that over 3 million wood-burning stoves were sold in the United
States between 1972 and 1979 and that sales are now estimated at 1 million
units annually certainly indicates such a trend. The U.S. Department of
Energy (1982) estimated that in 1981 about 48 million tons on an oven-dry
basis were used as residential fuel. This was about 60% as much wood fuel
as used by industry at that time. ’

Materials aval'.'a\ble' for energy

Four sources of potential wood maleﬁal for generating energy are
roundwood from growing stock, mill residues, logging or woods residues, .
and plantations. Roundwood and mill residues are also'in demand to pro-
duce fiber and particle products. Logging residues could technically be used
for particle and fiber products also, but because of the higher bark content
and because it often contains grit and other contaminants, this material

- -may be better suited to the production of energy.

" The use of short-rotation intensive forest management to produce bio-

.mass in so-called energy plantations caught public attention in the 1970s -

and generated considerable study and controversy. Such plantations have
existed in developing countries for some years. In-the United States there -
has been no commercial development of energy plantations to date and
none seems likely, although planfations-devoted to producing a variety of
producis, including energy, are nothing new. ' )

It appears that the cost of short-rotation plantation-gro{vn wood for
energy purposes will not be competitive with that from the natural stands

‘of low:grade hardwoods abundant in much of eastern North America to-

day,. . . . .. . - .
 Mill residues are a highly desirable fuel because they are available at
the mills (no transportation cost) and they are often partially dried. Esti-

_mates of the volume of mill residues in the United States in 1976 (Table.

17.2) indicated that at that time only one-third of the mill residues were

- available for use (unused). The mill residué utilization picture has changed -

dramaticall_y since then. In some areas of the Uniled States today, mill
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_Table 17.2. Elllmaled volumes of mili ruldues ln tbe :
fomst pmducta industrias {exeiudlng pulp and paper)

i - Other
- wood
Mill_ Lumber P]ywood - products
residue’ industry indusiry _ industries Total

(mil. dry tons)
Wood chips -
- Used -

s¢ L2 9. 3 a4
Unused 6 I 03 7
Sawdust : .
Used 5 04 - 0.6 [
Unused 9 A ] 0.5 10
Bark
-Used 9 2 1 12
Unuseéd . 6 1 0.6 L]
Total used .
Total unused

Source: Plngrey (1976}

residues are still not completely utilized, although in other regions bark and
sawdust have a ready market as fuel. '

The material left.in the woods after logging represents a huge store of
potentlal fuel. Because of its small stem size, however, this material is
expensive to collect. Its utilization will depend upon the development of
cost-effective harvesting systems. Wahlgren and Ellis (1978) estimated that
about 105 million tons (on a dry basis) of logging residue could be available
annually for use. At present little. loggmg res:due is belng utilized for
" energy.

It is very difficult to estimate the total annual growth of forest biomass

~in the United States. Forest inventories- have traditionally been concerned
with estimating the volume of stems of merchantable size rather than the
total biomass. Only limited data are available regarding total tree biomass,

although this situation is improving rapidly. Projecting how much biomass

might be available in the future for energy production is an even more
_difficult problem; Much biomass can never be used for energy ‘because of

its location, ownership, or environmental concerns. Nevertheless, the data

" available indicate that blomass could contribute in a srgnlﬁcant way to U.S.
energy needs. =
The information in Thble 17.3 suggests tlmt the amount of unused
_above ground biomass produced annually in the United States is inore than
twice as great as that being consumed for forest products. This situation is
not expected to change significantly despite the increased volumes that will
_be used for forest products. If all of this potential biomass were converted

to energy, it could produce about 9.5 quads (10" Bius). This is about 13%

of the total energy used In the United States in 1976 (over 75 quads). As of
1984 the amount of energy obtained from wood in the United States was
estimated at about 2.5 quads, 3% of total U.S. energy production,

A major deterrent to the use of the total forest biomass for fuel has

.. been the cost of harvesting: Specialized equipment to. hanrest ‘small-diame-
“ter stems’ and collect and transport the material has been needed Several

HA‘(GR@N‘FEM\/QSQC b )

* Nel growth eslimates frnm Ellis {1975).

_ T Assumes the mortality is recoverable for luel.

" tFrom land clepring, noncommercial forests, urban remova]s and -
- urban waste: .

specialized machines to do this job are heing'developed' and improved by

equipment manufacturers and forest products firms. Such a machlne is
shown in Figure 17.1.

_' 427 B ’ R 17 {.WOOD FOR ENERGY AND FEEDSTOCKS '
- Tabla 1?.3. Esﬂmares of us aboreground forast
biomass potential = - )
Source ’ - - - 1970 1976 2000‘
oL . ) . {mil. dry tons).
~ Nel growth from commercial forests - 450 530 . 600
Monalityt - B . 120 120 120
Other sourcest ] 110 110
Harvest ior con\renlmnal products uses - 195 -200 - 260
“Total - - oo 485 - 560 570
Energy equivatent i in quads - - 82 9.5 - 9 '.-'
Note: Estimales. derlved from Zerbe (1978} and U.S, Foresl Service.
Moderate industrial d dispr d (SAF [979).

Whole-tree chippers (see Fig. 18.7) of the type used to harvest stands o

for pulp chips can also be used to produce chips for energy. A number of

firnis are using whole-tree chippers for this purpose. Howevér, these ma-
chines are not well suited for harvesting the small- diameter stems’ ina stand
or for handling tops and limbs. ’

o In man:,lr parts of the United States null residues are presently available

Frg 17 1. :
An experlmental machine deslgned Io harvesl tolal lorest blomass.

" (Courtesy.P. Koch)
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at costs far below the equivalent value of the heat shown in Table 17.1.

_Active distribution systems and markets have not generally been developed
for wood fuels. However, as more firms convert to wood- fired syslems, the
value of- mlll and forest residues should increase.

Nature of wood as fuel

The most common method of converting wood into energy is by burn-
ing, i.e., combustion. The first step in combustion is the evaporation of the
water that is present. Then the volatile components of wood, both combus-
tible and noncombustible, are driven off at-temperatures from 100 to
600°C. From 75 to 85% of the wood can be volatilized. In the last stage of
combustion the carbon is oxidized. A standard test method to evaluate
solid fuels is térmed proximate analysis. The prommate analysis of several

_ fuels is shown in Table 17. 4

Table 174. Pra:dmate analysis of several fuels

Volatile . Fixed
_ Fuel matter carbon Ash
' ' (%)
Douglas-fir .
Wood 86.2 13.7 0.1
Bark 70.6 27.2 2.2
Western hemlock
Wood . . 84.8 15.0 0.2
Bark 7 . 74.3 24.0 1.7
Hardwoods (avg.) i )
- Wood ) © 194 4
 Batk . . . 183, B Y 46
Western coal - 434 - 51.7 7 4.9

Source: Corder (1975), Arola (1976), Pingrey {1976). ~

The combustion reaction involves the combining of carbon from the
wood with oxygen to form carbon dioxide and the combining of hydrogen
from the wood with oxygen to form water. The oxygen in the reactions

" comes partly from the wood but mostly from the air. Wood contains ap-
-- proximately 6% hydrogen, 49% carbon, and 44% oxygen. The.amount of
oxygen (and thus air) required for thé burning process can be theoretically
calculated based upon the chemical analysis (termed ultimate analysis) of
the- specles involved. However, in-practice, niore air than this theoretical
“amount is required to assure complete combustion. This is termed excess
-.air. In modern wood furnaces, excess air is carefully controlled to assure

-~ efficient burmng

'Thble 17.5 gives.average heatmg values for wood and bark. Resin has a
heating value almost twice as high as wood; therefore resinous woods have
.+ a somewhat higher value than those with no resin. Bark and wood from
softwoods generally tend 1o be somewhat higher in heat value than from
hardwoods.. Heatmg values also vary by species because of the varymg

‘.an‘g 17.2 . : . ] \
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Tabie 17.5. Avarage heating vafuss for wood and bark

_ Owvendry heating values
thigher heating values) -

Type of wood Waod Bark
: (Btu/dry ib)
Nonresinous BOD0-8500 T 7400-9800

Resinous . ) B60O-9700 8800-10,800
Source: Corder {1975}, ' '

proportion of carbon, oxygen, and hydrogen present. However, in engi-
neering practice an average heat value of 9000 Btu/dry b for resinous
woods and 8300 Btu for other woods is sometimes used.

The total heat generated by complete combustion under controlled
conditions is termed the higher heating value (HHYV). The actual heai that
can be recovered in conventional burners is considerably less than the
HHY, due to the loss in vaporizing the water in the fuel and from other
losses occurring in the process. These other losses include energy to heat the
excess air and to heat water formed during combustion. Figure 17.2 (Ince

Recoverable heat ‘available potentlal
'heat, and heat losses for a pound of typlcal
wood fuel burned in a boiler =
' T T 1 T

16000 ) mmlsmckgas heat loas, fuel moisture ._
R R Emmuasheatm moisiura from R B
oo N hydroganmh.nailank . . R
8000 e Slack gas heat loss, dry gases, =
. and excess alr
8000
.5
S 7000}
a
B 7000
2 5000
[+] -
' § 4000
£

3000 o
2000} *+seeseer Available potential heat
| ———— Recoverable heat energy
1600+ . . . . C
) i [ DT DR |
Yo 10 20 30 40 50 60
~ Moisture content—wel weight basis (percent)




430 ’ - 4 | ADVANCEMENTS IN FOREST UTILIZATION

-1979) illustrates the relationship between the potential and recoverable heat
energy per pound of wet wood and the mdisture content.

The available potential heat at any moisture content, as illustrated in
Figure 17.2, is sometimes called the gross heating value {GHV). The exam-
ple shown in the figure is for a fuel with a HRV of 8500 Btu/lb in a
combustion system with a S00°F stack gas temperature. Note that the GHV

" represents the HHY in the portion of fuel composed of dry wood. The
GHY of wood can be calculated from the HHYV as follows:

GHV = HHY x [1 — % MC (wet basis/100]

The ratio of the recoverable heat to the available potential heat (see
Fig. 17.2) is called the combustion efficiency. With wood fuels and current
combustion equipment, combustion efficiencies range from about 80% for
dry fuels to 60% for wet fuels. Unfortunatety, green rather than dry fuels
are most available. When comparing the cost of alternative fuels, it is the

recoverable heat value that is of most importance. It is this heat energy that

- produces the steam for industrial processes or to drive a turbine or that can
be used for space heating.

The terms net heating value (NHV) and lower heating value (LHV) are
sometimes encountered in combustion engineering. NHY and LHV are the
net heat released by a fuel after reducing the HHV by the heat of vaporiza-
tion of the water generated by combustion of the hydrogen in the fuel.
LHVs are customarily used in Burope, while in America HHV is used as the
- basis on which fuel is bought and sold {Georgia Institute of Technology

1984},
’ As discussed in Chapter 8, the moisture content of formt products is
normally calculated on a dry-weight basis; if the moisture content is based
upon the wet weight it should be so indicated. However, the wet basis is
commonly used in wood fuel literature without reference to the basis of
calculation. Moisture content on dry weight basis can be converted to mms—
~ ture content on- wet weight by the relationship : B
% MC (dry basis)
100 + % MC (dry basis)

% MC (wet bas:s) x 100

An example may aid in understanding the relationship between the
mmsture content and the recoverable heat. Assume it is known that a spe-
cies of wood is at 75% MC and has a HHV of 8800 Btu/Ib.

1. What will be the’ gross heating value?

’.-‘5% MC is equal to TS/(IOO + ".-‘5) = 43% MC (wet basts)

So the gross heatmg value is _
8800 Btu {1 — 0.43) = 8800 x 0.57 = 5016 Btu/wet 1b -

2. If the combustlon efficiency of the boiler is 70% how much recov-
erable heat will be obtamed per pound of wood fuel at 75% MC?

5016 Bw/Ib x 0.70 = 3511 Btu/lb
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. 3. If recoverable heat is valued at $4/mil Btu, how much more could
be paid for this fuel without increasing the cost of energy if it were pur-
¢hased at 15% MC rather than at 75% MC? (At 15% MC the combustion

-efficiency of the boiler is 78%.)

15% MC = 15/(100 + 15) = 13% MC (wet basis)
8B00{1 — 0.13) = 7656 Btu/Ib (gross heat)
7656 Btu/lb % 0.78 = 5972 Btu/lb (recoverable heat)

Therefore, the usable heat is increased by 5972 — 3511 = 2461 Biu/
wet 1b when using wood at 15% MC rather than 75%. The difference in
value would be

(2461 x 4)/1,000,000 = $0.01/1b or $19.69%/ton

The forest products engineer should know how to estimate the amount
of wood fuel réquired to supply an industrial boiler or an electrical genera-
tion plant. Such an estimate requires consideration of the operating charac-
teristics of the boiler system as well as the nature of the fuel to be used.

The energy output of a boiler is commonly expressed in pounds of
steam per hour (pounds of water evaporated per hour). The heat required
to produce a pound of steam varies depending upon the pressure and tem-
perature, but it is generally in the range of 1100-1300 Btu/lb. Typically
boiler sizes in the forest products ‘industry run from 20,000 to 400, 000 b/
hr. :

The following example will explain the general approach to estlma_tl_ng
fuel requirements. Assume a 50,000 Ib/hr boiler requires 1250 Btu/1b steam
to heat the feed water and generate the steam. This boiler is to be fired with
fuel at 75% MC having a gross heat value of 5016 Btn/wet Ib (see 1 in
example above). The efficiency of the boiler is 67%. Weight of fuel requlred
per hour equals

— 1 600
0.67 (boiler efficiency) x 5016 Btu/lb fuel 8, lir

© 50,000 Ib steam/hr X -1250 Btu/lb steam . “1b fuel o

Calculations for estimating the wood. requirements of a wood-fired -
electric generating plant are discussed by Garrett {1981). The process can be
.outlined by the following example: 1 kWh is the equivalent of 3412 Btu/hr.
Thus if an electric generating plant operates with a typical overall efficiency
of 25%, it requires 13,648 Btu input (3412/0.25) to produce 1-kWh. The
daily energy requirement for a 20-megawatt (MW) plant would be

13,648 Btu/kWh x 20,000 kWh x 24 hr = 6.55 % 1¢® Buu/day

Ifthe wood fuel gomg into the plant has a higher heating value of 8300
Btu/1b and 45% MC (wet basis); then the gross heating-value is 8300 (1 — .
0.45). = 4565 Btu/wet 1b. Thus the daily wood fue] requlrement for the
plant is .

- 106 1b fuel/d
4565 Bjwer b 44 X uel{day
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Tl{gre_fore, even this rather small power plant requires about 720 tons greén
chips/day for fuel. This is as much wood as required to supply a 200 ton/

_ day pulp mill with fiber. . L
- The gross heat of a hardwood at different moisture contents and the

. - usable heat, assuming typical combustion efficiencies, are shown in Table

17.6. Note that the usable heat per wet pourid at 100% MC is less than half -

that at 15% MC. _

Table 17.6. The gross and usabls heat of hafdwobd at
different moisture conlents and assumed combustion sf-

ficlencles : .

Moistore - Assumed Usable or
. content, Gross : bustion blé

ovendry basis heat value efficiency heat
(%) {Btu/net {&) {%) {Bitu/net 1b)

0 8300 80 6640

15 7218 78 5630

kL 6385 76 4853

60 5188 T2 3735

100 4150 67 2780

There are two approaches to reducing the moisture levels in such cases.
The mc_vst common means of drying is by supplying heat energy to vaporize
the moisture, i.e., by thermal means. The second is by applying mechanical
energy to squeeze the free water from the wood or bark. This is referred to
as dewatering or compression drying. )

Jhermal drying is the most common approach to wood fuel drying, It
has been démonstrated that the installation of thermal fuel-drying equip-
ment can sometimes be well justified, particularly if increased boiler capac-
ity is needed. The heat for these dryers is ‘typically supplied by burning
dr_led fines separated from the fuel being processed. Cascade dryers, which
utilize waste heat from stack. gases, are- also available. This equipment is
\Svtidely used in Scandinavia, and there are several installations in the United

ates. ) -

L

The drying of wood chips or particles by evaporation of moisture in a
tub;. drum, or cascade dryer makes it possible to dry particles to any
moisture content desired but has the disadvantage that it requires high
energy input, generally greater than 1800 Btu for each pound of water
Temoved. Thermal drying thus requires an eriergy input that is greater than
the increase in _heating value resulting from the drying. Nonetheless, drying
woqd fuels by evaporative means may prove advantageous in those cases
wh_el_-e' the input energy is from flue gas or another low-cost source..

‘The other approach to the drying of wood-chip fuels now beihg used
commercially is by compression (mechanical means). ‘Although equipment
for mechanically UgWatering BarK and very wet residue has been available
o the forest produicts industry for many years, these existing processes are’
liniited in application becanse they can reduce the moisture content to only

- ahout 50% (wet basis). These niechanical dewatering systems are thus best
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suited for removing water added in processing, not the water naturally
_occurring in green biomass. Process water is typically added in log storage,
saw cooling, debarking, and fiber processing. o N
Research is being conducted to develop other less costly means of
reducing the moisture in wood-chip fuels. These methods include drying
after fefling but prior to chipping, air drying bins of forest résidue, and

B high-pressure compression drying of wood chips. The latter method can

reduce the moisture content to about 40%, lower than presently available
commercial equipment can accomplish (Haygreen 1981, 1982). = . .

The use of dry rather than wet wood fuel has advantages in addition t
the increased heat value described above. The capacity of a boiler is in-
creased if dry fuel is used rather than green. The greater efficiency of the
‘furnace when burning dry wood and the smaller amount-of steam gener-
ated from moisture in the wood result in less flue gas volume, This permits
an increase in the amount of wood that can be fired, thus increasing total
heat production. If fuel at 40% (wet basis} MC is burned rather than fuel at
50%, the steam output of the boiler. will typically increase by about 10%,
Thus greater steam production can be obtained from an existing installa-
tion if fuels are dried rather than burned green. Likewise, in a new installa-
tion designed to meet specific steam requirements, a smaller boiler can be
installed if drier fuels are to be burned. Newby (1980) cites a 7% increasé in
the rate of steam generation in a boiler as a result of reducing the fuel
moisture from 60 to 55%. _

When drler fuel is burned, the volume of stack gases generated per
pound of steam produced is decreased. Thus a boiler designed for a specific-
steam capacity using dry fuel will have fower capital and operating costs for

. stack gas emission control equipment than a boiler designed for wet fuel. In
a test to evaluate the effects of fuel moisture on particulate emissions,
Johnson (1975) shows that the increase of fuel moisture from 52 to 63%
caused & doubling of the rate of particulate émissions. Thus drier fuels yield
significant savings because of reductions. in both the stack gas volume,
which must be handled by thé énvironimental control &guipment, Efld the
quantity of particulate emissions that must be collected. = - .

- A further advantage of drier fuels is discussed by Vanelli and Archi-
bald (1976). A conventional hog fuel boiler requires constant adjustment of
controls, with fluctuation in fuel moisture content. Thus the maximum
efficiency for the boiler may not be obtained. A fuel drying systém that can
provide fuel at-a relatively uniform moisture content wonld reduce or elimi-

“nate this problem, . e

Gasification and pyrolysis processes also realize benefits from using
dried wood fuels that are similar to those for combustion systenis. The use
-of fuel at high moisture levels reduces the temperature of combustion prod-
ucts and generally the efficiency. of the system. In low-Btu gasifiers, effi-
ciency may be lowered about 15%- when burning green wood. -In some
gasification systems, only dry wood can be used. ’

. Déspite the advantages of burning drier fuels, most wood resliggg fuels
arg combnsted a5 [goelved' without the benefit of dg( g. This is because of
the costs associated with drying. With wet Tuels the drying is accomplished
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in the borler durmg the t" rst step in combust:on Wlth verjr wet . fuels- and =

-,w1th some burning systems, it may be necessary to drz.r the fuel in a separate ,

' "step prior to burning int the boiler or reactor.

A desirable characteristic of wood for industrial fuel i is the- fact that it

N is Tow in sulfur and nitrogen. This reduces the cost of air-cleansing. equip- -

" ment as compared to fossil fuels that produoe S|gn|f' caint amounts of sulfur -

‘dioxide and nitrous oxlde emissions. The major air pollutlon problem with
" industrial wood Fuels is one of pariiculate emissions;. largely unburned-car-

bon particles. Particulate emissons can be controlled by mechanical collec-

“tors and scrubbers. With large boilers, electrostatic precipitators are suit-

- -able for reducing particulate emissions to acceptable levels

There is a popular belief that dense species such as oak are far better
than others for fuel. This is true in the sense of the volume of wood to be
handled to obtain a given amount of heat or in terms of the rate at which
the: wood burns in a stove or- fireplace. ‘However, in terms of industrial
applications, species is relatively unimportant. Remember that the amount
of heat per ovendry pound varies little among species; the moisture content
of the wood is much more impostant. Difficulties do exist, however, in:

. handling and grinding the bark of some species because of their fibrous-or

stringy nature. Also, if extremely low-density woods are burned, the mass

- of_wood in the furnace at any time, and thus heat output, may be reduced.

Chemical Wood Products

Chemical wood products in use today are made from wood or bark
that has been reduced to basic chemical components such as cellulose,
hemicellulose, or lignin. The raw material for many of these products is
waste liquor, which results from the chemical pulping of wood. Also in-
cluded in the chemical wood products category are products made from the
resins of pines and other softwood species. Chemical products are seldom
recogmzable as wood based. B

-~ Wood is used today in makrng a wide range of chemical products

from animal feeds, adhesives, and lacquers to photographic film, plastics,

and rayon. These can be categorized as cellulose ethers, lignosulfonates and
lignin-based chemicals, modified cellulose. regenerated cellulose, or. naval
stores.

* CELLULOSE ETHERS are made by treating alkali cellulose with various

reagents The cellulose ethers include carboxymethyl cellulose, which is
used in making products as diverse as laundry detergent additives, adhe-
sives, and strengtheners in unfiréd ceramics. Other cellulose ¢thers are used
as srzmg in papers’ and textrles and as emuls|fy1ng agents in pamts and

foods. -

"'LIGNOSULFONATE_S originate from used cooking -]iuuo’rs that are em-

ployed in the chemical pulping of wood. These versatile compounds are
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-used as dispersing and stabilizing agents in ol wéll drilling muds, printing
inks, dyes, and concrete snd as binders in such thing as gravel roads,
animal food peliets, and textiles. Artificial vanilla, used widely in products
such as ice > cream, cookles, and cakes. is also made from hgnosulfonates

MODIFIED CELLULOSE mcludes the cellulose acetates and celluiose ni-

trates. Both of these are important ingredients in adhesives and lacquers.

"~ Acetylated cellulose is used inthe making of rayon acetate, a material from
. which women’s dresses, scarves, and the like are made. In addition, photo-

graphic film is made frm cellulose acetate, as are a number of extruded and
m]ected moulded plastlcs Cellulose nitrate is 1tself an important source of
plastics and was, in fact, thé primary ingredient in celluloid, the first syn--
thetic plastic made comimercially. Moulded- plastic articles such as table
tennis balls and piano keys are made from this material. Cellulose “that is
thhh‘r nitrated is used in makmg guncotion and corthe, both common
ingredients in explosives.

REGENERATED OELLULOSE products are produoed by partlally break-
"ing down cellulose through chémical treatment and then récombining com-
ponents to form a synthesized fiber. Products in this category iiiclude cel-
lophane and viscose rayon, a colorfast material used extensively for
curtains and drapes, clothing, and bedspreads. Rayon fiber is also com-.
monly used in the inner plies of radlal tires and in conveyor belts.

NAVAL STORES include turpentme and rosin. Both of these materials,
along with pine pitch and tar, were once essential to the operation of
wooden sailing ships, explaining the term “paval stores.” Almost all naval
store products are obtained today from tall oil and from volatile fractions
reécovered after the chemical pulpiitg of pine wood. Tall oil itself is an

. ingredient of somie lubricants. Turpentine and its derivatives are used in the = -

manufacture of paints and lacquers and various chem1cals mcludmg mscctl-‘
cides, perfumes, and artificial flavors. One derivative, pine oil, is used in

" making cléaners and disinfectants. Rosin, prodiicéd when tuipentinie is dis-

tilled from pine gum, is a very important mdustrral chemical. Used’ prmcl-
patly in sizing of paper to reduce penetration of liquids, rosin also is em-
-ployed in making paints, lacquers, varnishes, hot melt adhesives, printing

* inks, plastics, and linoleuin- floor covermgs, it'is used as well asa plasthlz-

ing agent i synthetrc rubber

Wood for energy ln the t‘orest products Industrtes

Wood-based materlals range from. products of low energy mtensny
(lumber) to high energy intensity (pulp and paper). The lumber manufac-
-turing process has the characteristic of generating many more residues than - -
do pulp and paper The plywood and: partrcleboard industries fall some- -




o where between these two extremes in termis. of energy requlrements and in
X res:dues generated.
If a typical sawmill were to burn alt the sawdust, bark and other

_residues’ generated, it would produce more energy than consumed in the

‘nianufacturing process. Therefore, it is potentially: energy self-sufficient.
- Pulp and paper mills by contrast can only be about 45 —50% energy self-

- suﬂ'ic1ent when using all their residues... .

" The potential use of internal mill residues to supply energy to manu-

" ¥ factiire a variety of forest products is shown in Tableé 17.7. These data show -
that there is potentlally an excess of remdues in some industries but a deficit .

in most. The data do not include the-use of residues from logging. If-fiber
products and partleleboard plants were to generate all their -enetgy ‘from
wood, it would require in most ‘instances that more biomass be brought
from the woods. A report (NGM systems 1981) on the waferboard industry
‘suggests that these plants could have total energy self-sufficiency through
the use of new gas:frer-gas turbine systems.

- Arola (1976) estimated that to satisfy the energy needs of a kraft paper'

" . mill producing 1000 tons paper/day, about 4000 tons of green wood would

be needed. This is in addition to the 4000 tons/day for the paper itself.

‘Supplying such a quantity of wood would not be a reasonable possibility in

Table ‘l?.?. Eneryy requlred fo produce seleeled wood-based and non-
wood materials

Energy .

Available
from Supplementary
processing  requireménls
- ' Marvest- Mann- residual © for
. Commodily : ing faclure Total {uel manufaclure

- (il Btu/ovendry ton)

Wood-based
Seftwood lumber
Oak ﬂoonn.gi
Lumber laminated from veneer
Softwood sheathing plywocd
) Structural flakeboard
' Medium- -density fiberboard
Insulation board
Hardwood plyweod
Underlayment particleboard
Wet-formed hardboard
Not woocd-based
Gypsum board
- Asphalt shingles
Concrele
Concrele block
©_Clay brick =~ .
Carpet and pad.
Steel wall studs
Steel fAoor joists -
Aluminum siding

Scurce: Jaha and Preston (19’.'6) .

Note: In calculations of supp[ementary requirements it is assumed that energy from
proeessmg residual fuel can be used in the manufaeturms process but not in harvesting.
Values in parentheses are for excess energy from processing resldunl fuel that would be
nvai]nb]e for other uses. ) o
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rneny mills. Nonetheless, although complete energy self-sufficiency may not

-be realized, it appears that the harvesting of biomass for- energy will be
more w1dely used: by the forest products industries in the futare.

" Most forest products industries generate energy from wood combus-
tion in the form of heat. Their single largest use of heat is for drying; about
70% of the energy used i in lumber manufacture and 40% in papermakmg is
for this purpose.. -

“In. relatively farge plants that operate contmuously, it is economlcally
feasible to also use wood to generate electricity. In small plants, ‘generating
electricity from resrdues has not been practical in recent years because of
the high cost of the high-pressure steam bmlers, turbines, and generators
that are required. However, pulp and paper mills have large energy needs

"and continuous operations,  which make such mstallatlons cost -effective.

Individual plywood plants or sawrmlls genera]ly rely upon purchased elec-

. tricity.

‘Since the major energy requu'ements of the forest products 1r|dustr1es
are in the form of heat and electricity, they are well sited to the simulta-
neous generation of electrrcrty and low-pressure steam, a process called.
cogencration. It can be accomplished by special equipment consisting of a
high-temperature, high-pressure boiler and a special turbine that generates
electricity from the high-pressure steam and exhausts low-pressure steam to
use for process heat. Figure 17.3 illustrates a cogeneration system for.a
plant requiring only one pressure of process steam.

Cogeneration is more economical than the generation of electricity by -
itself because the heat from the exhausted steam is utilized. According to
Engelken and Farrell (1979), an efficient steam turbine power plant requires
about 9500 Btu to produce 1kWh of electrical power. The heat equivalent
of 1 kWh is about 3400 Btu. For each KWh, generated, about 5000 Btu can
be used for heat in the plant. A typical utility company producing only
electricity from wood may be only 25% efficient in its energy conversion,
but cogeneration could increase that to about 75%.

" Large forest products complexes can utilize wood-fired cogeneration

Fig. 17.3 o b
Typlcal cogeneration system

tor a mlil requiring one preseure of proceas steam and _
where additional elsciricity can be purchased it needed

Purchased power___)
issss tothe ~O°
3 steam - —— manulaeturlng_
boller | |turbine |-|.3| }555}5}5{ process -

Had!md from Eng'c-'kan and Farrlﬂ' [!9?9}
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plants to provide their own heat and electrical needs and may in addltlon
sell their excess electrical capacity to public atilities. Tillman (1979) dis-
cussed the economic considerations involved in cogeneration. The attitude

_of the public utilities is important. The National Energy Act of 1978 pro-

vides incentives for cogeneration and the use of fuels otherrthan oil and gas.
While. cogeneration units once had to be at least 25 MW in size to be -
economical, today 5-MW units or smaller may be feasible.

Energy use of wood by other industries

It is reasonable to expect that the forest products industry will remain
as the major industrial consumer of wood for energy. Although other in-
dustries will purchase wood fuels where the local situation mikes this feasi-
ble, they will generally be at a disadvantage compared to forest produicts
industries because of the additional transportation and handling costs in-

- volved and the uncertainty of a continuing supply. Nonforest-based indus-

tries consumed only 3% of the wood energy used in the industrial sector in
the United States in 1984 according to estimates by the U.S. Department of
Energy.

About a dozen commercial electric companies in the United States
were using wood as the major fuel in 1986. The Burlington Electric Depart-
ment in Burlington, Vt., converted two 10-MW boilers to wood in 1978 and
in 1984 opened its 50-MW plant, powered by wood (Dennis and Dresser
1985). About 500,000 tons green biomass/yr are required to run one 50-
MW plant. One of the major deterrents to public utilities investing their
capital in wood-fired power plants has been the uncertainty as to the long-
term cost and availability of wood. Controversy as to the environmental
impact of large-scale wood harvesting has also created delays and public
opposition {Robbins 1985). It seems likely that these questions will continue
to plague such projects.

The use of wood for industrial energy is more attractive in other coun-
tries where fossil fuels. are scarce or nonexistent. In Brazil, iron blast
furnaces are fueled with wood charcoal, much of which comes from euca-
Iyptus plantations. This process requires three times as much wood per year
as do all of Brazil's paper mills.

One of the dlsadvantagw of wood as a fuel for small cormnerclal firms
and public buildirnigs is that it is bulky and difficult to handle and storé.

" _Also, the heating value varies over time as theé moisture content changes.

One way to reduce these problems is to pelletize the wood residue. Some
advantages of wood pellets as fuel are that pellets are dry and therefore of 2

-uniform and high heating value; they have a high bulk density, so storage

space is mmmuzed and they can be burned in many systems designed for
coal. The major disadvantage is the added cost of pelletizing. Because of
this cost, ther bly will be little use of pelletized fuel within the for
Eroducts industry. However, it may be an atiractive fuel for others where

" convenience is nnportant Several types ol‘ wood pellets are shown in Flgure~ :

17.4..

e
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Fig. 17.
Several types and slm of wood fuet peflets and brlqueﬂes

Chemical conversion of wood
- to energy and feedstocks

- Combustion is the major method of converting wood to energy at the
present time. Wood, however, can provide the organic chemicals for a num-
ber of othier processes or products that provide aiternatives to the use of
fossil fuels. Gasification and pyrolysis are two processes that provide com-
bustible products from wood. Also, wood can serve as a chiemical ‘feed:
stock providing the cellulose, hemicellulose, and lignin that can be used to
produce other chemicals ordinarily derived from fossil fuels. To date only
limited commercial application of these processes has been made in the
United States, but this situation is chenging. During the early 1980s a num-
ber of wood gasificatlon units were installed in commercial and mdustnal
plants, primarily for heat and process steam.

 Qasification is ‘the thermal decomposition of wood wnh Iumted
amounts of air or oxygen, which produces a combustible mixture of gases
called producer gas. Once the operating temperature of a gasifier is
reached, gases {primarily ¢arbon mornoxide, rutrogen, and hydrogen) con-
taining 10-35% the Biu content of natural gas {methane) are generated. If
oxygen rather than adr is used for gasification, the heat \ralue of the gas

] produced is at the higher end of this range. _
Gasiﬁcation is an old process and was' used to produce gaseous fuel - -
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- from coal before the days of electrification. Gasrflcatlon can utilize coal,

wood, or agricultural biomass. Several types of wood gasifiers have now
‘been developed that are generally suitable for smaller mdustr:al or institu-
" tional applications.

- Gasification of wood has been used in the past as a direct source of
_heat for industrial plants by combustion_of producer gas.and even as fuel
for motor vehicles. During World War II many trucks and buses in Europe
were powered by small wood ga51f1catlon units. A demonstration vehicle
powered with a wood ‘gasification unit is shown in Figure 17.5. Producer
gas can be fed to internal combustlon engmes much llke the normal gaso-
line and air mlxtures

Fig. 17.5 = o '
A demonstratlon car powered by a wood gasllleatlon unlt

converted to synthesm gas (syngas) Synthes'ls gas can be used as the raw
matenal to produce ammonia, methane, and methanol.

Clty, Ala.)

.y Econ Inc. A

_ Pyrolysis is a process of thermal décomposition of wood (or other

organlc material) in the absence of oxygen, It was formerly referred to as
destructive distillation and has been used in the past to produce charcoal,
acetic acid, and methanol. In contrast to gasification, which produces only
- gas, the products of pyrolysis are gas, liquid, and solid fuels. The pyrolysis
gas is ol‘ten burned on site to produce heat for the process The solid
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product produced is charcoal, the liquid a heavy complex oil somewhat
similar to heavy fuel oil.

In many pyrolysis systems a part of the wood is burned to generate the
heat needed to start the decomposition process. Once adequate tempera-
tures are reached -the oxygen supply is restricted and finally cut off enurely
In charcoal operauons only the solid fuel .may -be recovered, but in more -
soplustrcated pyrolysis systems all three products are recovered and must be
utilized to make the systems economically viable. The pyrolytrc oil could be
burned for heat, since it contains from 10,000 to 13,000 Btu/Ib. It is being
studied as a source of organic chemicals. The primary use of pyrolysm

-today is for charcoal production.

Anaerobic fermentation can be used to produce methane from wood
wastes. Methods to.refine this process are under way. Since this is a blOlOgl-
cal reaction resulting from the activity of bacteria, it is critical to use the

right type ‘of wood and maintain the material under proper conditions to

maximize methane formation. Fermentation can be slow, and large con-
tainers are needed; thus costs may be high. Some agricultural and munici-
pal wastes appear better suited to methane production than wood.

Wood can be converted to ethanol, which can be used for gasohol or

- for other energy purposes. In Brazil and some other tropical countries,

much ethanol is produced from sugarcane. Conversion of wood to ethanol
is a two-step process. The wood is first hydrolyzed to glucose and then the
glucose is fermented to produce the alcohol. In the United States today
there is much more interest in the use of agricultural crops for the produc-
tion of alcohol than in the use of wood.

Fossil fuels provide most of the raw materials (feedstocks) for the
synthetic fiber, adhesives, and plastics industry. Goldstein- (1978) has
described the factors under which wood could become a major chemical
feedstock. He points out that just as there was an earlier change (in the
chemical industry) from a coal-tar base to a petroleum base, coal and
cellulose could become the chemical feedstocks of the future. Nonetheless,

-in regions of the world where coal is available, it is llkely to be used before

wood as an organic chemical source, .

All the chemical components of wood have potenual for provrdmg
organic chemicals. However, cellulose has perhaps the widest possibilities.
The first step in the process of converting cellulose to other chemicals is-to
hydrolyze it into glucose. From that point a variety of chemicals can be
produced, as indicated in Figure 17.6.

Energy from wood in the form of chemicals may. not become rmpor—
tant-in the 1980s,- hut itisa technlcally feasrble possrbll:ty that will be

“available,
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Fig. 17.6

Use of cellulose for chemlcals o
Hydrolysis of celiulase to glucose and lurlhor convorslon

'ol glucoae to chomlcals

cellufose
glucose

acetons
butanol
cltric acld

hydroﬂmolhyl
ural

levulinic acld

polyamides
polyesters
epoxides
polycarbonates
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uestions or concepts to explain:

"Reasons why the forest products indus relied ipon f si s P
o hons try upon Fossil fuels-for energy

. How the value of wood fuels is refated to the cost of oil and natural gas.

. How the motsture contént of wood fuel affects the heating value,

. Importance internationally of wood for home heating and cooking.

. Advantages of wood fuel with respect to air pollution problems.

. Factors affecting the amount of usable heat' obtained from burning wood.

. The degree of energy self-sufficiency possible in the forest products- indus-

lrtes
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8. Advantages of cogeneration for the forest products mdustnes as compared to
generating electrical energy alone.
9. Disadvantages of wood fuel for industrial or commercial heating.
10. Availability of mitl and woods residues for fuel. .
11. How to estimate the fuel requirements for a wood-fired slearn boller or an
- electric generauon plant )
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LIZATION _

Complete
utilization of
wood and biomass

THE PAST FOUR decades have brought dramatic technological change to
‘the utilization of timber in the United States. Bingham (1975) provided an
‘example of what was accomplished in utilizing old-growth Douglas-fir tim-
-ber in western Oregon between 1948 and 1973. The logs harvested on an

mn_.oo:r_m cE_unamna Sﬁ_om:w .noEmEnm m_uocﬁﬁooowuomiooa Ia
nmuo:ma that the | R BPwas as follows: .

In 1948,

. TOTAL = 3600 ft* for Eo&._,nﬁm
14, uoo ft* of Hmaﬁ Qﬂn_ and im.#nv

mmoo ft* for paper
800 ft? for plywood
'"TOTAL = wuco ft? for products
idue ?n_ and immﬂov

38 ft* for ﬁ_icoon
5900 ft* for paper
._.uoo ft* for particleboard

TOTAL = 14,100 ».Hu for products
um@b ft* of residue (fuel and waste)

In'that 25-year period the usable products obtained from similar acres
of Douglas-fir increased nearly four times.. In 1973 there was still consider-
able room ».OH further improvement, however. In. addition to the 3800 ft* o».
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residues harvested per acre there were 8 100 ft* of wood left in the portions -
of the tree not-harvested. These logging residues ‘represent a potential -
source of fiber, particles, or energy. ‘This example from the West is indica- .
tive of what was accomplished in. other regions during that period. ,
A more general look at the improvement in utilization in the U.S.
forest products industry is shown in Figure 18.1 (USDA Forest Service ”
1982). During the 30-year period shown, the tonnage of products produced -
, per unit of roundwood input rose at an average rate of about 1% per year,
. The total U.S. input of wood and output of products from primary -
wood processing is estimated in Figure 18.2. This diagram shows the direct

=
alv
3
hle- . flow of logs and pulpwood into the mills as well as the flow of by-products

and residue between the major products. Note that in the pulpmills only
63% of En input is a:.mo:w from En mo_,mmr mbn_ in Um_.zamcom..a mills .“E_u~ ”_

Fig. .E.
Output of timber products per unit 2
roundwood input, 1950~1979

_Index (1950 = 100)

140

130

120
110}
Aoo/\}\lﬁ :
g0}

M . , O,....\H_.“_______h_ ._._.._.__.____ _,_,_,_____. .
: . 1950 1955 1960 1965 1970 1975 1980

Volume:

From USDA Forest Service (1382)

\__ _ . _,<mm__q. J
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Fig. 18.2
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5 ed TOZ2INg Systems 10T Tull-
. tree harvesting and development of equipment for whole:tree chipping, and
(7) development of burners and energy conversion systems that can use all.
types of bark and wood residues - i e
, Most of these developments are still being modified and improved.
The driving force behind many of these advances has been the cost of
stumpage (standing timber), which rose dramatically during the late 1970s..
Although log prices slumped in the mid-1980s, some expect that prices will .
increase in the future as projected in Figure-18.3, The higher expected price
escalation in the Pacific Northwest and the South reflects competition and
industry structure, . ) L Co
~ Despite the advances in technology there is still much to be done to-
bring the goal of complete utilization of each.harvested tree to reality, As'
shown in Figure 18.2, large volumes of mill residues generated in the manu-
facturing process are not used for producis or nnﬁmﬁ ‘Although residue
utilization has improved greatly, there are still regions of.the United States
- Where bark, sawdust, and solid wood scrap are not being used. This is.

ﬁ.masﬂpu_ B - A
| - Softwood stumpage price* indexesby |
| region, 1967-1976, with projections to 2030 k
- Index (1967 = 100) _ . e

i 800
q
| Pacific Northwest. 7
o ~ east side \\\ |
400 - \\\\.\
' - ..-... -
. B ”‘ l.llID!l - \l
N I”lﬁi'.“
200k South L
_Pacific Northwest
west side
O 1 i 1 i 1 L | L | 1 L .
1970 1990 2010 2030
1 | ‘ . Year

*Per thousand board feet, International 1/4-in. log rule

From USDA Forest Service (1982)
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E\nns Em n_anbn mo_, €oom products E._n_ aﬁ mEqu Om :Ecn_..

E:cﬂ. and S_m Eo_cmom m.= trees, boa Eﬁ those m_.ﬁmEn for Emu:?ﬁ:ﬁ
. into given products. Therefore, improvements in use of currently harvest-
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.umﬂﬁEE.E true s&ona the ioom-cmmmn Eacmﬁ_mm are mEm: and §a&<\.
scattered. In this situation there often is not enough residue produced in
- one locality to make the cost of collection and transport nnouoncoﬂq feasi-

ble. Generation of energy at the mills themselves: 'may be the only use of
nomazm in these situations.
' The appropriate level of utilization is not necessarily En same as total

biomass utilization. When the complete biomass of an area is repeatedly .
harvested, there is the: possibility that the productivity of Eo land will be

reduced as a result of the loss of necessary plant nutrients. This is' analo-
gous to intensive agriculture that requires the use of fertilizers in the pro-
duction of annual crops such as cotton or corn. The situations in which the
loss of plant nutrients may be a real problem depend upon soil and site

factors, the portion of biomass left.in the woods, and the length of time

between harvests., Research is under way to establish the Eoﬁuo% and con-

ditions by which complete forest biomass harvesting can _ua -accomplished

i;ro_: damage to future productivity of the land.
Improvements in the degree of utilization of the harvested stem and of
the total biomass can make a significant contribution to the balance g.

able stems and advances in the use of currently unmerchantable trees can
add to the resource base and enhance utilization of the ‘total biomass,

' Under present systems, less than half the total biomass produced in many

forests is being utilized. Therefore, if means were developed to make possi-

ble the use of all the woody material produced, only half as much land:

would have to be harvested per year to supply the same needs. Or perhaps
more realistically, it would be possible to mEEG the i Eﬁ,ommEm demand mo_.
wood without increasing the area harvested.

Forests and forest industry operations in tropical countries are very -

different. from those in North America and Europe. Tropical forests contain
many, often hundreds, of species on each hectare.’ Hardwoods predomi-
nate, and often no softwoods are present. Only a few of the many species in
these forests currently have value for lumber, plywood, or other solid wood

products. In many developing countries the ideal of total utilization of the

forest biomass is so far from 3»:% that : is not a _.ommoumd_m goal at this

- time.

Attempts have been made 3 many countries and firms to increase the
domestic use and export of many of the lesser-known tropical species
(Yeom, 1984). However, to date this problem has remained intractable, The
factors contributing to the problem include (1) difficulty in’ the identifica-
tion of timber species, (2) inadequate data on physical and mechanical
properties, (3) marketing stressing incorrect end uses, (4) poor grading and

manufacturing standards, and (5) interrupted or unreliable supplies. Bethel -

(1984) pointed out that this problem relates directly to the fact that most
tropical ».o_.omﬂm are in-the exploitation stage and :m<n not progressed to the
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point of being managed forests. When timber is harvested from such
forests the yield of products from. a tree typically averages no more than
30%. . : r _
Natural forests in Southeast Asia are more homogeneous than those in
Africa and Latin America, though still very. diverse. In parts of the Philip-
pines, Indonesia, and Malaysia there may be 30-50 species on any hectare,
but many are similar and can be utilized and marketed together. One firm
in the Philippines (Haygreen and Gregersen 1979) converts almost all the .
timber harvested into lumber, plywood, paper, or energy. This is an exam-
ple of borizontal integration, i.e., combining a variety of related manufac-
turing processes; vertical integration, by contrast, is the combination of
different functions such as harvesting, manufacturing, distribution, and
sales. Unfortunately, integrated operations of this type are rare in-tropical
_countries. In the past, much of the timber harvesting in these countries has’
involved extraction of only the best logs for export or for local conversion:
to lumber or plywood. This situation is changing slowly. Improved utiliza-
tion.is becoming important to the economic health of the forest products
industry in tropical countries, as it is in North America and Europe. ,
The development of plantations (called man-made forests in some -
parts of the world) may contribute to improving forest utilization in tropi-.
cal regions. Projects such as a the Jari paper mill complex in the Amazon
region (Kalish 1979; Mclntyre 1980; Hornick et al. 1984) are relying en-
tirely on plantation-grown wood. There is controversy over the desirability,
from an ecological and social viewpoint, of replacing natural forests. with
plantations. However, in terms of assuring industry a uniform source of
fiber at a predictable cost, this appears to be mam.n.ouﬁ approach, .

Ao

The constraints to complete utilization of a wﬁum of timber vary con-
siderably with the type of forest. The size and quality of trees, extent of

,mﬁooﬁum,&.ﬂmbnnﬁognﬁmnwﬂr oidn_.mEuumﬁnEm..ucEwnmb@ UO_EQE
attitudes, and the general state of the economy may; all be constraints, in
certain areas and at certain times. However, average diameter and species
are the two single most important factors that determine the type of utiliza-
tion best suited to an area. , : :

_ The definition of sawtimber in U.S. Forest Service surveys is a tree at
least 11 in. in diameter at breast height for hardwoods and western soft-
woods and a minimum of 9 in, for eastern softwoods. Much of the wood
available for fiber, particle, and energy use is currently below sawtimber
size. The Forest Service category of growing stock, which is material 5'in.
in diameter and larger, is a better indication of material available for all
types of forest products, from fiber to solid wood. The growing stock
category does not include trees less than 5 in. in diameter that may be
‘suitable for some product uses. ,

The area of commercial mEmo_._mhn in the East and West, by general
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‘ timber species type, is shown in Figure 18.4. The major western species,
Douglas-fir, distributed from the Rocky Mountain region to the Pacific
Northwest, was the mainstay of the plywood industry for decades and still
provides an important amount of softwood lumber and plywood. However,
in the past decade hémlock, spruces, the firs, and lodgepole pine have
'become increasingly important in the West. , .

The product standards for plywood accept the product. manufactured
from any of the western species, although panels from Douglas-fir and
western larch. carry higher strength values. While lumber standards still
classify western lumber by species or small species groups, for example,
hem-fir, in the marketplace there is a gradual tendency -away from using
species as an important lumber characteristic. o

In the South the major softwood species group for plywood, lumber,
and pulp is southern pine. This group includes the loblolly, shortleaf, slash,
and longleaf pine species. Southern pine is the most important wood in the
United States for both panel products and pulp. The other softwoods of the
eastern United States play only a minor role in the forest -products industry
when viewed from a national perspective. Locally, however, these species .
may be critical to the economic health of a region.

(- _ : , R Ay
; Fig. 18.4 , :
Commercial timberland area by type
East West -
Loblolly, shortleaf pine Douglas-fir -
Spruce, fir . | pi
nmﬂ.mm | . P 1 Ponderosa pine
| Longleaf, slash pine Fir, spruce
White, red, jack pine - Hemilock, Sitka spruce
.Omx. _.onnmum_m pine
hickory ' o
Maple, beech, birch [l aron
Qak, pine _ m Redwood
d Oak, gum, cypress —,Emmﬁm:._.i::m pine
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From USDA Forest Service (1982)
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The annual growth of southern pine increased over 50% during the 20
years prior to 1977 to over 3 billion ft* of growth per year. However, since
about 1977, total annual growth of pine in the region is believed to have
flattened out, or perhaps begun to decline. During the period from the
early 1960s until today there has been a steady increase in removals of

southern pine, mostly for industrial wood. As m._,omcz.o*. these trends Ennn ,
is concern that removals of southern pine are beginning to exceed the net
annual growth. If these trends continue, the result will be that inventory of

southern pine, upon which much industrial expansion has been based for
_the past 20 years, will decline (Peterson 1936). - 3
Zobel (1980) discussed the problem in the South and elsewhere in the
world from the standpoint of an imbalance in the age and size of the timber
supply. There are extensive young stands but inadequate forests of an in-
termediate size. It is evident that future softwood products in the South and

many other areas of the world will be Emb_._mmﬂﬁma primarily from small -

logs. , . !
Popovich (1979) provided an interesting discussion of the timber sup-
ply situation in the South: o ;

According to the Qutlook (USDA Forest Service ”,.Gmov.,.n_m South is
where it’s at. In fact, by 2030, the South will have exchanged places -
with the Northwest, supplying over half the nation’s. roundwood and .
sawtimber. In 2030, as sawtimber output drops sharply in the North- -
west, it increases by 75% in the South, to 31.4.billion board feet.
. . . But the South is not all sunshine either. The Northwest may have
longer rotations, higher transportation costs, militant environmental-
ists, and federal restrictions, but the South has hardwoods, lots of |
them, and in many places you.can’t give them laway. In fact, seen
through the Outlook study, the South’s Third, Forest is a mixed '
hardwood forest thanks to poor rate of pine regeneration on small
woodlots.

Eighty-nine percent of the hardwood sawtimber in the United States is
located inthe South, the East, and the Lake States. Figure 18.5 shows the
annual growth and removals for both growing stock and sawtimber of
these eastern hardwoods as well as for eastern and western softwoods. Note
that the growth of hardwoods exceeds removals by a large margin in ‘both
of these diameter classifications. The largest increase in timber volume is in
the lower-density hardwoods, i.e., yellow. poplar; gum, coftonwood, and
aspen.-These woods are suited to the manufacture of plywood and solid
products that can serve as alternates to softwood construction material. In
. addition, these woods are well suited to fiber and particle products. The
oo E.mﬁ.aom_mg hardwoods present the igreatest technical limitations. Develop-
ing fiew means of utilizing these dense species is a very challenging opportu-

nity.

sawlog-size hardwood timber is located there. However, the volume of cot-
tonwood and aspen in the West increased 87% from 1952 to 1977. There
inay be more emphasis on hardwood utilization in the West if softwood
resources decline further. - .

The West is not a large producer of hardwoods; only 11% of all -




FILIZATION

1
i
I
!
I
[
I
|
i
i
P
|

453 ' 18 | GOMPLETE UTILIZATION OF WOOD- AND BIOMASS

Fig. 18.5
Timber growth m:n removals
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From USDA Forest Service (1982}
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The change in wood volume on timberlands during the quarter century
from 1952 to 1977 is tabulated in Table 18.1. The proportion of softwood
timber over 15 in. in diameter increased slightly in the South but decreased
in all other regions. The decrease was dramatic in. the Zoﬂ# In the case of
rm_dioo% there was a small decline in most _.om_oum in Eo E.ouon_ou of
growing stock over 15 in. in diameter.

Table 18.2 shows the net annual growth-and Eu._o<&m of m_.oiEm mSnw
by regions from 1952 to 1976. In 1976 the volume of _._,Edioon_ growth was
more than double that removed for wood products ow,....woﬁrnn.néﬁomom. In
the case of softwoods, growth exceeded removals by only 20% on a na-
tional basis, but removals exceeded growth on the Pacific Oo..u_m_n

Potentially, the commercial forestland base can produce mn<o_.m_ Ennm
as much wood as at present. Dramatic increases could result if all commer-
9& forestland were fully stocked with trees and if Eﬁo forests were fully




454

Table 18.2. - Net annual growth and removals of growing stock in the

Table ._w.,._. Percent of :m.iio,oa and ,mo:sian growing
stock (timber § in. and larger) by diameter. class and region
of the United States in 1952 and 1977

Percent by size category of growing
stock volume '

. Hardwoods ' ‘Softwoods
Region and . :
diameter class 1952 1977 1952 1977
North ,
5-15 in. 74 78 69 87
15 in, and larger 26 22 31 13
South o ’
5-15 in. 67 70 80 - 77
15 in. and larger 33 30 20.. 23
Pacific Coast ,
5-15 in. 61 63 18 25
15 in. and larger 39 37 82, 75 .
Rocky Mountains :
.5-15in. 80 86 50 58
15 in. and larger 20 14 50 42
Total United States ”
5-15 in. 70 .74 38 49
15 in. and larger 30 26 62 51

Source: Erickson (1978).

- United States by species group and section, 1952, 1962, and 1976
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:Section

All species Softwoods, Hardwoods

North

Net growth
Removals

South

Net growth
Removals .

1952 1962 1976 1952 1962 1976 1952 1962 1976
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Source: USDA For, Serv. (1977).
*Less than 0.1 billion

managed using conventional silvicultural practices. Figure 18.6 compares

- this potential with actual production of wood volume since :11952. The po-
tential as illustrated here does not include what could be done under more
intensive management (irrigation, fertilization, genetically superior stock,
cultivation for weed control). Thus the maximum potential for timber pro-
duction is at a level much higher than suggested in Figure 18.6.
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Fig. 18.6 :
Harvest of wood in the United States

in 1952, 1962, and 1970; projected by U.S. Forest Service
for 1985 and 2000; and compared with potential growth
if conventional forest management used
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0

Potential 1952 1962 1970 1985 2000
Year Ftom Spurr (1979)

The degree to which the growth potential of forestlands will be realized
depends to a large extent on the economic incentives for full production
and the goals and desires of those who own the forests, Forests in public’
ownership (principally national forests) are under heavy public pressure for
recreation and aesthetic purposes. Wood production is @c&onm_w not the
primary objective on all publicly owned commercial forestlands. Likewise,
small private owners may be more interested in their lands for hunting, for
leisure time use, or as an investment than for income from timber growing.
Since 50% of the commercial forestland is held by the private nonindustrial
owner, management of these holdings is very important to the nation’s
future supply of timber.

18 /| COMPLETE UTILIZATION OF WOOD AND BIOMASS
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.Emc.._.o _m..::oé.mﬂrn ownership uwﬁﬂﬁ in commercial forests and the

“volume of sawtimber harvested from the different ownerships. Most of the
‘hardwood timber (inventory) is on private, nonindustrial lands. In con-
- trast, almost two-thirds of the softwood timber inventory. is on.public
~m=&.ba%=n this fact, only one-third of the softwood sawtimber is cut
 from public lands. Also note in Figure 18.7 that industry-owned forests
produce a very significant portion of the softwood harvest but only a small

amount of the hardwoods

The large public ownership of the softwood ,zn&% resource is likely to -
result in continuation of the tight softwood sawlog supply situation during
the late 1980s and the 1990s. Industry will thus have an increasing incentive

“to improve production of softwoods on industry lands as well as to use

[ Fig. 18.7 |
| Ownership, inventory, and harvest on
| commercial forestland in the U.S. (1977)

T
7%

Harvest volume

Inventory volume:

- Hardwood sawtimber

Commercial
forest
acreage

ENonindustrial

22% |1 Inventory volume

Softwood Sawl_Imbqr 7 7'

_w_o.x. __ | Harvest volume

_

From Amsrican Forestry institute (1978)
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of wood density encountered in different regions of the United States varies

a great deal. These differences will affect technologies adapted in these -
_regions. Figure 18.8 was prepared to illustrate how-the density’ of timber

growing stock varies between the West, the South, and the North (Lake
States and Northeast). To obtain this graph-the growing stock inventory in

each region-was classified by the wood density of the species into three

density categories. Note that in the West almost all wood has a specific

- gravity of 0.50 or less. The South has very little wood below a specific

gravity of 0.40. Both the South and the North have a significant amount of

“dense” wood with a specific gravity over 0. mo This mmE.n combines
hardwood and softwood volumes.

g __ — )

'Fig. 18.8
Growing stock of =_m=| an_:_:- m:a low-
mumo_:n m3<=< species
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reasons for this have been discussed at various points in the text. The range ,
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A variety of terms is used to describe complete utilization of the mate-
rial from the forest. Young (1964) described the complete. tree concept as:
the entire tree from roots to leaves. The. wood and bark above the ground: -
has been referred to as the full tree or the whole tree. The term forest
biomass refers to all woody materials in a stand, regardless of size or
species. , ,
By whatever terminology, the goal for any utilization system should be
to use all the harvested stem in the way that provides the greatest net
' benefits for the producer and consumer. Any impact on the soil nutrient
, - balance needs to be considered. In many cases, systems that include har-
i vesting roots, branches, saplings, and brush may lack economic Emﬂ_mom-
* tion and thus will not be implemented. However, in special situations, use
of all tree noEvoH_oEm can prove economically feasible. As mentioned in
| Chapter 6, roots have been harvested commercially in bonrmﬂ_ Europe and
the United States. Equipment for pulling and processing roots (Koch and
Coughran 1975) has been developed for use with southern. _uEmm. Stumps
harvested in the United States are used principally to nx_u.mon resin for chem-
icals.
As presently practiced, whole-tree :EEmﬁou mnbn_.m_E E<o_<nm Ea
n&nno mﬂnE 8 a small 8@ &mBnHQ. o». NL_ in.

@%W)M\‘%WW .

En _nnﬁ ,..m A.mbn_ _om az&ﬁnm. mESEn mou mmﬁomp <m=mn_.,_u_on_nm. EE

.Eo cnmnnrnm boﬁ g.o nb ofi .E.Em mo:E
:mn_Em are also utilized when stems are chipped in the woods. Figure 18.10
illustrates a- whole-tree chipper in operation. The three types of harvesting
mentioned above utilize only stems of merchantable mﬁn,amgn_.m.:% over 4
in.). Equipment of the type shown in Figure 17.1 om.ﬁ.w the possibility 3.
:mEm even mEmEnn Emnod& in a forest.

. 5 35 ; o the :E_un_.
owner _uﬁ,_u_.nmnunm EcEnEm 8 Hromn :E_NEm En Emﬁndﬂ wﬁ.w content is
“high, often 10-20% by weight. Grit or dirt in the bark can cause excessive
equipment wear in the mill and dulling of saws and knives when using the -
final product. There is a tendency to chip all trees on a tract rather than
separating out the higher value logs for lumber or veneer production. This
lowers the economic benefits derived from the resource. These probleéms
can be overcome, however, with proper application of technology and
management skill. Whole-tree chipping does make it possible to harvest
and utilize (for particles, fiber, or energy) some stands of timber that have
W . such low merchantable volumes per acre or low- quality that they would not
” be economically operable EEE. o_En_. vm?omcbm mwmﬁnEm.
F situations s&ﬁd :

fFacilities designed for ._,u.,_.omnwm,im tree-length logs are o.“,um,zu.w.N
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Fig. 18.10
Whole-tree chipper

‘operating in a pine plantation.

because of the size of logs handled and the large number of segregations
that may be required for the different species, sizes, and qualities. Such-
. installations are called log-processing centers or En_.nwmu&monm. A _om -proc-

* essing center is shown in Figure 18.11.-

Most decisions made in log-processing centers Homm_.&am allocation of
the various parts of the stem are based largely upon the diameter and
straightness. As electronic’ scanning and control systems are improved,
more importance will be paid to additional factors of log quality such as
size and location of knots and other defects. Improvements will be made by
combining electronics, computers, and mg_.oummﬁ software. Breakdown
and allocation of tree stems to the highest use is an area where EBE..
advancements will be made in the next few years. -

Once logs are allocated to a specific manufacturing process, the ele-
ments of technology discussed in Chapters 13—16 control the effectiveness
of utilization. A good way to visualize what, happens to the raw material
through a process is to prepare a materials balance, which shows the input
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of 'raw materials and output in terms of products and residues. Outputs.
‘must balarice inputs. Figure 18.12 shows typical material balances for three .
' manufacturing processes —softwood lumber, softwood sheathing plywood,
and hardwood plywood. Note that no portion of the logs should be unac-
counted for. In these examples, the proportion of the wood. input used as
fuel ranges from 12% in the softwood sheathing plant to 23% in the .
hardwood plywood plant. , o -
There undoubtedly are improvements possible in the processing of
lumber, veneer, and particle and fiber products that:-have not: yet been
conceived. Shifts in the relative value of different - forest products can
greatly alter the balance of materials that should be produced. New types of
wood-based materials and ways of combining different ‘products will be
developed in the next generation. These are exciting challenges for those
with a strong academic background in the science and technology of wood
as an industrial raw material. : .
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| ~ Fig. 18.11

Log-processing center
Cutting logs to length for a variety of products.
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Material balances for lumber and plywood -
Tons of various products produced per ton of log input

(all units in ovendry weight)

SOFTWOOD SHEATHING PLYWOOD
-1.0 ton barky veneer logs

——— ‘sheathing |
P-F ..om.,ﬁ K] A . u_Szooa.

1 .45
panel trim and _,.omoor.oq o .Jﬂ.__.-,mm_o.
Shavings and end trim .01 . unwmm,

\ s
G = o6
2 chips .04 . p——
: "M pulp chips].
N .30

mnin:m—. 02 fuel.
Ca12

|

Total ~ 1.01ton
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Table A.10. Nomenciature of commarcial soltwood lumber’

Standard lumber name
under American Sofiwood

Official Forest Service
iree name used in

- Lumber Standards this handbook Bétanical name-

. Cedar . - o S I
Alaska Alaska-cedar Chamuecyparis nootkatensis
Eastern red Eastern redcedar Juniperus virginiana
Incense Incense-cedar Libocedrus decurrens

Northern while
Part Orford
Southern white
Weslern ted

Cypress, red (coast type), .

yellow (inland Lype),
white (inland. 1ype)

Douglas-fir
ir
Balsam’

Noble
White

Hemlock

" Esstern
Mountain
West Coast
Juniper, western

Larch, weslern
Pine
Idaho white
Jack -
Lodgepole
_Longleal yellow*

Northern white
Norway
Southern yellow

Sukar
Redwood

Sp[uée
_-Eastern

'E_nglemann

Sitka
Tamarack
“Yew, Pagific

_ Moerthern white-cedar

Port-Orford-cedar
Allantic white-cedar
Weslern redeedar

Baldcypress

_ Douglas-fir -

Balsam fir
Fraser fir

Noble fir
California red fir
Grapd fir
Paclflc silver fir
Subalpine fir
White fir

Eastern hemtock
Mountain hemlock
Western hemlock
Altigator juniper -
Rocky Mouniain juniper
Utah juniper

Western juniper
‘Western larch

‘Weslern while pine

‘Jack ping

Lodgepole pine.
Longleafl pine

- Slash pine

Eastern white pine
Red pine” -
Longleaf pine

-Shortleafl pine

Loblolly pine
Slash pine

Pilch pine

Virginia pine
Sugar pine

" Redwood

Black spruce
Red spruce

- Whilte spruce

Biue spruce .~ |
Engelmann spiuce
Sitka spruce

Tamatack
Pacific yew

Thiife occidentalls
Chamaecyparis lawsoniana
C. thyaides R
Thuja plicats

Taxodium distichum
Pseudoisuga menziesii

Abies balsamea
. fraseri

. procera
magnifica

. gandis

. amabifis

. lasfocarpa

. concolor

ARRRRAN

Tsuga canadensis
T. mertensiana

T. heterophyila
Juniperus deppeana
J, scopulorum

J. osteosperma

J. occldentatis

Larlx occidentalis

Pinus monticola

banksiana
contoria

palustris

‘ellioltii

strobus

resinosg -
pafusiris

echinala

laeda

effiottii

rigida

virginiang

P. lambertiona
Sequoia sempervirens

TETRIRT DO YY

" - . Picea marigna -

P. rubens

P. glauca

P. pungens .
P, engelmannii
P. sitchensis

Larix faricina
Toxus brevifolia

“*The comme}cial requirements for longleaf yellow pine lumber are that not only must it
be produced from the species Pinus effiottii and P. paiusiris but each piece must average either

- on one end or the other not less than 6 annual rings per inch and not tess than % summerwood. o

-Longleaf yellow pine lumber is sometimes designated as pilch pine in the export trade. -
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Absorption, 157, 162

Adhesives .

- particleboard, 177, 344, 345, 364, 368
plywood, 177, 341~43, 344, 345, 348

Adsorption, 157, 164 :

Air drying, 185, 186, 316

'Albuminous cell, 134, 136

American Instilute of Timber Construction,
208, 249

American Lumber Standards Committes, 324

American Plywood Associallon, 334, 389

American Society for Testing and Materials
(ASTM), 158, 161, 199, 209, 220, 227,
229, 232, 239 :

Americar Wood Preservers Association, 263

American Wood Preservers Bureau, 254, 255,

- 263

. Ammoniacal copper arsenlte, 254, 255, 265

Amorphous region, 46, 47, 157, 159
Angiosperms, 4 B B
Anisotropic nature, of woed, 224, 225
Annual ring .
appearance, 24, 25, 26, 27, 58, 59, 69, 81,
discontinzous, 27
false, 27 .
formation, 26
Anticlinal division, 12, 13, 17, 36
Ants, carpenter, 244 ' ;
Apical meristem; 10,-19, 26, 42, 162
Azch, laminated, 214 .

-Ascomycetes, 246, 248

Ash content of wood, 41, 141 o
Aspiration of pits, 32, 59, 61, 62, 63, 182
Auxins, IE.: 26, 27, 117, 119, 281

Band sawmill, 316, 315

Bark, 13348
anaual rings, 137
cell structure, 133, 134, 138, 139
chemical composition, 14142

__¢ffect on product properties, 123, 142, 147, -
¥ C :

formalion, 8, 12, 137, 139
heat value, 428, 429 .

e

“ Bound wa

INDEX

inner, 134, 135, 137, 140, 143
moisture content, [42, 143
-outer, 8, 9, 134, 137, £39, 140, 141, 142,
143, 146
propostion of woody stem, 120, 122, 142~
) _

specific gravily, 146 -
sirength, 147, 148
thickness, 137, 141, 144 ’
uses, 123, 133, 136, 142, 147, 379, 424,
T428 ’

Basidiomycetes, 246

Béams
bending deflection, 217, 218
bending stress, 218, 220
composites, 189-91
design, 218-20
effect of size, 329
modulus of elasticity, 218 )
" modulus of rupiure, 2i9
shear deflection, 222, 223
. shear stress, 222 .
standard sizes, 439 ’
sirength, 207-20, 288, 329
Bealing, of fiber, 105, 396, 401-5
Beetles, 262, 263 - -~
Best opening face {BOF), 323 .
Biological pulping, 400 . - .

. Biomass, 422, 424, 426, 427, 440, 445, 447,

449

Blue stain, 239, 246, 247, 248

Boards, 304 o
ter, 157, 168, 192
Brachysclereids, 135, 136

Branchwood, 101,.119-25

" Brown rol, 246

Buds, 10 .
Buffering capacily, 379 :
Bulking of cell wall, 171, 181

Cambial inlal

decline, 19 : - i
- division, 12, 13, 14, 15, 16, 17; 18, 19,
- 45, 68, 69, 73 . )
* fusiform, 14; 17,73, 80, 276 - . e






